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Involvement of CRAF1, a Relative of TRAF,
in CD40 Signaling

Genhong Cheng,* Aileen M. Cleary,* Zheng-sheng Ye,*
David I. Hong, Seth Lederman, David Baltimoret

CD40 is a receptor on the surface of B lymphocytes, the activation of which leads to B cell
survival, growth, and differentiation. A yeast two-hybrid screen identified a gene, CRAFT,
encoding a protein that interacts directly with the CD40 cytoplasmic tail through a region
of similarity to the tumor necrosis factor-a (TNF-a) receptor-associated factors. Overex-
pression of a truncated CRAF1 gene inhibited CD40-mediated up-regulation of CD23. A
region of CRAF1 was similar to the TNF-a receptor-associated factors TRAF1 and TRAF2
and so defined a shared TRAF-C domain that was necessary and sufficient for CD40 binding
and homodimerization. The CRAF1 sequence also predicted a long amphipathic helix, a
pattern of five zinc fingers, and a zinc ring finger. It is likely that other members of the TNF
receptor superfamily use CRAF-related proteins in their signal transduction processes.

Cp40 (1) is a receptor on B cells that
interacts with the helper T cell surface pro-
tein CD40L (CDA40 ligand, also known as
T-BAM, gp39, or TRAP) (2—4). CD40L is
found particularly on lymphoid follicle
CD4* T lymphocytes, where it delivers a
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contact-dependent signal that stimulates B
cell survival, growth, and differentiation
(2-4). Signaling through CD40 rescues B
cells from apoptosis induced by Fas (CD95)
or by cross-linking of the immunoglobulin
M (IgM) complex (5); it also induces B cells
to differentiate and to undergo Ig isotype
switching (3) and to express CD80 (B7 or
BB-1) (6). The crucial role of CD40L-
CDA40 interaction is illustrated by humans
with defects in CD40L, who manifest a
serious immune deficiency syndrome, the
X-linked hyper-IgM syndrome (HIGMX-1),
characterized by an absence of IgG, IgA,
and IgE, elevated IgM, and no lymphoid




follicles (7). The essential roles of CD40L
and CD40 in the phenotype of HIGMX-1
syndrome has been confirmed by targeted
disruption of either CD40L (8) or CD40 (9)
in mice. In addition to B cells, CD40 is also
expressed by follicular dendritic cells (10),
dendritic cells (11), activated macrophages
(12), epithelial cells (including thymic ep-
ithelium) (13), and a variety of tumor cells.

Stimulation of CD40 causes the tyrosine
phosphorylation of multiple substrates in-
cluding Src family kinases such as p53-
p56Y7, activates multiple serine-threonine—
specific protein kinases, and induces the
phosphorylation of phospholipase C-y2 and
of phosphoinositide-3' kinase (14). The ini-
tial stage of signaling by CD40, however, is
not yet characterized. Because the murine

Fig. 1. Predicted amin0 M MESSKKMDAAGTLQPNPPLKLQPDRGAG.SVLVPEQGGYKEKFVKTVEDK 49
acid sequences of H -------- SP-A--T------ HT--8--TP-F-----=---==----—==—
mouse (M) and human
(H) CRAF1 (22). The full- ” YKCEKCRLVLCNPKQTECGHRFCESCMAALLSSSSPKCTACQESI IKDKV 99
length mouse sequence = e veooo
is shown and numbered. M FKDNCCKREILALQVYCRNEGRGCAEQLTLGHLLVHLKNECQFEELPCLR 149
The human sequence H ——c-ccooomon | =T D-Ho-—mmm V-
has one more amino
acid than that of the M ADCKEKVLRKDLRDHVEKACKYREATCSHCKSQVPMIKLQKHEDTDCPCV 199
mouse (indicated witha ~ H  P----------------------momommm oo oo Am-mmmoomoo o
dot), but all numbers M VVSCPHKCSVQTLLRSELSAHLSECVNAPSTCSFKRYGCVFQGTNQQIKA 249
here refer to the mouse "~ " T~ o o LTI
sequence. Dashes indi-
cate positions in the hu- M HEASSAVOHVNLLKEWSNSLEKKVSLLONESVEKNKSIQSLHNQICSFEI 299
man sequence thatare H ----------""""-"""--""--
identical to those in the E!"
mouse. The C26 clone M EIERQKEMLRNNESKILHLQRVIDSQAEKLKELDKEIRPFRONWEEADSM 349
obtained from the yeast H o -momommooooooooo oo oo oo
two-hybrid screen Con-  \  yggyRSIONRVTELESVDKSAGOAARNTGLLESQLSRHDQTLSVEDIRLA 399
tained the COOH-termi- W _______________________ Vo mm e Meommmmmmmms
nal region of CRAF1
starting from the position M DMDLRFQVLETASYNGVLIWKIRDYKRRKQEAVMGKTLSLYSQPFYTGYF 449
marked with an arrow. 2 Tt
The cDNA nucleotide se-
quences are deposited M GYKMCARVYLNGDGMGKGTHLSLFFVIMRGEYDALLPWPFKQKVTLMLMD 499
in GenBank with acces- 77T TTTTTTTTTTTTTT T T s o
sion numbers U21050  \ oGSSRRHLGDAFKPDPNSSSFKKPTGEMNIASGCPVFVAQTVLENGTYIK 549
and U21092. 1 e

M DDTIFIKVIVDTSDLPDP 567

Fig. 2. Potential structural domains
of CRAF1 (22). (A) Diagrams of
three TRAF family members. Per-

centages of amino acid identity be-
tween CRAF1 and either TRAF1 or
TRAF2 are shown. The TRAF do-
main was defined in the COOH-ter-
minal region of TRAF1 and TRAF2
(19) (residues 356 to 562 for
CRAF1) but can be subdivided into
TRAF-N and TRAF-C subregions B
according to sequence homology
with CRAF1 as well as by the map-
ping assays shown in Fig. 3. For
CRAF1, the number of amino acids
between homologous regions is in-
dicated. (B) Helical wheel represen-
tation of residues 287 to 342 of
CRAF1. The wheel starts with the
inner residue 1le28” at position aand

finishes with the outer residue (o] Tt
Asn?42 at position g; “+" and *“— &
denote change of amino acid resi- &
dues. (C) Predicted Zn fingers cor- GREG
responding to residues 110 to 264 Eng @{

of CRAF1. (D) Zn finger from resi-
dues 45 to 106 of CRAF1. n, NH,-
terminus; ¢, COOH-terminus.
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CD40 cytoplasmic tail is necessary for signal-
ing (15), we have used the yeast two-hybrid
system in an effort to identify complementa-
ry DNAs (cDNAs) encoding protein do-
mains that can bind to the tail (16). From 2
X 10% clones of a murine 70Z pre-B cell
c¢DNA library (17), one (C26) was isolated
that met all specificity criteria for binding to
the cytoplasmic tail of CD40 in yeast. The
C26 cDNA fragment was sequenced and no
identical gene was evident in the databases.
We call this gene CRAF1 for CD40 recep-
tor—associated factor 1. By Northern (RNA)
blot analysis, CRAF1 was expressed in B cell
lines representing different stages of B cell
differentiation; in addition, it was expressed
in all murine tissues examined, including
brain, heart, lung, liver, kidney, muscle,
small intestine, spleen, and thymus (18).
Thus, it may well serve functions in other
pathways.

Mouse and human cDNA libraries were
screened to isolate cDNA clones encoding
the entire open reading frame of a murine
567-amino acid and a human 568 -amino
acid protein. The two sequences share 96%
identity, with the differences concentrated
near the NH,-terminus, indicating that
CRAF]1 is evolutionarily conserved, particu-
larly in its COOH-terminal 400 amino acids
(Fig. 1). The CRAF1 sequence is similar to
that of TNF-a receptor—associated factors 1
and 2 (TRAF1 and TRAF2), which can
complex with the cytoplasmic tail of TNF-a
receptor Il (TNFaRII) (19). The COOH-
terminus of CRAF1 is related by sequence to
each of these TRAF proteins for 150 amino
acids, wherein CRAF1 is 59 and 62% iden-
tical to TRAF1 or TRAF2, respectively (Fig.
2) (19). This homology subdivides what was
termed the “TRAF domain,” excluding a
more NH,-terminal putative coiled-coiled
subdomain (TRAF-N) with which CRAF1
shares only 16 or 12% homology and defines
a “TRAF-C” (for COOH-terminal) domain.
Because the extracellular domains of CD40
and TNFaRII are homologous, as are their
ligands, these data suggest that they may
make use of related but distinct signaling
molecules. However, the cytoplasmic do-
mains of CD40 and TNFaRII contain no
apparent sequence homology, which suggests
that the particular contacts involved in
binding the signaling molecules to the recep-
tors have diverged.

In addition to the TRAF-C domain, se-
quence analysis of the CRAF1 protein re-
vealed three potential domains: an amphi-
pathic helix, a string of Zn fingers, and a Zn
ring finger domain (Fig. 2A). A helical
wheel representation of the putative helix
(Fig. 2B) shows that isoleucine (or occasion-
ally leucine) repeats every seven residues
through eight consecutive repeats, which
implies the presence of a isoleucine zipper in
analogy to the leucine zipper seen in other
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proteins (20). The wheel also indicates that
the position next to the zipper is always
hydrophobic or uncharged, whereas the oth-
er positions around the wheel include mul-
tiple charged residues and few hydrophobic
ones. This strongly suggests an amphipathic
structure that could be an interaction site for
another such helix.

There are five repeats of potential Zn
fingers just NH,-terminal to the isoleucine
repeats (Fig. 2C). However, the four amino
acids that would contact the metal are ar-
ranged in the unique pattern Cys-X, -Cys-
X, 1,12-His-X;_,-Cys(His), instead of Cys-X,_
4-Cys-X |, 15-His-X,_,-His, which is seen in
classic Zn fingers (21). At the COOH-ter-
minal edge of finger 2 is a sequence
(KACKYR) (22) that could bind to DNA,
which suggests that CRAF1 might be a
DNA binding protein. In the TRAF2 pro-
tein, we found five fingers with the same
pattern of repeats seen in the CRAFI1 pro-
tein but with weak overall similarity (Fig.
2A), suggesting that these structural units
may represent a subclass of Zn finger motifs
in this type of signaling molecule. In addi-
tion, a Zn ring structure was also evident in
the NH,-terminus of CRAF1 (Fig. 2D) (23).
This ring motif has been recognized in over
40 proteins that have diverse functions re-
lated to DNA mechanics, including recom-
bination, repair, and transcription regulation
(24). These structural data suggest that
CRAFI could directly transmit CD40 signals
to the nucleus.

To further map the region of CRAFI that
interacts with the CD40 cytoplasmic tail, we
generated four deletion mutants of the C26
cDNA and studied them in the yeast system
for their ability to bind to the CD40 cyto-
plasmic tail. The TRAF-C subdomain of
CRAF1 was necessary and sufficient for
CRAFI1 to interact with CD40 (Fig. 3).
Moreover, the CRAF1 protein in yeast could
interact with itself, forming homodimers or
oligomers, also mediated by the TRAF-C
domain (Fig. 3). Quantitative analysis of
B-galactosidase expression indicated that the
affinity of the TRAF-C domain of CRAF1
to bind to CD40 and to dimerize with itself
was not increased by addition of the rest of
the TRAF domain. We therefore suggest
that the COOH-terminal portion of the
TRAF domain may function as an individual
unit (the TRAF-C domain) that is involved
in both binding to the receptor tail and
mediating dimerization.

To determine if the CD40-binding do-
main of CRAFI can play a functional role in
mammalian cells, we examined whether
overexpression of the C26 partial cDNA
fragment would act as a dominant negative
protein, inhibiting CD40 signaling presum-
ably by prevention of the binding of the
endogenous protein to the CD40 tail. Ramos
2G6 cells (25) can be induced to up-regulate
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Fig. 3. Mapping the
CD40 binding and ho-

modimerization domain C26
@24-567) [l

CD40 Fas TNFoRIl  Homo-
binding binding binding dimerization

of CRAF1. C26NX and + - - +
C26XC represents frag-
ments from the NH,-ter- C26NX - ND ND -
minus of C26 to the inter- (324-410)
nal Xho | site and from the

C26ANB - -
Xho | site to the COOH- (324-487) ND  ND
terminus of CRAF1, re-
spectively. C26ANB was ~ TRAF domain + ND ND +
made by deletion of the (356-567)
Nco -Bgl Il fragment in x
the 3’ untranslated re- (4??%?7) + ND ND +

gion of the C26 cDNA

clone. The full TRAF domain of CRAF1 was synthesized by the polymerase chain reaction with the use of
plague-forming units of DNA polymerase. Various DNA fragments were ligated in-frame into yeast expres-
sion vectors encoding either the LexA DNA-binding domain (LexA) or the transcriptional activation domain
(TAD). For CD40 binding assays, the LexA construct containing the CD40 cytoplasmic tail and various TAD
fusion constructs were cotransfected into yeast strain EGY48 along with the lacZ-containing reporter vector
(pSH18-34). Colonies that grew up on synthetic dextrose plates without tryptophan, uracil, and histidine
were replica-plated to plates with or without leucine and tested for galactose-inducible blue color in the
presence of x-gal. LexA constructs containing the cytoplasmic tails of Fas and TNFaRIl were also included
in the same experiments to test their interaction with the C26 clone. For dimerization assays, various LexA
fusion constructs containing different fragments of C26 were used in every combination with various TAD
fusion constructs. Transformants that grew on plates lacking leucine and that showed galactose-inducible
blue are marked “+’; this was further confirmed by B-galactosidase assays with the use of yeast grown in
liquid cultures (34). Transformants that grew only on plates containing leucine but that did not show blue on
x-gal plates are marked ““‘—"’; ND, experiments not done.

surface CD23 molecules in a contact-depen-
dent fashion that depends on CD40L inter-
action with CD40 (3). Therefore, a cDNA
construct was generated that drives the ex-
pression of a polyhistidine/C26 fusion pro-
tein (pEBVHis/C26) in mammalian cells
(26). As a negative control for the effects of
C26, the B-galactosidase gene was expressed
as a fusion protein in the same vector (pEB-
VHisflacZ) (Invitrogen). These constructs
were electroporated into Ramos 2G6 cells,
and clones expressing a large amount of pE-
BVHis/C26 mRNA were prepared (Fig. 4A).
CDA40L-expressing cells (293.CD40L) were
then cultured with Ramos 2G6 cells that
either were not transfected or were stably
expressing pEBVHis/lacZ or pEBVHis/C26
(27). The control and pEBVHis/lacZ-trans-
fected Ramos lines up-regulated CD23; this
effect was inhibited by a monoclonal anti-
body (mAb) to CD40L (mAb 5C8). In con-
trast, the ability of the pEBVHis/C26 trans-
fectants to up-regulate CD23 in response to
CD40L-CDA40 signals was diminished. The
inhibition of CD23 up-regulation by pEB-
VHis/C26 was relatively specific because re-
combinant interleukin-4 (rIL-4)—induced
up-regulation of CD23 was not affected (Fig.
4B). Similar effects were seen in all three
subclones of pEBVHis/C26 transfectants.
Thus, the COOH-terminal region of
CRAF1 represented in the C26 cDNA could
block the CD40 triggering of Ramos cells,
suggesting that CRAF1 participates in CD40
signaling.

CDAQ is a type | transmembrane glyco-
protein belonging to the TNF receptor su-
perfamily. Besides CD40, 11 other proteins
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have been identified in this superfamily,
which includes TNF receptors I and II, the
nerve growth factor (NGF) receptor, and Fas
(28). Members within this family share se-
quence similarity through their extracellular
regions that contain multiple cysteine-rich
pseudorepeats. The common structural
framework of the extracellular domain is re-
flected in the ability of the TNF receptor
superfamily members to interact with a par-
allel family of TNF-related cytokine ligands.
To date, eight such ligands (including TNEF-
a, CD40L, and FasL) have been cloned that
share extensive sequence identity and exist
as secreted cytokines or type II transmem-
brane ligands (28).

The functions of TNF receptor superfam-
ily members are very divergent. They range
from general acute phase responses and lym-
phocyte activation to nerve cell growth. In
some circumstances, they have opposite
roles. For instance, Fas and TNFaRI can
cause apoptosis upon ligand stimulation,
whereas CD40 and NGF receptors can res-
cue cells from apoptosis (29). In addition,
stimulation of either TNFaRI, TNFaRII, or
CDA40 receptor activates nuclear factor kap-
pa B (30). Because CRAF1 is very similar to
TRAF1 and TRAF2, a family of signal trans-
duction proteins (the TRAF family) proba-
bly exists as downstream signal transducers of
the TNF receptor superfamily. It is likely
that direct binding between members of the
TNF receptor family and the TRAF family
will be specific because the cytoplasmic tails
of these TNF receptor superfamily members
are relatively short and show little or no

sequence homology. Consistent with this
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Fig. 4. Effect of C26 fusion A -
proteins on  CD40L: e 2
CD40-induced CD23 up- o 2
regulation. (A) Northem G
blot analysis of Ramos -
2G6 transfectants. Total _308
RNA (2 p.g) from the Jurkat C26
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for markers. In other lanes,
polyadenylate-containing hES
RNA (0.75 pg per lane) -
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untransfected Ramos
2G6 clone (Ramos) or )
PEBVHis/C26  Ramos Sioby
transfectants (B6, C5, or
D10). RNA blots of con-
trol and transfected cell B Ramas fransfected with
lines were probed with |ncubation with PEBVHis/C26 PEBVHisflacZ
C26 cDNA or an actin 10477 3 T o0 - 50
probe. (B) Two-color fluo- - | ’ ;
rescence-activated cell 1097 E
sorting analysis of Ra- 1021 1 | 1
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notion, we found that the COOH-terminal
segment of CRAF1 does not interact with
the tail of Fas or with TNFaRII (Fig. 3).
However, the fact that the members of the
TRAF family can form either homodimers or
heterodimers could result in extensive diver-
sity and specificity in their signal transduc-
tion pathways. It is even possible that apop-
tosis and cell survival may be determined by
an equilibrium of dimerization between
- TRAF family members.

The functional consequences of CD40
signaling are different for B cells at different
stages of differentiation (31). CD40
crosslinking causes resting B cells to enter
into the cell cycle, enhances the prolifera-
tive rate of some chronic lymphocytic leuke-
mia B cells, induces some B lymphoma cells
to apoptose, and prevents germinal center B

1100 T A ] e
100 10" 102 10® 104 10° 10" 102 10% 10410° 107 102 108

10%
CD20 fluorescence

cells from apoptosis (14). However, CRAF1
is expressed at all stages of B cell differenti-
ation and may be ubiquitous. It could have
more specific partners or specifity may be a
result of how a common signal is interpreted
in a given cell.

Note added in proof: After submission of
our paper, Hu et al. (32) and Mosialos et al.
(33) described proteins that interact with
the cytoplasmic tail of CD40. Their pro-
teins are identical to CRAF1. -
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Crystal Structure of the Tetramerization Domain
of the p53 Tumor Suppressor at 1.7 Angstroms

Philip D. Jeffrey, Svetlana Gorina, Nikola P. Pavletich

The p53 protein is a tetrameric transcription factor that plays a central role in the pre-
vention of neoplastic transformation. Oligomerization appears to be essential for the
tumor suppressing activity of p53 because oligomerization-deficient p53 mutants cannot
suppress the growth of carcinoma cell lines. The crystal structure of the tetramerization
domain of p53 (residues 325 to 356) was determined at 1.7 angstrom resolution and
refined to a crystallographic R factor of 19.2 percent. The monomer, which consists of
apstrand and an a helix, associates with a second monomer across an antiparallel B sheet
and an antiparallel helix-helix interface to form a dimer. Two of these dimers associate
across a second and distinct parallel helix-helix interface to form the tetramer.

The p53 tumor suppressor (1), a tetrameric
protein that can bind to specific DNA se-
quences (2) and activate gene expression
(3, 4), plays a central role in a cell’s re-
sponse to tumorigenic events. p53 can in-
duce cell cycle arrest in response to DNA
damage and thus can prevent genetic alter-
ations such as chromosomal rearrangements
and gene amplifications (5). In addition to
coordinating the DNA damage response,
p53 can also induce apoptosis in response to
the activation of oncogenes such as c-Myc
and E1A (6). These findings suggest that
p53 exerts its tumor suppressing effects by
responding to events that may lead to the
abnormal proliferation of cells.

The p53 protein has multiple domains
with the DNA binding, transactivation, and
tetramerization functions residing in sepa-
rate domains. The sequence-specific DNA
binding activity resides in the central por-
tion which folds into a compact structural
domain [core domain, residues 102 to 292
(7-9)]; the transactivation function resides
in the loosely folded NH,-terminal portion
[residues 1 to 44 (3, 7)]; and the tetramer-
ization function resides in a structural do-
main in the COOH-terminal portion of the
protein [residues 320 to 356 (7, 9-11)].

Cellular Biochemistry and Biophysics Program, Memorial
Sloan-Kettering Cancer Center, New York, NY 10021,
USA.
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Consistent with its tetrameric oligomeriza-
tion state, the p53 protein binds DNA sites
that contain four repeats of the pentamer
sequence motif Pu-Pu-Pu-C-(A/T) (2).

DNA binding and transactivation are
the critical mediators of p53’s biological
effects because tumor-derived p53 mutants
defective in suppressing growth are also de-
fective in DNA binding and transactivation
(3). In vitro, tetramerization is not essential
for DNA binding, and the isolated core
domain can bind DNA with approximately
one-fifth the affinity of intact p53 (7). In
vivo, however, oligomerization-deficient
p53 cannot efficiently transactivate from
genomic p53 binding sites in transient
transfection assays (12), and it cannot sup-
press the growth of carcinoma cell lines
(12, 13). This suggests that there is a tight
threshold for in vivo p53 activity and that
oligomerization is required to maintain this
activity above threshold (12). These find-
ings are analogous to those obtained with
several tumorigenic mutants of p53 which
bind to DNA with reduced affinity but fail
to suppress growth in vivo (14).

Using a peptide that corresponds to resi-
dues 320 to 356 of p53 (15), we have ob-
tained three crystal forms of the tetramer and
have determined the structure by the multi-
ple isomorphous replacement method (MIR)
(15). The quaternary structures in the three
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crystal forms are essentially identical; there-
fore, our discussion of the tetramer structure
will focus on the tetragonal crystal form that
diffracts to beyond 1.7 A resolution and has
been refined to a crystallographic R factor of
19.2% (Table 1 and Fig. 1).

The crystal structure of the tetramer re-
veals that the oligomerization domain con-
tains a B strand from residue 326 to 333 and
an a helix from residue 335 to 354. The B
strand and the a helix form a V-shaped
structure with the helix axis being roughly
antiparallel to the direction of the B strand.
The transition from the B strand to the a
helix occurs over a single residue, Gly***,
with the backbone amide nitrogen of the
glycine making the last B sheet hydrogen
bond and the backbone carbonyl making
the first a helical hydrogen bond. The back-
bone conformation (¢ = 98°, ¢ = 130°) in
this hinge region is unique to the glycine
amino acid, and it is energetically unfavor-
able for other amino acids. Consistent with
its role as a critical hinge residue between
the B strand and the o helix, Gly*** is
conserved across species (16) and is one of
the few oligomerization domain residues
that has been found to be mutated in tumors
(17). Flanking the Gly*** hinge region,
there are hydrophobic interactions between
the o helix and the B strand involving the
side chains of 1le332, Phe338, and Phe®*!.

The tetramer has 222-point symmetry
(three mutually perpendicular twofold rota-
tion axes), with each of the four monomers
being in an identical environment (Fig. 2).
The tetragonal crystal form has one mono-
mer in the asymmetric unit, and the three
twofold symmetry axes of the tetramer coin-
cide with crystallographic symmetry. The
twofold axes intersect at the center of the
tetramer near the side chain of Leu***. In the

Fig. 1. Multiple isomorphous replacement (MIR)
electron density map calculated with phases from
the program SQUASH (34) at 2.0 A and contoured
at 1.00. The Arg33” and Phe3*' residues are la-
beled. The helix axis is approximately horizontal in
the figure.





