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The Tyrosine Kinase Negative 
Regulator c-Cbl as a RING-Type, 
E2-Dependent Ubiquitin-Protein 

Claudio A. P. Joazeiro.' Simon 5. wing,* Han-kuei Huang,' 
Joel D. Leverson,' Tony Hunter,'* Yun-Cai Liu3 

Ubiquitination of receptor protein-tyrosine kinases (RPTKs) terminates signal- 
ing by marking active receptors for degradation. c-Cbl, an adapter protein for 
RPTKs, positively regulates RPTK ubiquitination in a manner dependent on its 
variant SRC homology 2 (SH2) and RlNG finger domains. Ubiquitin-protein 
ligases (or E3s) are the components of ubiquitination pathways that recognize 
target substrates and promote their ligation t o  ubiquitin. The c-Cbl protein 
acted as an E3 that can recognize tyrosine-phosphorylated substrates, such as 
the activated platelet-derived growth factor receptor, through its SH2 domain 
and that recruits and allosterically activates an E2 ubiquitin-conjugating en- 
zyme through its RlNG domain. These results reveal an SH2-containing protein 
that functions as a ubiquitin-protein ligase and thus provide a distinct mech- 
anism for substrate targeting in the ubiquitin system. 

Specific and precise signaling by WTKs re- 
quires that both the intensity and the duration of 
the elicited intracellular signals be tightly regu- 
lated. To terminate signaling, ubiquitination can 
mark receptors for degradation ( I ) .  Free ubiq- 
uitin (Ub) is recruited to ubiquitination path- 
ways by the E l  Ub-activating enzyme through 
the formation of a thioester between a cysteine 
in E l  and the COOH-terminus of Ub (2). Ub is 
subsequently transferred, also as a thioester, to 
members of the E2 Ub-conjugating (Ubc) en- 
zyme superfarnily. Ub-protein ligases, or E3s, 
are defined as the pathway components respon- 
sible for substrate recognition and for promot- 
ing Ub ligation to substrate (2). HECT domain- 
containing E3s (homologous to E6-AP COOH- 
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terminus) accept Ub *om E2s in the form of a 
thioester and then catalyze the formation of 
stable Ub-substrate conjugates (2). E3s such as 
the Skpl/cullin3F box (SCF) and anaphase-pro- 
rnoting complexes (APC) (2) do not appear to 
form thioesters u-ith Ub (3). Rather, these com- 
plexes act by bringing E2-Ub and substrate 
together and by allosterically activating E2 (3, 
4). The efficiency of poly-Ub chain synthesis 
may be increased by other factors, such as the 
E4 proteins (5).  

c-Cbl, a 120-M) protein that contains a vari- 
ant SH2 domain, a RING finger, a proline-iich 
region, and a Ub-associated domain, binds to, 
and stimulates the ubiquitination of,. active 
platelet-derived growth factor (PDGF), epider- 
mal growth factor (EGF), and colony-stimulat- 
ing factor-1 receptors (6-8). Moreover, the 
c-Cbl homolog in Caenod~abditis elegans, SLI- 
1, has been genetically defined as a negative 
regulator of W T K  signaling (9). The fact that 
c-Cbl can hnction as an adapter protein in 
tyrosine phosphorylation-dependent signaling 
raises the possibility that it recruits E3 or E4 
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proteins to ubiquitinate active receptors. A crit- 
ical role for the RING finger in regulating this 
process is suggested by the observation that 
c-cbl alleles that are defective in promoting 
RPTK ubiquitination contain either an entire 
deletion (v-cbl), a small deletion (70Z3 cbl), 
or a point mutation (Cys3"+Ala) in the RING 
domain (8, 9). Because RING finger subunits 
are essential components of SCF and APC li- 
gases (3,4,1O) and, together with cullins, these 

RING proteins recruit and activate E2s (3, 4), 
we tested whether c-Cbl might itself be an E3 
ligase for RPTKs. 

To determine whether the c-Cbl RING fin- 
ger has intrinsic E3 activity, we generated glu- 
tathione-S-transferase (GST) fusion proteins 
encompassing residues 359 to 447 of wild-type 
(WT) human c-Cbl (11). This sequence in- 
cludes the entire RING domain and 10 to 20 
residues on either end. A similar construct was 

A GST-RING: 7OU3 wt 
Time(min): & o,Qd?bQ6QqQ,@ Q D Q C L O ~ Q ~ ~ ~ ~ , ? ?  

r *mm 
1251-Ubn- protein 
conjugates 

Free l251-Ub 1 
2 3 4 5 6 7 8  9 1 0 1 1 1 2 1 3 1 4 1 5  

GST-RING: wt 70U3 -- 
C S.B.: + + 

Time (min): 0 90 0 90 GST-RING ,,,,t: + + - 

GST-RIN 

Fig. 1. Intrinsic Ub ligase activity of the c-Cbl RlNC finger. (A) Ubiquitination reactions were performed, 
as indicated, with CST or CST fusion proteins with c-Cbl and 70U3 Cbl RlNC fingers, El, Ubc4, '251-Ub, 
and ATP for the indicated time. Ub-protein conjugates were resolved by reducing SDS-PACE and 
detected by autoradiography. The indicated 60-kD 1251-labeled protein is present in unreacted samples. 
Free Ub was run off the gel (8) Ubiquitination reactions were performed as in (A), except that unlabeled 
Ub was used and the reaction was developed by immunoblot with antibody to  CST. SDS gel sample 
buffer ( Z X )  was added to  the reactions corresponding to  lanes 1 and 3 before proteins. The positions 
of CST-RING and ply-ubiquitinated (Ub,) CST-RING are indicated. The asterisk indicates cross-reading 
proteins that are present in certain unreacted CST preparations (27). Numbers at the right are molecular 
sizes (in kilodaltons). (C) Reactions performed as in (B) developed by immunoblot with antibody to His 
tag to  detect His-Ubc4. S.B. refers to the addition of SDS gel sample buffer to the reaction before 
proteins. The positions of Ubc4 and ubiquitinated Ubc4 (Ub,-Ubc4) are indicated. The asterisk indicates 
the position of a weakly staining band present in both unreacted (lane 4) and reacted (lane 5) 70U3 
samples that comigrates with a band present only in the reacted WT sample (lane 3). 

generated containing the 17-amino acid dele- 
tion (residues 366 to 382) found in the ubiquiti- 
nation-deficient 70Z3 Cbl, that includes the 
first cysteine in the RING consensus, Cys3*'. 
GST fusion proteins purified from Escherichia 
coli were assayed for the ability to promote 
substrate-independent Ub-protein ligation in the 
presence of human El and the E2 Ubc4 (both 
also purified from E. colz], adenosine 5'- 
triphosphate (ATP), and '251-labeled Ub (12). 

The WT c-Cbl RING activated the liga- 
tion of 1251 -Ub to proteins in the reaction 
(Fig. 1 A), whereas no ubiquitinated products 
were observed in the presence of GST or of 
GST-70Zl3 RING, even after prolonged in- 
cubation, at times when the reaction with the 
WT RING domain reached a plateau. 

The products of substrate-independent 
ubiquitination reactions with the Cbl RING 
finger were also analyzed by imrnunobloting 
with an antibody to GST (anti-GST) (Fig. 
1B) (12). Incubation of the WT, but not the 
70213 RING-GST fusion protein, with El, 
Ubc4, ATP, and Ub led to the formation of 
slower migrating proteins that were recog- 
nized by anti-GST (13). Therefore, in the 
absence of a substrate, the GST-RING fusion 
protein itself becomes poly-ubiquitinated on 
the GST or RING moiety, or both. Because 
the RING component of E3s does not appear 
to form a thioester with Ub (3), the products 
of the reactions shown in Fig. 1, A and B, 
presumably arise from a direct transfer of Ub 
from an E2-Ub thioester to GST-RING lysyl 
residues. We conclude that the c-Cbl RING 
has E3 activity. 

Two components of SCF ligases, the 
HrtlRoc 1 Rbxl  RING finger protein and 
cullinlCdc53, form a complex that allosteri- 
cally stimulates the basal rate of auto-ubiq- 
uitination of the E2 Cdc34 (3, 4). No auto- 
ubiquitination of the E2 Ubc4 was detected in 
the presence of El, Ub, and ATP (Fig. 1 C), 
but addition of GST-RING WT, but not of 
GST-RING 70213, caused ubiquitination of 
Ubc4 (14). This result suggests that the c-Cbl 
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Fig. 2. Analysis of c- A 6 
Cbl RING domain res- v-c b l 7OU3 GST-RING: $3 
idues required for Ub deletion 
ligase activity and 
U bc4 activation. (A) • * .  • Ub.-GST-RING 

PFCRCEIKG 
finger [amino acids 357 PFCRCEIKG 

. 
to  425; boundaries as Cbl-3 PFCRCEIKG G S ~ - ~ ~ ~ G -  
defined in (76)] and ad- 

1 2 3 4  5 6  
ditional NH,-terminal 
sequences in human c- I 

36; 4 ' 4 3 4  390 420 I GST-RING: 
%s. 6% %? ,P 
."~f. $?''4 8 Cbl, Cbl-b, and Cbl-3, 

A A 
--- 

Drosophila rnelano- A A U~.-UM [ 
gaster D-Cbl, and C. el- U M - ~  
egans SLI-1. Point mutations examined are indicated by the arrows under the added before proteins in the 1 2 3 4 5  
alignment. Residue numbers are for human c-Cbl. The site of the v-cbl reaction analyzed in lane 1. (C) 
truncation and the amino acids removed by the 70Z/3 deletion are As in Fig. 1C. Abbreviations for the amino acid residues are as follows: 
indicated at  the top. The Cys and His residues that fit the RING A, Ala; C. Cys; D, Asp; E, Clu; F, Phe; C, Cly; H. His; I, Ile; K, Lys; L, Leu; 
consensus for zinc binding are indicated by dots. Nonconserved M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; 5, Ser; T, Thr; V, Val; W, Trp; and 
residues are boxed. (8) As in Fig. 1B. SDS sample buffer (S.B.) was Y, Tyr. 
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A . .  B Q@ 

Hs c-C~I ~~~C~PWESEGQG- 4GFd GST-RING: C 4' 

Sc Hrdl ~SCC~RSQT--~ 

GST-RING + 
- 33 

c D Q 1 2  +?' * 6".e4p.08P 
Q" GST-RING: QO?$ GST-RING: $xa 4' 

Ub,-Ubc4 + '" 
1 

??=nl* t t 

Ubc4 -3.). Ubc4 + 

1 2 3  
1 2 3 4 5 6  

Fig. 3. Requirement of a tryptophan residue for the Ub Ligase fundion of c-CbL (A) Alignment of the 
sequences between the third and fourth pain of zinc-chelating residues (indicated by dots) of human 
c-Cbl, 5. cerevisiae Apcll, human Roc1 and Rod, equine herpes virus ENX, herpes simplex virus 
VmwllO, and 5. cerevisiae Hrdl. Conserved residues and conservative substitutions are boxed. Cbl 
Trpm is indicated by an asterisk (0) As in Fig. 1B. (C) As in Fig. 1C. The asterisk indicates antibody 
cross-reading proteins that were also present in the unreaded samples shown in lane 1. (D) GST 
pulldown assay. The association between Ubc4 and the indicated GST fusion proteins was measured as 
described (20). The asterisks indicate cross-reading GST and GST-RING fusion proteins (28). 

RING can allosterically activate the E2 Ubc4. 
We examined the effect of point mutations 

in three residues that lie in the region deleted in 
70U3 Cbl (Fig. 2A) on c-Cbl RING Ub ligase 
activity: Cys3" fits the RING consensus and its 
mutation impairs c-Cbl's ability to stimulate 
ubiquitination of EGF receptor (EGF-R) in vivo 
(8); Cys372 might participate in metal binding, 
although it does not fit the RING consensus and 
is not conserved in Cbl-3; and whose 
deletion renders Cbl oncogenic (15). The 
Cys3"+Ala mutant was defective in both 
ubiquitination and Ubc4 activation assays, 
whereas C y ~ ~ ~ ~ + A l a  and ATY?~' were as 
active as the WT RING (Fig. 2, B and C). 
Therefore, loss of a RING finger consensus 
cysteine (Cys3") can account for the ubiquiti- 
nation defect of 70U3 Cbl. In contrast, the 
nearly WT Ub ligase activity of ATyr368 RING 
does not correlate with the oncogenic potential 
of ATyr368 Cbl. Thus, the ATyr368 mutation 
may indirectly affect RING hc t ion  in the 
context of full-length c-Cbl in vivo. 

Only the few residues thought to maintain 
the RING structural scaffold are conserved 
among RING proteins (16). A subset of these 
proteins, that either possess Ub ligase activity 
or are implicated in protein degradation, have a 
conserved tryptophan at a position where other 
hydrophobic residues are otherwise found (3,4, 
10, 16-18) (Fig. 3A). The sequence COOH- 
terminal to T e 8 ,  Trp-Gln-Glu-Ser-Glu-Gly, 
also bears resemblance to a small portion of a 
domain (Trp-Gln-Ser-Asp-Gly) present in the 
ApclO subunit of APC (19). c-Cbl RING 
Trp408 is required for E3 ligase activity, be- 
cause its replacement by alanine reduced the 
ability of the RING to promote Ub ligation and 
Ubc4 activation (Fig. 3, B and C). 

Binding of c-Cbl RING-GST fusion pro- 
tein to Ubc4 was examined (Fig. 3D) (20). 
The GST-RING bound to Ubc4, whereas 
GST did not. We also determined the effect 
of c-Cbl RING mutations on Ubc4 binding 
(Fig. 3D). The ATyr368 mutant was almost as 
efficient as the WT RING domain in Ubc4 
binding. The Cys3"+Ala mutant bound 
Ubc4 much less efficiently than the WT pro- 
tein. Trp408+Ala showed similarly weak 
binding to Ubc4. Therefore, the reduction 
in Cys3''+Ala and Trp408+Ala binding 
to Ubc4 can account for their defects in 
ubiquitination and E2 activation. The 
C y ~ ~ ~ ~ + A l a  mutant was also less efficient 
than the WT RING domain in Ubc4 binding. 
However, C y ~ ~ ~ ' + A l a  was indistinguish- 
able from the WT protein in Ub ligase activ- 
ity and Ubc4 activation (Figs. 2, B and C) 
even under lower Ubc4 concentrations and 
shorter reaction times (21). Possibly, 
weakens the association with Ubc4, but 
makes activation of Ubc4 more efficient. 

To determine whether the PDGF P-receptor 
(PDGF-RP) can serve as a direct substrate for 
ubiquitination by c-Cbl, GST-RING or a GST 
fusion protein with the c-Cbl480 NH2-terminal 
residues, containing both the variant SH2 and 
the RING domains (GST-SH2-RING), were 
tested for the ability to ubiquitinate PDGF-RP. 
In vitro 32P-phosphorylated receptor was incu- 
bated with El ,  Ubc4 Ub, ATP, and GST fusion 
proteins (22). Cbl RING.Ubc4 complexes did 
not cause ubiquitination of the receptor (Fig. 4, 
A and B). In contrast, efficient PDGF-RP ubiq- 
uitination was observed in the presence of 
GST-SH2-RING.Ubc4 (Fig. 4, A and B), sug- 
gesting that the c-Cbl variant SH2 domain is 
required for substrate recognition (23). 

+', :"e 
c5 

4 
Fig. 4. Ubiquitination of the PDGF p-receptor 
(RP) by the c-Cbl RING in an SH2-dependent 
manner. (A) lmmunoprecipitated RP was labeled 
with [y-32P]~TP in an in vitro kinase reaction, 
extensively washed, and subsequently incubated 
with the indicated GST fusion proteins in ubiq- 
uitination reactions (22). The position of poly- 
ubiquitinated (Ub,,) RP is indicated at the left, as 
well as the 190-kD mature (m) and 160-kD pre- 
cursor (p) forms of RP (29). Lane 1 represents the 
unreaded control, in which SDS sample buffer 
was added to  the reaction before proteins. (0) 
Results in (A) were quantified and normalized as 
described in (30). In a separate experiment with 
smaller amounts of proteins, receptor poly-ubiq- 
uitination was 9% with GST-SHZ-RING and 0% 
with GST alone (27). 

The small RING components of E3 li- 
gases that consist mostly of the RING domain 
require an accessory cullin subunit to activate 
E2s and additional subunits for substrate rec- 
ognition (3, 4, 10). However, cullins are not 
required for the Ub ligase activity of Cbl(24) 
or Ubrlp (25), and these larger proteins can 
also recognize substrate. 

The results of this work suggest how phos- 
phorylated tyrosine can serve as a targeting 
signal for the Ub pathway in vivo: by medi- 
ating interactions either with SH2 domain- 
containing E3s such as c-Cbl or with SH2- 
containing proteins that in turn recruit E3s, as 
may occur with Grb2, a major Cbl-associated 
protein (23, 26). 
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Congenital Nephrotic Syndrome 
in Mice Lacking CBZ-Associated 

Protein 
Neng-Yas Shih,'" Jun ~ i , ' *  VLadimir ~arpitskli,' Ansho ~guyeea,' 

Michael L. Dustin,' Osami Kanagawa,' Jeffrey #. ~ i n e r , '  
Andrey S. Shawl-l' 

CDZ-associated protein (CDZAP) is an 80-kilodalton protein that is critical for 
stabilizing contacts between T cells and antigen-presenting cells. In CDZAP- 
deficient mice, immune function was compromised, but the mice died at 6 to 
7 weeks of age from renal failure. In the kidney, CDZAP was expressed primarily 
in glomerular epithelial cells. Knockout mice exhibited defects in epithelial cell 
foot processes, accompanied by mesangial cell hyperplasia and extracellular 
matrix deposition. Supporting a role for CDZAP in the specialized cell junction 
known as the slit diaphragm, CDZAP associated with nephrin, the r imary  
component of the slit diaphragm. 

~, 
19 R. Crossberger e t  a[, j Bioi Chem. 274, 14500 

(I 999). CD2AP is an adapter 1,rotein that iiltcracts pressed. it may play roles in other tissues. 
& .  . .  . 

20. CST pulldo\vn assay: CST fusion protein (5 I P ~ )  and xT-ltll cytop~aslllic dolllaill of C D ~  ( 1 ) .  Mice lacking CD2AP were geileratcd by 
His-Ubc4 (1 ~pg) were incubated for 2 hours a t  4°C in  

ml of binding buffer [20 mM tr is -HC~ ipH 7,5), 150 CD2. a T cell and natural ltiller cell mcm- replaciiie the exoil encoding the first SRC ho- 
m M  NaCl 5 m M  EDTA, 1 %  NP-40, bovine serum bralle vrotcill. facilltatcs T cell acihcslon to illolonv -3 (ST-13) dolllaill of CD2AP \Vith a -. 
albumin (25 1*giml)l, and then 30 i*I gluts- a i l t i g c ~ ~ - ~ r e s c n t i ~  cells. CD2.AP enhances ncomycin-rcsistancc gcilc (Fig. 1.4) 12). T ~ v o  
thione-Sepharose beads (Pharmacia) for 3 0  min. Pre- 
cipitates \vere washed four times binding buffer CD2 c l ~ ~ s t e r i i ~ ~  and anchors CD2 at sites of independent homologous recombinant cloilcs 
and subjected t o  12% SDS-polyacrylamide gel elec- cell contact ( I ) .  As CD2.W is \\-idel! ex- were ill-iected illto bhstocysts to generate chi- 
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