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The ability to combine multiple structurally and functionally
distinct modules within the same protein has made a

significant contribution to the rapid evolution of eukaryotes.1�4

It also facilitates their investigation by providing ready-made,
defined fragments that allow the precise analysis of their structure
and function using a divide and conquer approach. Knowledge
of the exact domain boundaries is fundamental to obtaining a
stable protein fragment that can be used to generate meaningful
results.5 It is well established that a domain that is out of phase by
a very small number of residues can lead to unfolded or severely
destabilized protein.6,7 In the case of domains of unknown
structure, even the best sequence alignment will leave some
uncertainty regarding the first and last residues required for a
well-defined, stable, and functional structure, but even when
ample structural information is available for a type of domain, it is
not necessarily guaranteed that the standard boundaries will be
useful for each member of such a family. Such a problem arose in

the study of the SH3 domains of the mammalian adapter protein
CIN85 (also known as Ruk and CD2AP).

CIN85 is a multifunction adapter or scaffolding protein
consisting of three SH3 domains in the N-terminal half of the
protein connected by unstructured linkers followed by a proline
rich region, a serine rich region, and a coiled coil domain at the
C-terminus8 (Figure 1A). It is best known as a component of the
downregulation mechanism of receptor tyrosine kinases in endo-
cytosis.9 CIN85 is involved in forming a complex of receptors
and proteins targeting them for either direct recycling or destruc-
tion in the proteasome.10 The latter requires the formation of a
complex with the ubiquitin ligase Cbl via the interaction of the SH3
domains of CIN85 with proline rich motifs at the C-terminus of
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ABSTRACT: SH3 domains are common structure, interaction,
and regulation modules found in more than 200 human proteins.
In this report, we studied the third SH3 domain from the human
CIN85 adaptor protein, which plays an important role in both
receptor tyrosine kinase downregulation and phosphatidylinositol
3 kinase inhibition. The structure of this domain includes an
additional 90� kink after the last canonical β-strand and features
unusual interactions between the termini well outside the bound-
aries of the standard SH3 domain definition. The extended
portions of the domain are well-structured and held together
entirely by side chain�side chain interactions. Extensive expres-
sion screening showed that these additional contacts provide
significantly increased stability to the domain. A similar 90� kink
is found in only one other SH3 domain structure, while side chain
contacts linking the termini have never been described before. As a
result of the increased size of CIN85 SH3 domain C, the proximal
proline rich region is positioned such that a possible intramole-
cular interaction is structurally inhibited. Using the key interactions of the termini as the basis for sequence analysis allowed the
identification of several SH3 domains with flanking sequences that could adopt similar structures. This work illustrates the
importance of careful experimental analysis of domain boundaries even for a well-characterized fold such as the SH3 domain.
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Cbl.11 A more direct effect on the regulation of kinase activity was
demonstrated for the rat homologue of CIN85, Ruk, when it was
shown that it acts as a direct inhibitor of phosphatidylinositol
3-kinase12 via an interaction with the p85 regulatory subunit for
which the SH3 domains are required.13

To improve our understanding of the complex interactions
required for the diverse biological functions of CIN85 better, we
set out to determine the structures of its SH3 domains and
investigate their interactions in solution. We characterized SH3
domains A and B in detail using NMR spectroscopy, ITC, and
molecular modeling.14,15 New optimized constructs were gener-
ated for the study of larger, multidomain fragments. Unexpect-
edly, the optimal construct for domain C is significantly longer
than the conserved SH3 core. In the three-dimensional (3D)
structure, the N- and C-termini extend significantly beyond the
customary terminal β-strands, held together by unusual side
chain contacts. A sequence search based on the key residues for
this interaction in all human SH3 domain sequences identified
several that would be predicted to adopt a similar structure,
suggesting that our findings are not limited to CIN85 but are of
general relevance.

’MATERIALS AND METHODS

Sequence Analysis. For the initial design of optimized
expression constructs for SH3 domains B and C of CIN85
(Uniprot entry Q96B97), sequences were extracted from Protein
Data Bank (PDB) entries for structures of domain B of human
CIN85 (2O2O) and rat Ruk (1WI7) as shown in Figure 1B.
A comparison of the sequences and structures of domain B with
known SH3 domains (see Figure 1B) was used to define the core
size for both domains B and C in human CIN85. For the
systematic screen, these core domains were extended system-
atically N- and C-terminally (Figure 2A) by up to 10 amino acids.
A search for potentially similar N- andC-terminal contacts was

performed on a sample of all SH3 domains found in the human
genome using the Prosite profile PS50002.16 A total of 267 SH3
domains were found in 203 proteins. Sequences of all SH3 domains
were extracted with an additional 20 residues added to the standard
Prosite definition (PS50002) at either end.16 A pairwise comparison
was then performed for each domain against the extended sequence
of CIN85 domain C (construct 35) to look for the crucial polar and
hydrophobic interactions of Lys267 and Lys269 (N� 3 andN� 1)

Figure 1. Layout of human CIN85. (A) The three SH3 domains are shown as blue boxes; the coiled coil region is shown as a green ellipse, and the
locations of the four proline rich segments following domain C with the actual sequence for human (H), rat (R), and mouse (M) homologues are
shown. All residue numbering is shown for the human form of CIN85. Domains and motifs are not drawn to scale. (B) Alignment of the constructs
analyzed in this work against the smart profile of the SH3 domain. Colors for conserved residues in both alignments are green for hydrophobic,
red for negatively charged, blue for positively charged, magenta for polar, and yellow for glycine or proline. The secondary structure is shown for
both alignments with the β-strands depicted as black rectangles and the corresponding identifier from A to E. The loops are shown with their names.
The RT loop draws its name from a conserved pair of arginine-threonine residues in the SH3 domain of Src. The n-Src loop draws its name from
the SH3 domain of the protein neuronal Src because it has a specific insertion in this loop. The final loop between strands D and E contains a 310-helix.
Sequence alignments are colored for conservation levels of >65%, the exceptions being glycine and proline, which are always colored, provided that
more than 50% of the sequences in the alignment have a residue at a given position. (C) Sequence alignment of CIN85 SH3 domain C against all hits of
the pattern search. The key charged and hydrophobic residues for the contacts between the N- and C-termini are labeled as described in Materials and
Methods. Conserved residues are colored as in panel B.
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with Glu333 (Cþ 5) and Tyr271 (Nþ 1) with Lys332 (C þ 4).
The following residues are allowed in the various positions: N � 1
and N � 3, KR; N þ 1, FWYALVMTEQKR; C þ 4, KRLMIVF-
WYT; Cþ 5, DE. In positions Nþ 1 and Cþ 4, charged residues
are allowed only if they are complementary. To be considered a hit, a
sequence has tomatch all five residueswith the allowance of nomore
than two being shifted by at most one position. The resulting hits
were further analyzed by sequence alignment in clustalw17 against
construct C35 using default parameters and displayed in clustalx.18

Cloning and Protein Expression. The N/C variations were
cloned using the In-Fusion method (Clontech) into in-house

bacterial expressionplasmidpLEICS-03 that provides anN-terminal
His tag with a TEV cleavage site. For protein expression, constructs
were transformed intoBL21* cells (Invitrogen). Cells were grown at
37 �C, and expression was induced with 0.5 mM IPTG (Melford
Laboratories.) at an OD of 0.8 for 4 h. Harvested cells were
resuspended in wash buffer [20 mMPO4 (pH 7.5), 500 mMNaCl,
1 mM β-mercaptoethanol, and 0.02% NaN3] and opened using an
NP40-based lysis solution. The entire screen was conducted in 96-
well plates (1 mL/well). For structure determination, proteins were
expressed and purified on Fast Flow 6 nickel chelating columns (GE
Healthcare) as described previously.14,19

Figure 2. Constructs of CIN85 SH3 domain B and C and their expression. (A) Overview of constructs. Rationally designed constructs based on the
CIN85SH3domainB solution structure (PDBentry 2O2O) are highlighted in blue. An array of new constructswas created encompassing the extensions colored
green (residues shown included). Additional C-termini for constructsC51 (Asn335), C52 (Pro340), andC53 (Pro348), all starting at residueAsp263, not part of
the original 5� 5 screeningmatrix and used in the study of potential interactions of the P1 segment, are shown for the sake of completeness. As a result, they are
not included in panel C. The position of the proline rich motif P1 is indicated above the sequence. (B) Example for expression trials of constructs for domains B
(top) and C (bottom) monitored by SDS�PAGE. Samples loaded are the soluble fraction of constructs for the top and bottom panels: lanes 1�5, B21�B25,
respectively; lanes 6�10, B16�B20, respectively; lanes 11�15, B11�B15, respectively; lanes 16�20, B6�B10, respectively; and lanes 21�25, B1�B5,
respectively(left to right for the top panel); lanes 1�5, C26�C30, respectively; lanes 6�10, C31�C35, respectively; lanes 11�15, C36�C40, respectively; lanes
16�20,C41�C45, respectively; and lanes 21�25,C46�C50, respectively (left to right for the bottompanel).Construct numbers are the same as shown in panel
C. Themolecular weight marker (mark12, Invitrogen) is in the center lane for both domains and the expectedmolecular weight for the domains is indicated by a
frame. (C) Corresponding construct reference number and soluble protein yield (red > pink > yellow > white) as estimated from SDS�PAGE of the cell lysis
supernatant shown in Figure 4B and normalized using other bands in the same lane. Blue color indicates constructs that failed to be cloned.
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CD Spectroscopy. CD data were recorded on a Jasco J700
spectropolarimeter fitted with a Peltier temperature control
system. Initial spectra were recorded in rectangular quartz cuvettes
(Starna) with a 0.1mmpath length to select awavelength tomonitor
thermal unfolding experiments. Thermal unfolding curves were
measured for selected constructs of domain C at protein concentra-
tions of 50 μM in standard measurement buffer [20 mM sodium
phosphate, 50mMsodium chloride, 1mMDTT, and 0.02% sodium
azide (pH 7.0)] using a 1mm path length cuvette at a wavelength of
215 nm using a temperature gradient of 1 �C/min from 5 to 90 �C.
Data were recorded at one point per 1 �C. At each point, the CD
signal was averaged for 1 s. The unfolding curve was fitted to a two-
state unfolding equation in a home-written Mathematica macro that
optimized the melting temperature and the slope at unfolding while
the initial and final slopes of the curve were optimized manually.
NMR Spectroscopy. NMR spectra for assignment and struc-

ture calculation were recorded on 500, 600, and 800MHz Bruker
Avance spectrometers. Sample concentrations ranged from 100 μM
for controls and screening of constructs to 0.8 mM for collection of
distance constraints. All samples were measured in standard mea-
surement buffer. Standard triple-resonance experiments20 for back-
bone and side chain assignmentwere based on those provided by the
manufacturer but extensively modified to improve hardware protec-
tion. All experiments for assignment, dynamics, and structure
calculationwere conducted at 298K. All spectra analysis, assignment,
and extraction of data for further analysis were performed with
CCPN analysis.21 The Lipari�Szabo analysis22,23 of 15N T1 and T2
and heteronuclearNOEdata24,25 was performed using home-written
macros in Mathematica.
Structure Determination. The structure calculation was

initially based on NOESY cross-peaks collected with a mixing time
of 100ms for 15N-resolved 3DNOESY (860), aliphatic 13C-resolved
3D NOESY (1320), and aromatic 13C-resolved 3D NOESY (72)
spectra. All these 2252peakswere converted into unassigneddistance
constraints and used directly in CYANA 2.126 together with 108
dihedral (Φ andΨ) constraints extracted from chemical shifts using
TALOS.27 After seven cycles of structure calculation, a total of 2246
peaks were assigned, including the unambiguous identification of the
stereochemistry of 24 prochiral groups. The structure was then regu-
larized using REDAC and refined using 62 1H�15N residual dipolar
couplings collected with 10 mg/mL pf1 phage using XPLOR.28

Structure Analysis and Comparison. Similar SH3 domains
were identified with DALI.29,30 From the top 300 hits (Z score level
of 8.5) of the DALI search, SH3 domains with 69 or more residues
were selected for detailed comparison provided that the N- and
C-termini were close to each other. There are numerous structures of
SH3 domains in the PDB that have N- and C-termini artificially
extended by cloning artifacts. To avoid a bias toward these unnatural
versions, only a small number of these were selected. All other
structures chosen fulfill the selection criteria with their natural se-
quence. Selected structures were then superposed with DALIlite29,30

and analyzed with PyMol (http://www.pymol.org).
Molecular Dynamics Simulations. The structure of con-

struct C35 of CIN85C (residues 263�333) used in the MD
simulations was taken from our deposited PDB entry 2K9G.
Construct C34 lacking residues K332 and E333 was created via
removal of those residues. The MD simulation of the fully
immersed construct structure in a rectangular box (65.4 Å �
52.2 Å � 60.2 Å) filled with TIP3P water was performed using
the Amber program.31 The simulated C35 and C34 systems
consist of 73 and 71 residues, six Naþ ions, and 4822 and 4840
water molecules, respectively. The time step was 1.5 fs with all

bonds fixed to their equilibrium values by SHAKE. The formal
charge of the protein of �6 was neutralized via addition of
Naþ ions. The temperature was 300 K. van der Waals interac-
tions were truncated at 10.0 Å, while electrostatic interactions
were fully calculated with the particle mesh Ewald method. A
solvent equilibration of 25 ps at 300 K was calculated after
including the Naþ ions. Following equilibration, a trajectory of
10 ns was calculated for each construct. The hydrogen bond
analysis is based on a distance cutoff of 2.4 Å between the donor
and the acceptor (i.e., hydrogen and oxygen or nitrogen) and an
angle cutoff between 120� and 180� at the hydrogen atom.
Analytical Ultracentrifugation. The sedimentation velocity

experiments were performed at 20 �C on a Beckman XL-I
instrument (Beckman Scientific, Palo Alto, CA), equipped with
an eight-hole An50-Ti rotor. Sedimentation velocity data for C35
andC53were acquired in 20mMphosphate buffer (pH 7.4) with
100 mM NaCl and 1 mM DTT over 16 h at a rotor speed of
42000 rpm in two-channel centerpieces. The proteins were
studied over a range of concentrations between 0.07 and
0.4 mg/mL. The data were collected using interference optics
and were analyzed with SEDFIT32 using the c(s) model for the
calculation of sedimentation coefficient distributions in which
the frictional ratio, bottom of the cell, meniscus, and baseline
were floated for the fits. Buffer density (F) and viscosity (η) as
well as protein partial specific volume (vbar) used in the analysis
were calculated using SEDNTERP version 1.09.33 Themolecular
weight estimates of the proteins were calculated in Sedfit from
the obtained sedimentation coefficients and frictional ratios.

’RESULTS

Cloning and Expression of Domains B and C. Initially,
constructs of each of the CIN85 SH3 domains were designed on
the basis of the existing solution structure of CIN85 SH3 domain
B [PDB entry 2O2O (see Figure 1B)].15 This structure reveals a
rigid domain between R101 and L155. To improve the behavior
of new constructs for further studies, we removed the unstruc-
tured residues at the N- and C-termini outside the defined region
in the new constructs. The analysis of the structure of domain B,
together with sequence alignments, was also used to create
optimal domain boundaries for the cloning of domain C.
Interestingly, the resulting constructs for both domains exhibited
limited solubility. To investigate the problem further, a series of
constructs was produced for both, by generating an array of five
N-termini against five C-termini (Figure 2A) so that 25 con-
structs were generated and tested for each domain.
To simplify the screening of a significant number of constructs,

a high-throughput cloning approach was chosen on the basis of
the ligation-independent cloning (LIC) method34 using the In-
Fusion (Clontech) kit that allowed the generation of the con-
structs and trial expressions in standard multiwell plates.
The results of the expression screen of all constructs of

domains B and C were analyzed using sodium dodecyl sulfate�
polyacrylamide gel electrophoresis (SDS�PAGE) (Figure 2B)
and are summarized in a semiquantitative manner in Figure 2C.
Interestingly, both domains required extra residues beyond the
optimal boundaries as defined by the structure of domain B. In
this domain, there was no correlation in terms of soluble expres-
sion between the N- and C-termini. A vague preference for the
extension of the C-terminus up to Ser165 is evident, while at the
N-terminus, the domain is best behaved when it starts with
Gly96. In strong contrast, there is a significant correlation
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between the effects of N- and C-terminal extensions of domain C
on solubility. It is very clear that neither extension of N- or
C-terminus alone achieves much without the other, suggesting
the possibility of an important interaction of the termini. Gen-
erally, in SH3 domains, the N- and C-termini form an antiparallel
β-strand. However, that is well within the defined boundaries.
The interactions suggested by this expression screen for domain
C are thus much farther outside the usual boundaries of an SH3
domain, suggesting the existence of additional interactions.
Thermal Stability of Versions of Domain C. To explore the

properties of the N- and C-terminal extensions in more detail, we
performed thermal unfolding experiments for selected constructs.
Individual protein domainswere purified, and their respectivemelting
temperatures were determined by CD spectroscopy (Figure 3).
The melting temperature increased steeply (by more than

10 �C) from the shortest construct (C27) with its C-terminus at
residue Pro327 compared to construct C35 that ends at Glu333
(Figure S1 of the Supporting Information). Further extension of
the C-terminus into the proline rich region (Figures 1A and 2A)
directly following SH3 domain C did not increase the melting
temperature by any significant margin (<2 �C for 13 amino acids
added). Only comparatively small effects could be observed for
variations at the N-terminus (Figure 3).
Domain C Boundaries and Their Structural Importance.

To obtain a more detailed view of the effects of changing the
domain boundaries of domain C, one-dimensional (1D) NMR
spectra of selected constructs were recorded (Figure 4). While
the variations of the melting temperature are significant for some
constructs, the changes in the high-field region of the 1D NMR
spectrum are striking. A well-defined, isolated peak at 0.1 ppm,
corresponding to one of the δ-methyl groups of Leu326, is
observed only in constructs C30 (residues 260�333) and C35
(residues 263�333), regardless of the protein concentration.
Independent of the N-terminus, this new resonance does not
appear in any of the C-terminally shorter constructs. Such a high-
field chemical shift can be produced only in a protein by an
aliphatic proton strongly shielded by packing to an aromatic ring.
The nearest aromatic residue is Phe330, but both Leu326 and
Phe330 are also present in the shorter constructs that do not
show the high-field shifted peaks of Leu326. This infers that the
shielding of Leu326 requires Lys332 and Glu333 and that at least
one, if not both, of these residues must make important contacts.
Structure and Dynamics of Domain C. To understand the

variations in stability and the striking differences in the NMR

spectra among different domain C constructs better, we deter-
mined the solutionNMRstructure of the construct with high thermal
stability, C35 (residues Asp263�Glu333 in full-length CIN85). The
domain was assigned to >95%, and the structure was calculated
with distance constraints obtained from 3D 15N- and 13C-resolved
NOESY spectra, backbone dihedral constraints, and residual dipolar
couplings (RDC). The latter were collected to ensure a good struc-
tural definition of the extended N- and C-termini for which only few
NOESY-based distance constraints were obtained.
The family of structures was in good agreement with an

average backbone root-mean-square deviation (rmsd) of 0.47 Å
(Figure 5A) and with good stereochemical characteristics as
indicated by 89% of all residues being in the favored region of the
Ramachandran plot. Standard parameters for the structure
calculation are summarized in Table 1. The structure was
deposited as PDB entry 2K9G.
The core domain is a typical β-barrel formed by five antipar-

allel β-strands, with the standard RT and n-Src loops connecting
strands A, B, and C [A with B and B with C, respectively
(Figure 5B)]. However, while the SH3 domain fold is similar
to domain B,15 this new structure reveals an additional structured
region outside the boundaries of a typical SH3 domain. Instead of
assuming an undefined conformation after the end of the last
β-strand at Lys324, the polypeptide backbone at the C-terminus
continues for a short distance in an extended conformation until
it folds into a 90� kink between Pro328 and Asp329. Subse-
quently, it crosses over strand A making hydrophobic contacts
between Phe330 and Leu326 and between Lys332 and Tyr271
(Figure 5C). The N-terminus in contrast continues only a short
distance crossing under the last stretch of the polypeptide chain
so that two positively charged amino acids at the N-terminus
(Lys267 and Lys269) are positioned close to the last residue
Glu333 (Figure 5D). The side chain of the latter is very close in
most structures of the family to the side chains of Lys267 and
Lys269. This contact is supported by the existence of a small
number of NOEs between these parts of the protein (for details,
check the constraint list available from PDB entry 2K9G).
The Lipari�Szabo analysis of the backbone dynamics

(Figure 5F) of domain C shows that these residues are still
relatively well structured with order parameters of ∼0.6. This is
in good agreement with the residue specific rmsd values
(Figure 5E) that show them to be well below 1.0 Å for Lys332
(0.5 Å) and Glu333 (0.6 Å) as well as Lys267 (0.3 Å) and Lys269
(0.2 Å). This suggests that a hydrophobic contact between

Figure 3. Circular dichroism investigation of the thermal stability of
selected constructs. Plot of the fitted melting temperature vs the
C-terminal residue of the constructs (residues included). Constructs
with different N-termini are shown in different colors: blue for Thr260,
red for Asp263, and green for Arg265.

Figure 4. Expanded high-field region of 1D NMR spectra of constructs
of domain C: yellow and green for C35 at 1.7 and 0.9 mM, respectively,
red for C40, purple for C34, olive for C33, black for C28, and blue for
C27. SH3 domain C constructs with C-termini extending to E333
display a peak at∼0.1 ppm corresponding to the Hδ resonances of L326
that is not observed in the shorter constructs.
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Lys332 and Tyr271 as well as a salt bridge between Glu333 and
the two positively charged amino acids at the N-terminus may
exist, even though the latter might be more dynamic than the
former.
Mechanismof Stabilization.NMR spectra suggested that the

hydrophobic contact of Leu326 with Phe330 observed in the
solution structure is only stable when residues Lys332 and
Glu333 are present in the construct (Figure 4). To gain better
insight into the relevance of these residues for the stability of the
domain, molecular dynamics simulations were performed for con-
structs C34 (residues 263�331) and C35 (residues 263�333)

using our NMR structure of C35 as the starting structure for C35
and C34 (we deleted the last two residues of C35).
Analysis of distances between side chain atoms of Leu326 and

the benzene ring of Phe330 over a trajectory of 10 ns clearly
shows the presence of the Phe330�Leu326 contact during the
entire MD trajectory in construct C35 (Figure 6A). Instead, for
C34, this contact lasts up to 7.2 ns and then breaks apart. This can
be easily visualized upon comparison of the Leu326�Phe330
cluster at different snapshots of 1, 5, and 10 ns (Figure 6B). At
10 ns, the Phe330 benzene ring rotates and the Leu326 side chain
moves away from the benzene ring. In C35, the residues hold
their positions very much unchanged for 10 ns. Even before the
cluster finally breaks apart for C34, the amplitude of fluctua-
tions in the Leu326�Phe330 distances is substantially larger for
C34 than for C35. These observations clearly suggest that the
Phe330�Leu326 contact is significantly more stable in C35 than
in C34.
The mechanism through which this is achieved is also evident

in the simulations. There are polar contacts for Glu331 and
Glu333 toward the N-terminus in C35. In C34, the side chain of
Glu331 has a very short-livedH-bond to the side chain of Lys269,
appearing for only ∼3.5 ns (Figure S2 of the Supporting
Information). However, in C35, Glu331 keeps a fairly stable
distance with the side chain of Lys269 and could form a hydrogen
bond by the end of the trajectory. Glu333 has alternate contacts
between its side chain and backbone carboxylate group and the
side chain of Lys269. In addition to the C-terminal glutamates,
Lys332 also appears to be important by making stable hydro-
phobic contacts throughout the trajectory between its side chain
and the side chain of Tyr271. These contacts are supported by
intermittent polar contacts of the amino end group of Lys332
with the side chain of Asp292 and the backbone of Ile293, in
good agreement with differences in HSQC spectra of constructs
C35 and C33 (Figure S3 of the Supporting Information).

Figure 5. Structure and dynamics of domain C. (A) Wire representation of the top 20 structures from the XPLOR RDC refinement. (B) Secondary
structure cartoon, with the same orientation as panel A. (C) Detailed view of the 90� kink around Asp329 and the contact between Phe330 and Leu326.
(D) Detailed view of the stabilizing interaction between the N-terminal positively charged Arg265, Lys267, and Lys269 with the C-terminal Glu333 and
the hydrophobic contact of Tyr271 and Lys332. (E) NMR order parameters for backbone amide groups. (F) Average backbone rmsd values for the top
20 structures shown in panel A. Fitting errors for the order parameters and standard deviations for the rmsd values are shown as error bars.

Table 1. Structural Statistics for Domain C, Including RDC
Refinementa

input constraints
no. of NOE-derived distances 1364

no. of backbone dihedral angle (Φ and Ψ) constraints 108

no. of backbone HN residual dipolar coupling constants 62

structure statistics

backbone rmsd (Å) (residues D263�E333, N, CR, C') 0.47

residues in preferred region of Ramachandran plot (%) 89.0

CING score: residues in green and orange (%) 78.0

average/maximal violation of NOE constraints (Å) 0.02/0.13

average/maximal violation of dihedral constraints (deg) 2.1/12.4

average/maximal violation of RDC constraints (Hz) 0.11/0.57
aMore details for the structural quality are available from PDB entry
2K9G via the CING link. The CING score refers to the color codes
calculated as a summary of different quality assessments for each residue.
Residues with green are perfectly OK; residues with orange are not quite
perfect but acceptable, and residues with red have a problem. The combina-
tion of residues coded in green and orange can be taken to be acceptable, and
a higher percentage indicates a better quality of the structure.
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Structural ComparisonwithOther SH3Domains.Recently,
the structure of the equivalent SH3 domain C from Ruk was
determined in solution.35 Interestingly, this domain was expressed
in a shorter construct, encompassing residues 313�371 in Ruk
(corresponding to residues 267�328 in human CIN85). Super-
position of the structures in Figure 7 shows that the domains are
virtually identical but that the construct from rat CIN85 is shorter
and lacks the kinked C-terminus seen in our structure of human
CIN85 domain C.
On the basis of the observation of the unusual kinked

C-terminus in SH3 domain C of CIN85, a DALI search was
performed to determine whether such an unusual structural
feature in an SH3 domain had been previously observed. Of
the top 300 hits resulting from a DALI search, those with 69 or
more residues were selected for analysis. A total of five other
domains were identified in this way and superimposed on the
structure of domain C (Figure 7). It is noticeable that there were
a significant number of SH3 domain structures in the PDB that
met the length criterion. However, a large number of them reach
only such a length because of artificial extensions very likely due
to cloning artifacts. It is worth noting that these extensions are
vaguely in the same area as for our domain C but do not make any
contacts (Figure 7 and Figure S4 of the Supporting Information).

In stark contrast, the crystal structure of the SH3 domain of
p130cas36 shows a similar kink of the C-terminus just after the
last β-strand of the canonical fold followed by a well-defined
extended structure. While the extended N- and C-termini of our
domain C appear to be held together by side chain contacts, the
corresponding extensions in p130cas assume a very different fold
by forming a short antiparallel β-sheet (Figure 7 and Figure S4 of
the Supporting Information)
Sequence Profile Searches. To determine if similarly ex-

tended structures might exist in other SH3 domains, we analyzed
the flanking sequences of all SH3 domains found in the human
genome to limit the sample size. Using the prosite motif for SH3
domains (PS50002) resulted in the identification of 267 SH3
domains in 203 proteins. In the resulting sequence alignment, the
key residues for the salt bridge are found at positions N� 1 and
N� 3 (Lys267 and Lys269, respectively) at the N-terminus, and
the glutamate residue (Glu333) at the C-terminus is found at
position Cþ 5 beyond the end of the motif. The key residues for
the hydrophobic interaction are located at positions N þ 1
(Tyr271) and Cþ 4 (K332). The latter is a polar residue but has
a sufficient number of aliphatic CH2 groups for a hydrophobic
contact. A systematic search for conserved residues at these
positions produced several hits, shown aligned in Figure 1C. The
alignmentwas then used for amanual search for residues compatible

Figure 6. Results of a 10 ns molecular dynamics trajectory of constructs C35 and C34. (A) Time development of key distances involving the N- and
C-termini. The distance from Cβ of L326 to Cγ of F330 is shown for both constructs C35 and C34. (B) Structural snapshots of the interaction of L326
with F330 at three time points of the trajectory for the two constructs, C35 and C34.
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with a kink close to the double proline inC35 (Pro327 and Pro328)
as well as hydrophobic residues like F330 and L326 able to form a
contact stabilizing the kink (Figures 5C and 6). The SH3 domain of
PLCG1 has a proline shifted by one residue and hydrophobic
residues as required. ACK1 lacks both proline as well as suitable
hydrophobic residues, while SLAP2 has the required hydrophobic
amino acids but lacks a proline. In the other domains, there are no
suitable matches for the prolines and the equivalent to position
330 in CIN85 domain C is occupied by charged or hydrophilic
residues, making it unlikely that a similar structure could form (see
Figure 1C). As a result, we predict that the SH3 domain in PLCG1
as well as that in SLAP2 could form a similarly kinked structure with
extended N- and C-terminal contacts.
Wild-Type Extension of Domain C, Including the Proline

Rich Binding Motif. In full-length CIN85, domain C is imme-
diately followed by a stretch of four proline rich motifs named
P1�P4 (Figure 1A). P1 is separated from the C-terminal residue,
Glu333, of the longest construct of domain C (C35) by only four
residues. There are several examples in the literature of SH3
domains adjacent to proline rich motifs, e.g., in tec and in the p85
subunit of PI3-kinase where an interaction is observed between
the SH3 domain and the proline rich motifs, either in an intra-
molecular fashion as in tec kinase37,38 or in an intermolecular
fashion as in the case of the p85 subunit of PI-3 kinase.39 In
principle, such interactions could also exist for domain C of
CIN85. Such an interaction should significantly increase the
thermal stability of the SH3 domain. However, the melting
temperature of construct C53 [containing domain C and P1,
residues Asp263�Pro346 (see Figures 1A and 2A)] was only
marginally improved over those of the other constructs of
domain C (Figure 3). A molecular dynamics (MD) simulation

confirmed that the linker is too short for an intramolecular
interaction by showing dissociation within 3�5 ns of the MD
trajectory in water (Figure S5 of the Supporting Information).
This result was supported by NMR data that showed no
significant chemical shift perturbations of the residues in the
canonical binding site (Figure 8A), similar rotational correlation
times τc for C35 (Asp263�Glu333, 5.8 ( 0.2 ns) and C53
(Asp263�Arg346, 6.2 ( 0.2 ns), low order parameters for the
additional residues (Figure 8B), and analytical ultracentrifuga-
tion data that clearly show that construct C53 is a monomer
(Figure 8C). To ensure that the extended construct C35 was still
able to bind to proline rich motifs in principle, we studied the
interaction with a Cbl-derived peptide, and the stoichiometry,
affinity, and binding site were found to be in good agreement
with values reported in the literature40 (Figure S7 of the
Supporting Information).

’DISCUSSION

We initially started this work to produce optimized constructs
of CIN85 SH3 domains in preparing for the study of larger
fragments. Structure determination of CIN85 domain B has been
successful15 but was based on a construct that contained extra
residues as a result of the cloning method (Figure 2A). Despite
using the structure of domain B to guide the design of new
constructs for domains B andC, we failed at first to obtain soluble
protein. There are two NMR structures of domain B in the PDB,
one determined by us (2O2O) and the other by the Riken
structural genomics initiative (1WI7). Coincidentally, both of
these contained a substantial number of extra random residues as
a result of the cloning process (Figure 2A). Combined with the
observations that there is no clear correlation between the length
of the N- and C-terminal extension in our expression screen
(Figure 3), this suggests that domain B will behave well as long as
there are a few amino acids added at the N- and C-termini. These
residues do not make any contact with the domain because the
extensions of the two structures of domain B in the PDB are
completely different from each other and also from the natural
sequence of CIN85 that precedes and follows domain B
(Figure 1B). Such a requirement for a number of residues might
relate to the fact that this domain comes from a multidomain
protein in which it is surrounded by long, polar, and flexible
linkers. The complete absence of such sequence might render the
SH3 domain difficult to fold or poorly soluble.

In contrast, the stabilization of domain C by N- and C-term-
inal extensions is based on a very well defined interaction not
previously seen in SH3 domains. An extended C-terminus with a
90� bend while folding over the extended N-terminus has been
observed in only one other SH3 domain.36 However, while in this
case contacts are made by backbone atoms leading to the
formation of an antiparallel β-sheet, in CIN85 domain C the
structure is more irregular and is dominated by salt bridges
supported by hydrophobic interactions. The 1D spectra of the
various extended constructs show that the hydrophobic interac-
tion of Phe330 with Leu326 is not strong enough on its own
(Figure 5). Instead, it requires the hydrophobic contact between
Lys332 and Tyr271 and between the ultimate C-terminal Glu333
and its salt bridges and theN-terminal positively charged residues
(Lys267 and Lys269) to achieve full cooperative stability. This is
confirmed by the continuously increasing melting temperatures
as the C-terminus is extended (Figure 4) and our molecular
dynamics analysis (Figure 7)

Figure 7. Comparison of the structure of construct C35 of human CIN85
domainC (PDBentry 2K9G) with similar SH3domains containing extended
termini.CIN85domainC(blue) is superimposedwith SH3domains from rat
CIN85 (third domain, red, PDB entry 2DA9), p130CAS (two crystal forms,
yellow and green, PDB entry 1WYX), intersectin (purple, PDB entry 1J3T),
thyroid receptor interacting protein (cyan, PDB entry 2CT4), growth factor
receptor-bound protein (orange, PDB entry 1GBR), Rho GTPase activating
protein (pink, PDB entry 2DL8), and ENOS trafficking inducer (gray, PDB
entry 2YUN). The structures from PDB entries 2DA9, 2CT4, 2DL8, and
2YUN are artificially extended N- and C-terminally (Figure 1B). Secondary
structure elements in the vicinity are labeled.
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The proline rich motifs immediately following the C-terminus
(Figure 1) provide an opportunity for intra- or intermolecular
interactions with domain C. An intramolecular interaction as in
the case of tec kinase37,38 is ruled out on the basis of the structure:
the very extendedC-terminus positions the proline richmotif too
far from the canonical binding site, which puts significant strain
on the linker, confirmed by a 10 ns molecular dynamics simula-
tion showing that the intramolecular complex falls apart after∼4
ns (Figure S5 of the Supporting Information). Preventing an
intramolecular interaction of domain C with the following pro-
line rich segment might indeed be the purpose of the C-terminal
extension. The other option, an intermolecular interaction
between domain C and its extended P1 linker, is theoretically
possible just as in the case of, for example, PI3 kinase.39 However,
this option can easily be ruled out according to our extensive CD,
NMR, and AUC investigations (Figure 8). Indeed, the addition
of the full P1 motif only marginally increases the melting
temperature (Figure 4) and does not alter the oligomerization
state of the domain as evidenced by 15N relaxation and analytical
ultracentrifugation data. As a result, there is no interaction at all
between domain C and the immediately following P1 segment.
Control experiments were conducted to ensure that the extended
version of the domain is capable of binding to proline rich ligands
(Figure S6 of the Supporting Information).

In this work, we demonstrate comprehensively that the folding
and potential function even of well-established protein domains
can depend on residues well outside the canonical domain
definition. The effect of N- and C-terminal extensions on domain
C showed high sequence specificity reflected in the interactions
observed in the NMR structure and confirmed by molecular
dynamics simulations. Identifying the correct domain boundaries
in this case preserves an unusual structural feature that otherwise
would be missed. This structural feature is very likely required for
the function of CIN85. It is quite clearly able to prevent an
intramolecular interaction of domain C with its immediately
following proline rich motif P1, which could be an important
asset when full-length CIN85 forms a complex with targets such
as Cbl or p85 proteins.

A very simple and conservative sequence analysis based on the
key interactions for this novel structural extension of a SH3
domain identified two such domains in human proteins, SLAP2
and PLCG1, for which we predict a very similar, extended
structure. It is too early to try to derive functional conclusions
from this group of proteins; however, it is interesting to note that
both SLAP2 and PLCG1 interact with various Cbl isoforms, and
for PLCG1 and CIN85, it was shown that the SH3 domains are
required for binding to Cbl.41 These findings suggest that
widening the scope of sequence analysis to allow for alternative

Figure 8. Effects of addition of the first proline rich motif (P1) that is located immediately C-terminal to domain C (domain C, construct C35, residues
263�333; P1, residues 337�346). (A) Plot of combined 1H and 15N chemical shift differences of construct C35 (domain C alone, residues 263�333)
and construct C53 (domain C and the proximal proline rich motif P1, residues 263�346). (B) Results of the Lipari�Szabo analysis of 15N relaxation
data for construct C53. The positions of SH3 domain C and the proline rich motif P1 are indicated by bars above the graph. (C) Results of sedimentation
velocity analytical ultracentrifugation of C35 (blue) and C53 (red).
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interactions of extended N- and C-termini allows evenmore SH3
domains with an extended structure to be found, and conse-
quently, this novel structure could exist in more SH3 domains.
This emphasizes the importance of terminal residues on the
fringes for the overall stability, structure, and function of protein
domains.
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