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ABSTRACT: Nck is a ubiquitously expressed adaptor protein containing Src homology 2 (SH2) and Src
homology 3 (SH3) domains. It integrates downstream effector proteins with cell membrane receptors,
such as the epidermal growth factor receptor (EGFR). EGFR plays a critical role in cellular proliferation
and differentiation. The 45-residue juxtamembrane domain of EGFR (JM), located between the
transmembrane and kinase domains, regulates receptor activation and trafficking to the basolateral
membrane of polarized epithelia through a proline-rich motif that resembles a consensus SH3 domain
binding site. We demonstrate here that the JM region can bind to Nck, showing a notable binding preference
for the second SH3 domain. To elucidate the structural determinants for this interaction, we have determined
the NMR solution structures of both the first and second Nck SH3 domains (Nckl-1 and Nck1-2). These
domains adopt a canonical SH3 -barrel-like fold, containing five antiparallel strands separated by three
loop regions and one 3j¢-helical turn. Chemical shift perturbation studies have identified the residues that
form the binding cleft of Nckl1-2, which are primarily located in the RT and n-Src loops. JM binds to
Nck1-2 with an affinity of ~80 uM through a positively charged sequence near the N-terminus, as opposed
to the polyproline sequence. The two Nck SH3 domains exhibit both steric and electrostatic differences
in their RT-Src and n-Src loops, and a model of the Nck1-2 domain complexed with the JM highlights

the factors that define the putative binding mode for this ligand.

The epidermal growth factor receptor, the archetypical
ErbB' receptortyrosine kinase family member, performs a
wide range of cellular functions critical for proper growth
and development. It plays important roles in the regulation
of cell differentiation, proliferation, and epithelial organo-
genesis (/). This receptor must be carefully regulated to
maintain a healthy cellular phenotype, as changes in expres-
sion patterns have been observed in numerous human cancers
(2), and developmental defects in several organ systems have
been observed in EGFR-deficient transgenic mice (3, 4).
Many factors contribute to the regulation of EGFR activity,
such as the level of protein expression, interactions with other
ErbB receptors to form homo- or heterodimers, phosphory-
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lation of selected residues, and internalization leading to
lysosomal degradation. Moreover, specific sorting processes
help control the distribution of EGFR at the membranes of
polarized epithelia. For example, in Madin-Darby canine
kidney epithelia, EGF receptors are mainly localized to the
basolateral membrane (5, 6). Furthermore, EGFR can interact
with different adaptor proteins that serve as molecular
scaffolds to link the receptor to downstream signaling
molecules. A very well-characterized example involves the
Grb2 adaptor recruiting the guanine nucleotide exchange
factor Sos to autophosphorylated EGFR at the plasma
membrane, where Sos can subsequently activate Ras (7, §).

The EGF receptor is an integral transmembrane glyco-
protein of 1186 amino acids (9). It contains an extracellular
N-terminal ligand-binding domain, a single transmembrane
helix, a juxtamembrane domain (JM) of approximately 45
residues, a tyrosine kinase domain, and a C-terminal tail.
JM contains several intrinsic sorting signals, including
basolateral targeting signals such as the *’PLTP®° sequence
(10), and a lysosomal sorting motif (/7). JM also contains a
variety of protein binding sites, including those for calm-
odulin (/2), a-subunits of heterotrimeric G proteins (/3),
and phosphoinositide kinases (/4). In addition, JM contains
several known phosphorylation sites: these include Thr>*,
which is a substrate for PKC (I5), as well as Thr® and
Ser®’!, which are substrates for MAPK (16, 17). Furthermore,
it was observed that JM can bind to the EGFR substrate and
adaptor Eps8 (/8), which may function in the recruitment
of an Eps8-associated signaling protein complex to EGFR.
The presence of numerous interaction sites compressed into
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FIGURE 1: Sequence and secondary structural alignment of the following SH3 domains: three from the Nck1 isoform and three from Nck2,
as well as SPIX, RacCDC42 guanine exchange factor 6, Intersectin 2, and Cin85. Boxes encompass the general ligand-binding region on

SH3 domains, and bold letters indicate highly conserved positions.

such a small domain stimulates further investigation into their
regulation, which can provide key insights into the regulation
of the full-length receptor.

Another adaptor protein that plays a role in downstream
signaling from EGFR is Nck, which helps regulate numerous
intracellular processes, including actin cytoskeletal organiza-
tion, axonal guidance, DNA synthesis, gene expression, and
protein degradation (/9, 20). Two members of this family,
Nck1 and Nck2, are expressed in humans, and a homologue,
Dock, occurs in Drosophila. These modular proteins each
contain three SH3 domains followed by a C-terminal SH2
domain. Nck has been observed to bind the activated,
autophosphorylated EGF receptor via its SH2 domain (21).
Nck simultaneously can utilize its second SH3 module to
bind PAKI, a serine/threonine kinase that is a target of Racl
and Cdc42 (22-24), supporting a model of Nck-dependent
recruitment of PAK1 to the plasma membrane. Signaling
pathways involving PAK kinases, PIX exchange factors, and
Nck adaptors lead to Racl and Cdc4?2 activation and actin
cytoskeleton regulation, including the formation and disas-
sembly of focal adhesion complexes (25). Interestingly, Nck
has also been observed to activate Racl and regulate axonal
guidance in spinal commissural cells via an interaction with
the membrane-associated netrin-1 receptor DCC (26). This
direct interaction was dependent on the SH3 domains, not
the SH2 domain, of Nck and occurred in a manner
independent of the presence of ligand.

The Nckl and Nck2 isoforms exhibit a high degree of
sequence homology, as they are 68% identical and 79%
similar over the entire protein sequence (Figure 1). Despite
the high degree of sequence homology, differences in
specificity of these two proteins have been observed. For
instance, the SH2 domain of Nck2 was demonstrated to bind
to phosphorylated ephrin-B, whereas the corresponding
domain of Nckl did not bind (27). Distinct preferences for
ligand binding have also been observed among the different
Nck SH3 domains, contributing to the ability of this adaptor
to interact simultaneously with different protein effectors,
thus linking membrane receptors to the actin cytoskeleton
(20). A recent study provided structural insight into the ligand
binding preferences of the second and third SH3 domains
of Nck2 (28), focusing on interacting partners that influence
actin cytoskeletal organization and cell movement. In light
of the differences observed in the sequences of ligands
capable of binding to SH3 domains of Nck2, it is also

intriguing to highlight the features that determine the
specificity of ligand binding among the SH3 domains of the
Nckl isoform. This study addresses this question while
focusing on a novel interaction with JM and discusses the
implications of this interaction on downstream signaling
pathways.

MATERIALS AND METHODS

Cloning, Expression, and Purification of Proteins. The
coding sequences of the Nck1-1 (residues 1-61) and Nck1-2
(residues 107-165) SH3 domains were obtained from a
GST—Nck fusion construct. The sequences were amplified
by PCR on a Techne Techgene model FTGene5D thermocy-
cler and ligated into the pGEV2 vector (29). The following
primers were utilized for cloning the Nckl-1 domain: 5'-
TCTGGATCCATGGCAGAAGAAGTGGTG-3' (5'-primer,
BamHI restriction site in italics) and 5'-TCCCTCGAGT-
CAACTGTTTTTCCTTTC-3' (3'-primer, Xhol restriction site
in italics); the following primers were used for cloning the
Nck1-2 domain: 5'-TCTGGATCCCTCAACATGCCCGCT-
TAT-3" (5'-primer, BamHI restriction site in italics) and 5'-
TCCCTCGAGTCAGTCACCTTCTTCAGT-3" (3'-primer,
Xhol restriction site in italics). The resulting plasmids,
pGEV2-Nck1-1 and pGEV2-Nck1-2, each encode a fusion
protein consisting of an N-terminal immunoglobulin-binding
domain of streptococcal protein G (GB1) linked via a
thrombin cleavage site to the Nck SH3 domain of interest.
In addition, a pGEV2-Nck1-2 construct bearing the C139S
point mutation was generated. Each clone was verified by
automated DNA sequencing (Cleveland Genomics, Cleve-
land, OH). For expression of the unlabeled GB1—Nckl-1
and GB1—Nck1-2 fusion proteins, the plasmids were trans-
formed into competent Escherichia coli BL21(DE3) cells.
The cells were grown to an ODg of 0.6—0.8, at which point
they were induced with 0.3 mM isopropyl 5-D-1-thiogalac-
topyranoside (IPTG) at 37 °C for 4 h. Expression of
uniformly "*C- and '"N-labeled GB1—Nck1-1 and GB1—Nck1-2
fusion proteins was achieved by growing the transformed
E. coli cells in M9 minimal medium supplemented with 1
¢/L ["N]ammonium chloride and 2 g/L ["*C]glucose as the
sole nitrogen and carbon sources, respectively, and the cells
were induced as described above. To express biosynthetically
directed 10% '3C-labeled Nck domains, M9 minimal medium
was prepared as described above but with a combination of
0.2 g/L ["*C]glucose and 1.8 g/L unlabeled dextrose as the
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sole carbon source. The cells were induced as described
above. The cells were harvested by ultracentrifugation and
resuspended on ice in a buffer containing 75 mM Tris-HCI,
0.3 M NaCl, 0.2 mM EDTA, and 10 M butylated hydroxy-
toluene (pH 7.7). The cells were lysed using standard
procedures, including addition of lysozyme and nucleases
with sonication. The lysates were centrifuged at 13000 rpm
for 30 min. The supernatant was filtered through a 0.22 uM
syringe filter, loaded onto an IgG-Sepharose Fast Flow 6
column (GE Healthcare, Piscataway, NJ), and purified
according to the manufacturer’s instructions. The GBI
moiety was cleaved from the fusion protein by adding
biotinylated thrombin (Novagen, San Diego, CA) to a level
of 1 unit/mg of fusion protein and then allowing the mixture
to incubate at room temperature for 4 h. The Nck SH3
domains were subsequently purified from the GB1 moiety
by once more running the mixture on the IgG-Sepharose
column, this time collecting the flow-through fractions.
Biotinylated thrombin was removed by loading the Nck
domain solution onto a HiTrap streptavidin HP column (GE
Healthcare) and collecting the flow-through. Finally, samples
were dialyzed extensively in water for at least 24 h at 4 °C,
whereupon they were flash-frozen and lyophilized. Typical
yields of cleaved, double-labeled Nck1-1 or Nckl1-2 ranged
from 3 to 5 mg/L of culture medium. The protein samples
were determined by SDS—PAGE analysis to be at least 90%
pure, and the purity was further verified by MALDI-TOF
mass spectrometry and by NMR spectroscopy. The Nckl1-1
SH3 domain peptide extended from Met' to Ser®!, and the
Nck1-2 SH3 domain peptide extended from Leu'"” to Asp'®.
Both peptides contained an N-terminal extension of Gly-
Ser, which resulted from the thrombin cleavage step.

An expression plasmid encoding JM from residue Met64
to Ala®”* was constructed. The primers 5'-TTAGGATCCAT-
GCGAAGGCGC-3" (5'-primer, BamHI restriction site in
italics) and 5'-TATCTCGAGTCAAGCTTCTCCACTGGG-
3" (3'-primer, Xhol restriction site in italics), were utilized
for PCR amplification as described above, and the insert was
subsequently ligated into the pGEV?2 expression vector (29).
The resulting plasmid, pGEV2-JM, encodes the GB1 domain
linked via a thrombin cleavage site to JM (Mett**—Ala®").
This clone was also verified by automated DNA sequencing
(Cleveland Genomics). The GB1—JM 644-674 protein was
expressed, purified, and cleaved as indicated above, with the
only exception being that the thrombin cleavage occurred at
4 °C for 4 h. The JM 644-674 peptide also contained an
N-terminal Gly-Ser sequence, resulting from the cleavage
with thrombin.

In addition, synthetic JM peptides extending from Arg
to Gly®”> were prepared by the Molecular Biotechnology
Core facility at the Cleveland Clinic Lerner Research Institute
(Cleveland, OH). The peptides (JM 645-672) were acetylated
at the N-terminus and amidated at the C-terminus, but one
of these peptides also comprised an additional N-terminal
Cys residue. A further JM 645-672 peptide, which was not
acetylated at the N-terminus, was synthesized as described
previously (30) and used for the in vitro binding assay
described below.

NMR Spectroscopy. For Nckl-1 and Nckl-2 domain
structure determination, NMR experiments were carried out
using Varian INOVA 500 and 600 MHz spectrometers each
equipped with a z-shielded triple resonance probe. Protein

645

Hake et al.

samples were dissolved in 500 uL. of NMR buffer [20 mM
NaH,PO, and 100 mM NaCl (pH 6) containing 10% D,O
by volume] to produce a final protein concentration of
0.5—1.0 mM. Because the Nck1-2 domain was observed to
form covalent dimers due to oxidation of Cys'3°, DTT was
added to a final concentration of 4 mM, which was sufficient
to reduce the protein to monomers, as seen by gel filtration
(data not shown). All spectra on Nck domains were recorded
at 37 °C. For the assignment of backbone and Cf3 resonances,
the following NMR experiments were recorded on both
domains at 500 MHz: “N—'H HSQC, 3D HNCO, 3D
HNCACB, and 3D CBCA(CO)NH (31). The assignment of
the side chain resonances was achieved with 3D H(C)CH-
TOCSY, H(CC)-TOCSY-(CO)NH, and (H)CC-TOCSY-
(CO)NH experiments at 37 °C (32). NOE restraints for
structure calculations were obtained at 600 MHz from '"N-
resolved 'H—'H NOESY, aliphatic '*C-resolved 'H—'H
NOESY, and aromatic '*C-resolved '"H—'"H NOESY experi-
ments, each with a mixing time of 150 ms (37). A 2D 'H-'H
NOESY on a Bruker Avance 600 MHz instrument equipped
with a z-shielded gradient triple resonance cryoprobe was
performed on both Nck1-1 and Nck1-2 in D,O to facilitate
aromatic side chain assignments. Stereospecific assignments
of selected side chain atoms and y' dihedral angle constraints
were made using a 3D HNHB experiment for the Nck1-1
domain (33). Furthermore, the prochirality of the methyl
groups of valine and leucine residues in both domains was
determined from samples containing 10% '3C-labeled glucose
(34). All NMR data were processed using NMRPipe (35)
and subsequently transferred to NMRView (36) for visual-
ization, picking, assignment, and quantification of peaks in
the spectra.

Structure Calculations. Ensembles of structures of both
the Nck1-1 and Nck1-2 SH3 domains were calculated using
CYANA 2.1 (37, 38). Inputs for the calculations included
unassigned peak lists from the '"N-resolved 'H—'H NOESY,
and from the aliphatic and aromatic '*C-resolved 'H—'H
NOESY spectra. In addition, ¢ and W dihedral restraints
for both domains were generated from TALOS (39), and
HNHB-derived x' constraints were included for Nckl-1.
Calibration constants were determined automatically for each
peak list. Chemical shift tolerances were set at 0.035 ppm
for direct and indirect proton dimensions and at 0.5 ppm for
carbon and nitrogen dimensions. A total of 15000 torsion
angle dynamics steps were used in calculating each structure.
Calculations were performed using the standard protocol of
iterative assignment followed by simulated annealing in
dihedral angle space, including two and four manually
assigned NOEs for Nck1-1 and Nck1-2, respectively. From
an ensemble of 100 calculated structures, the 50 structures
with the lowest target function from CYANA were then
utilized as input for simulated annealing with explicit water
refinement using CNS (40). Standard parameters and pro-
tocols were utilized (47). The 20 lowest-energy structures
lacking distance violations of >0.3 A and dihedral violations
of >3° were included in the final structural ensemble.
Structures were analyzed by PROCHECK-NMR (42), and
the structures were visualized with either Swiss-PDB Viewer
(43) or MOLMOL (44).

In Vitro Binding Assay. The JM 645-672 peptide with a
free N-terminus was coupled to Sepharose beads by using
an NHS-activated bead kit (Pierce Chemical Co., Rockford,
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IL). GST fusion constructs encoding SH3-containing proteins
were obtained from B. Wang (MetroHealth Medical Center,
Cleveland, OH). The GST fusion proteins were expressed
in E. coli and purified using standard protocols. Fusion
proteins were eluted from glutathione—agarose beads and
dialyzed overnight in a solution of 50 mM Tris (pH 8.0),
and the eluted protein was quantified by a Bradford assay.
A 5 ug amount of each purified SH3—GST fusion protein
was incubated with 0.5 mL of the JM-coupled Sepharose
beads in 5% (w/v) evaporated milk and 50 mM Tris buffer
(pH 8.0) at 4 °C overnight. The beads were then washed
twice with 1 M NaCl and 50 mM sodium carbonate (pH
11.0), and the bound protein was subsequently incubated with
SDS sample buffer, boiled, directly analyzed by SDS—PAGE,
and visualized by immunoblotting with GST antibodies.

Binding Interactions Analyzed by NMR Titrations. A 100
uM stock solution of the uniformly '3C- and N-labeled
Nck1-2 SH3 domain was prepared in buffer containing 20
mM NaH,PO,4 and 100 mM NaCl (pH 6.0). Unlabeled JM
645-672 peptide was added incrementally from a 950 uM
stock solution until the JM peptide concentration reached
an 8-fold molar excess relative to the Nck1-2 domain. A
series of "N— '"H HSQC spectra was obtained at 37 °C on
a Bruker 600 MHz Avance spectrometer equipped with a
z-shielded gradient triple resonance cryoprobe, and the
chemical shift changes of the Nck1-2 peaks were measured.
The total chemical shift change for a given peak was
determined from the equation Oy = [(On)> + (On/10)?]"2
(parts per million), where Oy and Oy are the chemical shift
changes in the proton and nitrogen dimensions, respectively.

The dissociation constant of the interaction of Nck1-2 with
JM 645-672 was obtained by plotting the chemical shift
changes for seven selected resonances (backbone amides of
Arg'?!, Asp'?, Glu'?, and Trp'® and side chain indoles
of Trp'®3, Trp'#, and Trp'3*) as a function of the molar ratio
of ligand to protein. The amount of change at a given data
point was expressed as a fraction of the sum of the
perturbations over all data points for that peak and then
normalized to a 0-100% scale. Curve fitting was ac-
complished by simultaneous fitting of data from these seven
peaks with xcrvfit version 2.1.1 (R. Boyko and B. Sykes,
University of Alberta, Edmonton, AB) with the following
quadratic equation:

[SH3]y0una = {Ka + [IM] g + [SH3] g — [(Ky + M, +

[SH3],)” — UM SH3]i ]2} 2 (1)

To determine the binding site on JM, a 100 uM solution
of uniformly '*C- and ""N-labeled JM 644-674 was prepared
in a buffer containing 20 mM NaH,PO, and 100 mM NaCl
(pH 5.0). Unlabeled GB1—Nck]1-2 fusion protein was added
in regular increments from a 500 uM stock solution until
the excess unlabeled fusion protein concentration reached
an approximately 3-fold molar excess relative to the labeled
IM 644-674 peptide. Series of "'N— 'H HSQC and 3C—'H
HSQC spectra were obtained at 37 °C, and perturbations of
IJM peptide peaks were monitored. Chemical shift assign-
ments for the JM peptide were obtained from previously
determined values for the JM 645-697 peptide (45). The GB1
affinity tag had no discernible effect on the interaction with
the JM peptide, which can be deduced from the titration of
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the JM 645-697 peptide with GB1—Nck1-1 fusion protein
(Figure S1 of the Supporting Information). Conversely,
addition of JM peptide (JM 645-672) to protein GB1 alone
did not lead to discernible chemical shift changes (Figure
S2 of the Supporting Information).

Modeling the Nckl-2—JM Complex. The orientation of a
PAK?2 peptide bound to the SPIX SH3 domain (PDB entry
2DF6) was used as a template to model the interaction of
IJM with the Nck1-2 domain. First, SPIX (with the PAK2
ligand bound) from residue 11 to 60 and Nck1-2 from residue
111 to 160 were aligned in Swiss PDB Viewer (43). The
peptide backbone of PAK2 from residue Pro'® to Lys'*? was
used as a scaffold to build the JM ligand from Arg®* to
Leu®? by replacing the PAK2 side chains with the corre-
sponding side chains from JM, as done in Swiss PDB
Viewer. Subsequently, the ligand backbone conformation was
manually optimized in three steps, and brief energy mini-
mizations were performed between and after each manual
change (500 steps of steepest descent minimization in
GROMOS96 as implemented in SPDBV version 3.7) to
remove steric violations in the structural model of the
complex. Final visualization of the complex was carried out
using MOLMOL (44).

To provide independent support for the proposed binding
orientation of JM on Nck1-2, an NMR-based titration was
performed with a terminally spin-labeled JM peptide, using
methods adapted from Mahoney et al. (46). Briefly, the JM
645-672 peptide containing an N-terminal cysteine (Cys-
IJM 645-672) was coupled to the MTSL spin-label in buffer
containing 20 mM NaH,PO, and 100 mM NacCl (pH 7.0) at
room temperature for 2 h. The resulting MTSL-JM peptide
was purified by RP-HPLC, and the presence of the spin-
label was verified by EPR spectroscopy and mass spectrom-
etry. For the NMR titrations, the C139S mutant of Nck1-2
was utilized to bypass the inclusion of DTT, which would
reduce the MTSL-JM disulfide linkage and thus dissociate
the spin-label from the peptide. The Nck1-2 C139S domain
binds JM with an affinity similar to that of wild-type Nck1-2
(data not shown). The JM peptide was added to the Nck1-2
C139S domain at a 1:1 molar ratio, and both "N—'H and
13C—'H HSQC spectra were acquired.

RESULTS

NMR Resonance Assignment of the First and Second SH3
Domains of Nck. The uniformly *C- and N-labeled Nck1-1
and Nck1-2 domains were expressed and purified. The purity
of the samples was verified by mass spectrometry and by
NMR. The SN—'H HSQC spectra for the two domains are
shown in Figure 2 and are indicative of the excellent data
quality obtained for the proteins. Backbone assignments were
achieved using an array of triple-resonance experiments as
described in Materials and Methods. For the Nck1-1 domain,
all resonances were assigned unambiguously, while for Nck1-
2, all resonances except for Cys'* and Ser'*’ were assigned.
These latter residues occur in the n-Src loop, which is a
characteristically flexible region of SH3 domains, and are
presumed to be exchange broadened. The single proline
residue in Nck1-1 and both prolines in Nck1-2 each occur
as the trans isomer based on the presence of Ha®—H'(+D
NOE cross-peaks and on the difference between C# and C”
chemical shifts (47). For the Nck1-1 domain, a second, less
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FIGURE 2: PN—'H HSQC experiments for the Nckl-1 (A) and
Nck1-2 (B) SH3 domains showing the backbone assignment for at
least 95% of all assignable residues. Side chain peaks are labeled
with sc, and peaks labeled with a plus sign originate from a minor,
dimeric form of the protein domain.

intense set of peaks was observed at a lower contour level
(Figure 2). These peaks were sufficiently weak such that they
were not readily observed in the 3D experiments performed
on the sample; thus, the presence of these peaks did not
interfere with peak picking and analysis for structure
calculation. The proportion of protein in the minor form did
not exceed a peak intensity ratio of 1:3 between the minor
and major forms. According to gel filtration chromatography,
the minor form represented a dimeric species while the major
form represented a monomer (data not shown). Since the
domain lacks cysteine residues, the most likely explanation
for dimer formation involves domain swapping, which has
been observed in the Eps8 SH3 domain (48) and postulated
for the homologous first SH3 domain of Nck2 (49).

NMR Structure Determination of the First and Second SH3
Domains of Nck. Analysis of chemical shift deviations from
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random coil values (50) for both Nckl-1 and Nckl-2
indicated that the secondary structure of both SH3 domains
contains five 3-strand regions, consistent with known SH3
structures.

For the Nckl-1 structure calculation with CYANA 2.1,
NOE cross-peaks from the 3D '3C- and "N-resolved NOESY
spectra, as well as selected cross-peaks involving aromatic
protons from the 2D NOESY spectrum, were included as
indicated in Materials and Methods. In addition, 89 dihedral
restraints were incorporated: 74 of these were backbone
torsion angles obtained from TALOS, and the remaining 15
were y' torsion angles determined from analysis of HNHB
cross-peaks. Stereospecific assignments of nine H? protons
were determined from the HNHB spectrum, and the diaste-
reotopic methyl protons of six of eight valine residues and
of all four leucine residues were assigned stereospecifically
according to the work of Neri et al. (34). After eight iterations
of CYANA, 50 structures with the lowest target function
were selected for the resulting ensemble, whose target
function converged to 0.0039 A2 (Table 1), indicating very
good agreement between the calculated structures and the
experimental data. The 812 assigned NOE distance con-
straints retained in the CYANA ensemble were distributed
relatively evenly across the protein sequence to an average
of 13 constraints per residue. This ensemble of 50 Nckl-1
structures was selected for water refinement with CNS. From
the water refinement, the 20 lowest-energy structures with
no NOE distance violations of >0.3 A or dihedral angle
violations of >3° were selected. Residues Met'—Val®> and
Lys®—Ser®! at the termini were omitted from the final
analysis of structure calculations due to their flexibility. The
root-mean-square deviation from the mean coordinates from
Val® to Arg>® was 0.40 A for backbone atoms and 0.96 A
for all heavy atoms (Table 1). Furthermore, 81% of all
residues in the ensemble occur in the most favored region
of the Ramachandran plot, as indicated by PROCHECK-
NMR (42).

The same procedure was used for calculating the Nck1-2
SH3 domain structure. For this domain, 66 TALOS-derived
@ and W dihedral constraints were incorporated. Stereospe-
cific assignments were included for the H? protons of Lys'3,
Trp'*, and Trp'*, derived from a manual analysis of
intraresidue and sequential H*—H? and HN—H” NOE intensi-
ties. Moreover, the diastereotopic methyl protons of all five
valine residues and of one of two leucines were assigned
stereospecifically as described above (34). For Nck1-2, a total
of 662 NOE constraints were assigned in the CYANA
calculations and the final target function was 0.017 A2 (Table
1). Because of the larger proportion of glycine residues in
the sequence C-terminal to the n-Src loop, the overall number
of NOE:s derived from side chain protons in this part of the
protein was reduced. Specifically, 14 NOEs per residue were
present in the N-terminal half (residues 107—140), while eight
NOEs per residue were present in the C-terminal half
(residues 141-165). The root-mean-square deviation from
the mean coordinates from Met'® to Glu'®* was 0.50 A for
the backbone atoms and 1.01 A for the heavy atoms (Table 1).
In addition, 84% of all residues occur in the most favored region
of the Ramachandran plot as determined by PROCHECK-NMR
(42).

The mean backbone representations of Nck1-1 and Nck1-
2, determined from the water-refined ensembles of 20
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Table 1: NMR Constraints and Structural Statistics for the Best 20 Structures of Nck1-1 and Nck1-2

Nckl-1 Nckl1-2

total no. of constraints
NOE constraints
total
intraresidue (i = j)
sequential (li — jl = 1)
medium-range (1 < li —jl <5)
long-range (li — jl > 5)
dihedral angle constraints
structure statistics from CYANA“
target function (A2)
structure statistics from CNS”
NOE violations >0.3 A
dihedral violations >3°
total energy (kcal/mol)
NOE constraint energy (kcal/mol)
root-mean-square deviation
from idealized geometry
bonds (A)
angles (deg)
impropers (deg)
NOEs (A)
from mean structure®
backbone (N, Ca, C) (A)
heavy atoms (A)
Ramachandran statistics?
most favored (%)
additionally allowed (%)
generously allowed (%)
disallowed (%)

812
222
189
68
333
89

(3.9 + 6.3) x 1073

662
238
125
40
259
66

(1.7 £ 2.1) x 102

0 0

0 0

—2299 £ 45 —2173 £ 89
29 +£3 27 £ 4

0.0038 £ 0.0002
0.5104 £ 0.0179
1.2321 4+ 0.0728
0.0268 £ 0.0013

0.0035 £ 0.0001
0.4659 + 0.0166
1.2935 + 0.1586
0.0284 £ 0.0019

0.40 £ 0.07 0.50 £ 0.08
0.96 £ 0.07 1.01 £ 0.10
81.4 84.4

16.4 13.4

1.4 0.8

0.8 1.4

“ Determined for an ensemble of the 50 structures with the lowest target function. ® Determined for an ensemble of the 20 lowest-energy structures
from refinement in explicit water using standard parameters (40). < Calculated for residues 6-58 of Nck1-1 and for residues 109—163 of Nck1-2. ¢ Taken

from PROCHECK-NMR (41).

A B

nSrc loop

FIGURE 3: Backbone representation of the mean coordinates of both
Nck1-1 (A) (PDB entry 2JS2) and Nck1-2 (B) (PDB entry 2JS0).
The f3-strands, loop regions, and helical segments are indicated for
both domains. The f3-strands of the Nck1-1 domain occur as follows:
Bl, Val®—Ala% (2, Arg®—Asp®; p3, Trp¥—Arg®;, p4,
Thr*¥—Val’l; and 35, Val**—~Arg®. The f-strands of the Nck1-2
domain occur as follows: 1, Met'®—Val'l3; 32, Lys!3>—Lys!3%;
B3, Trp'$3—Tyr!*; B4, GIn'3'—Pro'*%; and 35, Val'®*—Glu'®2, The
310-helical segments incorporate the following residues: Ser>3—Tyr>
for Nckl-1 and Ser—Tyr!® for Nckl-2. The water-refined
ensembles of the best 20 structures from which the averages were
calculated are shown in blue as insets.

structures for each domain, demonstrate the canonical SH3
fold with five f(-strands (Figure 3). The S-strands are
arranged in each domain as two antiparallel S-sheets arranged
at a right angle. One f3-sheet consists of strands S1 and S5,
along with the first half of strand 2. The other sheet contains
the second half of strand /32, followed by strands 3 and
p4. A long RT loop separates 1 and [52; a shorter n-Src
loop separates 32 and /33, and an even shorter distal loop
connects 33 and 4. A single 3jo-helical turn that im-
mediately follows the conserved proline residue links strands
B4 and (5. The similarity of the backbone architecture of

the two domains is reflected in the pairwise rms deviation
of 1.8 A between residues 7—56 of Nck1-1 and 111-160 of
Nck1-2. The rms deviation is reduced to 1.0 A when only
the five B-strand regions are included in the comparison.

Identification and Characterization of the EGFR Jux-
tamembrane Domain as a Nckl-2 Ligand. The EGF receptor
serves as the origination point for a significant number of
downstream signaling processes influencing cellular growth
and differentiation. One such mechanism involves the
binding of adaptor proteins to specific regulatory sequences
in the receptor. The juxtamembrane domain of EGFR
contains a polyproline sequence (°*’PLTP®"), in which the
prolines have been shown to be necessary for accurate sorting
of the receptor to the basolateral membrane (/0). This
particular sequence resembles a consensus SH3-binding
motif, and we therefore examined whether JM was capable
of binding an SH3-containing protein. To address this
question, an in vitro binding assay was utilized to identify
binding partners of a peptide comprising JM. The M
645672 peptide was conjugated to Sepharose beads and then
incubated with each of several soluble GST fusion proteins,
whereupon binding was assessed by Western blotting with
an anti-GST antibody. The immunoblots show that the
Nck—GST fusion protein, and specifically the Nck1-2 SH3
domain, binds to JM, unlike Src-GST or GST itself (Figure
4). In addition, six other SH3 domains (GrbB2, Crk, Abl,
spectrin, p85, and Fgr) were assayed for binding to the JM
645-672 peptide by this method, but no interaction was
detected (data not shown).

To specify the region of JM that is responsible for binding
to Nckl-2, chemical shift perturbation studies were per-
formed on the N- and '3C-labeled JM 644—674 peptide by
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FIGURE 4: In vitro binding assay to identify binding partners of the
JM region. The JM 645-672 peptide with a free N-terminal amino
group was conjugated to Sepharose beads and incubated with
various SH3 domain—GST fusion proteins, as well as with GST
alone as a control. The protein complexes were analyzed by
SDS—PAGE, and Western blotting with an anti-GST antibody was
utilized to detect protein binding. The immunoblots show that Nck
(i.e., the Nck1 isoform), and specifically the second SH3 domain, binds
to the JM 645-672 peptide. The bottom panel is a loading control
showing approximately 5 ug amounts of each purified fusion protein
on a Coomassie-stained gel, with molecular masses indicated.

incrementally adding unlabeled GB1—Nck1-2 fusion protein.
An overlay of *C—'H HSQC spectra of the M 644-674
peptide shows prominent broadening of the His**® H” and
the T1e®* methyl proton resonances when Nck1-2 was added
to a 3-fold molar excess, in addition to smaller changes for
arginine residues (Figure 5A). These residues occur in the
N-terminal region of the JM 644-674 peptide. A parallel,
SN—'H HSQC-based titration with a longer JM peptide
(645-697) (45) shows broadening of peaks in the region
extending from Arg®’ to Thr®* (Figure 5B), which agrees
with the results of a similar titration performed with the JM
644-674 peptide. It is significant that the residues comprising
the polyproline sequence (*’PLTP®7%) were not affected by
Nck binding. These observations likely indicate that a novel
region of JM, in lieu of the proline-rich sequence, is
responsible for mediating the interaction. Furthermore, this
NMR approach was used to confirm the result from the in
vitro binding assay that the second, but not the first, Nck
SH3 domain binds to JM (Figure 4). Specifically, the addition
of unlabeled Nck1-1 (as a GB1 fusion protein) to a solution
of labeled JM 645-697 peptide resulted in no shifting or
line broadening of peaks (Figure S1 of the Supporting
Information), supporting the observation that the Nck1-1 SH3
domain does not bind JM. This experiment serves as a dual
control for the specificity of binding, as it also demonstrates
the absence of an interaction between JM and the protein
GB1 moiety.

Identification of the JM Binding Site on the Nckl-2
Domain. To identify the binding region on the Nckl-2
domain, chemical shift perturbation experiments were per-
formed with N- and '3C-labeled Nck1-2 protein and
unlabeled synthetic JM 645-672 peptide. Addition of JM
645—672 to an 8-fold molar excess of Nck1-2 yielded small,
yet consistent and saturable, changes for several backbone
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amide and for all three tryptophan indole resonances (Figure
6A). The binding is consistent with a fast exchange process
on the NMR time scale, and this is consistent with the
micromolar affinity observed with most SH3 domains and
their ligands. Hydrophobic residues encompassing the ca-
nonical ligand binding site and charged residues in the
specificity pocket between the RT and n-Src loops show
the greatest level of perturbation. From the titration data of
the backbone amides of Arg'?!, Asp'?, Glu'?*, and Trp'#,
as well as the side chain indole peaks of Trp'®, Trp'#, and
Trp'*, the amount of chemical shift perturbation was plotted
as a function of the molar ratio of the JM 645-672 peptide
to the SH3 domain. Fitting these curves (see Materials and
Methods) resulted in a binding affinity of 80 £ 20 uM
(Figure 6B). Furthermore, the amount of chemical shift
perturbation was determined for all backbone amide reso-
nances at a JM:Nck molar ratio of 2:1 (Figure 6C). These
changes were mapped onto the Nckl-2 domain surface
according to a color gradient from gray to red with an
increasing level of perturbation. The results indicate that the
canonical ligand binding site and the specificity pocket
located between the RT and n-Src loops exhibit the greatest
amount of change (Figure 6D). Residues outside this classical
PxxP-binding site of the SH3 domain do not exhibit any
significant chemical shift changes, which supports the
specificity of this protein—ligand interaction.

Modeling the Nckl-2—JM Complex. The sequence of the
Nck1-2 domain is 53% identical and 61% similar to that of
the SPIX SH3 domain, on the basis of a BLAST search (57).
This represents the greatest level of sequence similarity to
Nck1-2 among all non-Nck domains whose structure have
been determined. The lengths of the RT and n-Src loops of
these two domains are identical, and there is 60% sequence
identity and 67% similarity among residues comprising the
binding cleft (Figure 1). This indicates that the two domains
possess largely similar surface topologies. In addition, the
pairwise rmsd of Nck1-2 and the SPIX SH3 domain, based
on a cocrystal structure of its complex with a PAK2 peptide
ligand (52), is 1.1 A among backbone atoms from residue
Ala'! to Val'® of Nck1-2. Therefore, due to its homology
to Nckl1-2, the SPIX SH3 domain complexed with PAK2
(PDB entry 2DF6) was selected as a template for the Nck1-
2—JM interaction. The SPIX surface contains a hydrophobic
groove that snugly accommodates the Ile'®? side chain of
the PAK?2 peptide. The corresponding residue in JM, 11e%4,
was selected as the anchor point for overlaying the peptide
on the Nck1-2 surface (Figure 7). In addition, charge—charge
interactions help to stabilize the SPIX—PAK2 complex,
evidenced by the salt bridge that occurs between Arg'® of
PAK?2 and Asp? in the RT loop of SPIX (52). Therefore,
both hydrophobic and ionic interactions were considered
when positioning the JM ligand on the Nck1-2 domain.

In the energy-minimized model of the Nckl-2—JM
complex (Figure 7), the aliphatic side chains of Ile%* and
Val®? bind in pockets on the Nck1-2 surface formed by the
side chains of Tyr'7, Trp'®3, Pro'*, and Tyr'>. The side chain
of Arg®! points away from the Nck1-2 surface in this model,
as the backbone atoms of this residue traverse the ridge
formed by the Trp'# indole ring. The aliphatic portion of
the Lys®? side chain is stabilized by interactions with the
side chain of Trp'*3, while the e-amino protons fit into a
pocket formed by the carboxyl group of Asp'?’. The
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FIGURE 5: (A) Overlay of 3C—"H HSQC spectra showing the '3C- and N-labeled JM 644-674 peptide without (black) and with unlabeled
GB1—Nckl1-2 fusion protein, added in varying amounts up to a 3-fold molar excess (magenta). Peaks showing broadening have bold labels;
they were assigned to His®® and I1e®* protons. The peaks corresponding to the H? protons of Pro®7 and Pro®”°, which do not change when
Nck1-2 is added, are labeled in italics. (B) Overlay of ’N—'H HSQC spectra showing the >N-labeled JM 645-697 peptide without (black)
and with varying amounts of unlabeled GB1—Nck1-2 fusion protein added, up to a 3.2-fold molar excess (magenta). Peaks with bold labels
show significant broadening during the titration. The HN peak of Thr°, which does not change when Nck1-2 is added, is labeled in italics.

The boxed region of the spectrum is enlarged and shown as an inset.

following residue, Arg®, is positioned so that its side chain
can make a favorable charge—charge interaction with the side
chain of Asp'*!. In a manner analogous to the case for the
PAK?2 ligand, the JM backbone then undergoes a brief helical
turn with the side chains of Thr®* and Leu® extending into
solution. Finally, the two arginine side chains near the
C-terminus of the JM ligand, Arg®® and Arg®’, are both
oriented toward the Nck1-2 surface. Specifically, the aliphatic
portion of Arg®® interacts with the side chains of Trp'* and
Trp'**, and its guanidinium group is positioned close to the
carboxyl group of Asp'#! in the n-Src loop. The Arg®’ side
chain is oriented toward the RT loop, where its guanidinium
group is located near the carboxyl group of Asp'Z.

This binding model was tested empirically via NMR
titrations in which a solution of JM peptide containing a site-
specific spin-label was added to a solution of isotopically
labeled Nck1-2. Because a paramagnetic spin-label causes
broadening of resonances of atoms in its proximity, this
method provides a direct means of mapping specific peptide
ligand residues onto protein binding surfaces (46). The JM
645-672 peptide comprising an N-terminal cysteine (Cys-
IJM 645-672) was coupled via the Cys thiol group to MTSL
as described in Materials and Methods. As stated above, the
C139S mutant of Nckl-2, which binds JM with similar
affinity and in the same region as wild-type Nckl-2, was
utilized to bypass the inclusion of DTT in the titrations. The
spin-labeled Cys-JM 645-672 peptide was added to the
Nck1-2 domain at a 1:1 molar ratio, and overlays of "N—'H
and *C—"H HSQC spectra show very specific interaction
sites (Figure 3 of the Supporting Information). This is
evidenced by the fact that only a few of the identified binding
cleft residues showed peak broadening, whereas the remain-
ing resonances exhibited only chemical shift perturbations.
Resonances assigned to Pro'*® and Asn!*® displayed very
prominent broadening, and these residues lie toward the left
side of the model of the complex (Figure 7). Therefore, since

the N-terminal spin-label on the Cys-JM 645-672 peptide
occurs in the proximity of these exposed side chain moieties
on Nck1-2, the left-to-right orientation of JM in the binding
complex model appears reasonable. The reduction of MTSL
with 5 mM ascorbic acid caused the reappearance of peaks
that had previously been broadened (data not shown), hence
confirming that the observed broadening was due to the
presence of the spin-label.

DISCUSSION

Protein—protein interactions play a critical role in both
intra- and extracellular signaling processes, and adaptor
proteins serve to link membrane-associated receptors with
downstream intracellular effector molecules. One common
interacting module, the SH3 domain, consists of ~60 residues
and possesses a conserved folded structure. It is currently
estimated that more than 400 such domains are present in
the human genome (53), thus allowing the integration of
numerous cellular signaling networks. The adaptor Nck,
which consists of three SH3 domains followed by an SH2
domain, utilizes the specificity of its individual domains to
facilitate multiple interactions with different binding partners
(20). The diversity of Nck binding proteins for a given SH3
domain, as well as the different binding profiles among the
three Nck SH3 domains, has motivated recent investigation
into the structures of these domains and the determinants
that mediate binding specificity. In this study, we determined
that the Nck1-1 and Nck1-2 domains adopt the five-stranded
[-barrel-like fold typical of SH3 domains (Figure 3). The
Nck1-1 structure presented here is very similar to the recently
determined NMR structure of the first SH3 domain of Nck2
(PDB entry 2B86) (49): the rmsd of the mean backbone
coordinates of both ensembles (Val®—Arg®® of Nckl-1,
Ile®—Arg®® of Nck2-1) is 0.9 A, which is a reasonable value
for these homologous domains. As for Nck1-2, the structure
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FIGURE 6: (A) Overlay of "N—'H HSQC spectra of the '*C- and '"N-labeled Nck1-2 domain without (black) and with unlabeled JM
645-672 peptide, added in varying amounts up to an 8-fold molar excess (magenta). Peaks showing chemical shift perturbations are labeled
by residue number. (B) Titration curve showing the normalized chemical shift perturbations of seven selected resonances from Nck1-2: the
backbone amides of Arg!?!, Asp!?, Glu'?*, and Trp'*? and the side chain indole peaks of Trp!43, Trp!'*, and Trp'>, plotted as a function
of the molar ratio of the JM 645-672 peptide to Nck1-2. (C) Amide chemical shift perturbations of Nck1-2 are indicated for each residue
of Nck1-2 upon addition of the JM 645-672 peptide to a 2:1 JM:Nck molar ratio. Perturbations are determined according to the equation
Ororal = [(On)? + (On/10)2]2 (parts per million), where oy and Oy are the chemical shift changes in the proton and nitrogen dimensions,
respectively. Values are displayed as the average and standard deviation from two separate experiments. Asterisks indicate residues for
which no chemical shift information was available. (D) Surface plot of the Nck1-2 domain extrapolating the amount of total backbone
amide chemical shift perturbation as a gradient from gray (O = 0) to red (O = 0.12) onto the surface area of the respective residue.
The surface regions colored white are the portions of the surface contributed by Pro'!%, Cys'3?, Ser!40, and Pro'>®, for which no amide
chemical shift information was available. Pro'>®, however, experiences chemical shift changes for side chain resonances as seen in 'H—'3C
HSQC spectra (Figure S3B of the Supporting Information).

presented here is very similar to a recently deposited solution negative controls that were performed. For example, the first

structure in the Protein Data Bank (entry 2CUB), as the
similarly determined rmsd of the mean backbone coordinates
of these two identical sequences (residues Met'®—Glu'®%)
is 0.6 A.

The specificity of the Nck—JM interaction is exemplified
by the observation that, among the SH3 domains tested, only
the second SH3 domain of Nck binds to JM (Figure 4). In
NMR titrations, the interacting regions of both JM and Nck
were localized to a small but well-defined group of residues
(Figures 5 and 6). Fitting the Nck chemical shift perturbations
to a saturable binding model provides additional evidence
for a specific IM—Nck interaction (Figure 6B). The specific-
ity of this interaction also becomes apparent from the

Nck SH3 domain was observed not to interact at all with
JM in NMR titrations using GB1—Nckl-1 fusion protein
(Figure S1 of the Supporting Information). By extension,
this result confirms that the GB1 affinity tag does not bind
the JM peptide. The lack of GB1 binding to JM was also
demonstrated in a reciprocal experiment, in which unlabeled
IM 645-672 peptide was titrated into a solution of >N-
labeled GB1 (Figure S2 of the Supporting Information).
Specificity is further supported by the fact that a JM peptide
that extends from residue 677 to 694 and possesses a cluster
of positive charges (KKIK) did not bind at all to Nckl1-2
(Figure S4 of the Supporting Information). This result
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FIGURE 7: (A) Surface plot of the Nck1-2 domain with a model of
the bound JM ligand, extending from Arg®* to Leu®3, across the
binding cleft. The coloring of the Nck1-2 domain is the same as in
Figure 6, with labels indicated in bold. The model of bound JM is
derived from the orientation of the PAK2 peptide ligand in the
highly homologous SPIX SH3 domain binding cleft (PDB entry
2DF6). The JM backbone is colored purple; positively charged JM
side chains are colored blue and hydrophobic side chains green,
and the Thr%* side chain is colored yellow. Selected JM residues
are labeled in italics. (B) Sequence of the PAK2 peptide ligand, as
well as the sequence of the JM construct used in our experiments.
The isoleucine residue that was used as the anchor point for
positioning the ligand on the SH3 domain surface is labeled in bold.

indicates that the presence of a positive charge cluster in a
potential ligand for Nck1-2 is not sufficient to enable it to
bind.

The difference in binding specificity of JM 645-672
peptide cannot be fully explained by differences in the global
fold of each Nck domain, as the pairwise rmsd between
Nckl-1 and Nckl-2 (residues 7-56 of Nckl-1, residues
111-160 of Nck1-2) is 1.8 A. Since the overall SH3
architecture is unchanged, the sequence variations among
the three Nck SH3 domains may help to explain these
observations. For instance, in pairwise comparisons of the
three Nck SH3 domains, sequence identities range between
24 and 29% of all residues, while similarities vary from 53
to 64%. However, the degrees of identity and similarity both
increase among the residues comprising the canonical binding
region. For example, the level of identity among putative
binding cleft residues in the first and second SH3 domains
(Nckl-1 and Nckl-2, respectively) is 58%, while their
similarity is 79% (Figure 1). Therefore, because the JM
binding region on Nck1-2 encompasses the canonical binding
cleft (Figure 6B), the specificity must originate from this
relatively small proportion of variation in the sequence.

The sequence variability among the Nck SH3 domains is
highlighted in the analysis of their surface electrostatic
potentials. The electrostatic potentials of the Nckl-1 and
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Nck1-2 structures determined in this study provide significant
insight into the basis of differential ligand binding. The
Nck1-2 domain possesses both a neutral region and a highly
negatively charged region on its surface (Figure 8B). This
surface charge profile resembles that of both the SPIX
domain (PDB entry 2DF6) and the Nck2-2 domain (PDB
entry 2FRW). The pockets on the surface in the hydrophobic
region provide significant complementarity to the I1e®** and
Val®® side chains of the JM peptide, according to the
presented model. The peptide then traverses a small ridge
formed from the Trp'*® side chain and interacts via four
positively charged side chains (Lys®?2, Arg®3, Arg®®, and
Arg®7) with a large negatively charged patch on the Nck1-2
surface. The Nckl-1 domain has a considerably weaker
surface negative charge (Figure 8A), as two surface-exposed
acidic residues in the RT loop of Nck1-2 (Glu'? and Asp'??)
are both replaced with glutamine. The Asp'?® side chain
carboxyl group is oriented toward two positively charged
JM side chains in the presented model (Figure 7). The role
of Asp'?® in mediating this interaction is also supported by
a large chemical shift perturbation during the NMR titration
(Figure 6A). In addition, the Nck1-2 surface region contrib-
uted by the side chain of Asp'#! in the n-Src loop is occupied
by a lysine (Lys?*®) in Nck1-1, which strongly disfavors an
interaction with the positively charged portion of JM
proposed to interact in this study. As for the Nck1-3 domain,
the structure has not yet been determined. However, the
Nck2-3 domain is significantly homologous to Nckl1-3, as
the two sequences are 73% identical overall and 89%
identical among binding cleft residues. Therefore, since the
Nck2-3 domain can effectively model the Nck1-3 structure,
the electrostatic potential of the structure from Vaynberg et
al. was compared to the potentials of the other Nck SH3
domains (Figure 8C) (54). Whereas this domain contains an
even larger negative patch that could accommodate the
arginine and lysine side chains of JM, there are two factors
that likely disfavor the interaction. First, the ridge formed
by the Trp?* side chain (analogous to Trp'** in Nck1-2)
protrudes farther from the surface, because the n-Src loop
contains two extra residues relative to Nck1-2. This steeper
ridge would be predicted to limit the ability of the JM peptide
to traverse it and interact with the SH3 domain surface on
both sides. Moreover, the large negative patch extends into
the region that would be expected to accommodate the
hydrophobic side chains of JM, based on the model presented
here. Therefore, on the basis of steric constraints and the
loss of favorable hydrophobic interactions, binding of JM
to Nck2-3 (or Nckl1-3) is predicted to occur less favorably
than binding to Nck1-2.

The Nckl1-2 sequence has been compared to four other
sequences of known SH3 domain structures with identical
RT and n-Src loop lengths (Figure 1). The rmsd values
between Nck and each of these domains, as expected, are
relatively small. For instance, the pairwise rmsd for backbone
atoms between Nck1-2 and SPIX is 1.1 A (residues 111-160
of Nckl1-2, residues 189-238 of SPIX), again indicating no
large-scale regions of deviation from the typical SH3
architecture. As for the primary sequences, SPIX is 53%
identical to Nckl-2 over the entire sequence and 60%
identical among binding cleft residues, indicating some
potential for ligand binding variability. The surface charge
profile of SPIX is quite similar to that of Nck1-2; however,
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FIGURE 8: Electrostatic surface potentials of the Nck1-1 domain (A) (PDB entry 2JS2) and Nck1-2 domain (B) (PDB entry 2JS0) structures
determined here, and the Nck2-3 domain (C) (PDB entry 1U5S) structure. Red represents a negative surface potential, blue a positive
surface potential, and white an absence of net surface charge. The JM ligand extending from Arg®*® to Leu%® is positioned on the Nck1-2

domain (B) with the same coloring and orientation as in Figure 7.

there are two residues in the n-Src loop that differ from
Nck1-2 with respect to charge. Specifically, the Glu'¥’ residue
of Nck1-2 is replaced with an arginine in SPIX, and Asp'#!
in Nck1-2 is substituted with a glycine in SPIX. Not only
are the loop regions prominent sites of sequence variability
(Figure 1), they also possess higher per-residue rms devia-
tions, providing subtle differences in orientation and con-
tributing to the binding of different ligands. Therefore,
changes among exposed binding cleft residues, particularly
in the RT and n-Src loop regions, may explain why subtle
differences in the primary sequence translate into measurable
differences in ligand binding affinity among SH3 domains.
Toward this end, it will be interesting to determine how well
the proposed specificity determinants for the Nckl1-2—JM
interaction predict the ability of JM to interact with other
SH3 domains.

It is significant that the isolated JM binds to Nck1-2 using
a sequence outside of the canonical polyproline region. This
study represents, to our knowledge, the first example of a
non-proline ligand capable of binding to Nck. Several studies
have indicated that the PxxP motif is not essential for specific
binding to SH3 domains (55-58). In the determined cocrystal
structure of the C-terminal SH3 domain of Mona/Gads with
a peptide ligand from SLP-76, the ligand occupies the
canonical PxxP binding site, and its central RxxK motif
forms a helical turn (58). Even though a 3,¢-helix is formed
in this case, as opposed to a typical polyproline type II helix,
this indicates that non-proline peptide ligands traversing the
surface of an SH3 domain are capable of forming secondary
structure elements to facilitate specific binding. In the case
of JM, further investigation is necessary to determine if the
JM ligand actually forms a helical turn in the complex, as
indicated in our presented model (Figure 7).

The orientation presented for the JM ligand is one possible
orientation: because of the symmetry of positive charges on
either side of the isoleucine and valine residues that are
positioned on the hydrophobic surface patch of Nckl-2, it
is possible that the ligand binds in the opposite direction.
The model presented in this study was chosen because JM
occupies the same orientation as the PAK2 ligand in the
complex with SPIX (52). Moreover, a greater number of
positively charged side chains of JM are able to interact with

the negatively charged patch encompassing the RT and n-Src
loops, relative to the opposite binding orientation. This model
was further corroborated by the pattern of Nck1-2 amide and
side chain resonances that were broadened by the addition
of a spin-labeled JM peptide. Peaks assigned to Pro'* and
Asn'>® showed prominent broadening when an N-terminally
MTSL-labeled Cys-JM 645-672 peptide was added to the
Nck1-2 domain (Figure S3 of the Supporting Information).
This result lends independent support for the left-to-right
orientation of JM on the Nck1-2 surface cleft, as these two
surface residues are expected to lie in the proximity of the
N-terminal portion of JM (Figure 7).

The binding studies described herein were performed with
an isolated JM fragment of approximately 30 residues;
therefore, the question remains as to whether this interaction
occurs in the context of the full-length receptor. The adaptor
Nck2 has been observed to interact directly via its SH3
domains with EGFR from A431 epidermoid carcinoma cell
lysates, and this interaction occurred in a manner independent
of the activation state of the receptor by EGF (59). In
addition, a constitutive, SH3-mediated interaction of Nck
with the netrin-1 receptor DCC was seen in commissural
neurons (26). In light of these results, it will be interesting
to discover if this SH3-mediated interaction of Nck with
EGFR JM is also constitutive and if this interaction helps
localize Nck near the membrane in unstimulated cells,
placing it in position to interact with downstream effectors
when the receptor is activated. The midmicromolar Nck—JM
binding affinity observed in this study is typical for interac-
tions involving SH3 domains (60). This would enable Nck
to cycle between JM and other protein ligands, for instance,
the PAK1 kinase, contributing to the organization of the actin
cytoskeleton and focal complexes (25, 67). Many SH3- and
SH2-containing adaptors achieve biologically relevant in-
teractions despite relatively low affinities through strategies
of combining individual binding events in forming larger
protein complexes (60, 62). Thus, additional investigation
is necessary to elucidate the spatial and temporal regulation
of how Nck utilizes all of its modular domains to form large
signaling complexes in the cell, while simultaneously taking
advantage of the specificity determinants that govern each
individual binding event.



Nck—EGFR JM Interaction

ACKNOWLEDGMENT

We thank the Cleveland Center for Structural Biology for

the usage of their facilities and Drs. Dale Ray and Xi-An
Mao for maintenance of the spectrometers. We also thank
Dr. Bingcheng Wang for kindly providing SH3 domain
constructs, Drs. Jun Qin and Matthias Buck for critical review
of the manuscript, and Dr. Jeffrey Mills for expert technical
assistance.

SUPPORTING INFORMATION AVAILABLE

Negative control NMR titration in which the unlabeled

GB1—Nckl-1 protein was added to the labeled JM 645-697
peptide (Figure S1), control titration in which unlabeled JM
645-672 peptide was added to labeled protein GB1 (Figure
S2), results from titrating an MTSL-labeled JM 645-672
peptide into a labeled Nck1-2 solution (Figure S3A,B), and
control titration in which unlabeled JM 677-694 peptide was
added to Nck1-2 (Figure S4). This material is available free
of charge via the Internet at http://pubs.acs.org.
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