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Interactions between the Three CIN85S SH3 Domains and Ubiquitin: Implications
for CIN85 Ubiquitination®
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ABSTRACT: CINSS is an adaptor protein linking the ubiquitin ligase Cbl and clathrin-binding proteins in
clathrin-mediated receptor endocytosis. The SH3 domains of CINS5 bind to a proline-rich region of Cbl.
Here we show that all three SH3 domains of CIN8S bind to ubiquitin. We also present a data-based
structural model of the CIN85 SH3-C domain in complex with ubiquitin. In this complex, ubiquitin binds
to the canonical interaction surface of the SH3 domain for proline-rich ligands and mimics the PPII helix,
and we provide evidence that ubiquitin competes with these ligands for binding. We demonstrate that
disruption of ubiquitin binding results in constitutive ubiquitination of CIN85 and an increased level of
ubiquitination of EGFR in the absence of EGF stimulation. These results suggest that competition between
Cbl and ubiquitin binding to CIN85 regulates Cbl function and EGFR endocytosis.

Activation of receptor tyrosine kinases (RTKs) initiates a
cascade of protein—protein interactions that control cellular
proliferation and differentiation. The intensity and duration
of RTK signaling are regulated by their removal from the
cell surface, in a process dependent on receptor ubiquitination
and dynamic interaction with accessory endocytic proteins.
The activated EGF receptor (EGFR),! for example, is
monoubiquitinated by the ubiquitin ligase Cbl, targeting the
receptor for lysosomal degradation (/). Phosphorylation of
Cbl by the activated EGFR induces an interaction between
Cbl and the adaptor protein CIN85 (Cbl-interacting protein
of 85 kDa, also known as Ruk or SETA), which in turn
results in the ubiquitination of CIN85 and ultimately mediates
receptor internalization through regulatory components of
clathrin-coated vesicles such as endophilins (2, 3). Once
internalized, the EGFR is delivered to endosomal compart-
ments where it may either recycle back to the cell surface
or be targeted to the lysosomes for degradation.

The ubiquitin ligase Cbl is a 120 kDa, ubiquitously
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expressed cytoplasmic protein involved in ligand-induced
downregulation of receptor tyrosine kinases. Cbl-mediated
ubiquitination of active receptors is essential for receptor
degradation and termination of receptor-induced signal
transduction (4). Cbl consists of an N-terminal tyrosine
kinase binding domain (TKB), a short linker region, and a
RING finger domain followed by a long carboxyl terminus
that is divergent among Cbl family members. In the case of
¢-Cbl, the C-terminus includes a proline-rich region, an acidic
box domain with serine/threonine- and tyrosine-rich stretches,
and a leucine zipper domain (LZ) highly similar in sequence
to ubiquitin-associated domains (UBA).

CINS8S (human orthologue of yeast Slal) was identified
as a binding partner for the C-terminal region of Cbl (5).
CINS8S contains three N-terminal Src-homology 3 (SH3)
domains, a proline-rich region, and a C-terminal coiled-coil
domain. SH3 domains are small (50—70 residues) modular
interaction domains that generally bind to a proline-contain-
ing targets (PxxP motifs) in a polyproline type II (PPII)
helical conformation (6). It has been shown that SH3 domains
of CINSS bind to an atypical proline-arginine (PxxxPR) motif
in the C-terminus of Cbl. This interaction is dependent on
tyrosine phosphorylation of Cbl by EGFR, and it has been
suggested that a conformational change occurs upon phos-
phorylation that exposes and/or stabilizes the Cbl PxxxPR
motif (7, 8). Several other CINSS effectors containing
PxxxPR motifs have been identified recently (9). They
include synaptojanin 2B1, SHIP-1, HiplR, p115RhoGEF,
ASAPI, and ARAP3, which interact directly with CIN85
SH3 domains through their PxxxPR motifs. These proteins
are implicated in clathrin-mediated receptor endocytosis,
receptor recycling, and cytoskeletal rearrangements. The SH3
domains of CIN85 are also involved in interactions with
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various signaling molecules, among them CD2, AIP/Alix,
BLNK, and SB-1, which suggests roles for CIN8S in such
diverse cellular processes as T-cell receptor clustering,
induction of apoptosis in glial cells, and B-cell receptor
signaling (/0). The proline-rich region of CINS8S5 interacts
with additional SH3 domain-containing proteins, coupling
it to cytoskeletal rearrangements (p130Cas and cortactin),
regulation of Src family kinases (Fyn, Src, and Yes), and
regulation of phosphoinositide metabolism (p85 subunit of
phosphatidylinositol-3 kinase) (/0—12). Intramolecular as-
sociation between the SH3 domains and the proline-rich
region of CIN85 may also occur (/3), as observed for other
modular signaling proteins (/4). The intact C-terminal coiled-
coil region of CIN8S is required for Cbl-directed monou-
biquitination of CIN85 (2) and mediates CIN8S oligomer-
ization, adding another level of complexity in the formation
of multiprotein CIN85-associated protein networks (15, 16).

Recently, the third SH3 domain of CIN85 (SH3-C) has
been shown to interact with ubiquitin, a novel target for an
SH3 domain (/7). Ubiquitin-binding domains or motifs
noncovalently bind to ubiquitin. They are generally small
domains or motifs (20—150 residues in length) found in
enzymes that catalyze ubiquitination or deubiquitination, or
in ubiquitin receptors that recognize and interpret signals
from ubiquitinated proteins (/8). Ubiquitin-binding domains
or motifs are structurally diverse and include o-helical
domains (UIM, CUE, UBA, and GAT), a/f3-domains (UEV),
and proteins with extended loops that form a ubiquitin-
binding interface (NZF motif). Although there are no obvious
common topological themes for ubiquitin-binding domains,
they all contact an overlapping face on ubiquitin that in most
cases includes Ile 44. The SH3 domain is structurally
unrelated to any of these ubiquitin-binding domains. In
addition, since ubiquitin contains no proline residues on its
SH3 domain-binding interface, its interaction with an SH3
domain is a surprising one. The recently published (/9)
solution NMR structure of ubiquitin in complex with the third
SH3 domain of Slal (Slal SH3-3 domain), which is 34%
identical in sequence to the CIN85 SH3-C domain, revealed
that the ubiquitin-binding surface of the Slal SH3-3 domain
substantially overlaps with the canonical binding surface for
proline-rich ligands. Like other ubiquitin-binding domains,
the Slal SH3-3 domain engages a hydrophobic patch
surrounding Ile 44 of ubiquitin. On the basis of the NMR
structure of the complex and mutational analysis (/7), residue
Phe 401 of Slal located in the heart of the ubiquitin-binding
surface appears to be an important determinant of the binding
specificity.

While the structural basis of ubiquitin recognition by SH3
domains has been elucidated, the biological role of such
interaction is still unclear. It has been proposed that the SH3
domain—ubiquitin interaction serves as a switch in a network
of interactions that control assembly and disassembly of the
endocytic and actin-regulating machinery. In this paper, we
investigate the effect of ubiquitin binding to CIN85 on EGF-
dependent ubiquitination of EGFR and CIN8S5, and its
potential consequences for EGFR endocytosis. We have
generated a data-based structural model of the CIN85 SH3-C
domain—ubiquitin complex. As found in the structure of the
Slal SH3-3 domain—ubiquitin complex, the CIN85 SH3-C
domain binds to ubiquitin with its classical PxxP binding
site despite the lack of a proline-rich sequence in ubiquitin.

Bezsonova et al.

Also in agreement with the Slal SH3 domain complex,
ubiquitin binds to the CIN85 SH3-C domain via a hydro-
phobic patch having Ile 44 in its center, a surface involved
in most ubiquitin protein interactions. However, unlike the
yeast Slal that binds to ubiquitin with its third SH3 domain
only, our NMR titrations reveal that all three SH3 domains
(SH3-A, -B, and -C) of CINS85 bind to ubiquitin. We also
present evidence that binding of CIN85 to ubiquitin is
important for the regulation of EGF-dependent ubiquitination
of CIN8S. Specifically, we find that preventing CIN85 from
binding ubiquitin results in a loss of EGF sensitivity and
constitutive ubiquitination of CIN85, as well as an increased
level of ubiquitination of EGFR.

MATERIALS AND METHODS

Sample Preparation. The nucleotide sequences encoding
each of the SH3 domains of human CIN85 [SH3-A (residues
1—58), SH3-B (residues 98—157), and SH3-C (residues
267—328)] were amplified by PCR using the cDNA of full-
length CIN85 provided by SIDNET (The Signaling and
Degradation Network at the Hospital for Sick Children) as
a template. Each of three DNA fragments was inserted into
the pET28-b vector (Novagen) enabling production of fusion
proteins with His tags on their C-termini (CIN85-SH3-A-
He, CIN85-SH3-B-Hg, and CIN85-SH3-C-Hg) when ex-
pressed in Escherichia coli strain BL21(DE3). To prepare
5N, 3C-labeled or '’N-labeled samples, cells were grown at
37 °C in minimal medium (M9) with ['*Cs]-D-glucose and
SNH4CI or only PNH4CI as sole sources of carbon and
nitrogen. The unlabeled protein was grown in LB medium.
Protein expression was induced by addition of 1 mM IPTG
to the cell culture, and the temperature was lowered to 25
°C during expression. The proteins were purified using Ni**
chelation chromatography (HisTrap HP affinity column)
followed by a gel-filtration step (Superdex 75 column). The
final NMR samples contained 0.1—1 mM protein in 50 mM
phosphate buffer (pH 6.4) containing 150 mM NaCl and 2
mM DTT. The F52Y mutant of the SH3-A domain was
prepared using the QuikChange site-directed mutagenesis kit
(Stratagene). It was expressed in unlabeled medium and
purified as described above.

For ubiquitin expression, a plasmid encoding the amino
acid sequence of wild-type human ubiquitin with an N-
terminal His tag followed by a TEV cleavage site was used.
The plasmid was transformed into E. coli BL21(DE3) cells.
Cells were grown in minimal (M9) or rich (LB) medium
depending on the desired labeling (>N or unlabeled) of the
protein at 37 °C until the absorbance at 600 nm reached 0.6.
Protein expression was then induced by addition of 1 mM
IPTG. The protein was purified using Ni*>*-chelation chro-
matography (HisTrap HP affinity column). The fusion protein
was cleaved using TEV protease. Protein was then separated
by a gel-filtration step (Superdex 75 column). The final NMR
samples contained 0.1—1 mM protein in 50 mM phosphate
buffer (pH 6.4).

The plasmids encoding G76C, I144E, and K6E ubiquitin
mutants were obtained using the QuikChange site-directed
mutagenesis kit (Stratagene) and the wild-type plasmid as a
template. Mutants were grown and purified as for wild-type
ubiquitin. In the case of G76C ubiquitin, the final buffer,
however, contained no DTT. The cysteine residue of the
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purified G76C ubiquitin mutant was modified with (1-oxyl-
2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanesulfonate
(MTSL). A 5-fold molar excess of MTSL was added to
G76C ubiquitin; the reaction mixture was left overnight in
the dark at 4 °C, and then the uncoupled MTSL was removed
by dialysis. This yielded a paramagnetic NMR sample. To
obtain the corresponding diamagnetic sample, a 29-fold
molar excess of Na-L-ascorbate was added to the paramag-
netic sample.

All DNA constructs were sequenced, and the purity and
homogeneity of all proteins were confirmed by SDS—PAGE
analysis.

NMR Spectroscopy. (i) Assignment of the CIN85 SH3-C
Domain. All NMR data were acquired at 25 °C on Varian
Inova 500 MHz spectrometers equipped with z-axis pulsed
field gradient units and actively shielded triple-resonance
probes. Backbone 'HN, 3C, and >N chemical shift assign-
ments of the ’N,*C-labeled wild-type CIN85 SH3-C domain
were accomplished by standard methods (20) using '"H—"5N
HSQC, HNCACB, and CBCA(CO)NH triple-resonance
experiments. The spectra were processed with NMRPipe/
NMRDraw (27) and analyzed with NMRView (22).

(ii) Chemical Shift Mapping Experiments. '"H—""N HSQC
spectra were analyzed using the 'H and >N assignments of
the CIN85 SH3-C domain and ubiquitin (BMRB entry 4769).
Chemical shift perturbations upon binding were measured
as differences between the peak positions in the NMR spectra
of free and bound protein, calculated as the root-mean-square
deviations of the '"H and >N resonance positions in hertz,
and mapped onto the corresponding structures.

(iii) Binding Experiments. For the titration of wild-type
ubiquitin with the CIN85 SH3-C domain, a 0.14 mM sample
of "N-labeled ubiquitin in 50 mM phosphate buffer and 150
mM NaCl (pH 6.4) in a 90% H,0/10% D,0O mixture with
1% DSS was used. Unlabeled CIN85 SH3-C domain was
added to the NMR sample from a stock solution, which
contained 14.85 mM CIN85 SH3-C domain and 0.14 mM
I5N-labeled ubiquitin in 50 mM phosphate buffer (pH 6.4).
The CIN85 SH3-C domain was gradually added for 10
additions to a final concentration of 5.7 mM. The concentra-
tion of ubiquitin remained constant throughout the titration.
K6E and I44E mutants of ubiquitin were titrated in a similar
way with 11.97 and 13.2 mM stock solutions of CIN85 SH3-
C, respectively. The concentrations of K6E and I44E were
kept constant, 0.20 mM each, throughout the experiments.

'TH—"5N HSQC spectra were collected at each point in the
titration, using 1024 complex points in the 'H dimension
and 64 increments in the N dimension. Peaks were
monitored for a change in chemical shift after each addition
and fit according to the equation

[PL]1="{(Py+ Ly + Kp) — [(Py+ L+ Kp)* — 4P.L]"%)

where [PL] is the concentration of the complex, Py is the
total amount of protein, Lr is the total amount of ligand,
and Kp is the dissociation constant.

For ubiquitin—Cbl competitive binding experiments, 0.3
mM PN-labeled ubiquitin was initially titrated with unlabeled
CIN85 SH3-C domain to a final concentration of 1.0 mM
(diluting ubiquitin to a concentration of 0.24 mM). Into this
sample was titrated a synthetic peptide derived from human
Cbl-b (residues 902—912) with the sequence PARPPK-
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PRPRR to a final concentration of 1.8 mM. Ubiquitin, CIN85
SH3 domain, and Cbl-derived peptide were in 50 mM
phosphate buffer and 150 mM NaCl (pH 6.4) in 90% H,O/
10% D,0O. Ubiquitin chemical shift changes upon addition
of the two ligands were monitored as described above for
the titration of wild-type ubiquitin with the CIN85 SH3-C
domain.

(iv) RDC Experiments. One-bond H—N residual dipolar
couplings were measured using an IPAP experiment (23)
on a ’N-labeled 0.14 mM sample of CIN85 SH3-C domain
saturated with unlabeled ubiquitin (4.6 mM) and on a '"N-
labeled 0.14 mM ubiquitin sample saturated with unlabeled
CIN85 SH3-C domain (4.6 mM). Experiments were carried
out in the absence (isotropic sample) and presence (aniso-
tropic sample) of pfl phage (24). For sample alignment, ~8
mg of phage was added to the samples (deuterium splitting,
11.7 Hz). The magnitudes of the axial and rhombic compo-
nents of the alignment tensor were obtained from a histogram
of the residual dipolar coupling constants observed for
saturated ubiquitin and saturated CIN85 SH3-C domain
(Figure 1 of the Supporting Information), as described
elsewhere (25). The axial and rhombic alignment tensor
components thus obtained amounted to 7.74 and 0.517 Hz,
respectively.

(v) PRE Experiments. PRE data were measured at 25 °C
by conducting identical 'HN R, relaxation rate experiments
on two samples. One was paramagnetic and contained 0.87
mM N-labeled CIN85 SH3-C domain and 0.35 mM
unlabeled G76C ubiquitin conjugated to MTSL. The other
sample was diamagnetic and contained 10 mM Na-L-
ascorbate in addition to the SH3 domain and modified G76C
ubiquitin. The PRE data were calculated as a difference in
'HN R, rates between the paramagnetic and the diamagnetic
samples. In these samples, only 30% of CIN85 was bound
to ubiquitin, based on our titration data. Therefore, the
measured apparent PRE data were divided by 0.3 to obtain
the expected PRE data for a fully saturated CIN85 SH3-3
domain. These scaled paramagnetic rate enhancements were
converted into distances as previously described by Battiste
and Wagner (26) and used as unambiguous distance restraints
in the calculations (Figure 2 of the Supporting Information).

Structural Calculations. The homology model of the
CIN85 SH3-C domain was created using Modeler (27). A
structure of the mouse CIN85 SH3-C domain (PDB entry
2DA9) was used as the template, and 10 sets of coordinates
representing the model were generated (Figure 3 of the
Supporting Information).

A data-based model of the complex of the CIN85 SH3-C
domain with ubiquitin was generated with HADDOCK (High
Ambiguity Driven protein—protein Docking) (28) using
chemical shift perturbation data resulting from NMR titration
experiments, residual dipolar couplings (29), and PRE-based
distance restraints. Twenty residues of ubiquitin and 23
residues of the CIN85 SH3-C domain with significant
chemical shift changes upon ligand binding were used for
docking, and 42 and 37 RDC values for ubiquitin and CIN85
SH3-C domain, respectively, as well as 51 PRE restraints
were used for the calculation of the structure of the complex.
The number of RDCs values obtained is smaller than the
number of residues in the SH3 domain and ubiquitin due to
peak overlaps and/or broadening upon saturation and addition
of phage in the sample. The ubiquitin crystal structure and



8940 Biochemistry, Vol. 47, No. 34, 2008

Bezsonova et al.

A 1o R £ % @ N Q
3 s Ub @ j 123
o 8le e @ ®
115 *% 124
[} oo ., &‘@
. . &0 125
15 ° »
N 15 ‘,/‘ .® N & 126
SR i T8 -
s . =27
125 s B2, .
o - - L= 128
t e . & o e .
i L 4 P
130 g= - - ) g _
10.2 9.2 8.2 72 6.2 97 95 93 91 89 87 85 83 81
v — = > 17
110 .
B - CIN85 SH3-C PN 4
. :
. ad v Y e
L4 - ® 5
15 L3S A - @ '
- 119
— 3
15N °p '('
P ,og"i
<
N o a 121
o g0 *
125 e L P e
.- 122
'.’ ‘i ) -
10.6 96 86 76 66 9.0 86 82 78 74
C - 126
105 CIN85 SH3-B
) . 127
110 P
I e e
15 S 128
15N - @ -,.. ; N ‘e @
120 e ” et B 129
b‘ 0 © [ 3 2 .
% ee.n.-
125 - i, e e - 130
e
131
-
106 96 86 76 66 98 96
D 105 ~
CIN85 SH3-A 117
e o ° e
10 -
. . . 123
& ¢%
115 T 124
15 i
N el
- 3”- - 126
e e P
125 S S 127
-
L 4 -
130 b £ 128
106 96 86 76 6.6 86 84 82 80 78 76 74
1H 1H

FIGURE 1: NMR titration data for binding of ubiquitin and CIN85 SH3 domains. Superposition of 'H—""N HSQC spectra of '>N-labeled
ubiquitin (A), CIN85 SH3-C (B), CIN85 SH3-B (C), and CIN85 SH3-A (D) domains titrated with increasing amounts of unlabeled CIN85
SH3-C domain (A) and ubiquitin (B—D). The spectra of free proteins are colored red, while the spectra of proteins at the last titration step
are colored blue. Expanded regions of each overlay are shown on the right-hand side. In panel C, extra peaks emerging in the spectrum of
the last titration point (blue) correspond to natural abundance "N-labeled ubiquitin.

the single lowest energy of the 10 coordinates of our
homology model of the CIN85 SH3-C domain were em-
ployed. One thousand structures were calculated in the first
“rigid body” docking, and then 50 lowest-energy structures
were selected for the second step of refinement and analysis.
The RDCs, as with all structural restraints, were used
throughout the structure calculations.

Ubiquitination Assays. (i) Cell Culture and Transfec-
tion. HEK293T cells were maintained in DMEM supple-
mented with 10% fetal bovine serum, 100 units/mL penicil-
lin, and 100 ug/mL streptomycin. Transient transfections

were performed using the calcium phosphate precipitation
method, with a total of 20 ug of DNA per 10 cm dish.
(ii) Ubiquitination Experiments. Residues F52, F151, and
F322, of full-length human CIN8S5 in pcDNA3.1-nFlag, were
mutated to Tyr (3FY) using the QuikChange mutagenesis
kit (Stratagene). Cells were transfected with Flag-CIN85-
WT or -3FY and His-Ub. Twenty-four hours post-transfec-
tion, the cells were serum-starved for 24 h and then treated
with the proteasome inhibitor MG132 (20 uM) for 1 h before
EGF stimulation (100 ng/mL for 15 min at 37 °C). Cells
were lysed in ice-cold lysis buffer [SO mM Hepes (pH 7.5),
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FIGURE 2: Binding curves for the ubiquitin—CIN85 SH3 domain interactions. Chemical shift perturbations upon binding to the CIN85
SH3-C domain for ten ubiquitin residues (A) and nine K6E ubiquitin mutant residues (B) plotted as a function of SH3-C domain concentration.
Chemical shift perturbations for seven residues of the SH3-A (C) and eight residues of the SH3-B (D) domains of CINS85 plotted as a
function of ubiquitin concentration. The K4 values were fit globally for each protein, and the fitting curves are shown.

150 mM NaCl, 1% Triton X-100, 10% glycerol, 1.5 mM
MgCl,, and 1 mM EGTA] supplemented with protease
inhibitors (aprotinin, leupeptin, pepstatin, and PMSF), 50 uM
LLnL, 0.4 mM chloroquine, 10 mM NaF, 1 mM ZnCl,, and
1 mM sodium orthovanadate. Lysates with adjusted protein
concentrations (Bradford assay, Bio-Rad) were denatured
with 2% SDS and boiled for 5 min, and then diluted 11 times
with lysis buffer to dilute SDS prior to overnight incuba-
tion with Ni-NTA agarose beads (Qiagen). Beads were
washed twice with lysis buffer and twice with HNTG [20
mM Hepes (pH 7.5), 150 mM NaCl, 10% glycerol, and 0.1%
Triton X-100]. Bound proteins were then eluted from beads
with sample buffer, resolved by SDS—PAGE, and transferred
to nitrocellulose. Membranes were probed with anti-Flag
(Sigma), anti-EGFR (sc-1005, Santa Cruz), or anti-Cbl (UBI)
antibodies.

Deposition of Assignments and Coordinates. '"H and "N
backbone and '*Co/f5 assignments of the CIN85 SH3-C
domain and the RDC and PRE data were deposited in
the BMRB (15866). The lowest-energy coordinates for the
CIN85 SH3-C—ubiquitin complex were deposited in the
Protein Data Bank (2K6D).

RESULTS

All Three SH3 Domains of CINS5 Bind to Ubiquitin. It
has recently been reported that the third SH3 domain of the

yeast endocytic protein Slal and the third SH3 domain of
its mammalian orthologue CINS8S5, as well as two SH3
domains of amphiphysin, bind to the canonical hydrophobic
patch on the surface of ubiquitin that serves as a binding
site for all known ubiquitin binding domains (/7). Interest-
ingly, not all SH3 domains screened in the study bound to
ubiquitin despite a high degree of sequence similarity, with
the SH3-1 and SH3-2 domains of Slal not binding. To further
investigate this intriguing interaction, we performed binding
experiments with all three SH3 domains of human CIN85
using NMR titrations. We also mapped chemical shift
changes on the surfaces of both interacting partners (SH3-C
and ubiquitin) to identify the binding interfaces and gain
structural information about the complex.

Since NMR chemical shifts are very sensitive to the local
electronic environment, they can be used for mapping binding
sites in protein complexes and measuring binding constants.
To determine which amino acid residues of ubiquitin are
involved in the interaction, a 'N-labeled sample of ubiquitin
was titrated with increasing amounts of unlabeled CIN85
SH3-C domain. At each point of the titration, a 'H—"N
HSQC spectrum was recorded and chemical shift changes
upon addition of ligand were measured (Figure 1A). In the
same way, the binding site on the CIN85 SH3-C domain
was mapped by titrating '"N-labeled SH3-C domain with
unlabeled ubiquitin. HSQC spectra of both the SH3-C
domain and ubiquitin demonstrated selective amide proton
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Ubiquitin

FIGURE 3: Chemical shift mapping of the CIN85 SH3-C domain—ubiquitin binding interface. Chemical shift changes in an HSQC spectrum
upon binding of ubiquitin and the SH3-C domain are mapped onto the surfaces of the homology model of the CIN85 SH3-C domain and
the crystal structure of ubiquitin (PDB entry 1UBQ), respectively. Chemical shift perturbations are displayed as a gradient of purple (CIN8S)
or green (ubiquitin) color with the largest perturbations shown in dark colors and the smallest in white. Selected residues of the binding
surfaces are indicated. The ribbon diagrams of the SH3-C domain and ubiquitin in the same orientation as their surface representations are
also shown above with selected residues having the greatest chemical shift perturbations upon binding labeled. Residues severely broadened

upon binding are colored red, and proline residues are colored cyan.

and nitrogen chemical shift changes upon addition of binding
partner, indicative of complex formation (Figure 1A,B). To
test if the other two SH3 domains bind to ubiquitin, we
titrated unlabeled ubiquitin into samples of '“N-labeled
SH3-A and SH3-B domains. As in the case of the CIN8S
SH3-C domain, we observed chemical shift changes upon
addition of unlabeled ubiquitin, demonstrating that both SH3
domains interact with ubiquitin (Figure 1C,D).

Binding constants (K4 values) for all SH3—ubiquitin
interactions were calculated on the basis of changes in 'H
and "N chemical shifts of ubiquitin as a function of ligand
concentration (Figure 2) (see Materials and Methods). The
10 nonoverlapping ubiquitin residues displaying the largest
chemical shift changes upon binding (Ile 13, Thr 14, Leu
15, Ile 44, Gly 47, GIn 49, Leu 50, Leu 67, Val 70, and Leu
73) were used to calculate a global Ky of 171 £+ 7 uM for
the CIN85 SH3-C—ubiquitin interaction. Weaker binding of
the SH3-A and SH3-B domains was apparent, with K4 values
of 500 £ 16 and 1150 £ 120 uM, respectively, using data
from nonoverlapping SH3 domain residues displaying large
chemical shift changes upon ubiquitin binding. Note that the

calculated Ky value for the SH3-B—ubiquitin interaction may
underestimate the upper bound due to the lack of saturation
of binding.

Data-Based Structural Model of the CINSS SH3-C
Domain—Ubiquitin Complex. For ubiquitin, both the tertiary
structure and NMR resonance assignments are known (PDB
entry 1UBQ, BMRB entry 4769), facilitating mapping of
the binding site on the surface of the molecule based on
chemical shift perturbations. Since there was no analogous
information for human CIN85 SH3 domains available, we
assigned the protein backbone resonances using standard
triple-resonance NMR experiments (see Materials and Meth-
ods) on a N,"3C-labeled sample of the CIN85 SH3-C
domain. We then created a homology model of the isolated
human CIN85 SH3-C domain using Modeler (27) making
use of the structure of the mouse CIN85 SH3-C domain
(PDB entry 2DA9), which has 93% sequence identity
(Figure 3A,B of the Supporting Information).

Chemical shift changes upon ubiquitin binding were
mapped onto the lowest-energy structure from the modeled
human CIN85 SH3-C domain ensemble and the ubiquitin
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FIGURE 4: Complex between the CIN85 SH3-C domain and ubiquitin. (A) The lowest-energy structure of 50 calculated structures is shown
as a ribbon diagram. The CIN85 SH3-C domain is colored purple and ubiquitin green. The interacting hydrophobic side chains in the center
of the interface are represented as sticks and identified in an expanded view (B). (C) The CIN85 SH3-A domain complex with a Cbl-b
peptide (PARPPKPRPRR) (PDB entry 2BZS) is superimposed on the SH3-C domain complex with ubiquitin. The SH3-C domain is shown
as a purple ribbon with ubiquitin as a green ribbon and the Cbl peptide colored black. Interacting residues of ubiquitin and the Cbl peptide
are labeled in green and black, respectively. (D) Interacting surfaces of CIN85 and ubiquitin colored by their electrostatic surface potential.
The CIN85 SH3-C domain structure is rotated —90° and the ubiquitin 90° along the y-axis with respect to their position in panels A—C to
enable observation of the binding interfaces. (E) Another ubiquitin binding domain, GAT (PDB entry 1YDS8), with a similarly charged
ubiquitin binding site is presented for comparison. The ubiquitin binding site is outlined with a dashed circle, and a ribbon diagram of the
GAT domain (yellow) in complex with ubiquitin (green) is shown at the right.

crystal structure (Figure 3). The largest perturbations which involves Ile 44 and residues around it, including Thr 7, Leu
correspond to the binding sites are localized to discrete 8, Ile 13, Arg 42, Phe 45, Gly 47, Gln 49, Phe 50, Leu 67,
surfaces on the two proteins. The ubiquitin binding site His 68, Leu 69, and Val 70, and corresponds to the region
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Table 1: Structural Statistics for the CIN85 SH3-C Domain—Ubiquitin
Complex

Deviations from Experimental Restraints (RDC R-Factors)®

CINS8S 0.18 £+ 0.01
ubiquitin 0.12 £ 0.01

Structural Precision [rmsd (A)?]
CIN85 with ubiquitin

backbone 1.9 £ 0.6 (1.4 £ 0.6)
heavy 22+ 0.6 (1.7 £0.5)
CINS85
backbone 0.7+0.2
heavy 1.0 £0.2
ubiquitin
backbone 1.8 £0.5 (0.7 £0.2)
heavy 2.1+£051.1£03)
Deviations from Standard Covalent Geometry
bonds (A) 0.009 £ 0.000
angles (deg) 1.0 £ 0.0
dihedrals (deg) 22.6 £ 0.5
impropers (deg) 1.63 £ 0.03
Percentage of Residues in Different Regions of the Ramachandran
Diagram
most favored regions 90.2
additional allowed regions 8.5
generously allowed regions 1.2
disallowed regions 0.1

“ The residual dipolar coupling (RDC) R-factor is defined as the ratio
of the rms deviation between observed and calculated values to the
expected rms deviation if the vectors were randomly oriented. The latter
is given by [2D,2(4 + 3R?)/5]'?, where D, is a magnitude of the axial
component of the alignment tensor and R the rhombicity (38). * The rms
deviations are given for all residues and, in parentheses, without
considering the four C-terminal residues of ubiquitin, which are poorly
defined.

FIGURE 5: Comparison of the complexes of the CIN85 SH3-C and
Slal SH3-3 domains with ubiquitin. Superposition of the two
complexes, with the Slal SH3-3 domain—ubiquitin complex colored
black, the CIN85 SH3-C domain colored purple, and ubiquitin
colored green.

recognized by most ubiquitin binding domains (/8). The
CIN85 SH3-C domain interface primarily includes the RT-
and N-Src loops and three-residue helical turn (residues
320—322) with the Phe 322 and Trp 306 side chains in the
center of the binding surface (see Figure 3). Other residues
on this interface include Phe 376, Glu 379, Gln 381, Asn
382, Asp 383, and Asp 384. This region corresponds to the
classical SH3 domain site responsible for binding to PPII
helical, proline-rich targets, as shown in Figure 4C with the
structure of the CIN85 SH3-A domain bound to a Cbl peptide
(PDB entry 2BZS8) superimposed on our structure of the
SH3-C domain bound to ubiquitin. The observed overlap
between the surfaces for binding canonical proline-rich
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peptides and ubiquitin is in close agreement with mutational
data defining the ubiquitin binding site on the Slal SH3
domain and the Slal SH3-3 domain—ubiquitin complex (/7).

A data-based structural model of the complex between the
CIN85 SH3-C domain and ubiquitin was calculated using
HADDOCK (28), which docks two molecules of known
structure based on various experimental data, including NMR
chemical shift perturbations. The crystal structure of free
ubiquitin and the homology model of the SH3-C domain
together with the chemical shift perturbations were used to
model the structure of the ubiquitin—CIN85 SH3-C domain
complex. Additional experimental structural data for the
complex were obtained by measuring paramagnetic relax-
ation enhancement (PRE) and H—N residual dipolar coupling
(RDC) values (29, 30) (Figure 1 of the Supporting Informa-
tion). PREs were introduced using the paramagnetic label,
MTSL, attached to the C-terminus of unlabeled ubiquitin in
complex with the "N-labeled CIN85 SH3-C domain (Figure 2
of the Supporting Information). Measured PRE values
provide restraints on long-range intermolecular distances,
while H—N RDCs supply information about the relative
orientation of HN bond vectors in the molecule. The RDC
and PRE data comprised experimental structural information
about the two proteins in their bound states as well as the
orientation of the two proteins with respect to each other.

In this regard, RDCs have been increasingly utilized as a
rapid approach to gaining structural restraints (3/-34).
Several applications have utilized RDCs as a primary source
of restraints for de novo structure determination. The high-
resolution structure of cytochrome ¢’ was determined using
RDC restraints and paramagnetic restraints (33); the global
fold of a three-helix bundle has been determined using RDC
restraints supplemented with a limited number of NOE
distance restraints (32), and for the small protein ubiquitin,
a high-resolution structure has been determined using only
RDC restraints by two independent methods (37, 34). While
the use of only one set of RDCs may not be enough for de
novo structure determination, multiple sets of RDC restraints
or RDC restraints supplemented with an alternate source of
information, such as PRE restraints or statistical ab initio
protein structure prediction methods (35), have proven to
be sufficient for structure determination. Here we supplement
chemical shift mapping data defining the interface with PRE
and RDC restraints to determine a structural model of the
SH3-C domain in complex with ubiquitin.

Of 50 calculated structures, 42 were in the same orienta-
tion. Structural statistics for this ensemble of 42 complexes
are presented in Table 1, showing good agreement with
experimental restraints. Details of RDC and PRE restraints
are also provided in Figures 1 and 2 of the Supporting
Information. The lowest-energy coordinates of the complex
are presented in Figure 4. As expected on the basis of
the chemical shift changes mapped and the Slal complex,
the two proteins utilize their classic binding sites to form
the complex. The calculated model is similar to the Slal
SH3-3 domain—ubiquitin structure with a backbone rmsd
of 3.8 A for the lowest-energy coordinates and 4.1 + 0.3 A
for the 10 lowest-energy coordinates (Figure 5). A somewhat
high rmsd between the two complexes arises mainly from
the differences between the individual proteins rather than
the protein—ligand orientation. For example, the rmsd
between the SH3 domains is 2.7 A (2.5 + 0.1 A) and
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FIGURE 6: Competition between ubiquitin and Cbl peptide for CIN85 SH3-C domain binding. ’N-labeled ubiquitin (0.2 mM) was titrated
with the unlabeled CIN85 SH3-C domain (0, 0.2, 0.3, 0.5, and 1.0 mM) and then at the highest concentration of the SH3 domain additionally
titrated with unlabeled Cbl peptide (0, 0.2, 0.5, 0.9, and 1.9 mM). In the left panel, "H—"N HSQC spectra of ubiquitin for all the CIN85
SH3-C titration points (red) and the final Cbl peptide titration point (blue) are superimposed. In the right panel, the chemical shift changes
upon addition of the SH3 domain to ubiquitin (top, red) and the subsequent addition of Cbl peptide (bottom, blue) are shown for a selected
peak, with arrows indicating the direction of peak movement upon addition of increasing amounts of the ligands.

between the two complexed ubiquitins is 2.2 A (2.3 & 0.1
A). These differences may result from a sequence identity
of only 34% between the yeast Slal SH3-3 domain and the
human CIN85 SH3-C domain.

The interface consists of a core of hydrophobic residues
in the center of the binding surface with charged/polar
residues flanking the interface (Figure 4A,B,D). Phe 322 and
Trp 306 in the SH3-C domain form central hydrophobic
interactions with His 68 and Ile 44, and Ile 8 and Leu 73,
respectively, of ubiquitin. Other important interactions
include interactions of CIN85 Phe 276 with His 68 and Ile
44 of ubiquitin and Pro 319 with Val 70 of ubiquitin. To
test the importance of the observed interactions within the
structure of the complex, we introduced two mutations into
the ubiquitin binding site, I44E and K6E, and repeated the
NMR binding experiments. The I44E mutant lost the ability
to bind to the SH3-C domain (data not shown), while the
K6E mutant bound significantly more weakly than the wild
type, with a Ky of 614 &+ 16 uM (Figure 2), again with the
upper bound potentially underestimated due to a lack of
saturation of binding.

Ubiquitin Competes with Cbl for CIN8S5 Binding. To show
that ubiquitin and Cbl compete for the same binding site on
the CIN85 SH3 domains, we recorded HSQC spectra of '*N-
labeled ubiquitin while titrating with increasing amounts of
unlabeled CIN85 SH3-C domain and monitored the chemical
shift changes reflecting the binding of ubiquitin to the SH3
domain (Figure 6). To this CIN85—ubiquitin complex was
then gradually added a Cbl-b derived proline-rich peptide
(PARPPKPRPRR), which resulted in the movement of the
chemical shifts of ubiquitin back to those of the free state.
The results indicate the release of ubiquitin from the complex

and its substitution by Cbl peptide and confirm that ubiquitin
and Cbl compete for binding to the CIN85 SH3 domain.

Effect of the CIN85—Ubiquitin Interaction on Ubiquiti-
nation of CIN85. Mutation of Phe in the hydrophobic groove
of the Slal SH3-3 domain to Tyr was shown to prevent
ubiquitin binding but not affect binding to the PxxxPR motif
of Cbl (/7). Using NMR, we also showed that the F52Y
mutation of the CIN85 SH3-A domain prevents its binding
to ubiquitin (Figure 4 of the Supporting Information). On
the basis of these data and our structural studies, we designed
a CIN8S construct in which all three SH3 domains had such
F — Y mutations. Since in the mammalian CIN8S all three
SH3 domains contain a Phe at that position [unlike Slal, in
which only the third SH3 domain has an equivalent Phe (/7)],
we mutated all three phenylalanines (F52Y, F151Y, and
F322Y) to produce a CIN8S protein unable to bind ubiquitin
effectively but able to recognize PPII motifs, as found in
Cbl and other targets. We refer to this mutant as 3FY
hereafter.

HEK293T cells, transfected with wild-type (WT) Flag-
CINS8S5 or Flag-CIN85-3FY and histidine-tagged ubiquitin
(His-Ub), were stimulated with EGF to induce Cbl-mediated
CINB8S ubiquitination. Ubiquitinated CIN85 was precipitated
from cell lysates using Ni-NTA agarose beads and detected
by immunoblotting with Flag antibodies. Upon EGF stimula-
tion, the amount of ubiquitinated Flag-CIN85-WT dramati-
cally increased, consistent with previous reports (2). How-
ever, in the case of the ubiquitin binding impaired mutant
Flag-CIN85-3FY, CIN85 became ubiquitinated even in the
absence of EGF stimulation (Figure 7A). Importantly, the
levels of endogenous Cbl expression are equivalent in
the absence and presence of EGF (Figure 7C), confirming
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FIGURE 7: Ubiquitination of wild-type CIN85 and the 3FY (ubiquitin
binding impaired) mutant CIN8S. (A) HEK293T cells overexpress-
ing His-tagged ubiquitin and Flag-tagged CIN85 or Flag-tagged
3FY mutant were stimulated with EGF. Ubiquitinated proteins in
total cell lysate were precipitated using Ni-NTA pulldown and were
analyzed for the presence of ubiquitinated CIN85 (WT or 3FY
mutant) before and after EGF stimulation by blotting with anti-
Flag antibodies (left panel). Levels of CIN85 WT and 3FY mutant
expression in the total cell lysate are shown in the right panel. (B)
HEK293T cells overexpressing His-tagged ubiquitin and Flag-
tagged CIN85 WT or 3FY mutant were stimulated with EGF.
Ubiquitinated proteins in total cell lysate were precipitated using
Ni-NTA pulldown and were analyzed for the presence of ubiquiti-
nated endogenous EGFR before and after EGF stimulation by
blotting with anti-EGFR antibodies (left panel). Levels of EGFR
expression in the total cell lysate are shown in the right panel. (C)
Levels of endogenous Cbl expression in the total cell lysate.

that the effects are due to differences in CIN8S ubiquitin
binding. Unlike other ubiquitin binding domain-containing
proteins, we found that ubiquitin binding was not required
for CIN85 monoubiquitination. While previous reports have
suggested that CIN8S is primarily monoubiquitinated (2),
the pattern of ubiquitination observed here is indicative of
mono- and diubiquitination of CINS8S.

We also examined whether EGFR ubiquitination is af-
fected by overexpression of Flag-CIN85-WT or -3FY. Using
a Ni-NTA agarose pulldown and immunoblotting for EGFR,
we observed EGFR ubiquitination upon EGF stimulation
when either Flag-CIN85-WT or -3FY was overexpressed.
Notably, cells expressing Flag-CIN85-3FY display EGFR
ubiquitination even in the absence of EGF stimulation, albeit
at significantly lower levels (Figure 7B). Similar experiments
with the ubiquitin [44E mutant were not undertaken since
the necessity of this site for many ubiquitin interactions in
the cell and in this pathway would likely preclude a
reasonable interpretation of results. Taken together, our data
suggest that ubiquitin binding by CIN8S5 negatively regulates
CINSS5 ubiquitination.
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DISCUSSION

Structural Analysis of the CINS5 SH3-C Domain—Ubiquitin
Interaction. Work by Stamenova et al. (/7) presented
evidence of an interaction between ubiquitin and several SH3
domains, including the SH3-3 of Slal, SH3-C of CINSS,
and the SH3 domains of amphiphysins I and II. This study
also demonstrated that the SH3 domain—ubiquitin interaction
is not universal, with the two N-terminal SH3 domains of
Slal, the N-terminal SH3 domain of Grb2, and the endophilin
B1 SH3 domain not interacting with ubiquitin despite their
high degree of sequence similarity. Mutational analysis of
the SH3-3 domain of Slal identified the hydrophobic groove
of the SH3 domain as the ubiquitin binding site. Comparison
of Slal SH3-3 and CIN85 SH3-C domains with nonbinding
Slal and Grb2 SH3 domains identified only one surface
residue unique to SH3 domains binding ubiquitin. This
residue is Phe (position 409 in full-length Slal) in the SH3-3
domain and Tyr in both SH3-1 (position 64) and SH3-2
(position 126) domains. Alignment of SH3 domain sequences
revealed that those domains containing Tyr in the position
corresponding to Phe 409 of Slal did not bind to ubiquitin,
while sequences with Phe did. Moreover, mutating Phe 409
to Tyr in the SH3-3 domain prevented ubiquitin binding (/7).
Consistently, in this work, we have shown that the F52Y
mutant of the CIN85 SH3-A domain abolishes the interaction
with ubiquitin (Figure 4 of the Supporting Information),
confirming that a Phe residue in this position is critical for
ubiquitin binding by SH3 domains.

In our current study of the mammalian orthologue of Slal,
CINSS5, we showed that all three SH3 domains interact with
ubiquitin with the SH3-C domain binding most strongly and
SH3-B binding most weakly. The structure of the complex
of the CIN85 SH3-C domain with ubiquitin rationalizes the
importance of Phe 322 (Phe 409 in the Slal SH3-3 domain)
for complex formation. Analysis of the binding interface
reveals that the Phe 322 side chain, similar to Phe 409 of
Slal, is making extensive contacts with Ile 44 of ubiquitin
(Figure 4). The introduction of the polar OH group of Tyr
into this hydrophobic environment likely leads to electrostatic
and steric repulsion between the two proteins, as we observed
in a model built with the Tyr substitution (data not shown).
Ile 44 of ubiquitin is the residue known to be in the center
of interaction interfaces with most ubiquitin binding domains
(18). Mutation of Ile 44 has been shown to prevent binding
to ubiquitin binding domains. Consistently, the I[44E mutation
prevents binding to the SH3-C domain of CINS5 in our study.

Unlike the Slal SH3 domains, all three SH3 domains of
CINS8S5 have a Phe at the position corresponding to Phe 322
of the SH3-C domain, and all bind to ubiquitin. This suggests
that full-length CINS85, with three ubiquitin-binding sites,
may interact more efficiently with ubiquitin. Another crucial
interaction is the one between Trp 306 of the SH3-C domain
and Leu 8 of ubiquitin. Trp 306 is also the central residue
in the binding of SH3 domains to their proline-rich targets,
and mutation of this residue affects binding to both the
canonical PPII targets and ubiquitin (/7, 36). As seen in
Figures 4C and 6, the SH3-C domain uses the same binding
surface for ubiquitin binding as it does for the binding to
these PPII targets. Moreover, the central part of the interact-
ing C-terminus of ubiquitin (residues 68—70) mimics a three-
residue PPII turn. NMR spectra monitoring titrations of
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FIGURE 8: Model for the role of ubiquitin binding in the ubiquitination of CIN85. (A) In the absence of EGF, CIN8S is bound to ubiquitin
and Cbl is in its inactive conformation. Following EGF stimulation, the EGF receptor (EGFR) is phosphorylated and Cbl binds to phospho-
EGFR with its TKB domain, exposing or stabilizing the Cbl PPII target sequence recognized by SH3 domains of CIN85. SH3 domains of
CINB8S, having higher affinity for the Cbl PxxxPR motif compared to that of ubiquitin, preferentially bind Cbl, and CINSS is ubiquitinated.
(B) The 3FY mutant of CIN8S that is impaired in its ability to bind ubiquitin binds to Cbl even in the absence of EGF and stabilizes Cbl
in its active conformation, leading to constitutive ubiquitination of CIN8S.

SH3-A and SH3-B domains with ubiquitin show that they
bind to ubiquitin via the same hydrophobic groove as the
SH3-C domain since the NMR resonances of the side chains
of two Trp residues located in the PPII binding site of SH3
domains are among those experiencing significant chemical
shift perturbations (Figure 1C,D).

Ubiquitin binding proteins generally have small, indepen-
dently folding ubiquitin binding domains or “motifs” that
can interact directly with monoubiquitin and/or polyubiquitin
chains. At least 10 different types of structurally diverse
ubiquitin binding domains have been identified (17, 18).
Comparing the structures of known ubiquitin binding do-
mains with the CIN85 SH3-C domain reveals that, despite
their topological diversity, the ubiquitin binding sites in all
these domains have similar electrostatic surfaces. All of them
contain a central hydrophobic patch flanked with mostly
negatively charged residues very similar to the ubiquitin
binding surface of the CIN85 SH3-C domain, as illustrated
for the GAT domain of bovine ADP-ribosylation factor
binding protein GGA3 (Figure 4D,E). Thus, the similarity
of the electrostatic surface of the CIN85 SH3-C domain
containing a central hydrophobic region surrounded by
negative potential provides an explanation for the unusual
binding to ubiquitin. Note that the degree of sequence identity
among the three CIN85 SH3 domains is high (52% identical
and 69% similar between SH3-A and -C domains, 47%
identical and 68% similar between SH3-B and -C domains,

and 42% identical and 62% similar between SH3-A and -B
domains) with similar electrostatic surfaces, and overall
highly similar ubiquitin interaction surfaces, expected for
each (Figure 3C,D of the Supporting Information).

The CINS5 SH3-C Domain—Ubiquitin Interaction Plays
a Role in EGF-Dependent Ubiquitination. Many ubiquitin
receptors are themselves ubiquitinated, in a process termed
coupled monoubiquitination, for which ubiquitin binding is
essential. In some cases, monoubiquitination functions to
prevent binding of these proteins to their ubiquitinated targets
through formation of intramolecular interactions between
ubiquitin and their ubiquitin binding domains (37). In the
case of CINS8S5, however, ubiquitin binding is not required
for its Cbl-mediated ubiquitination since we observed similar
levels of ubiquitinated CIN85-WT and -3FY after EGF
stimulation. Interestingly, the inability of the 3FY mutant to
bind ubiquitin results in its constitutive ubiquitination (Figure
7), suggesting that ubiquitin binding inhibits CIN85 ubig-
uitination in the absence of stimulation.

There is evidence to suggest that EGF-induced Cbl binding
to phospho-EGFR followed by phosphorylation of Cbl causes
a conformational change in its C-terminus, which may expose
or stabilize the CIN85 SH3 domain binding site, enhancing
the CIN85—Cbl interaction (3). This is supported by data
showing that the Cbl-b mutant lacking its N-terminal TKB
domain (i.e., unable to bind EGFR but capable of CIN85
binding) strongly promotes ubiquitination of CIN85 even in
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the absence of EGF stimulation (2), suggestive of an
intramolecular interaction involving the TKB domain of Cbl
that masks the CIN85 binding site in the absence of EGF.
The intramolecular interaction would be disrupted when Cbl
binds to phosphorylated EGFR upon EGF stimulation,
leading to a conformational change and subsequent exposure
of the PxxxPR motif.

Since ubiquitin shares the same binding site as classical
targets of SH3 domains of CIN8S5, ubiquitin can compete
with them for binding to CIN85 and thus affect the
interaction of CIN85 with Cbl. Indeed, we clearly demon-
strate the competition between ubiquitin and a Cbl-derived
PxxxPR peptide for CIN85 SH3-C domain binding (Figure
6). This competition, together with the two conformational
states of the Cbl PxxxPR motif, helps explain our observation
that ubiquitin binding by CINS8S is required for its ubiquiti-
nation to be EGF-dependent. We propose a simplified model
in which an equilibrium exists between CIN85 SH3 domains
binding to ubiquitin and to Cbl. Shifts in this equilibrium
induced by changes in accessibility to the PxxxPR sequence
in Cbl act as a switch for Cbl activation and subsequent
CINS8S5 ubiquitination (Figure 8). In the absence of EGF
stimulation, CIN8S might preferentially bind to ubiquitin via
its SH3 domains, while Cbl is in its “inactive’” conformation.
EGF stimulation leads to EGF receptor phosphorylation,
creating a binding site for the TKB domain of Cbl. This is
followed by phosphorylation of Cbl and generation of the
“active” conformation with an exposed or stabilized PPII
sequence able to be recognized by the SH3 domains of
CINS8S. The SH3 domains of CINS8S5, having an affinity for
the exposed PxxxPR motif of Cbl 2 orders of magnitude
higher than that of ubiquitin (/7), preferentially bind to Cbl,
and CIN8S is ubiquitinated by Cbl. If the interaction of
CINS85 with ubiquitin is disrupted, as in the case of the 3FY
mutant, the equilibrium is shifted toward Cbl binding, leading
to CINS85 ubiquitination even in the absence of EGF
stimulation. Although Cbl does not bind the receptor in the
absence of EGF, the presence of “activated” Cbl in the
proximity of the receptor leads to low levels of EGFR
ubiquitination (Figure 7B).

It is important to consider the state of ubiquitin that binds
to the CIN85 SH3 domains. The ubiquitin molecule may be
conjugated to a protein that is ubiquitinated rather than being
free ubiquitin. If the ubiquitinated protein is localized within
a larger macromolecular complex with CINS85, this would
increase the local concentration and apparent affinity for the
SH3 domains. Thus, the binding affinities of the CIN85 SH3
domains for Cbl and ubiquitin in the cell may not differ by
as much as the 2 orders of magnitude observed for an isolated
SH3 domain binding to an isolated proline-rich peptide and
free ubiquitin. The association of CIN85 with Cbl and
ubiquitin is also likely to be affected by other local
interactions within full-length Cbl, CIN85, and the targeted
ubiquitinated protein(s), including multiple SH3 domains
binding to multiple proline-rich sequences within Cbl and
within CINSS itself, as well as binding of ubiquitin to the
C-terminal ubiquitin-binding domain within Cbl. Stable
binding of CINS85 at the Cbl proline-rich sequence site may
not even be required, as the conformational change leading
to Cbl activation could be effected by only transient CIN85
SH3 domain association and then locked in by binding of
the ligase substrates. There may also be involvement of other
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ubiquitin ligases such as Nedd4 in the ubiquitination of
CIN8S5 (2). Thus, the model proposed above is likely a
simplified version. We can conclude, however, that the
CIN85—ubiquitin interaction has a significant effect on cell
signaling and inhibits the ubiquitination of CINS8S in the
absence of EGF stimulation.

The current structural data for the CIN85 SH3 domain
complex with ubiquitin enhance our understanding of the in
vivo CINS85 ubiquitination data, suggesting an important role
of competition for protein interaction sites in the process of
clathrin-mediated receptor endocytosis. The presence of such
dynamic equilibria in the regulation of many biochemical
processes has been seen previously. Further studies of the
significance of ubiquitin competition in these equilibria will
likely provide many insights into biological function given
the preponderance of ubiquitin and of domains capable of
binding ubiquitin.
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