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ABSTRACT: We studied the interactions between the SH2 domain of growth factor receptor binding protein
2 (Grb2) and ErbB receptor-derived phosphotyrosyl peptides using molecular dynamics, free energy
calculations, and surface plasmon resonance (SPR) analysis. Binding free energies for nine phosphotyrosyl
peptides were calculated using the MM-PBSA continuum solvent method, and excellent qualitative
agreement with the SPR experimental data, with a correlation coefficient of 0.92, was obtained. Consistent
with previous experimental findings, phosphotyrosyl peptides with the consensus sequence pYXNX showed
favorable binding affinity for the Grb2. Unexpectedly, phosphotyrosyl peptides with the consensus sequence
pYQQD, which had not shown any specific binding affinity for the Grb2 in earlier studies, also showed
favorable binding affinity for the Grb2 in our experimental and computational analyses. Component analysis
of the calculated binding free energies revealed that van der Waals interaction between the Grb2 and the
phosphotyrosyl peptide was the dominant factor for specificity and binding affinity. These results indicate
that current methods of estimating binding free energies are efficient for obtaining important information
about protein-protein interactions, which are essential for the transmission of signals in cellular signaling
pathways.

As the regulatory mechanisms of adaptor proteins in signal
transduction cascades are revealed, adaptor proteins are
readily gaining importance as new drug targets (1). The
growth factor receptor binding protein 2 (Grb2)1 is composed
of one Src homology 2 (SH2) domain and two SH3 domains.
It links several membrane receptor kinases and the SH3
binding molecules, thereby activating the Ras-MAPK cascade
(2, 3). The SH2 domain of Grb2 binds to phosphotyrosyl
residues on various membrane receptors, such as IGF-I
receptors (4), TrkA receptors (5), ErbB receptors (6), and
platelet-derived growth factor (PDGF) receptors (7), and to
adaptor proteins such as FRS and Shc (5).

Surface plasmon resonance (SPR) and isothermal titration
calorimetry (ITC) are two popular biochemical techniques
for measuring direct protein-protein/peptide interactions and
produce virtually identical results (8). Analysis of interactions
between phosphotyrosyl peptides (P-peptides) and the Grb2
protein and Grb2 SH2 domain have been conducted inde-
pendently by many research groups, and pYXNX was
determined to be a Grb2 binding peptide (9-11). However,
a recent study has suggested that the pYXNX sequence is a
highly cross-reactive SH2 binding site and not a Grb2
specific binding motif (12). This study showed that N atp
+ 2 functions as the main determinant for Grb2 SH2 affinity
and that the residue onp + 1 serves as a prime determinant
for Grb2 SH2 specificity; it concluded that the pYKNI/L
sequence is specific for Grb2 SH2 binding. In the realm of
cell biology, however, it is difficult to apply this strategy to
distinguish the specific binding sites for Grb2 in ErbB
receptors. For example, pY1068 (pYINQ) and pY1086
(pYHNQ) in ErbB1 ()EGF receptor) are specific binding
regions for the Grb2 SH2 domain (9-11); however, ErbB4
pY1188 (pYHNA) and pY1242 (pYWNH) have been
determined to be Shc binding sites (13).

Molecular dynamics (MD) simulation has been useful in
investigating protein-protein, protein-ligand, and protein-
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DNA interactions at the atomic level. A new method,
molecular mechanics Poisson-Boltzmann surface area (MM-
PBSA), was recently proposed for calculating the binding
free energies of macromolecules (14, 15). This method
combines MD simulations in explicit solvent with implicit
solvation models, Poisson-Boltzmann (PB) analysis (16-
19), and solvent accessible surface area (20) to estimate free
energies. The free energy of the macromolecular system
consists of contributions from van der Waals and electrostatic
energies, nonpolar and electrostatic solvation energies, and
relative solute entropy effects (21). The van der Waals and
electrostatic energies are calculated using molecular mechan-
ics (MM); the nonpolar solvation energy is estimated using
empirical methods based on the solvent accessible surface
(SA); and the electrostatic solvation energy is obtained by
using a continuum solvation model and solving the PB
equation. The entropy contribution can be estimated using
normal-mode analysis (22). In previous studies, the MM-
PBSA method has been successfully applied in the calcula-
tion of binding free energies (23-27).

A special purpose computer for MD, the Molecular
Dynamics Machine (MDM), can calculate large-scale long-
range interactions (van der Waals and Coulomb) with high
speed and accuracy (28). The MDM allows us to perform
several MD simulations for estimating binding free energies
between a receptor protein and its various ligands on a
realistic time scale.

In this study, we used the MDM for MD simulations of
the Grb2 complexed with the nine different P-peptides to
estimate their binding free energies, and these binding free
energies were compared with SPR experimental data. We
conducted SPR analysis of the kinetic constants and affinities
for the binding of full-length Grb2 protein and Grb2 SH2
domain with nine P-peptides derived from ErbB1 and ErbB4.
Our results were further confirmed by the free energy change
(∆G) produced by the interaction of the Grb2 SH2 domain
and P-peptides using MD simulations and the MM-PBSA
method. Computational analyses reproduced the ligand
specificity for all the ErbB P-peptides tested in our SPR
experiments, which means that MD simulation can be used
for in silico screening for Grb2-binding ligands. The MDM
is a very effective tool for such analysis.

MATERIALS AND METHODS

P-Peptide Synthesis. P-peptides in which the N-terminal
was biotinylated were synthesized by a PMSS8 synthesizer
(Shimazu, Inc.) with theNR-N-(9-fluorenyl) methoxycar-
bonyl (Fmoc) method using 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) (Toray
Research Center, Inc.). The sequences corresponding to
human ErbB-derived P-peptides are listed in Table 1.

Protein Expression and Purification. cDNA encoding full-
length human Grb2 (a.a. 1-217) and Grb2 SH2 domain (a.a.
60-152) were subcloned in the expression vector pGEX
(Amersham Biosciences), and glutathioneS-transferase
(GST) fusion proteins were produced inEscherichia coli
through isopropylâ-D-thiogalactopyranoside induction; the
proteins were then purified with GSTrap column (Amersham
Biosciences) according to the manufacturer’s protocol. The
Grb2 SH2 domain was dialyzed against HEPES buffer [20
mM HEPES (pH 7.0), 2 mM dithiothreitol (DTT)]. The full-

length Grb2 GST fusion proteins were further subjected to
anion exchange chromatography in 20 mM Tris-HCl (pH
8.0), 1 mM DTT and eluted with gradient elution of 1 M
NaCl. The GST fusion proteins obtained were pooled and
dialyzed with 20 mM HEPES (pH 7.0), 2 mM DTT. The
purities of the samples were checked using SDS-PAGE,
and the protein concentrations were determined with Protein
Assay Reagent (Bio-Rad).

Interaction Analysis. BIAcore 3000 system (Pharmacia,
Inc.) was used to experimentally determine the kinetic
constants of the protein-P-peptides interactions. Sensor chip
SA was preconditioned with a solution containing 1 M NaCl
and 50 mM NaOH, and biotinylated P-peptides were
immobilized on the chip in HBS-EP running buffer [10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005%
polysorbate 20 (v/v)]. The corresponding biotinylated P-
peptides were diluted to between 10 pM and 1µM in HBS-
EP running buffer and injected at 2µL/min until a suitable
level of response was obtained (100-160 RU). The level of
immobilized peptides was carefully determined to minimize
mass transport limitations.

To measure the association of the Grb2 protein and the
Grb2 SH2 domain with ErbB-derived P-peptides, a continu-
ous flow of HBS-EP running buffer was maintained at 20
µL/min, and different concentrations of Grb2 proteins (1.95-
500 nM) were passed over the immobilized peptides for 2
min. The dissociation constant was measured in free HBS-
EP running buffer for 2 min. To remove the protein from
the peptide, a regeneration buffer (10 mM glycine-HCl, pH
2.0 or 1.5, or 50 mM sodium hydroxide) was applied. The
specific binding of protein-P-peptides were obtained by
subtracting the nonspecific protein binding of the corre-
sponding unphosphorylated peptides or blank chip. The data
were analyzed using BIAevaluation 3.0 software to determine
the association rate constant (kass) and the dissociation rate
constant (kdiss) with a nonlinear least-squares method.KD was
obtained by calculatingkdiss/kass. We performed three inde-
pendent measurements for each protein-peptide interaction
and obtained the average.

System Setup for MD Simulation. The X-ray structure of
Grb2 SH2 domain, which is 98 amino acids long (a.a. 56-
153) and bound with EpYIN (P-peptide; EGF receptor
pY1068), was taken from the Protein Data Bank (pY;
phosphotyrosine) (Figure 1) (29). The PDB entry was 1ZFP.
The complex structures of P-peptides (Table 1) with Grb2
SH2 domain used in this study were constructed based on
the X-ray structure using MOE (Chemical Computing Group,
Inc.). The following modeling procedures were used: (1)
amino acid residues were added, deleted, or replaced with

Table 1: Amino Acid Sequences of P-Peptides

P-peptide sequencea

ErbB1 pY0992 DDVVDADEpYLIPQQGFFFS
pY1045 KEDSFLQRpYSSDPTGA
pY1068 DTFLPVPEpYINQSVPKR
pY1086 AGSVQNPVpYHNQPLNPAPS
pY1148 QISLDNPDpYQQDFFPKEAK
pY1173 GSTAENAEpYLRVAPQSSE

ErbB4 pY1056 HSPPPApYTPMSGNQ
pY1188 KNGDLQALDNPEpYHNASNGP
pY1242 PEKAKKAFDNPDpYWNHSLPP

a pY is phosphotyrosine.
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appropriate residue manually and (2) the structure was energy
minimized in a vacuum with all atom position fixing of the
Grb2 SH2 domain. The Grb2 SH2 domain was extracted
from the Grb2-pY1068 complex as the initial structure for
MD simulation of free Grb2. Nine P-peptides were also
extracted from each complexed structure as the initial
structures for MD simulations of the free P-peptides. Partial
phosphotyrosine charges, which are not included in the
standard parm96 parameter set (30), were calculated using
RHF/6-31*G single point calculation with Gaussian98
(Gaussian, Inc.) and the restrained electrostatic potential
(RESP) method (31). The N and C termini of the P-peptides
were capped by acetyl andN-methyl groups, respectively.
The nine modeling complexes, free Grb2, and nine free
P-peptides were surrounded by TIP3P water molecules (32)
spherically. The size of each sphere was chosen so that the
distance of the atoms in the protein from the wall was greater
than 15.0 Å. The fully solvated systems were minimized
using 100 steps of steepest descent followed by 4900 steps
of conjugate gradient method.

Equilibration and MD Simulation. All MD simulations
were carried out using the modified Amber 6.0 (33) for
MDM on a PC (Athlon 1.6 GHz) with an MD-Grape2 board
(2 chips; 64 Gflops) (28). The parm96 force field (30) was
adopted, and time step was set at 1 fsec. All nonbonded
interactions, van der Waals, and Coulomb forces and energies
were calculated using MDM. The bond lengths involving
hydrogen atoms were constrained to equilibrium lengths
using the SHAKE method (34). The temperature of each
system was gradually heated to 300 K during the first 100
ps period, and additional 900 ps MD simulations were
performed for data collection. The temperature was kept
constant at 300 K using the method of Berendsen et al. (35)

coupled to a temperature bath with coupling constants of
0.2 ps.

MM-PBSA. The binding free energy is calculated as

The production MD trajectory was collected for a 300 ps
period (from 700 to 1000 ps) with each snapshot saved every
10 ps. The set of structures obtained by an MD trajectory
was sampled for use in estimating binding free energies. In
the analysis of the binding free energies, the water molecules
were replaced with implicit solvation models.< > denotes
the average for a set of structures along an MD trajectory.
Einternal includes the bond, angle, and torsional angle energies,
andEelectrostaticandEvdW are intermolecular electrostatic and
vdW energies, respectively. TheGsolvation

polar was calculated
by solving the PB equation using the MEAD program (18,
19). PARSE (36), vdW radii, and parm96 charges were used
in this calculation. The grid spacing used was 0.5 Å. The
dielectric constants inside and outside the molecule were 4.0
and 80.0, respectively. In eq 4, which calculates the nonpolar
solvation contribution,A is the solvent accessible surface
area calculated using the MSMS program (20), andγ andb
are 0.00542 kcal/mol Å2 and 0.92 kcal/mol, respectively. The
probe radius was 1.4 Å. Normal-mode analysis was used to
estimate conformational entropy,-T∆S, using the NMODE
module in the Amber 6.0 software package.

RESULTS

SPR Analysis. Overall, full-length Grb2 protein and Grb2
SH2 domain showed the same specificity for the all ErbB-
derived P-peptides in the SPR analysis (Table 2). However,

FIGURE 1: Crystal structure of the Grb2-P-peptide complex
(pY1068, PDB 1ZFP). The structure is shown using a space filled
model. The Grb2 is blue, and P-peptide is red. Phosphotyrosine
and N atp + 2 are green and yellow, respectively.

Table 2: Grb2-P-Peptide Binding Affinity

P-peptide
binding
protein

ka

(×104 M-1 s-1)
kd

(×10-3 s-1)
KD

(nM)

pY1086 Grb2 full 0.464( 0.046 0.891( 0.020 192.0( 23.0
Grb2 SH2 84.2( 4.2 7.32( 0.17 8.69( 0.63

pY1188 Grb2 full 10.1( 4.6 7.56( 0.40 74.5( 37.5
Grb2 SH2 3.46( 0.49 2.54( 0.13 73.3( 14.1

pY1068 Grb2 full 1.09( 0.13 0.608( 0.063 56.0( 12.3
Grb2 SH2 81.8( 1.9 3.30( 0.06 4.03( 0.17

pY1242 Grb2 full 5.34( 0.20 9.53( 0.10 178.0( 9.0
Grb2 SH2 3.15( 0.16 2.99( 0.18 94.7( 10.4

pY1148 Grb2 full Wa W W
Grb2 SH2 13.8( 0.6 4.03( 0.16 29.2( 2.5

pY1056 Grb2 full NBb NB NB
Grb2 SH2 NB NB NB

pY1173 Grb2 full NB NB NB
Grb2 SH2 NB NB NB

pY1045 Grb2 full NB NB NB
Grb2 SH2 NB NB NB

pY0992 Grb2 full NB NB NB
Grb2 SH2 NB NB NB

a Weak binding.b No binding.

∆Gbinding ) G(complex)- [G(free Grb2)+
G(free P-peptide)] (1)

G(molecule)) 〈EMM〉 + 〈Gsolvation
polar〉 +

〈Gsolvation
nonpolar〉 - TS (2)

〈EMM〉 ) 〈Einternal〉 + 〈Eelectrostatic〉 + 〈EvdW〉 (3)

Gsolvation
nonpolar) γA + b (4)
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the SH2 domain showed relatively higher affinity (smaller
KD) than the full-length Grb2 protein for all P-peptides. The
sensorgrams of the interaction pattern between the Grb2
protein/Grb2 SH2 domain and the pY1068 peptide were
virtually identical (Figure 2).

In this study, ErbB1-derived pY1068, pY1086, pY1148
and ErbB4-derived pY1188 and pY1242 were identified as
specific Grb2 binding peptides. With the exception of
pY1148, all of these peptides possessed the pYXNX motif.
The results for pYXNX peptides were consistent with those
of previous sequence study (12). Although ErbB4-derived
pY1188 and pY1242 were identified as the Shc binding sites
in cellular experiments (13), our study found that these sites
may also work for Grb2 binding. The results for pY1068
and pY1086 were qualitatively consistent with a previous
study involving SPR analysis using Grb2 GST fusion proteins
where their affinities were 30 and 60 nM, respectively (9).
We also tested an effect of different flow rates (20, 30, 40,
and 50 µL/min) on the interaction analysis. Our results
essentially showed identical binding curves andKD; therefore,
we concluded that there was no effect of the flow rates on
the data obtained.

MD Simulations. We performed 1 ns MD simulations of
nine Grb2-P-peptides complexes (Table 1), a free Grb2, and
nine free P-peptides (Table 1) to estimate their binding free
energies (19 ns total). The backbone heavy atom root-mean-
square (rms) deviations of the Grb2 and the P-peptides from
the initial modeling structure for each simulation are shown
in Figure 3. In Grb2-P-peptide complex simulations, Grb2
was very stable with the rms deviation<1.5 Å (Figure 3A).
We also performed an MD simulation of free Grb2 to
calculateG (free Grb2) in eq 1, and this rms deviation was
also small (<1.5 Å, Figure 3C). Since the initial structures
of all P-peptides in our MD simulations were modeled, the
rms deviations of the P-peptides (complexed and free)
fluctuated greatly (Figure 3B,D).

Binding Free Energies of Grb2-P-Peptides. In our
experiments, the only exception to the pYXNX rule was the
ErbB1 pY1148. The pY1148 peptide showed either weak
or strong affinity for Grb2 protein or its SH2 domain,
whereas the other P-peptides (pY0992, pY1045, pY1056,
and pY1173) showed no affinity for the Grb2 (Table 2). The
calculated and measured binding free energies of the set of
P-peptides to Grb2 SH2 domain are shown in Table 3. The
binding free energies obtained with MM-PBSA were in
excellent qualitative agreement with our SPR analysis. The
correlation coefficient between calculated and experimental
binding free energies was 0.92 (Figure 4). The P-peptides
with a consensus sequence of pYXNX (pY1068, pY1086,
pY1188, and pY1242) showed favorable binding affinity for
the Grb2 (Tables 2 and 3), consistent with previous experi-
mental studies (8-11). An unexpected observation was that
a P-peptide with pYQQD (pY1148), which had not been
identified as a direct binding site of the Grb2 in earlier
studies, also showed favorable binding affinity for the Grb2
in our experimental and computational analyses (Tables 2
and 3).

Component Analysis of Binding Free Energies. The
correlation coefficients between the measured binding free
energies and each component of the calculated figures were
compared to identify what energetic factors were dominant
for binding affinity (Table 4). We found that van der Waals
energy (vdW term,r was 0.69) and nonpolar solvation
contribution (SA term,r was 0.73) had better correlation with
binding affinity. The other componentssthe electrostatic
interaction energy (Coulomb term,r was 0.45), the electro-
static solvation energy (PB term,r was 0.47), and the entropy
contribution (r was 0.01)sshowed no correlation (Table 4).
The SA term was smaller than the vdW term in the order of
10 (Table 3). Therefore, we considered the van der Waals
interactions between the Grb2 and the P-peptide to be the
dominant factor for binding affinity. To clarify this, we
analyzed the Grb2-P-peptide interfaces. During 1 ns MD
simulations, phosphotyrosine formed hydrogen bonds stably
with R31 and S33 in Grb2 (Figure 5), irrespective of its
binding affinities. In the cases of specific binding of

FIGURE 2: Binding of Grb2 to immobilized ErbB1 pY1068
phosphopeptide. (A) Sensorgrams for the binding of full-length
Grb2 protein, with concentration of Grb2 in the range of 62.5-
500 nM. (B) Sensorgrams for Grb2 SH2 domain, with concentration
of the protein in the range of 1.95-31.3 nM.

FIGURE 3: Backbone heavy atom rms deviations of the Grb2 (A),
complexed P-peptides (B), free Grb2 (C), and free P-peptides (D)
from initial modeling structures as a function of simulation time.
Black line, pY0992; red line, pY1068; light green line, pY1086;
blue line, pY1045; cyan line, pY1148; dark green line, pY1173;
orange line, pY1056; brown line, pY1242; and gray line, pY1188.
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P-peptides to the Grb2, such as with pY1068, pY1086,
pY1188, and pY1242, there was an N atp + 2 (pYXNX).
The N atp + 2 also formed hydrogen bonds stably with
K54 and L65 during the MD simulations (Figure 5). In
contrast, in the cases of unbound P-peptides (such as
pY0992), we could find no hydrogen bonds around phos-
photyrosine, and the distance between the Grb2 and the
P-peptide became large (Figure 5). Interestingly, in the cases
of pY1148 and pY1045, which have Q and S atp + 2, the
Q and S formed hydrogen bonds with K54 and L65 in the
same way as specific binding P-peptides. However, the
distances between Grb2 and P-peptide were larger in pY1148
and smaller in pY1045 than those of specific binding
P-peptides (Figure 5) derived from long side chains. The
unexpected binding of the pY1148 to Grb2 may have been
caused by the formation of the hydrogen bonds between Q
at p + 2 and Grb2 at favorable distances between the two
molecules. In contrast, pY1045 no longer showed specific
binding (Tables 2 and 3) caused by the clash of the P-peptide
with the Grb2, even though S atp + 2 formed hydrogen
bonds with K54/L65 (Figure 5). From these results, we
concluded that not only the formation of hydrogen bonds at
p + 2 (Coulomb interaction) but also the van der Waals
packing between the Grb2 and P-peptide is a key inter-

action for their specific binding. Thus, our speculation that
van der Waals interactions between the Grb2 and the
P-peptide are the dominant factor for binding affinity is
reasonable.

DISCUSSION

Amplification and mutation of ErbB receptors are impli-
cated in the incidence of certain types of human cancers and
has been regarded as the primary target for antitumor agent
screening (37, 38). The ErbB receptors are tyrosine phos-
phorylated after the binding of growth factors and recruit
several kinds of signaling cassettes, causing distinct cellular
responses such as cellular proliferation and differentiation.
Grb2 is an adaptor protein that mediates the interaction of
phosphorylated-ErbB receptor with Sos protein and plays an
important role in regulating the signal transduction cascade.
In this study, we compared the binding affinity of Grb2 and
P-peptides derived from ErbB1 and ErbB4 receptors.

Of all the P-peptides (ErbB1-derived pY0992, pY1045,
pY1068, pY1086, pY1148, and pY1173 and ErbB4-derived
pY1056, pY1188, and pY1242), pY1068, pY1086, pY1188,
and pY1242 showed clear specific binding to Grb2 protein
in the experimental measurements and calculations, and these
results were consistent with earlier results obtained with SPR
and cellular experiments (9-11). However, our assay showed
that pY1148 was also a specific ligand for full-length and
SH2 domain of Grb2 protein. In an earlier study, pY1148

Table 3: Component Analysis of Calculated Binding Free Energies

P-peptides ∆EvdW
a ∆Eele ∆GPB ∆Gele

b ∆GSA -T∆S ∆Gcalc
c ∆Gexp

d

pY1068 -74.69 -178.36 337.38 159.02 -6.56 34.09 45.42 -11.44
pY1086 -97.41 -129.87 341.67 211.80 -8.41 33.25 57.90 -10.99
pY1148 -56.41 -159.17 369.39 210.22 -4.27 29.60 61.81 -10.27
pY1188 -46.24 -55.37 258.07 202.70 -4.04 34.91 69.29 -9.73
pY1242 -46.24 -124.82 272.45 147.63 -3.17 32.65 77.91 -9.57
pY1173 -66.07 -222.42 340.36 117.94 -5.16 32.67 80.46 NB
pY1045 -50.04 -192.43 304.14 111.71 -4.47 32.24 80.49 NB
pY1056 -20.80 -126.12 235.59 109.47 -4.89 30.55 86.08 NB
pY0992 -62.79 -191.28 504.96 313.68 -5.29 32.40 198.47 NB

a All energies are in kcal/mol.b ∆Gele is ∆Eele + ∆GPB. c Averaged standard deviation of calculated binding free energy is 4.98 kcal/mol.d Averaged
standard deviation of measured binding free energy is 0.06 kcal/mol. NB indicates no binding.

FIGURE 4: Correlation between calculated and experimental binding
free energy.

Table 4: Correlation Coefficients between Components of
Calculated Binding Free Energies and Measured Binding Free
Energies

energy term ∆EvdW ∆Eele ∆GPB ∆Gele
a ∆GSA -T∆S

r 0.69 0.45 0.47 0.02 0.73 0.01
a ∆Gele ) ∆Eele + ∆GPB.

FIGURE 5: Hydrogen bonding patterns between Grb2 and P-
peptides. Grb2 and P-peptide are represented by ribbons and colored
red and green, respectively. Phosphotyrosine is represented by sticks
and colored blue. L12, N12, Q12, and S12 atp + 2 are represented
by sticks and colored in yellow, purple, orange, and cyan,
respectively. R31, S33, K54, and L65 are represented by wireframe
and colored the same as their corresponding binding residues,
phosphotyrosine orp + 2. CR-CR distances between amino acids
are in Å.

Grb2-Phosphopeptide Interactions Biochemistry, Vol. 42, No. 18, 20035199



was shown to bind to the ErbB1 receptor mutant retaining
pY1148 in cellular co-immunoprecipitation assay; however,
a peptide inhibition study showed that pY1148 did not act
as a direct Grb2 binding site; therefore, it had been thought
that Grb2 bound with pY1148 through another adaptor
protein (11, 39). However, our MD simulations and free
energy analysis results also reproduced this specific binding.
Considering the fact that pY0992, pY1045, pY1056, and
pY1173 peptides showed no affinity for Grb2 SH2 domain,
the binding of pY1148 to this protein seems to be rather
specific.

The calculated binding free energies were larger than those
obtained by experiment. This result may have been caused
by the short time scale of the MD simulations. However,
the calculated free energies were qualitatively highly con-
sistent with the experimental results, with a correlation
coefficient of 0.92. For quantitative analysis, we need to
perform longer MD simulations, especially for complexes
and free P-peptides. These simulations should probably be
performed for 10 ns or more for equilibration of the P-peptide
as the P-peptides are short (14-21 amino acids long) and
all of the initial structures for these P-peptides were similar
to the extended structure. We are planning to perform these
longer MD simulations using Protein Explorer, which is
special purpose computer for MD and will be faster than
MDM and developing in our team.

The dominant factor for the binding affinity was van der
Waals interactions between Grb2 and P-peptide from com-
ponent analysis of the calculated binding free energies. From
this analysis, we concluded that the unexpected binding
affinity of the pY1148 was caused by cooperation between
Coulomb and van der Waals interactions (i.e., formation of
hydrogen bonds between Q atp + 2 and K54/L65) and
maintenance of an appropriate distance between the P-peptide
and the Grb2. Therefore, the MD simulation in this study
well-reflected the cellular phenomena, regardless of posses-
sion of the consensus sequence, pYXNX.
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