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ABSTRACT BCR-ABL drives chronic myeloid leukemia (CML). BCR binding to GRB2 transduces signaling via the Ras/MAPK
pathway. Despite considerable data confirming the binding, molecular-level understanding of exactly how the two proteins
interact, and, especially, what are the determinants of the specificity of the SH2GRB2 domain-phosphorylated BCR (pBCR)
recognition are still open questions. Yet, this is vastly important for understanding binding selectivity, and for predicting the phos-
phorylated receptors, or peptides, that are likely to bind. Here, we uncover these determinants and ascertain to what extent they
relate to the affinity of the interaction. Toward this end, we modeled the complexes of the pBCR and SH2GRB2 and other pY/Y-
peptide-SH2 complexes and compared their specificity and affinity. We observed that pBCR’s 176FpYVNV180 motif is favorable
and specific to SH2GRB2, similar to pEGFR, but not other complexes. SH2GRB2 contains two binding pockets: pY-binding recog-
nition pocket triggers binding, and the specificity pocket whose interaction is governed by N179 in pBCR and W121 in SH2GRB2.
Our proposed motif with optimal affinity to SH2GRB2 is E/D-pY-E/V-N-I/L. Collectively, we provide the structural basis of BCR-
ABL recruitment of GRB2, outline its specificity hallmarks, and delineate a blueprint for prediction of BCR-binding scaffolds and
for therapeutic peptide design.
SIGNIFICANCE BCR-ABL fusion protein, encoded by the Philadelphia chromosome, drives chronic myeloid leukemia
(CML). BCR is a GTP exchange factor controlling small GTPases. ABL is a kinase. BCR binding to GRB2 adaptor protein
transduces the oncogenic signal. Despite considerable data confirming the binding, molecular-level understanding of
exactly how the two proteins interact, and, especially, what are the determinants of the specificity of the recognition are still
open questions. Yet, this is vastly important for binding selectivity, and for predicting the phosphorylated receptors, or
peptides, that are likely to bind. This work uncovers the structural basis for the specific BCR-ABL-GRB2 binding, maps a
blueprint to predict signal transducers to bypass targeted BCR-ABL‒GRB2 in drug resistance, and delineates key attri-
butes in inhibitor design.
INTRODUCTION

The translocation of the so-called Philadelphia chromosomes
between chromosome 22, containing a breakpoint cluster re-
gion (BCR) sequence, and chromosome 9, containing an
Abelson protooncogene (ABL) sequence, generates the
BCR-ABL fusion gene (Fig. 1 a) (1–3). BCR-ABL encodes a
cytoplasmic BCR-ABL oncoprotein with constitutively
enhanced and dysregulated tyrosine kinase activity that dis-
rupts key cellular processes (4,5). Different breakpoints of
the BCR protein in the translocation result in different forms
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of the BCR-ABL protein (Fig. 1 b). These are p190, p210,
and p230BCR-ABL,which are associatedwith acute lympho-
blastic leukemia, chronic myeloid leukemia (CML), and
neutrophilic-CML, respectively (6). CML is a malignancy
originating from hematopoietic stem cells. The disease in-
volves three stages, chronic phase, accelerated phase, andblast
crisis, featured bydifferent amounts of blasts, peripheralwhite
blood cells, and bone marrow cells (6–8). CML-related
chimeric p210 BCR-ABL oncoprotein impacts multiple cell
signaling pathways, driving CML pathogenesis (6,9–11).

Ras/mitogen-activated protein kinase (MAPK) is a key
pathway controlling cell proliferation and its hyperactivation
is responsible for malignant transformation in cancer.
Different cell lines and murine models show that BCR-ABL
elevates Ras activity, which promotes the transformation of
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FIGURE 1 (a) Translocation mutation between chromosome 9 and chro-

mosome 22. Chromosome 9 and chromosome 22 contain the ABL and BCR

genes, respectively. Upon translocation, the two genes are fused together

and form the BCR-ABL gene. (b) Domain organization of three isoforms

of BCR-ABL oncoprotein, p190, p210, and p230 BCR-ABL. The three iso-

forms contain different lengths of BCR sequences but have the same ABL

sequence. BCR contains a coiled-coil (CC) domain, a serine/threonine (S/

T) kinase domain, a Dbl homology (DH) domain, a pleckstrin homology

(PH) domain, a putative calcium-dependent lipid-binding site (CaLB),

and a RAC guanosine triphosphatase-activating protein (RAC-GAP)

domain. ABL has an SH3 domain, an SH2 domain, a kinase domain

(KD), and an F-actin-binding domain (FABD). (c) Schematic illustration

of BCR-ABL recruitment of GRB2 in the activation of Ras. (d) Crystal

structure of GRB2 SH2 domain (PDB: 1TZE).
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fibroblasts, hematopoietic cells, and murine bone marrow
(12). BCR-ABL-associated Ras signaling can be mediated
by cytoplasmic adaptor proteins (13), primarily growth factor
bound protein 2 (GRB2), and Src homology 2 (SH2) domain
protein C1 (SHC), with BCR-ABL recruiting GRB2/Son of
sevenless (SOS) complex (12). The resulting BCR-ABL/
GRB2/SOS assembly stimulates the transformation of inac-
tive GDP-bound state of Ras to its active GTP-bound form
(Fig. 1 c) (6,14,15), in turn constitutively promoting Raf/
mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase signaling. In leukemia, the gene encoding
GRB2 is frequently duplicated, leading to its overexpression
(16,17), increasing the number of BCR-ABL/GRB2/SOS
complexes, and escalating Ras activation, thus causing a pro-
liferation of hemopoietic cells and CML oncogenesis (12).
Disruption of GRB2/SOS complexes through ablation of
GRB2 nSH3 and cSH3 domains (18) or by high-affinity
GRB2-binding peptides (19) decreases BCR-ABL-induced
cell proliferation. GRB2 SH3-deletion mutants are unable to
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bind SOS and can reverse BCR-ABL-induced cell prolifera-
tion (18). In human hematopoietic cells, reduced GRB2
expression can inhibit both BCR-ABL-GRB2 and GRB2-
SOS interactions, significantly reducing the proliferation and
survival of CD34þ cells (20). These observations emphasize
the essential role of GRB2 in CML, which links BCR-ABL
to Ras signal transduction. Here, overactivation of ABL in
the cytoplasm upon binding to BCR is seen as the mainmech-
anism by which CML progresses. Nonetheless, even though
the phosphorylated BCR (hereafter refers to pBCR) in com-
plex with GRB2 plays a key role in activation of Ras, other
pathways, such as Ras/MAPK, phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT), Janus kinase/signal trans-
ducer and activator of transcription, stress-activatedprotein ki-
nase/c-Jun N-terminal kinase, nuclear factor kB, and c-Myc
can also be engaged (12). This is particularly important since
blocking the Ras activation, may promote drug resistance in
ABL overactivation through these pathways.

The first exon region of the p210 BCR protein contains the
phosphorylation site for GRB2 binding, which is required for
inducingCML(12).Different lengths ofBCRsequences fused
into ABL protein result in different leukemia types, which
depend on the precise breakpoints in the translocation and
RNA splicing. p210 contains multiple domains for cell signal
transduction, including a coiled-coil domain, a serine/threo-
nine kinase domain, a Dbl homology domain, and a pleckstrin
homology domain. Tyrosine at position 177 (Y177) in the
BCR serine/threonine domain is the binding site for GRB2
(Fig. 1, b and c). Phosphorylated Y177 (pY177) stimulates
GRB2 recognition through the SH2 domain interaction.
Y177F substitution diminishes GRB2 binding to BCR-ABL
invivo and abolishes BCR-ABL-inducedRas signal transduc-
tion, reducing cell proliferation inmurine and humanmyeloid
progenitor (21–23). These observations validate the BCR-
ABL-GRB2 interaction as indispensable for CML induction.

GRB2 is an adaptor protein (24,25). It contains a conforma-
tionally conserved SH2 domain (hereafter referred to as
SH2GRB2)flankedbyN-terminal andC-terminalSH3domains
(nSH3 and cSH3) (Fig. 1 c) (25–32). Both SH3 domains re-
cruit the proline-rich, C-terminal tail of SOS1 containing the
PXXP motif (X represents any natural amino acid), while its
SH2 domain recognizes and binds with high affinity a specific
phosphorylated tyrosine in the pYXN motif (33) of receptor
tyrosine kinases (34), such as platelet-derived growth factor
(PDGF), insulin receptor substrate 1 (35), and epidermal
growth factor receptor (EGFR) (36,37), and other signaling
proteins, such as BCR (38), SHC (35), and SH2 domain-con-
taining phosphatase 2 (39). The SH2 domain can recognize
these proteins as long as the tyrosine in themotifs is phosphor-
ylated, leading to the release of the GRB2 nSH3 and cSH3
‘‘arms’’ (40,41). The liberated GRB2 SH3 domains recruit
and relocate SOS1 by interacting with its proline-rich region
for membrane association (42). SH2GRB2 is responsible for
the binding with BCR-ABL, underscoring the importance
and potential usefulness of in-depth understanding of the



TABLE 1 Details of the eight pY/Y-peptide-SH2 complex

systems

PDB: SH2 domain

Peptide in

crystal structure

pY-peptide-

SH2 Y-peptide-SH2

1TZE GRB2 pBCR pBCR-

SH2GRB2
BCR-SH2GRB2

1ZFP GRB2 pEGFR pEGFR-

SH2GRB2
EGFR-SH2GRB2

2IUI nSH2 of p85a pPDGFR pBCR-

nSH2p85a
BCR-nSH2p85a

1H9O cSH2 of p85a pPDGFR pBCR-

cSH2p85a
BCR-cSH2p85a
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structural details of the interaction. SH2GRB2 contains �100
amino acids. It presents a globularmodulewith threeb-strands
forming an antiparallel b-sheet in the central core flanked by
a-helices on both sides (Fig. 1 d). Although there is a crystal
structure of SH2GRB2 in complex with the pBCR peptide con-
taining pY177, key questions exist. The crystal structure pre-
sents a seven-residue sequence of 174KPFpYVNV180 bound to
SH2GRB2 (Fig. S1). However, the crystal structure cannot cap-
ture the dynamic interactions between the ligand and the re-
ceptor, which may overlook important contextual interaction
information. In healthy cells, in the presence of an upstream
signal, phosphorylated EGFR (hereafter refers to pEGFR) re-
cruits GRB2 through the SH2 interaction activating the Ras/
MAPK pathway (43–45). However, in CML cells, in the
absence of a receptor tyrosine kinase signal, BCR-ABL acti-
vates the Ras/MAPK pathway, leading to aberrant cell prolif-
eration in CML.

Here, we performedmolecularmodeling andmolecular dy-
namics (MD) simulations to obtain the structural basis for the
interaction between BCR-ABL and SH2GRB2 at the atomic
level. The pBCR, BCR, pEGFR, and EGFR peptides in com-
plex with SH2GRB2 were modeled and the interactions be-
tween the peptides and the SH2 domains were investigated.
p85a is the regulatory subunit of PI3Ka. The PI3Ka/AKT/
mTOR pathway is vital for cell growth, which is required
for cell proliferation (46). p85a contains the nSH2 and cSH2
domains that recognize pY-peptides containing the pYXM
motif (47). We thus added models of pBCR and BCR with
the nSH2 and cSH2 domains of p85a for comparison.Our col-
lective simulation results showed that pBCR favorably and
specifically binds to SH2GRB2. This binding is similar to that
of pEGFR-SH2GRB2. However, pBCR shows unspecific bind-
ing to nSH2p85a and unfavorable binding to cSH2p85a. We
observed that the five-residue sequence of FpYVNV is the
preferred binding motif of SH2GRB2. Tyrosine phosphoryla-
tion triggers the binding through strong interactions in the
pY-binding pocket. When pBCR is stably bound to
SH2GRB2, the motif adopts a type I b-turn conformation,
mainly induced by the interaction in the specificity pocket,
whose organization is conformationally selected by
SH2GRB2. We demonstrate that the specific interaction in
this pocket requires the bilateral factors of the Asn residue at
the þ2 position C-terminal to pY in the binding motif and
W121 in the EF loop of GRB2 SH2 domain. Importantly, res-
idues near pYandAsn influence the binding affinity,which ex-
plains why BCR-ABL can inhibit EGFR binding to SH2GRB2.
This couples with the higher GRB2 population due to gene
duplication. Our analysis of the affinities of different binding
motifs to SH2GRB2, in combination with precise residue-resi-
due interactions between the peptide ligand and SH2GRB2 in
our simulation, lead us to propose the optimal binding motif
for SH2GRB2. Altogether, here we map the detailed hallmarks
of the interaction, which can be exploited for prediction of
other GRB2 receptor partners or candidate scaffolds that
BCR can bind in CML drug resistance and provide a blueprint
for a therapeutic high-specificity and high-affinity peptide in-
hibitor design.
MATERIALS AND METHODS

Modeling of pY-peptide-SH2 and Y-peptide-SH2
complexes

The initial configurations of pY-peptide-SH2 and Y-peptide-SH2 com-

plexes were derived from crystal structures (PDB: 1TZE for pBCR-

SH2GRB2 and BCR-SH2GRB2; PDB: 1ZFP for pEGFR-SH2GRB2 and

EGFR-SH2GRB2; PDB: 2IUI for pBCR-nSH2p85a and BCR-nSH2p85a;

PDB: 1H9O for pBCR-cSH2p85a and BCR-cSH2p85a) (Table 1). To capture

the interaction information between the peptides and the SH2 domains as

more as possible, the shorter sequences of the peptides in the crystal struc-

tures were extended to 17-amino acid-long peptides (169GADAEKPFpYV

NVEFHHE185 for pBCR, 169GADAEKPFYVNVEFHHE185 for BCR, 1060
DTFLPVPEpYINQSVPKR1076 for pEGFR, and 1060DTFLPVPEYINQS

VPKR1076 for EGFR) (Fig. 2 c), the length of which can stretch across

the interaction surface of the SH2 domains. The pBCR and pEGFR peptides

in complex with SH2GRB2 were modeled by linearly extending the N- and

C-termini of the bound peptides in the crystal structures. Since the original

peptides bound to nSH2p85a and cSH2p85a are segments from phosphory-

lated PDGF receptor (pPDGFR), the sequences of PDGFR residues were

converted into that of BCR, and then extended the residues at both ends.

The coordinates of unphosphorylated peptides were obtained by removing

the phosphate in pY. Mutant peptides were obtained by substituting N179 to

Gln (N179Q), Ala (N179A), and Gly (N179G) in the pBCR-SH2GRB2 and

BCR-SH2GRB2 complexes (Fig. 7 a). In the modeling, we set positional re-

straints on the regions of the peptides in the crystal structure (hereafter

referred to as middle region) and relaxed the extended regions. Four relax-

ation cycles were performed on these complexes: 1) 500-step steepest

descent minimizations by constraining the middle region with harmonic

force constant of 5 kcal/mol/Å2; 2) 200 steps of steepest descent minimiza-

tions by constraining the backbones of the whole complexes (the peptide

and the SH2 domain) with harmonic force constant of 5 kcal/mol/Å2; 3)

200 steps of conjugate gradient minimizations by constraining the back-

bones of the whole complexes with harmonic force constant of 2 kcal/

mol/Å2; and 4) 200-step minimizations using adopted basis Newton-Raph-

son without constraining atoms. A total of eight complexes were con-

structed and solvated using explicit TIP3P water. Counterions of Naþ and

Cl– were added into the solvated systems to neutralize the systems and

mimic 150 mM ionic strength. The modeling process was performed in

the CHARMM program (48).
MD simulation protocols

Our simulations were carried out according to the protocol published in our

previous works (49–52). Before MD simulations for production, 5000-step
Biophysical Journal 121, 2251–2265, June 21, 2022 2253
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energeticalminimizationswere performed to the initial complex systemsusing

the conjugate gradientminimizationmethod to eliminatebad contacts between

atoms in the systems. Then, a total of 1 ms all-atom explicit-solvent MD sim-

ulations for each systemwere conducted usingNAMD2.13 package (53) with

CHARMM (48) all-atom force field (version 36m) (54,55). The canonical

phosphorylation of tyrosine generates negative charge of –2e. The standard

CHARMM program provides the topology and parameter for the posttransla-

tional modification on the side chain of the phosphotyrosine. During the MD

simulations, NPTensemble (constant number of atoms, pressure, and temper-

ature) under 3D periodic conditions were applied to each system. The temper-

ature and pressurewere kept at 310K and 1 atm using the Langevin thermostat

method with a damping coefficient of 1 ps�1 and the Langevin piston control

algorithm, respectively. All covalent bonds, including hydrogen atoms, were

constrained using the RATTLE method so that the velocity Verlet algorithm

was applied to integrate the Newton motion equation with a larger time step

of 2 fs. The interaction potentials between atomswere estimated by long-range

electrostatic interactions using particle mesh Ewald method with a grading

space of 1.0 Å and short-range van derWaals (vdW) interactions using switch-

ing functions with the twin-range cutoff at 12 and 14 Å. All MD trajectories

were saved each 2 ps for further data analysis. The analysis of the MD simu-

lation results was performed in the CHARMM (48) and VMD packages

using the FORTRAN and TCL scripts. To obtain the electrostatic surface

of the SH2 domains, we used the adaptive Poisson-Boltzmann solver tool

in PyMol (56). To check reproducibility, three replicated simulations were

performed for pBCR-SH2GRB2, pEGFR-SH2GRB2, pBCR-nSH2p85a, and

pBCR-cSH2p85a. The three parallel simulations obtained comparable results.

The statistics were collected by averaging over the three replicas. Averages

were also taken over the last half of the simulation trajectories. The occu-

pancies of the clustering structures were calculated using UCSF Chimera

software (57).
Binding free energy calculations

The binding free energies of the pY-/Y-peptides interactions with the SH2

domains were calculated by molecular mechanics energies combined

with the generalized Born surface area continuum solvation method using

the CHARMM program (48). In the calculation, we followed our earlier

protocol (58–64). The average binding free energy CDGbD for the complex

system is a sum of the gas-phase contribution from the molecular me-

chanics energy CDEMMD, the solvation energy contribution CDGsolD, and
the entropy contribution TDS,

CDGbD ¼ CDEMMDþ CDGsolD � TDS;

where the angle brackets indicate the average along the last half of the sim-

ulations. The gas-phase contribution is a sum of the internal energy DHinter,

the electrostatic interaction DHelec, and the vdW interaction DHvdW ,

DEMM ¼ DHinter þ DHelec þ DHvdW :

The solvation free energy DGsol contains the nonpolar and electrostatic

components, calculated by the GB using the GBSW module (65),

DGsol ¼ DGelec
sol þ DGnonpolar

sol :

The entropic term can be decomposed into three components, which are

the translational contribution TDStrans, rotational contribution TDSrot, and

vibrational contribution TDSvib,

TDS ¼ TDStrans þ TDSrot þ TDSvib:

The translational and rotational components were estimated from the

principal moment of inertia, and the vibrational entropy is calculated based

on the quasiharmonic mode in the VIBRAN module of the CHARMM pro-
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gram (48). The change in the binding free energy due to the binding was

calculated using the equation,

DGb ¼ Gcomplex
b � �

Gpeptide
b þGSH2

b

�
:

RESULTS

Characterization of pY-/Y-peptides and SH2
domains

It is known that SH2 domains associate with pY of tyrosine
kinases to signal downstream to mediate cellular processes.
Although the structures of SH2 domains are conserved, they
have different binding mode preferences to pY-containing
peptides (47,66). In some cases, SH2 domain binding ap-
pears independent of tyrosine phosphorylation and is driven
by other interactions (67–69). Considering that binding
mode and affinity between peptides and SH2 domains high-
ly depend on the interaction interface, we first characterized
the surfaces of SH2GRB2, the N-terminal SH2 domain of
p85a (nSH2p85a), and the C-terminal SH2 domain of p85a
(cSH2p85a) exposed to the peptides. p85a is the regulatory
subunit of PI3Ka. SH2GRB2, nSH2p85a, and cSH2p85a pre-
sent a similar secondary structure topology with an antipar-
allel b-sheet formed by bB-, bC-, and bD-strands in the core
flanked by two a-helices, aA and aB (Figs. 1 d and 2 a).
They expose two main pockets for phosphopeptide recogni-
tion (70), the pY-binding and the specificity pockets. The
pY-binding pocket is a conserved hydrophilic pocket to cap-
ture the phosphate side chain, which is surrounded by R67,
R86, S88, S90, S96, H107, and K109 in SH2GRB2, R340,
R358, S361, T362, K382, and L380 in nSH2p85a, and
R631, R639, H669, and V671 in cSH2p85a. Two Arg resi-
dues at aA and bB, R67 and R86 in SH2GRB2, R340 and
R358 in nSH2p85a, and R631 and R639 in cSH2p85a,
contribute large portions of the pY interactions (Fig. 2 b).
Another basic residue at bD, K109 and K382 for SH2GRB2

and nSH2p85a, respectively, is adjacent to the pY-binding
pocket, which favors an additional electrostatic interaction
in this pocket. Note that the basic residue is replaced with
the hydrophobic residue Val in bD, in cSH2p85a. The spec-
ificity pocket is capable of accommodating residues located
at the C-terminal of pY in peptides, accounting for the bind-
ing specificity. The pocket is formed by F108, K109, L120,
and W121 in SH2GRB2, I381, F392, Y416, and N417 in
nSH2p85a, and C670, F681, H706, and L710 in cSH2p85a

(Fig. 2 a). Evidence supports the SH2GRB2 specificity pocket
preference for Asn (34,69,71). In contrast, both nSH2p85a

and cSH2p85a are favorable to Met (72). Some positively
charged residues away from the pY-binding pocket of
nSH2p85a and cSH2p85a expose large positive surfaces.
For nSH2p85a, these residues include R348 at aA, R373
and K374 at bC, K379 at bD, K419 in BG loop, and
K423 at bG. For cSH2p85a, they are R639 at aA, K653 in
the BC loop, and K668 at bD (Fig. 2 b). The negatively



FIGURE 2 Structures and sequences. (a) Struc-

tures and (b) sequences of the SH2GRB2, nSH2p85a,

and cSH2p85a domains. (c) Sequences of pBCR,

BCR, pEGFR, and EGFR peptides. The positively

charged, negatively charged, polar, and hydropho-

bic residues are colored in blue, red, green, and

white/black (structure/sequence), respectively.
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charged residues, D665 at bC and E667 at bD, can compen-
sate for some of the cSH2p85a positively charged surface.
Experimental studies revealed that SH2GRB2 can bind
pBCR and pEGFR (refers to phosphorylated tyrosine at po-
sition 1068) peptides, followed by downstream Ras activa-
tion (41). Residues Y177 in BCR and Y1068 in EGFR,
are the binding sites for SH2GRB2 (36,38). The recognition
areas can be larger than the binding site interfaces, since res-
idues away from pY can play a role in SH2 domain binding.
To uncover contextual peptide information for the binding
between SH2 domains and the peptides, the 17-residue pep-
tides from pBCR, BCR, pEGFR, and EGFR were used in
this work (Fig. 2 c). Sequence analysis indicates that both
pBCR and pEGFR have Asn at the þ2 position C-terminal
to pY, which we interpret to be relevant to the specific bind-
ing to the SH2GRB2 domain.
Binding modes between pY-/Y-peptides and SH2
domains

We constructed models of eight complexes with the four
different peptides (pBCR, BCR, pEGFR, and EGFR) and
three different SH2 domains (SH2GRB2, nSH2p85a, and
cSH2p85a). For each combination of the peptides with the
SH2 domains, four complexes were obtained with SH2GRB2

(pBCR-SH2GRB2, BCR-SH2GRB2, pEGFR-SH2GRB2, and
EGFR-SH2GRB2), and two complexes each for nSH2p85a

(pBCR-nSH2p85a and BCR-nSH2p85a) and for cSH2p85a

(pBCR-cSH2p85a and BCR-cSH2p85a). Here, we omitted the
well-defined interaction between EGFR and p85a, since our
focus is on the interactions involving BCR-ABL and/or
GRB2. The root mean-square deviation profiles show that
the six binding systems (pBCR-SH2GRB2 and BCR-
SH2GRB2, pEGFR-SH2GRB2 and EGFR-SH2GRB2, and
pBCR-nSH2p85a and BCR-nSH2p85a) reached equilibration
after the initial 100 ns (Fig. S2). During the simulations, we
observed thatmost SH2domainswere stable, keeping the pep-
tides intact, except cSH2p85a. Unfavorable binding was
observed for pBCR-cSH2p85a (Video S1) and BCR-
cSH2p85a, which dissociated (Video S2). In contrast, the
pBCR and BCR peptides can interact with nSH2p85a, display-
ing a linear peptide topology (Fig. S3). However, the topology
of the peptides interacting with SH2GRB2 is different from the
pBCR and BCR peptides binding to nSH2p85a. pBCR, BCR,
pEGFR, and EGFR peptides bind to SH2GRB2 through the
binding motifs in their middle regions, displaying a unique
type I b-turn conformation (Figs. 3 and S4), which is in line
with the peptide conformations in the crystal structures
(Fig. S1) (36,38). The specific binding of the peptides indi-
cates that the SH2GRB2 specificity pocket accommodates
Asn at the þ2 position C-terminal to pY/Y, inducing the
kinked peptide structure. However, the specificity the pocket
is absent in nSH2p85a, suggesting that the peptides’ interac-
tions with nSH2p85a are independent of the specific binding.
Presumably, this binding can be attributed to electrostatic
interaction between the negatively charged residues in
pBCR/BCR and the exposed, positively charged residues in
nSH2p85a, and the cross-reactivity of the pYVNV motif to-
ward the nSH2 domain (34). To characterize the dynamics
for the eight systems, we calculated the distances between
N179/N1070 and the specificity pocket (D1), and between
pY177/Y177/pY1068/Y1068 and the pY-binding pocket
(D2). D1 is short and stable for pBCR-SH2GRB2 (4.8 5
0.3 Å), BCR-SH2GRB2 (4.8 5 0.3 Å), pEGFR-SH2GRB2
Biophysical Journal 121, 2251–2265, June 21, 2022 2255



FIGURE 3 Unique binding modes between pY/Y-

peptides and SH2GRB2. In the cartoons, SH2GRB2 is

shown in electrostatic surface, and the peptides in

the bound state are represented as yellow tubes on

SH2GRB2. The color bar denotes the charge proper-

ties (red, negative charge; blue, positive charge),

characterizing the electrostatic surfaces of the

SH2GRB2 domain. Stick representations next to

SH2GRB2 denote the peptide structures with the res-

idues involved in the b-turn region. Four b-turn res-

idues are marked on each peptide. The cartoon

structures of the protein represent the averaged struc-

tures over the last half of the simulations. The repre-

sentative structures account for 72.4, 66.8, 61.6, and

68.0% of the ensemble structures over the last half of

the trajectories for pBCR-SH2GRB2, BCR-SH2GRB2,

pEGFR-SH2GRB2, and EGFR-SH2GRB2, respec-

tively.

Liu et al.
(4.95 0.5 Å), and EGFR-SH2GRB2 (5.05 0.4 Å), in contrast
to the longer D1 for pBCR-nSH2p85a (6.45 0.3 Å) and BCR-
nSH2p85a (6.15 0.6 Å) (Fig. S5). This indicates that N179 in
pBCR and BCR, and N1086 in pEGFR and EGFR, keep their
positions intact favoring the interaction in the specificity
pocket of SH2GRB2 (Fig. 3), while N179 in pBCR and BCR
shifts away from the specificity pocket of nSH2p85a

(Fig. S3). D2 does not present significant change for pBCR-
SH2GRB2 (8.5 5 0.6 Å), BCR-SH2GRB2 (9.5 5 0.6 Å),
pEGFR-SH2GRB2 (8.9 5 0.4 Å), EGFR-SH2GRB2 (9.0 5
0.6 Å), and pBCR-nSH2p85a (8.65 0.3 Å) due to no displace-
ment occurring to pY/Yin pBCR/BCR and pEGFR/EGFR for
these cases. However, D2 shows larger fluctuations for BCR-
nSH2p85a (10.95 1.1 Å), since Y177 in BCR loses its inter-
action with the pY-binding pocket of nSH2p85a. Although no
immediate dissociation was observed for pBCR from
cSH2p85a, unfavorable binding is evident from the apparent
displacement of pY177 and N179 (Fig. S5) and the large fluc-
tuation of pBCR in the interaction with cSH2p85a (Fig. S6).
Taken together, the nonspecific binding of nSH2p85a and un-
stable association of cSH2p85a suggest that the interaction of
p85a of PI3Ka with BCR-ABL is less likely to be populated.
EGFR providing multiple pY-binding motifs can easily
compete with BCR-ABL, recruiting PI3Ka to the membrane.
Thus, our attention is mainly focused on the interactions of
GRB2 with BCR-ABL and EGFR.

To determine whether these peptides can maintain a sta-
ble type I b-turn conformation (Fig. S7 a) when bound to
the SH2GRB2 domain, we calculated the distance (DCa(i)-

Ca(iþ3)) between Ca in residue i (pY/Y) and Ca in residue
iþ3 (pY/Y þ3) (Fig. S7 b), and the torsion angles 4 and
c for residue iþ1 (41 and c1) and residue iþ2 (42 and
c2) (Fig. S7 c). Type I b-turn conformation, defined by
DCa(i)-Ca(iþ3), is less than 7 Å and the torsion angles 41,
c1, 42, and c2 are ��60, ��30, ��90, and �0�, respec-
tively (73). In our simulations, DCa(i)-Ca(iþ3) and 41/c1/42/
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c2 are 5.83 Å and �67.2�/�33.0�/�90.5�/�6.4�

for pBCR, 5.75 Å and �67.9�/�39.5�/�95.9�/�1.69� for
BCR, and 5.81 Å and �67.0�/�42.0�/�92.3�/4.6� for
pEGFR, satisfying all criteria of type I b-turn conformation.
However, although torsion angles 41/c1/42 (�70.7�/
�41.5�/�86.5�) for EGFR in complex with SH2GRB2 can
roughly meet the criteria of type I b-turn conformation,
DCa(i)-Ca(iþ3) ¼ 7.22 Å is greater than 7 Å, and c2 ¼
135.1� largely deviates from 0�. This indicates an unstable
type I b-turn conformation of EGFR when bound to the
SH2 domain of GRB2.
pY motifs in GRB2 SH2 domain binding

In vivo, SH2GRB2 can specifically recognize the pY motifs
of many proteins. These motifs share sequence similarities.
However, recognition of a pY motif by one SH2 domain
over another is determined by residues at the positions þ1
toþ5 C-terminus to pY (71). The pYXN motif is usually re-
garded as SH2GRB2-binding motif (34,69,71). For a protein
binding to GRB2, the binding motif dominates the interac-
tion. To identify motif residues contributing to the interac-
tion, we calculated the contact probability between the
peptide residues and the SH2GRB2 residues (Fig. 4 a). A con-
tact event is determined if the minimum distance between a
peptide residue and a SH2GRB2 residue is less than 3.5 Å.
We identified residues with contact probability R60%:
F176, pY177, V178, N179, V180, F182, and E185 in
pBCR, F176, Y177, V178, N179, V180, and E185 in
BCR, E1067, pY1068, I1069, and N1070 in pEGFR, and
E1067, Y1068, I1069, and N1070 in EGFR (Table S1).
Based on the calculations, we obtained the five-residue mo-
tifs of 176FpYVNV180 for pBCR and 176FYVNV180 for
BCR, and four-residue motifs of 1068EpYIN1071 for pEGFR
and 1068EYIN1071 for EGFR in the interaction with SH2GRB2

(Fig. 4 b).



FIGURE 4 SH2GRB2-binding motifs of pY/Y-

peptides. (a) Intermolecular contact probability

(%) of paired residues for pBCR-SH2GRB2, BCR-

SH2GRB2, pEGFR-SH2GRB2, and EGFR-SH2GRB2

systems. A contact event is determined if the min-

imum distance between a peptide residue and a

SH2GRB2 residue is less than 3.5 Å, otherwise a

separation event. This calculation includes the

hydrogen atoms. The contact events were counted

every 10 ps, and the contact probability is calcu-

lated by the summation of contact events divided

by all events (contact and separation) during the

simulations. (b) SH2GRB2-binding motifs of

pBCR, BCR, pEGFR, and EGFR. (c) Cartoon rep-

resenting the precise residue-residue interactions

between the motifs of pY-peptide and SH2GRB2.

Interaction of BCR-ABL with GRB2
In signal transduction, proteins often utilize the GRB2
adaptor protein to link extracellular signal to downward
signaling pathways through the interaction between the
pYXN motif and SH2GRB2. To further understand the pY
motif interactionwith SH2GRB2 in terms of specificity and af-
finity, we collected the pY motifs in different proteins with
experimentally measured affinities to SH2GRB2 from the
literature (Table S2). All motifs have the conserved Asn at
the þ2 position C-terminal to pY. Residues at the þ1
and þ3 positions are diverse, suggesting that residues at
the þ1 and þ3 positions have smaller impacts on the speci-
ficity compared with the residue at the þ2 position. Kessels
et al. used a solid-phase peptide library for the selection of
the SH2GRB2-binding motifs based on affinity and specificity
(Fig. S8 a) (34). Their results confirmed the strong selection
for Asn at theþ2 position for SH2GRB2-specific recognition,
but aweaker bias at theþ1 andþ3 positions (34). They iden-
tified Gln, Glu, and Val at theþ1 position as the most favor-
able for binding affinity. Peptide ligands containing basic
residues Lys and Arg at this position exclusively interact
with SH2GRB2 and lose the cross-reactivity toward other
SH2 domains. SH2GRB2-binding motifs with the hydropho-
bic residues at the þ3 position show higher affinity to
SH2GRB2 (34,74), due to the favorable interaction with
L111 in SH2GRB2 as observed in our simulations
(Table S1). The four hydrophobic residues, Ile, Leu, Val,
and Phe at the þ3 position, yield the most favorable affinity
between the ligands and SH2GRB2 with the contribution to af-
finity in the order of Leu > Ile > Val > Phe. Based on these
results, they recognized the binding motifs of pY-Q/E-N-L/I
with optimal affinity and pY-K/R-N-I/L with optimal speci-
ficity for the binding of SH2GRB2. However, the pYVNV
motif was consistently observed with high affinity to
SH2GRB2 in different library selections, even outperforming
the proposed pYQNL motif (34). The pYVNV motif can
be found in BCR, SHC, and LAT, etc. (Table S2). These pro-
teins are involved in cell signaling and known to interact with
GRB2. The pYENV motif with Glu at the þ1 position in-
duces stronger mean fluorescence intensity than pYVNV
with Val at theþ1 position (34). This confirms that the nega-
tively charged residues at the þ1 position favor a higher af-
finity than the hydrophobic residue of Val, probably
through hydrogen bond (H-bond) formation and electrostatic
interaction with K109 in SH2GRB2 (75). Such an interaction
likely assists that occurring in the pY-binding pocket. On
the other hand, the hydrophobic residues at the þ1 position
can form a hydrophobic corewith F108 in SH2GRB2, favoring
the interaction in the specificity pocket.We speculate that the
negatively charged Glu at theþ1 position is most conducive
to the binding affinity, followed by Val. The pYVNI motif
Biophysical Journal 121, 2251–2265, June 21, 2022 2257
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with Ile at the þ3 position generates stronger affinity for
binding SH2GRB2 than the pYVNVmotif with Val at this po-
sition (Fig. S8 a). The hydrophilic residue at this position as
in the pYINQmotif of EGFR is not favorable for the interac-
tion (Fig. 3). This verified that pEGFR has lower binding af-
finity to SH2GRB2 than pBCRwith the pYVNVmotif (34,38).
In addition to residues at theþ1 andþ3 positions C-terminal
to pY, we observed that the residue at the �1 position N-ter-
minal to pY plays a significant role in binding SH2GRB2. The
residue at the �1 position N-terminal to pY is between resi-
dues R67 and H107 in SH2GRB2 (Fig. 4 c). The hydrophobic
residue F176 at the�1 position in pBCR intermittently forms
intermolecularp-p stacking with H107 or F108 in SH2GRB2,
while the phosphate in pY is secured by three basic residues
R67, R86, and K109 in the pY-binding pocket of SH2GRB2

through salt bridge interactions (Fig. S9). The corresponding
residue at the�1 position in pEGFR isE1067. The negatively
charged residue removes R67 from the pY-binding pocket
and forms a salt bridge with it, resulting in the pY phosphate
being surrounded by two basic residues R86 and K109 in the
SH2GRB2 pocket. However, with an added salt bridge forma-
tion by E1067 near the pY-binding pocket, the overall elec-
trostatic interaction scheme is conserved. Taken together,
we propose that candidates for the �1 position N-terminal
to pY can be negatively charged residues. Positively charged
residues at this position may not be candidates, since electro-
static repulsion by R67 in SH2GRB2 may occur, interfering
with the interaction in the pY-binding pocket. Our proposed
five-residue motif with optimal binding affinity to SH2GRB2

is E/D-pY-E/V-N-I/L (Fig. S9 b). However, selection for
the residue at the �1 position requires further verification
by experiments or computations.
Interactions between pY/Y-peptides and the
GRB2 SH2 domain

To quantify the binding affinities between the peptides and
SH2GRB2, we employed molecular mechanics energies com-
binedwith the generalizedBorn surface area continuumsolva-
tion (Fig. 5 a). The average binding free energy, CDGbD, is the
summation of three components, the solvation energy CDGsolD,
the gas-phase molecular mechanics energy CDEMMD, and the
conformational entropy�TDS contributions, where the angle
brackets denote the average along the simulation trajectories.
The calculated binding free energies due to the formation of
the complex are ��30.2 and ��22.3 kcal/mol for pBCR-
SH2GRB2 and pEGFR-SH2GRB2, respectively, which are
much lower than their unphosphorylated counterparts,
��1.1 and �0.5 kcal/mol for BCR-SH2GRB2 and EGFR-
SH2GRB2, respectively. The unfavorable solvation energies
(�714.1 kcal/mol for pBCR-SH2GRB2, �326.6 kcal/mol for
BCR-SH2GRB2, �421.0 kcal/mol for pEGFR-SH2GRB2, and
�80.7 kcal/mol for EGFR-SH2GRB2) and the favorable mo-
lecular mechanics energies in gas phase (��791.0 kcal/mol
for pBCR-SH2GRB2, ��374.3 kcal for BCR-SH2GRB2,
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��491.0 kcal/mol for pEGFR-SH2GRB2, and
��126.0 kcal/mol for EGFR-SH2GRB2) mostly contribute
to the binding free energy for the four systems. The conforma-
tional entropy (�TDS) has a negligible impact on the discrep-
ancy of the binding free energy, as demonstrated by the subtle
difference of the conformational entropy ranging from�45.8
to �47.7 kcal/mol. This might result from a similar binding
mode for the four systems (Fig. 3). Furthermore,we calculated
the interaction energies without consideration of the
conformational entropy and the solvation effect, between the
four peptides and SH2GRB2 (Fig. 5 b). They show a similar
trend with the binding free energies, exhibiting much lower
interaction energies for the phosphorylated peptide-binding
systems (��618.4 kcal/mol for pBCR-SH2GRB2 and
��433.4 kcal/mol for pEGFR-SH2GRB2) than that for the un-
phosphorylated peptide-binding systems (��220.7 kcal/mol
for BCR-SH2GRB2 and ��142.5 kcal/mol for EGFR-
SH2GRB2). This scenario further confirms the minor effect of
conformational changes of the peptides on the binding affinity
difference among the four different systems. Both the binding
free energies and the interaction energies demonstrate that
pBCR-SH2GRB2 has stronger affinity than pEGFR-SH2GRB2,
in agreement with experimental data (34,38). Results from
the ELISA competition binding assay showed that the pBCR
sequence can inhibit the binding between SH2GRB2 and
pEGFR (38), indicating that pBCR has stronger affinity to
SH2GRB2 than pEGFR. For the four binding cases, the electro-
static interaction is a major contributor to the total interaction
energy, which accounts for 95.0, 86.1, 90.8, and 74.9% for
pBCR, BCR, pEGFR, and EGFR interacting with SH2GRB2,
respectively (Fig. 5 c). The vdW interactions show relatively
minor contribution to the total interaction energy (5.0, 13.9,
9.2, and 25.1% for pBCR, BCR, pEGFR, and EGFR interact-
ing with SH2GRB2, respectively). In the absence of pY, the
BCR and EGFR peptides reduced the electrostatic interaction
with SH2GRB2, compared with the corresponding pY-binding
systems.

To identify key residues in SH2GRB2 which are responsible
for the binding, we calculated intermolecular residue pair
interaction energies for the four complexes (Table S3).
Some residue pairs showed favorable interactions, particularly
for pY177 in pBCR and pY1068 in pEGFR, with high prefer-
ence for the three basic residues (R67, R86, and K109) in
the pY-binding pocket (Fig. 6 a). Relatively weak residue
pair interactions were observed for the two unphosphorylated
peptide-binding systems. Apart from the nonbonded interac-
tions, H-bond formation is also essential for stabilizing the
peptides on the SH2GRB2 surface. Furthermore, we identified
H-bonds between the peptide and SH2GRB2 residues with oc-
cupancy greater than 50% during the simulations (Table S4).
Three locations of stable H-bonds between the binding motifs
and SH2GRB2 were found for the phosphorylated peptide-
binding systems, while two locations of stable H-bonds were
identified for the unphosphorylated peptide-binding systems
(Fig. 6 b). The first location for H-bond formation is common



FIGURE 5 Interactions between pY/Y-peptides

and SH2GRB2. (a) Binding free energy, CDGbD,
combining the contributions of the solvation en-

ergy, CDGsolD, the gas-phase molecular mechanics

energy, CDEMMD, and the conformational entropy,

�TDS. (b) Interaction energies and (c) contribu-

tion percentage (%) of the decomposed compo-

nents of vdW and electrostatic energies for

pBCR-SH2GRB2, BCR-SH2GRB2, pEGFR-

SH2GRB2, and EGFR-SH2GRB2 systems. The bars

in (a) denotes the data range.
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for all four complex systems. Regardless of the tyrosine phos-
phorylation, all four complex systems contain three H-bonds
between the side chain of Asn at the þ2 position (N179 in
pBCR/BCR and N1070 in pEGFR/EGFR) and the backbone
residues in the specificity pocket of SH2GRB2. These are
HD21:Asn*-O:K109, HD22:Asn*-O:L120, and OD1:Asn*-
HN:K109, where Asn* denotes the residues in all four pep-
tides. These three H-bonds stabilize the Asn residue in the
specificity pocket. TheH-bonds at the second location involve
backbone atoms between the residue at theþ1 position (V178
in pBCR/BCR and I1069 in pEGFR/EGFR) and H107 of
SH2GRB2, which are HN:V178-O:H107 and HN:I1069-
O:H107. The third location for H-bond formation only exists
for the phosphorylated peptide-binding systems.A large num-
ber of H-bonds were observed in the pY-binding pocket of
SH2GRB2. The H-bonds occur between the phosphate group
of pY in pY-peptide and the SH2GRB2 residues, R67, R86,
S88, S96, S90, and K109 (Table S4).
Bilateral factors required for the interaction in the
specificity pocket

Weobserved that theBCRandEGFRpeptideswithout pYalso
can stably bind to SH2GRB2 with Asn at the þ2 position,
morphologically fitting into the specificity pocket, which is in-
dependent from tyrosine phosphorylation. This emphasizes
the Asn residue at this position for the interaction in the spec-
ificity pocket. The importance of this residue for pY-peptide-
SH2GRB2 specific binding is supported by affinity assay with
mutated Asn to Gln (N1070Q) in the pEGFR peptide. Results
showed that wild-type pEGFR exhibits reduced binding capa-
bility to GRB2 compared with N1070Q pEGFR (38). In a
similar vein, we introduced three mutations in the pBCR and
BCR peptides by substituting N179 to Gln (N179Q), Ala
(N179A), and Gly (N179G) (Fig. 7 a). We performed addi-
tional simulations for six mutant systems and calculated the
binding free energy for the complexes (Fig. 7 b). Consistent
with the affinity assay results (38), N179Q substitution greatly
reduces the binding affinity, as demonstrated by the 66.8% in-
crease in binding free energy for pBCRN179Q-SH2

GRB2

(�10.0 kcal/mol) compared with the wild-type pBCR-
SH2GRB2 (�30.2 kcal/mol) (Fig. 5 a). Visual inspection
of the conformational ensembles during the simulation re-
vealed that the C-terminus of pBCRN179Q was quickly
repelled by SH2GRB2, which is driven by Q179 jumping out
of the specificity pocket (Fig. 7 c). The interaction in the
pY-binding pocket prevented complete dissociation of the
peptide from SH2GRB2. Although both N179A and N179G
substitutions lead to marginal increase in the binding free
energy for pBCRN179A-SH2

GRB2 (�29.6 kcal/mol) and
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FIGURE 6 Interactions of paired intermolecular

residues for pY/Y-peptide-SH2GRB2 systems. (a)

Matrix of interaction energies and (b) hydrogen

bonding contacts (black dash) between the pY/Y-

peptide residues and the SH2GRB2 residues for

pBCR-SH2GRB2, BCR-SH2GRB2, pEGFR-

SH2GRB2, and EGFR-SH2GRB2 systems.
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pBCRN179G-SH2
GRB2 (�22.2 kcal/mol), the phosphorylated

mutant peptides were unstable on the surface of SH2GRB2,
losing the interaction in the specificity pocket. Similarly, the
interaction in the pY-binding pocket prevented dissociation
of pBCRN179A and pBCRN179G from SH2GRB2. The mutant
peptides without tyrosine phosphorylation, BCRN179Q,
BCRN179A, and BCRN179G almost lost their binding ability
to SH2GRB2, yielding drifting and dissociating peptide confor-
mations. These observations confirm the determinant roles of
tyrosine phosphorylation in the pY-binding pocket and N179
in the specific binding pocket of SH2GRB2.

We demonstrated that N179 plays an essential role in spe-
cific binding of pBCR and SH2GRB2. Characterization of
SH2GRB2 showed that the specificity pocket is formed by
F108, K109, L120, and W121 (Fig. 2 a). W121 in the EF
loop of SH2GRB2 is thought to be a regulator of binding spec-
ificity, since its flexibility allows controlling the conformation
change of the specificity pocket. Experimental results by
isothermal titration calorimetry analysis for wild-type GRB2
and mutant GRB2W121G with their cognate peptides showed
that the substitution of W121 by Gly led to lower the binding
enthalpy for the SpYVNVQ peptide to GRB2W121G than to
wild-type GRB2. To decipher howW121 influences the inter-
action in the specificity pocket, we characterized the dynamic
2260 Biophysical Journal 121, 2251–2265, June 21, 2022
behavior ofW121 in SH2GRB2 by calculating the distance, dN-
W121, betweenCa atomofN179 (CaN) in pBCR/BCR (N1070
in pEGFR/EGFR) and C6 atom of indole group of W121
(C6W) in SH2GRB2. Three relative positions of W121 with
respect to the Asn are opposite-down, parallel, side-down po-
sitions (Fig. 8 a). The parallel position generates the shorter
dN-W121, leading to the closed conformation of the specificity
pocket. In contrast, the opposite-down and side-down posi-
tions produce the longer dN-W121, giving rise to an open
conformation of the specificity pocket. The high density of
shorter dN-W121 (3.8–4.0 Å) in the distribution profile (Fig. 8
b) and the consensus behavior of W121 (Fig. 8 c) indicate
that the specificity pocket of SH2GRB2 preferentially adopts
the closed conformation for the binding of pBCR, BCR,
pEGFR, and EGFR. In sharp contrast, W121 in SH2GRB2

shows stronger perturbation in the binding of pBCRN179Q

and pBCRN179A (Fig. S10), leading to conformational alter-
ation of the specificity pocket between the closed and open
states.
DISCUSSION

In this work, we present the structural basis for the specific
binding of BCR-ABL-GRB2. We further carry out



FIGURE 7 Weak or unfavorable binding be-

tween mutant pY/Y-peptide and SH2GRB2. (a) Se-

quences of mutant pY/Y-peptides. (b) Binding

free energies, CDGbD, of the mutant pY/Y-peptides

interacting with SH2GRB2. (c) Representative

snapshots for the mutant systems, pBCRN179Q-

SH2GRB2, BCRN179Q-SH2
GRB2, pBCRN179A-

SH2GRB2, BCRN179A-SH2
GRB2, pBCRN179G-

SH2GRB2, and BCRN179G-SH2
GRB2. The cartoon

structures of protein represent the snapshots, illus-

trating the unfavorable interaction. The bars in (b)

denotes the data range.
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computational analysis of the interaction. We compare it
with related interactions, where the motif is unphosphory-
lated and with competitive interaction. We further merge
the computational results with available experimental data,
to figure out the hallmarks of this specific interaction that
drives CML. Our results confirm the experimental data
that BCR-ABL can recruit GRB2 through the specific inter-
action between pBCR containing pY177 and SH2GRB2 (21–
23,38) and explain exactly how. We extend the data, aiming
to make it useful toward predictions, including signaling by-
passes in drug resistance and pharmaceutical peptide de-
signs. In CML oncogenesis, BCR and ABL are fused
together, releasing ABL’s autoinhibition and initiating its ki-
nase activity (Figs. 1 c and S11) (76,77). In healthy cells,
pEGFR-SH2GRB2 specific binding forms the EGFR/GRB2/
SOS complex that activates the Ras/MAPK pathway. In
CML cells, active BCR-ABL phosphorylates BCR’s
Y177. BCR’s pY177 motif recruits GRB2 through the inter-
action with the SH2GRB2 domain. On plasma membrane
signaling platforms, both BCR-ABL and EGFR accommo-
date the pYXN motif, which is recognized by SH2GRB2.
We confirmed that SH2GRB2 exhibits higher binding affinity
to the BCR-ABL motif than to EGFR. The strong interac-
tion of BCR-ABL with GRB2 leads to recruitment of SOS
to the plasma membrane, forming a stable BCR-ABL/
GRB2/SOS complex. The increased effective local SOS
concentration at the myeloid cell membrane increases the
number of active Ras proteins, resulting in more potent
oncogenic proliferation of blood cells.

Multiple proteins recognize GRB2 through its SH2
domain. All contain the pYXN motif (Table S2). Docking
of pY into the SH2GRB2 pocket contributes dominantly to
the binding affinity. However, affinity does not account for
the entire picture (36). Binding requires specificity, which
is furnished by the SH2GRB2 specificity pocket. The speci-
ficity pocket favors the Asn in the motif. In our simulations,
we observed that Asn residues at the þ2 position in the pY
motifs of both BCR-ABL and EGFR stably dock into the
specificity pocket of SH2GRB2. Twofold docking by the
pY motif, at the pY-binding pocket and at the specificity
pocket, constrained the structure of the protein segment con-
taining the pY motif to type I b-turn conformation. In BCR-
ABL, substitutions of Asn to Gln (N179Q), Ala (N179A),
and Gly (N179G) abolished the docking of the pY motif
into the specificity pocket, consistent with experimental
data on the N1070Q mutation in the pY motif of EGFR
(38). We map a detailed scenario of the interaction of pro-
teins containing the pY motif with GRB2 (Fig. 9). The
high-affinity interaction suggests that, population-wise, pY
predominantly initially drives binding with GRB2 through
docking into the pY-binding pocket in the SH2 domain, fol-
lowed by the Asn docking into the specificity pocket. In the
pY-binding pocket, pY forms several H-bonds and salt
bridges with surrounding residues, offering a major anchor
Biophysical Journal 121, 2251–2265, June 21, 2022 2261



FIGURE 8 Importance of W121 in SH2GRB2 for the interaction in the

specificity pocket. (a) Three different positions/orientations of W121 side

chain to Asn at the þ2 position C-terminal to pY/Y-peptide. (b) Probability

distribution functions of the distance between W121 and Asn, dN-W121, and

(c) superimposed snapshots representing the dynamic behaviors of W121

side chain for pBCR-SH2GRB2, BCR-SH2GRB2, pEGFR-SH2GRB2, and

EGFR-SH2GRB2. In (c), W121 is shown as sticks, in which the blue and

red colors denote the oxygen and nitrogen atoms, respectively.

FIGURE 9 Schematic diagram representing the interaction in the speci-

ficity pocket of SH2GRB2.
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point in SH2GRB2. In the specificity pocket, Asn side chain
forms three H-bonds with the backbone atoms of K109 and
L120. These H-bond formations provoke reorientation of
the side chain of W121 in the EF loop of SH2, causing a
conformational alteration of the specificity pocket from
the open to the closed conformation. This further enhances
the interaction of Asn in the specificity pocket, offering
another anchor point in SH2GRB2. The bulk indole group
of W121 can produce steric barrier to hinder the residue at
the þ3 position, conferring the type I b-turn conformation
of the pY motif. Inversely, such conformation helps the
specificity pocket to maintain the closed conformation,
since no residue after the þ2 position can push W121
down to open the pocket. The bilateral interaction in the
specificity pocket underscores the paramount role of confor-
mational selection in the specific recognition between the
pY motif and SH2GRB2.

Both pY motifs of BCR-ABL and EGFR exhibit binding
specificity to the SH2 domain, but with different affinities.
We identified the five-residue pY motif, FpYVNV, for
BCR-ABL, and the four-residue pY motif, EpYIN, for
EGFR as responsible for the GRB2 binding. Design efforts
centered on pY-peptide-based inhibitors targeting mainly
SH2 residues at positions pY þ1, þ2, and þ3, but focused
less on the role of the residue at the �1 position
(47,71,78,79). Different than earlier works stressing-bind-
ing motifs residues C-terminal to pY, our study highlights
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the critical role of the residue at the �1 position N-terminal
to pY. Since the residue at this position is close to pY, it can
positively or negatively influence SH2 binding. It was
recognized that a short pY-peptide with five amino acids
is sufficient to compete with larger protein-protein interac-
tions (80). Thus, combining our results with earlier experi-
mental data, we propose that E/D-pY-E/V-N-I/L can be a
superior SH2GRB2 pY-binding motif.

The new insights that our work provide not only help
explain experimental results indicating specific binding of
pBCR-ABL to GRB2 through its SH2 domain, but also
lead to new and experimentally testable hypotheses that
the five-residue E/D-pY-E/V-N-I/L motifs can be promising
high-affinity inhibitors of SH2GRB2 in BCR-ABL-induced
signal transduction via the Ras/MAPK pathway, and thus
cell proliferation.
CONCLUSIONS

To conclude, we identified the five-residue motif of

176FpYVNV180 as the basis for the specific recognition of
the GRB2 SH2 domain at the atomic level. This recognition
is essential for the induction of CML through the Ras/MAPK
pathway. Phosphorylation of Y177 in BCR triggers binding
between BCR-ABL and GRB2 via strong electrostatic inter-
action in the SH2GRB2 pY-binding pocket. N179 in the BCR-
ABL pY motif determines whether BCR-ABL can be specif-
ically recognized by SH2GRB2. The bilateral factors of N179
in BCR-ABL and W121 in SH2GRB2 regulate the interaction
in the specificity pocket, and thus binding specificity.
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Differences in residues adjacent to the pYand Asn at the þ2
position affect the binding affinity of the pYmotif-containing
protein to SH2GRB2, explaining why BCR-ABL has higher
binding affinity to SH2GRB2 than to EGFR. Our proposed
five-residue pY motif appears to have an optimal binding af-
finity to SH2GRB2 and details the conformational change
upon binding at the specificity pocket.

Taken together, the implications of this study support the
BCR-ABL oncoprotein recruitment of GRB2 in CML and
signaling via the Ras/MAPK pathway. Our study further de-
tails exactly how GRB2 is recruited, provides blueprints for
predicting currently known interaction partners that can take
over in resistance and delineates the key attributes for pro-
ductive inhibitor synthesis.
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Figure S1. Superimposition of the conformations from the two different crystal structures of

SH2GRB2 in complex with pBCR (174KPFpYVNV180) (PDB ID: 1TZE) and pEGFR

(1067EpYINQ1071) (PDB ID: 1ZFP) peptides. SH2GRB2 shown as cartoon is colored light yellow

and light blue in complex with pBCR and pEGFR, respectively. Both pBCR and pEGFR

peptides shown as sticks are colored yellow and blue, respectively.
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Figure S2. Time evolution of root-mean-square deviations (RMSDs) for pBCR–SH2GRB2 and

BCR–SH2GRB2, pEGFR–SH2GRB2 and EGFR–SH2GRB2, and pBCR–nSH2p85α and BCR–nSH2p85α.
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Figure S3. Binding modes of pBCR–nSH2p85α and BCR–nSH2p85α systems. nSH2p85α shown as

electrostatic surface is colored based on the charge properties (red, negative charge; blue,

positive charge), characterizing the electrostatic surfaces of nSH2p85α. The peptides shown as

tubes are colored yellow. The cartoon structures of protein represent the averaged structures over

the last half of the simulations. The representative structures account for 63.6% and 60.8 % of

the ensemble structures over the last half of the trajectories for pBCR–nSH2p85α and BCR–

nSH2p85α, respectively.
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Figure S4. Structural alignment (left) of the type Ⅰ β-turn region (residues from the pY position

to the +3 position C-terminal to pY) and the representative conformation of type Ⅰ β-turn (right)

for each peptide in the bound state for the pBCR-SH2GRB2, BCR-SH2GRB2, pEGFR-SH2GRB2, and

EGFR-SH2GRB2 systems. In the cartoons, the peptides are shown as tubes. In the representative

conformations, spheres denote the Cα atoms of β-turn residues. These residues are marked on

each peptide. Superimpositions of the aligned structures were obtained from the last half of the

simulations.
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Figure S5. Time evolution of D1 and D2 for pBCR–SH2GRB2 and BCR–SH2GRB2, pEGFR–

SH2GRB2 and EGFR–SH2GRB2, and pBCR–nSH2p85α and BCR–nSH2p85α, and pBCR–cSH2p85α and

BCR–cSH2p85α. D1 is the distance between the Cα atom of N179 in pBCR/BCR, or N1070 in

pEGFR/EGFR, and the center of mass of the Cα atoms of the residues (F108, K109, L120, and

W121 in SH2GRB2; I381, F392, Y416, and N417 in nSH2p85α; and C670, F681, H706, and L710

in cSH2p85α) forming the specificity pocket of the SH2 domains. D2 is the distance between the

Cα atom of pY177 in pBCR, Y177 in BCR, pY1068 in pEGFR, or Y1068 in EGFR, and the Cα

atoms of the residues (R67, R86, S88, S90, S96, H107, and K109 in SH2GRB2; R340, R358, S361,

T362, K382, and L380 in nSH2p85α; and R631, R639, H669, and V671 in cSH2p85α) forming the

pY-binding pocket of the SH2 domains.
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Figure S6. Root-mean-square fluctuations (RMSFs) of pBCR in the pBCR-SH2GRB2 and pBCR-

cSH2p85α systems. RMSFs are calculated for the last half of the simulations.
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Figure S7. Characterization of type Ⅰ β-turn conformation of pY/Y-peptides in complex with

SH2GRB2. (a) Definition of DCα(i)-Cα(i+3) and the torsion angles of ϕ1, ψ1, ϕ2, and ψ2. (b) DCα(i)-Cα(i+3)

and (c) ϕ1, ψ1, ϕ2, and ψ2 of the peptides in pBCR–SH2GRB2, BCR–SH2GRB2, pEGFR–SH2GRB2,

and EGFR–SH2GRB2.
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Figure S8. (a) SH2GRB2-binding motifs collected from literatures. The motifs are sorted in the

decreasing order of binding affinity to SH2GRB2. (b) Putative five-residue motifs for the binding

of SH2GRB2 with the optimal binding affinity.
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Figure S9. Interaction interfaces of pBCR–SH2GRB2, BCR–SH2GRB2, pEGFR–SH2GRB2, and

EGFR–SH2GRB2 systems. Interfacial residues are shown as sticks. Hydrophobic, hydrophilic,

positively charged, and negatively charged residues are colored white, green, blue, and red,

respectively. The yellow and black labels denote the peptide and SH2GRB2 residues, respectively.
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Figure S10. (a) Probability distribution functions of the distance between W121 in SH2GRB2 and

Q179/A179/G179 in pBCRN179Q/pBCRN179A/pBCRN179G, dQ/A/G-W121, and (b) superimposed

snapshots representing the dynamic behaviors of W121 sidechain for pBCRN179Q–SH2GRB2,

pBCRN179A–SH2GRB2, and pBCRN179G–SH2GRB2.
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Figure S11. Schematic illustration of RTK-dependent in healthy cells and BCR-ABL-dependent

Ras/MAPK signaling pathways in CML cells.
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Table S1. Intermolecular pair residues with contact probability >=60% for pY/Y–SH2GRB2

systems.

pBCR-SH2GRB2 BCR-SH2GRB2 pEGFR-SH2GRB2 EGFR-SH2GRB2

F176-H107 F176-R67 E1067-R67 E1067-H107

pY177-R67 F176-H107 E1067-H107 Y1068-S96

pY177-R86 Y177-S96 pY1068-R67 Y1068-H107

pY177-S88 Y177-H107 pY1068-R86 Y1068-F108

pY177-S96 Y177-F108 pY1068-S88 Y1068-K109

pY177-H107 Y177-K109 pY1068-S96 I1069-Q106

pY177-F108 V178-Q106 pY1068-H107 I1069-H107

pY177-K109 V178-H107 pY1068-F108 I1069-F108

V178-Q106 V178-F108 pY1068-K109 I1069-W121

V178-H107 V178-W121 I1069-Q106 I1069-S141

V178-F108 V178-S141 I1069-H107 N1070-F108

N179-F108 N179-F108 I1069-F108 N1070-K109

N179-K109 N179-K109 I1069-W121 N1070-L111

N179-L111 N179-L111 N1070-F108 N1070-L120

N179-L120 N179-L120 N1070-K109 N1070-W121

N179-W121 N179-W121 N1070-L111

V180-K109 V180-K109 N1070-L120

V180-L111 V180-L111 N1070-W121

F182-W121 E185-R67

E185-R142
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Table S2. pY-peptides of different proteins with affinity to the SH2GRB2 domain.

Protein Name pTyr Peptide Sequence Reference

BCR 174KPFpYVNV180 (1)

EGFR 1067EpYINQ1071 (2)

β-PDGFR 701LQHHSDKRRPPSAELpYSNALPVG723 (3)

DF3 1243pYTNP1246 (4)

SIT 90pYGNL93 (5)

SIT 188pYANS191 (5)

IRS-1 891SPGEpYVNIEFGS902 (6)

SHC 314DPSpYVNVNQNL324 (6)

SHC 236DHQpYYND242 (7)

SHP2 542pYTNI545 (8)

SHP2 584pYENV587 (9)

FAK 924VpYENV928 (10)

c-MET 1356pYVNV1359 (11)

c-Kit/SCFR 694QEDHAEAALpYKNLLHSKESS713 (12)

c-Kit/SCFR 928ISESTNHIpYSNLANCSPNR946 (12)

CD28 188HSDpYMNMTPR197 (13,14)

AICD 679QNGpYENPTY687 (15)

Modified AICD 679QNGpYVNPTY687 (15)

LAT 108ASpYENE113 (16)

LAT 125DDpYHNP130 (16)

LAT 169DDpYVNV174 (16)
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LAT 189REpYVNV194 (16)

LAT 224PDpYENL229 (16)

PLD2 168NpYLNR172 (17)

PLD2 178FpYRNY182 (17)

HER2/Neu 1138EpYVNQ1142 (18)
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Table S3. Intermolecular pair residues with interaction energies <-20 kcal/mol for pY/Y-

peptide–SH2GRB2 systems.

pBCR–SH2GRB2
Energy

(kcal/mol)
BCR–SH2GRB2

Energy

(kcal/mol)
pEGFR–SH2GRB2

Energy

(kcal/mol)
EGFR–SH2GRB2

Energy

(kcal/mol)

pY177-R67 -138.35±3.85 E185-R67 -63.64±20.64 pY1068-R67 -128.26±4.64 E1067-R67 -40.59±4.90

pY177-R86 -127.18±2.66 E185-R86 -29.01±7.12 pY1068-R86 -95.83±5.23

pY177-K109 -144.68±5.61 E185-K109 -59.05±17.37 pY1068-K109 -154.9±8.45

pY177-S88 -27.29±3.31 pY1068-S88 -29.73±2.33

pY177-S90 -26.11±2.58 E1067-R67 -49.14±3.48

pY177-S96 -28.51±2.79

E185-R142 -78.82±15.89
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Table S4. Hydrogen bonds between residues in SH2GRB2 domain and residues in pBCR, BCR,

pEGFR, and EGFR.

System Donor Acceptor Occupancy (%)

pBCR‒SH2GRB2

R67GRB2-S pY177pBCR-S 100.00

R86GRB2-S pY177pBCR-S 100.00

S88GRB2-S pY177pBCR-S 69.36

S90GRB2-S pY177pBCR-S 54.80

S96GRB2-S pY177pBCR-S 99.04

K109GRB2-S pY177pBCR-S 90.56

V178pBCR-B H107GRB2-B 92.56

K109GRB2-B N179pBCR-S 95.60

N179pBCR-S K109GRB2-B 97.60

N179pBCR-S L120GRB2-B 86.08

BCR‒SH2GRB2

V178BCR-B H107GRB2-B 91.60

N179BCR-S K109GRB2-B 97.12

K109GRB2-B N179BCR-S 94.40

N179BCR-S L120GRB2-B 86.40

R67GRB2-S E185BCR-S 59.36

pEGFR‒SH2GRB2

R67GRB2-S pY1068pEGFR-S 98.40

R86GRB2-S pY1068pEGFR-S 85.04

S88GRB2-S pY1068pEGFR-S 93.52

S96GRB2-S pY1068pEGFR-S 82.40

K109GRB2-S pY1068pEGFR-S 98.64
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I1069pEGFR-B H107GRB2-B 87.44

N1070pEGFR-S K109GRB2-B 97.44

K109GRB2-B N1070pEGFR-S 97.44

N1070pEGFR-S L120GRB2-B 85.76

EGFR‒SH2GRB2

I1069EGFR-B H107GRB2-B 86.64

K109GRB2-B N1070EGFR-S 94.56

N1070EGFR-S K109GRB2-B 89.28

N1070EGFR-S L120GRB2-B 76.24

Hydrogen bonds listed in the table have the occupancy > 50% during last 500-ns simulations. S

and B indicate sidechain and backbone of residues.
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