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Mutation-induced rigidity in the Fyn SH2 domain
enhances pY-binding affinity at the cost of
peptide specificity†

Li Deng, a Yang Zou,a Junbao Zhu,b Lei Li*a and Yanting Wang *cd

Interactions between SH2 domains and tyrosine-phosphorylated (pY) peptides are essential for cellular

signaling. While structural studies have revealed how triple-point Fyn SH2 mutants achieve ultra-high

pY-peptide affinity, the dynamic consequences of these mutations remain unexplored. In this study, we

performed extensive all-atom molecular dynamics simulations on the isolated wild-type Fyn SH2

domain, its mutant, and their complexes with the pY-peptide (EPQpYEEIPIYL). Comparative analyses of

these simulations provided dynamic insights into how mutations within the pY-binding pocket alter the

interaction between Fyn SH2 domain and the pY-peptide. Our results demonstrate that the mutations

significantly influence the dynamic stability of unstructured regions within the SH2 domain and the

domain-peptide interface. Specifically, the mutations enhance the rigidity and stability of the pY-binding

pocket, as well as the overall structural stability of the domain, including the central b-sheet and

terminal regions. This increased rigidity in the mutant enhances interactions between the pY-binding

pocket and pY but weakens the interaction with the peptide residue at the +3 position relative to pY,

thereby compromising the specificity of the domain-peptide interaction. These findings highlight that

the interaction between SH2 domains and pY-peptides is governed not only by the structural properties

of the pY-binding pocket but also by the dynamic stability of the domain itself. This insight could guide

the experimental design of SH2 domains engineered to recognize post-translational modifications with

diverse characteristics.

1 Introduction

Protein phosphorylation is one of the most fundamental post-
translational modifications regulating essential cellular processes
such as transcription, signal transduction, immune responses,
and metabolism.1–4 Among various phosphorylation events in cell,
the recognition of phosphotyrosine (pY)-containing sequences by
Src homology 2 (SH2) domains is crucial for initiating specific
protein–protein interactions.5 SH2 domains play important roles
in both physiological and pathological processes, including cancer,
Noonan syndrome, and immunodeficiencies.6–8 The SH2 domain

consists of approximately 100 amino acids, forming a highly
conserved three-dimensional structure, as shown in Fig. 1. The
domain comprises a central b-sheet flanked by two a-helices,
forming two distinct interaction pockets: the pY-binding pocket
and the specificity pocket, with the latter often recognizing the
position +1 to +3 residues of the pY site.5,9,10 Although over one
hundred SH2 domain-containing proteins have been identified in
the human proteome, the natural binding affinity of SH2 domains
for pY-peptides generally remains in the micromolar range,11,12

which is insufficient for sensitive detection of phosphorylation
events. Therefore, developing SH2 domains with both high-affinity
and precise-specificity is the key for understanding and modulat-
ing phosphorylation-mediated signaling.

To enhance the binding affinity of protein domains, the
directed evolution approache (i.e., phage display) has been used
to generate so-called ‘‘superbinders’’ with nanomolar affinities
for peptides with various post-transcriptional modifications.13,14

The first discovered SH2 domain superbinder, identified by
Kaneko et al. through systematic screening of residues within
the pY-binding pocket, is a mutant containing three mutations.15

Beyond engineered superbinder SH2 domains generated through
directed evolution, a large and diverse family of naturally
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occurring superbinder SH2 domains without specificity pocket
are found within the bacterial kingdom.16 Although mammalian-
derived engineered superbinder SH2 domains often incorporate
specific pockets for residues flanking pY, the enhanced affinity
exhibited by these superbinder domains for phosphorylated
peptides tends to be broadly applicable.17 Structural analysis of
the crystal structure of the complex of superbinder and pY has
shown that affinity gains are driven by a newly formed hydro-
phobic core in the pY-binding pocket by the mutations.15 How-
ever, due to the weak interaction between the specificity pocket
and the corresponding residue, the loss of specificity cannot be
fully explained by the static structures alone, leaving the mecha-
nistic basis of altered selectivity unresolved.

Complementary to structural experiments, all-atom molecu-
lar dynamics (MD) simulations provide valuable time-resolved
insights into the flexibility and interactions of biomolecular
complexes.18–20 MD simulations have become a crucial tool for
elucidating the allosteric effects of SH2 domains,21–24 particu-
larly in understanding the activation mechanism of the SHP2
phosphatase.25,26 These studies have shown that the binding of
phosphopeptides to the N-terminal SH2 domain (N-SH2) of
SHP2 is not merely a ligand binding event but rather remotely
regulates SHP2 activity through intricate allosteric networks.
Combined with nuclear magnetic resonance experiment, MD
simulations have revealed that pY binding can induce the
unzipping of the central b-sheet of N-SH2 domain, consequently
affecting the conformation of the active site of SHP2 and thus
coupling ligand recognition and enzyme activation.27,28 There
are some studies focused on structural determinants of the
pY-binding pocket and the recognition mechanisms of specific
phosphorylated motifs such as ITIM/ITSM,29 but few studies

have systematically analysed how mutations in specific residues
within the pY-binding pocket directly affect the interaction
network within that pocket. Although the structural influence
of oncogenic mutations like N642H in the STAT5B SH2 domain
has been investigated, the study focuses on the impact of
mutations on the overall structure and binding affinity,30 lack-
ing a detailed analysis of the changes in the interface inter-
actions between two pockets within the SH2 domain. Thus, it
remains unclear how mutations of residues within the pY-
binding pocket of SH2 superbinder cause the domain to exhibit
enhanced affinity but loss of specificity.

In this work, we performed extensive all-atom MD simula-
tions to investigate the dynamic consequences of three point
mutations (T39V, S44A, K62L) in the superbinder of Fyn SH2
domain,15 both in isolated form and in complex with the
pY-peptide EPQpYEEIPIYL (pYEEI). Our results show that these
mutations, while strengthening the pY interaction, increase the
structural rigidity of the entire SH2 domain, and particularly
stabilize the central b-sheet and terminal regions. This
enhanced rigidity suppresses the dynamic adaptability of the
specificity pocket and weakens its interaction with the +3
peptide residue. These findings provide new insights into the
recognition of phosphorylation signals by SH2-containing pro-
teins and may inform the rational design of engineered SH2
domains with both high affinity and target-specific selectivity.

2 Methods
2.1 System modelling

The experimental structure of Fyn SH2 and pYEEI complex
(PDB Id: 1AOT)31 was used to represent the initial structures of
isolated Fyn SH2 domain and the complex. To generate the
initial structure for the mutant complex, the structure of
mutated Fyn SH2 predicted by Alphafold2 with ColabFold32,33

was aligned to the structure of the wild-type complex, and then
the coordinates of the mutant after alignment were merged
with the coordinates of pYEEI. All the four systems were placed
at the center of a dodecahedron box, with the smallest dis-
tances between proteins and the box boundary was set to be
1.5 nm to minimize self-interaction across periodic images. The
systems were explicitly solvated with water molecules, and
sodium or chloride ions were added for electric neutralization.
The number of atoms contained in different systems varies, but
was approximately around 30 000.

2.2 Molecular dynamics simulation

The GROMACS2023 software package was used to perform all
MD simulation.34 The Fyn SH2 domain and pYEEI were para-
meterized by using the CHARMM36 force field,35 and the explicit
solvent was represented by the TIP3P water model.36 The periodic
boundary conditions were applied in all simulations to mimic an
infinite system and eliminate boundary effects. The particle-
mesh Ewald method with a cutoff of 1.2 nm was adopted to
evaluate the long-range electrostatic interaction.37 The cuttoff
of the van der Waals interactions was set to be 1.2 nm and the

Fig. 1 (a) The sequence and secondary-structure information of wild-
type and mutant Fyn SH2 as well as the sequence information of pYEEI. (b)
Complex structures of the wild-type Fyn SH2 and pYEEI with different
regions labelled. (c) Surfaces of the pY-binding pockets, where positive
charge, negative charge, polar and nonpolar surfaces are colored in blue,
red, green, and white, respectively.
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non-bonded lists method was used to evaluate the short-range
interaction. The SHAKE algorithm38 was applied to all bonds
involving hydrogen atoms. Prior to the simulation of sampling
configurations, we pre-equilibrated the system by performing
energy minimization and solvent relaxation steps. The steepest
decent method was adopted to perform energy minimization
procedures. In the solvent relaxation procedure, we firstly con-
ducted a 100-ps restrained simulation at a constant volume
(about 216 nm3) and temperature (300 K) and then a 100-ps
restrained simulation at a constant pressure (1 bar) and tem-
perature (300 K), where all the non-hydrogen atoms in the
systems were restrained with a harmonic potential. The V-rescale
method39 with a coupling time constant of 0.1 ps was adopted for
temperature coupling and the Berendsen method40 with a
coupling constant of 1 ps was used for pressure coupling. After
the solvent-relaxation procedure, we performed a 600-ns simula-
tion at a constant pressure (1 bar) and temperature (300 K)
to sample conformations for each system. The method of tem-
perature coupling was the same as the one used in the solvent-
relaxation procedure, but the method of pressure coupling was
replaced by the Parrinello–Rahman barostat41,42 with a relaxation
time of 2.0 ps. The time steps in all simulations were set to be
2 fs. We sampled every 100 ps and performed statistical analysis
on the conformations from the last 500-ns simulation. To further
validate our 500-ns simulation results, we conducted additional
three 200 ns simulations for each system, starting from three
individual representative conformations selected out from the
last 500-ns simulation trajectory. This operation extends the total
simulation time for each system to 1.2 ms.

2.3 RMSD and RMSF

The rmsdist module in the GROMACS software package was
used to calculate the root-mean-square deviation (RMSD) of the
protein backbone conformations in the simulation trajectory to
quantify the change of the protein structure. The rmsf module
in the GROMACS software package was used to calculate the
root-mean-square fluctuation (RMSF) of the backbone Ca
atoms to characterize the thermal fluctuation intensity of the
backbone residues.

2.4 Solvent accessible surface area, hydrogen bond and
salt-bridge

Solvent accessible surface area (SASA), hydrogen bonds and salt-
bridges are critical factors in assessing the stability of protein
structures. By analysing the differences in their dynamics across
various systems, we can gain a deeper understanding of the
relationship between protein structures and functions. We
utilized the sasa module43 in the GROMACS software package
to calculate the SASA of the isolated and complexes of the wild-
type and mutant Fyn SH2. By setting the minimum threshold of
the absolute charge of hydrophilic atoms to 0.2 electrons, the
SASA was classified into two types: hydrophilic and hydropho-
bic. Hydrogen bonds and salt-bridges were analysed with the
VMD software package.44 Hydrogen bonds were evaluated using
a cutoff of 0.35 nm for the donor–acceptor distance along with
an angle cutoff of 301. Salt-bridges were calculated using the

criterion that the distance between any of the oxygen atoms in
the acidic residues and the nitrogen atoms in the basic residues
is within the cut-off distance of 0.32 nm.

2.5 Free energy landscape

The free energy landscape of a protein provides a clear char-
acterization of the most stable conformation as well as possible
pathways and energy barriers for conformational changes. The
Gibbs free energy was used in the analysis of MD simulations,
which is defined as DG = �kBT(ln P(-x) � ln P(-x)), where -

x is the
coordinate vector and P(-x) is the sampling probability. Due to the
high dimensionality of the protein’s coordinates, the complete free
energy landscape cannot be effectively displayed. Therefore, in our
work, we performed principal component (PC) analysis on the
coordinate correlation to reduce the dimensionality and chose the
first two PCs as the coordinates to construct the free energy
landscape. The covar, anaeig, and sham modules implemented
in the GROMACS software package were utilized to carry out these
analyses.

2.6 Secondary structure

The define secondary structure of proteins (DSSP) algorithm45

is a general tool for calculating the secondary-structure content
of proteins according to the input three-dimensional coordi-
nates. This tool has also been incorporated into the GROMACS
software package. The DSSP algorithm was used to analyse both
a single conformation and multiple conformations in the simu-
lation trajectories, which classifies the secondary structures of
proteins into nine types,46 as list in Table S1 (ESI†). When
analysing trajectories, DSSP can generate a corresponding
secondary-structure sequence for each conformation in a tra-
jectory. For a set of secondary-structure sequences, we utilized
the Weblogo algorithm47 to statistically analyse the distribution
of secondary structures at each residue and created a graphical
representation. Since Weblogo can only recognize single-
character labels of either bases or amino acids, we modified
the secondary structure labels ‘‘B’’ and ‘‘B’’ to ‘‘D’’ and ‘‘K’’,
respectively, as list in Table S1 (ESI†).

To quantify the differences for the same residue in different
systems, we defined the difference in secondary-structure
distributions at residue i between system N and M as

di
N;M ¼

X
x2S

pðxÞNi � pðxÞMi
�� �� (1)

where S represents a set of nine different secondary-structure
states. To analyse the diversity of secondary structures at each
residue, we used information entropy to quantify the degree of
disorder in the secondary structure of each residue as

si ¼
X
x2S
�pðxÞi � log pðxÞi

� �
if pðxÞia0 (2)

2.7 Residue–residue contact map

The residue–residue contact map is a crucial representation of
the three-dimensional structure of proteins, which can help us
better understand the characteristics of the three-dimensional
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structural changes under various conditions. We used the
mdmat module in the GROMACS software package to calculate
the average distances between different residues in the
sampled configurations, which form the residue–residue con-
tact map. The difference at the same point i in two systems N
and M is quantified by

DdistiN;M ¼

distiN � distiM
� ��

2 if distiN o 1:5 and distiM o 1:5

0:75 if distiN ¼ 1:5 and distiM o 1:5

�0:75 if distiN o 1:5 and distiM ¼ 1:5

0 if distiN ¼ 1:5 and distiM ¼ 1:5

8>>>>>>><
>>>>>>>:

(3)

2.8 Protein–peptide interface

The interface between a peptide and a protein is crucial for
understanding the interaction stability and specificity. Typi-
cally, the contact SASAs between a protein and a peptide in a
complex can be used to estimate the size and distribution
characteristics of their interface. A contact SASA is defined as
the difference between the sum of the individual SASAs of the
protein and the peptide within the complex and the SASA of the
complex as a whole. SASAs were also calculated by the sasa
module44 in the GROMACS software package. We then statis-
tically analysed the contact residues for each residue of the pY-
peptide to elucidate the interface characteristics in detail.
Furthermore, we calculated the proportion of water in contact
with each pY-peptide residue to assess its degree of solvent
exposure. In this analysis, the select module in the GROMACS
package was used to fetch the contact residues for each residue.
A contact residue was defined as the one that is located within
0.6 nm from the target residue. To assess the stability of protein
residues at the interface, the occupancy of a contact residue is
defined as the proportion of time it appears in the sampled
configurations. Based on the residue occupancy, we classified
the contacts into different stability levels. It is considered a
stable contact when the occupancy is greater than 50%, a
moderately stable contact when it is greater than 10% but less
than 50%, and an unstable contact when it is less than 10%.
The three-dimensional structures were visualized with VMD44

and PyMOL,48 and the plots were drawn with QtGrace.49

3 Results and discussion
3.1 Little effects of mutations on the Fyn SH2 structure

Based on the structure of the mutated Fyn SH2 predicted by
Alphafold2, we can analyse the impact of the mutations on the
structures from a structural perspective. As shown in Fig. 1a,
the distributions of the secondary structures for both wild-type
and mutant are similar, particularly in the structured regions,
such as aA and bB. The names of all structural regions, their
corresponding sequence intervals, and their positions in the
three-dimensional space are presented in Table S2 (ESI†) and
Fig. 1b, respectively. By comparing the differences in the

secondary structures across various regions in Table S2 (ESI†),
it can be seen that the average difference in the structured
regions with a helixes and b strands is 0.12, while the average
difference in the unstructured regions is 0.48. Aligning the
predicted structure of the mutant with the crystal structure of
the wild-type reveals an RMSD difference of 0.14 nm, indicating
that the structure predicted by Alphafold2 is overall very similar
to the wild-type, as shown in Fig. S1 (ESI†).

Based on the structure of the complexes, we can analyse
the interface between the domain and each residue of the
pY-peptide by counting the number of adjacent atoms of the
residue. As shown in Fig. 1c, we present the interfaces of the pY
in both the wild-type and the mutant SH2, along with the
corresponding polar and non-polar interactions. The interface
of the wild-type is composed entirely of polar surfaces, while
that of the mutant comprises both polar and non-polar sur-
faces. The non-polar surface is formed by three hydrophobic
mutant residues adjacent to the phenyl ring of the pY, which
was observed in the experiment for Src SH2.15 By comparing the
residues at the interface of pY between the wild-type and
mutant complexes in Table S3 (ESI†), we have found that the
interface of the mutant does not contain the R64 residue
present in the wild-type interface, but includes the residues
D16, Y43, I63, and I73, which are absent in the wild-type.
Similarly, we have analysed the interface of the residue I207
at the +3 position relative to pY, which corresponds to the
specificity pocket. The results in Table S4 (ESI†) show that the
residues on the interfaces of both the wild-type and the mutant
are identical, indicating that the mutations do not alter the
structure of the specificity pocket. In the subsequent sections,
we will comprehensively analyse the effects of the mutations on
protein–peptide interactions from a dynamic perspective.

3.2 Mutations reduce thermal fluctuations in the Fyn SH2 domain

To assess the dynamic properties of the SH2 domain, we
calculated its RMSD and RMSF as an initial analysis. Fig. S2
(ESI†) displays five snapshots of the system taken at 100 ns
intervals, illustrating the overall structural stability of the
domain. However, due to the small molecular weight of the
domain, the RMSD of molecules may be more prone to being
influenced by terminal fluctuations, as shown in Fig. S3 (ESI†).
To mitigate the influence of thermal fluctuations on the
assessment of structural stability, we calculated the RMSD for
the central region containing 88 residues, from aA to aB, as
shown in Fig. 2a and Fig. S4 (ESI†). For all systems, the average

Fig. 2 RMSDs (a) and RMSFs (b) for different systems.
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RMSD values are significantly below 0.25 nm, which is the
conventional threshold for assessing structural similarity.
These results indicate that the central region of the protein
exhibits high stability. The average RMSD of the central region
of the mutant is 0.09 nm, lower than 0.16 nm observed for the
wild-type. In the complex, the average RMSD of the central
region of the mutant remains unchanged, while that of the
wild-type decreases to 0.14 nm. These results suggest that
interactions with the pY-peptide facilitate the stabilization of
the central region in the wild-type but has a smaller impact on
the mutant. Regardless of its interaction with the pY-peptide,
the central region of the wild-type exhibits a larger RMSD
compared to the initial structure, indicating that the mutations
can also enhance the stability of the central region of the SH2
domain.

The RMSF of each residue’s Ca atom was used to assess the
thermal-fluctuation intensity of each residue, as shown in
Fig. 2b and Fig. S5 (ESI†). Thermal fluctuations in unstructured
regions are typically greater than those in structured regions,
and both regions are labelled in Table S2 (ESI†). For example,
the average RMSF value is 0.09 nm in the structured regions,
while the average RMSF value is 0.13 nm in the unstructured
regions for the isolated wild-type. For the isolated mutant, the
average RMSF values for the structured and unstructured
regions are 0.067 nm and 0.138 nm, respectively, both of which
are lower than those observed for the wild-type. This indicates
that the mutations not only reduce the thermal fluctuations in
the structured regions but also in the unstructured regions.
Meanwhile, the thermal fluctuations of the residues in the
mutant are lower than those in the wild-type, particularly in
the terminals, and BC loop regions. This indicates that the
mutations contribute to reduced flexibility in the SH2 domain.
The various flexibility of proteins results in different responses
during their interactions with pY-peptides. In the complex, the
average RMSF values for the structured and unstructured
regions of the wild-type are 0.146 nm and 0.288 nm, respec-
tively, indicating an overall enhancement in structural
dynamics, particularly reflected by increased fluctuations in
the C-terminal region. For the mutant, the average RMSF values
for the structured and unstructured regions are 0.063 nm and
0.11 nm, respectively, indicating a slight reduction in the overall
thermal fluctuations of the domain.

3.3 Mutations enhance internal interactions in the Fyn SH2
domain

The thermal fluctuations of protein residues arise from a
balance between intramolecular interactions and interactions
with surrounding water molecules, and these fluctuations can
be influenced by the solvent-accessible surface area (SASA),
which reflects the degree of solvent exposure. By calculating
the hydrophilic and hydrophobic SASAs of the isolated wild-
type and mutant proteins, as shown in Fig. 3a, the wild-type
shows hydrophobic and hydrophilic SASAs of 34.59 nm2 and
39.85 nm2, respectively, both of which are larger than the
mutant’s values of 32.88 nm2 and 37.26 nm2. At the same time,
the SASA distributions of the mutant are more concentrated.

These results imply that the structure of the mutant is more
compact than that of the wild-type. In Fig. S6 (ESI†), we show
the hydrophilic and hydrophobic SASA of the SH2 domain in the
complex. In the complex, the distribution of the hydrophilic and
hydrophobic SASAs of the mutant become more concentrated,
while the overall change in the wild-type is not significant. This
result suggests that the mutations induce conformational
changes that alter the surface properties of the SH2 domain
during its interaction with the pY-peptide.

To further illustrate the effects of mutations on protein
dynamic fluctuations and interactions with pY-peptides, we
analysed the statistics of hydrogen bonds and salt-bridge inter-
actions within the protein in different systems. Hydrogen-bond
interactions within the SH2 domain are predominant, with the
average total number of hydrogen bonds in different systems
being approximately 62, in contrast to merely 5 salt-bridges. In
Fig. 3b, we present the distributions of the total number of
hydrogen bonds within the SH2 domain in different systems.
For the isolated domain, the number of internal hydrogen
bonds in the wild-type is 61.12, less than 63.89 observed in
the mutant. Compared to the isolated domain, the number of
internal hydrogen bonds in the wild-type complex slightly
decreases to 60.42, while that in the mutant slightly increases

Fig. 3 (a) Distributions of hydrophobic and hydrophilic SASAs for the
isolated wild-type and mutant. (b) Frequency distributions of hydrogen
bonds. (c) Frequency distributions of hydrogen bonds with different
occupancies. (d) Occupancy of salt-bridges.
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to 64.76. These results indicate that mutations within the pY-
binding pocket strengthen internal hydrogen-bonding net-
works, which may contribute to enhanced structural stability
of the protein.

The occupancy of interactions is also an important metric to
assess protein thermal stability, so the distribution of the number
of internal hydrogen bonds with different occupancies were also
evaluated. The numbers of hydrogen bond types with occupancy
greater than 10% were 98, 106, 108, and 108 for the isolated wild-
type, the wild-type complex, the isolated mutant, and the mutant
complex. Meanwhile, the numbers of hydrogen bonds with
occupancy less than 10% were 701, 759, 545 and 477, respectively.
This result suggests that the mutation enhances the structural
stability of the protein, as evidenced by a reduction in the
number of transient hydrogen bonds. Fig. 3c shows that the
distribution of the number of hydrogen bonds with occupancy is
greater than 10% for different systems. Compared to the wild-
type, the number of hydrogen bonds with occupancy in the
ranges of [80, 90] and [20, 30] are notably increased respectively
by 3 and 6 in the mutant. In the complex, the number of
hydrogen bonds with occupancy in the ranges [80, 90] and [20,
30] are increased by 7 and 6, respectively; in contrast, the number
of hydrogen bonds with occupancy in the ranges [90, 100] and
[70, 80] are notably decreased by 5 and 7, respectively. For the
complex of the mutant, only the number of hydrogen bonds with
occupancy in the range [80, 90] increases by 3 with respect to the
isolated mutant, while the number of hydrogen bonds with
occupancy in the range [20, 30] increases by 3. These results
demonstrate that the mutations similarly affect internal
hydrogen-bond interactions, as binding to the pY-peptide mod-
ulates the response of these interactions in the complex state.

Similar to hydrogen-bond interactions, the mutations
enhance salt-bridge interactions within the proteins and alter
their salt-bridge interactions with pY-peptides. The numbers of
salt-bridge types in different systems are 28, 42, 27, and 31 for
the isolated wild-type, the wild-type complex, the isolated
mutant, and the mutant complex, respectively. In Fig. 3d, we
have plotted the occupancy of 16 types of salt-bridges for
different systems, with each salt-bridge exhibiting an occu-
pancy exceeding 10% in at least one system. For the isolated
domain, the occupancies of 7 salt-bridges are enhanced by the
mutations while the occupancies of the other 4 salt-bridges are
weakened. In the complex, 8 types of salt-bridges are strength-
ened, while only 4 types are weakened in the wild-type. By
contrast, interactions with the pY-peptide enhances 3 types of
salt-bridges while reduces 7 others.

3.4 Mutations and pY-binding modulate conformational
dynamics in the Fyn SH2 domain

To understand the dynamics of the wild-type and mutant
domains in the isolated or complex state, we have analysed
the conformational space occupied by the protein for the first
two principal components. We have evaluated the primary
contributions of the two principal components (PC1 and PC2)
based on their vector compositions, as shown in Fig. S7 (ESI†).
In Fig. 4, we present the free energy landscape along with three

structures corresponding to the local minima of the free energy
for each system. Additionally, we highlight the residues whose
motions primarily contribute to PC1 and PC2 in yellow and
orange, respectively, to emphasize the differences between the
structures. Overall, whether in the isolated or complex state, the
free energy landscape of the wild-type is more dispersed. The
coordinate of PC1 for the isolated wild-type ranges from �3.87
to 4.57, while the coordinate of PC2 ranges from �4.91 to 2.99.
In the complex, the coordinate of PC1 ranges from �8.95 to
6.29, while the coordinate of PC2 ranges from�4.62 to 4.02. For
the isolated mutant, the coordinate of PC1 ranges from �4.57
to 1.31, while the coordinate of PC2 ranges from �1.93 to 1.62.
In the complex, the coordinate of PC1 ranges from �1.78 to
1.59, while the coordinate of PC2 ranges from �1.92 to 1.52. It
is also evident that the interactions with the pY-peptide
increase the range of PC1 for the wild-type while decreasing it
for the mutant. However, the interactions of the pY-peptide
have little effect on the range of PC2 for either the wild-type or
the mutant. These results suggest a reduction in the range of
conformational space explored for both the mutations and pY-
binding, which indicates a change in the overall dynamics of
the domain.

For the isolated wild-type, the primary contribution to PC1
arises from the thermal motion of the unstructured N-terminal
region, while PC2 is influenced by the thermal motions of both
the unstructured N-terminal region and the CD loop region. In
the 55-ns conformation with the lowest free energy shown in
the upper left corner of Fig. 4a, the N-terminal is positioned
close to the aB helix, but they are separated in the other two
conformations. For the isolated mutant, the primary contribu-
tion of PC1 arises from the thermal motion of the unstructured
N-terminal region, while the main contributions of PC2 stem
from the unstructured BG loop region, the EF loop region, and
the N-terminal regions. In the 155-ns conformation with the
lowest free energy shown in the upper right corner of Fig. 4c,
the N-terminal adopts a regular turn and is positioned near the
DE loop. Meanwhile, the connections between the aB helix and

Fig. 4 Free energy landscape of the isolated wild-type Fyn SH2 (a),
complex wild-type Fyn SH2 (b), isolated mutant (c), and complex mutant
(d). Three conformations corresponding to the local minima of the free
energy are presented, where the residues are colored in yellow and
orange, respectively, according to their contributions to PC1 and PC2.
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the BG loop exhibit less deformation compared to the other two
conformations. In the complexes, both the dynamic patterns
and structures of the wild-type and mutant domains exhibit
significant changes. In the complex, the primary contribution of
PC1 in the wild-type arises not only from the N-terminal but also
from the C-terminal. Conversely, for PC2, the primary contribu-
tion no longer involves the thermal motion of the BC loop
region; instead, it pertains to the CD loop region. In the 202.5-ns
conformation with the lowest free energy, shown in the upper
right corner of Fig. 4b, the N-terminal is near the aB helix, but
this proximity occurs at the beginning of the aB region. Mean-
while, the C-terminal forms a bend and is no longer close to the
central b-sheet region. In the mutant complex, the primary
contribution of PC1 arises from the key regions that contribute
to both PC1 and PC2 in the isolated state. Additionally, the
primary contribution of PC2 includes the newly observed ther-
mal motion in the AB, CD, and DE loop regions. In the 383.5-ns
conformation with the lowest free energy, shown on the left side
of Fig. 4d, the N-terminal is close to the DE loop, similar to the
conformation in the isolated state. However, the loop between
the C-terminal and the aB helix has undergone significant
structural changes, leading to the formation of a reverse helical
structure. Compared to the mutant, the N- and C-terminal
regions of the wild-type protein exhibit greater thermal fluctua-
tions, contributing more substantially to the overall dynamics of
the SH2 domain, consistent with the RMSF results. Meanwhile,
mutations in the pY-binding pocket and its interaction with pY
are associated with a reduction in the thermodynamic motion of
the BC loop. By contrast, the intense motion of the C-terminal in
the wild-type makes the contributions of the EF and BG loops
less prominent to the principal components, which are more
apparent in the mutant.

3.5 Mutations strengthen the secondary-structure stability of
residues around the pY binding pocket

To analyse the effects of mutations on structural stability across
various systems, we first examined the statistical distribution of
secondary structures at each residue using DSSP to evaluate the
secondary structures of all sampled configurations. To compare
the secondary structures of the dynamically stable conforma-
tions with those observed in the crystal structures, we identified
the most frequently occurring secondary-structure elements at
each residue position during the MD simulations, as shown in
Fig. S8 (ESI†). We then conducted a statistical analysis of the
structural differences between various regions, as presented in
Table S5 (ESI†). We observed that, for both the wild-type and
mutant, the dynamically stable secondary structures exhibit
certain differences from those of the initial structures, with the
numbers of differing residues being 36 and 19, respectively.
The number of differing residues in the dynamically stable
secondary structures between the wild-type and mutant in the
isolated state is 18, significantly less than the number of 36
observed in the initial crystal structures. Furthermore, in the
complex, there are 6 residues in the mutant domain where the
dynamically stable secondary structures change, which is
significantly fewer than the number of 25 observed in the

wild-type. The results suggest that considering dynamic infor-
mation in addition to structural information provides a more
comprehensive understanding about the effects of mutations
on the stability of the domain’s secondary structure.

The secondary-structure distribution at each residue is
depicted as a Weblogo in Fig. 5a for various systems. Overall,
residues in the structured regions retain stable secondary-
structure states across all systems, while residues in unstruc-
tured regions exhibit significant variations. Larger continuous
unstructured regions are generally associated with lower
secondary-structure stability. Notably, the N-terminal and the
BG loop at the C-terminal are the most unstable ones. Fig. 5a
clearly illustrates the secondary-structure states of the three
mutations in the pY-binding pocket. For the 39th residue in the
BC loop, the dominant secondary structure is hydrogen-bonded
turn in the isolated wild-type, but shifts to bend in the complex.
In the mutant, the 39th residue remains in the bend state,
regardless of the interactions with the pY-peptide. The 44th and
64th residues, located in the bC and bD regions, remain in a
stable extended strand state across all systems. These results
suggest that the impact of the variant side chain on the
secondary structure is influenced by the competition between
sidechain and mainchain atomic interactions.

To clearly illustrate the differences in secondary structures
across various systems, we quantitatively assessed the disorder
and deviation degrees of the secondary structure for each
residue, as shown in Fig. 5b and c shows that the disorder
degrees in structured regions are low, while those in unstruc-
tured regions are high, consistent with the RMSF results
(Fig. 2b). In many structured regions, the disorder degree has
no significant difference across different systems. However, a
significant difference is observed at the 63rd residue between
the wild-type and mutant in the bD region. The mutations are
associated with an enhanced extended strand conformation at

Fig. 5 Weblogos of secondary-structure sequences for all the four sys-
tems (a), as well as the degrees of disorder (b) and deviation (c) of the
secondary structure for each residue.
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this position, which may contribute to increased stability of the
central b-sheet. For unstructured regions, the differences in the
disorder degree among different systems are quite regular for
small unstructured regions, but those are not regular for large
unstructured regions, such as the N-terminal, C-terminal, and
AB loop. The distributions of the disordered degree in the CD
loop are consistent across different systems. This indicates that
the mutations and interactions with the pY-peptide have little
effect on the dynamics of these regions. In the BC loop region,
the disorder degree decreases for both induced mutations and
interactions with the pY-peptide, with mutations exerting a
stronger enhancing effect than the interactions with the pY-
peptide. In the EF loop region, the distribution of the disorder
degree is similar for both the isolated wild-type and the mutant.
However, after binding with the pY-peptide, the disorder degree
decreases for the wild-type while it increases for the mutant.
This result indicates that the mutations effectively enhance the
stability of the local regions near the pY-binding pocket while
simultaneously altering the interactions of other regions with
the pY-peptide, particularly in the specificity pocket.

The secondary-structure distribution of the deviation across
various systems in Fig. 5c provide further evidence for the
observations mentioned above. The distributions of deviation
caused by the mutations show similarity to those caused by the
interactions with the pY-peptide in the unstructured regions
near the pY-binding pocket, such as the BC and CD loops. By
contrast, the distribution of deviation caused by mutation is
observed to be lower than that resulting from the interactions
of the pY-peptide in the unstructured regions near the specifi-
city pocket, such as the DE and EF loops. Additionally, the
structural deviations induced by pY-peptide binding in the
mutant are smaller than those observed in the corresponding
regions of the wild-type protein.

3.6 Mutations enhance interactions between the terminals
and the central regions

The information regarding the secondary structure of proteins
primarily highlights the spatial characteristics of backbone
arrangements but does not capture the interactions between
residue side-chain groups. However, the three-dimensional
folding of proteins results in residues making contacts not
only with nearby residues within the sequence or secondary
structure but also with residues that are not in proximity. This
is clearly supported by the contact curves of the mutated
residues and S104 related to other residues of the protein, as
shown in Fig. S9 (ESI†).

To comprehensively display the structural differences of
proteins across various systems, we plot the residue–residue
contact maps of the SH2 based on the average minimum
distance between residues, as shown in Fig. 6. Comparing the
contact maps of the wild-type and the mutant in their isolated
states reveals that the mutations significantly enhance interac-
tions between residues in the unstructured terminals and those
in other regions. The difference between the two maps (as
shown in Fig. S10, ESI†) indicates that the mutations are
associated with an increase in contact between the C-terminal

and aA, as well as between the N-terminal and bB, bD, bE, DE,
and EF loops. In the complex, the residue–residue contacts of
the wild-type exhibit more pronounced changes than that of the
mutant. For the wild-type, interactions between the C-terminal
and multiple regions, including the N-terminal, bB, bC, CD
loop, and bD, are significantly reduced, while interactions with
residues at aB are enhanced. Meanwhile, the N-terminal resi-
dues show significant increases of the interactions in multiple
regions, including bB and bC, while interactions between bG
and the C-terminal decrease. Compared to the wild-type, only
the interaction between the BG loop and bF is enhanced in the
mutant, while the interaction between the N-terminal and
residues in the DE loop is weakened. The above results indicate
that mutations in the pY-binding pocket enhance interactions
between the terminal and other regions of the domain while
reducing dynamic fluctuations at this terminal. The reduction
in dynamics at these positions may affect the conformational
changes of the domain during its binding to the protein,
potentially resulting in alterations to the interaction map
between the domain and the pY-peptide, as shown in Fig. S11
(ESI†). This figure shows that, for the wild-type, the contact
between the pY-peptide and the domain is separated from the
contact between the N-terminal and the protein; however, for
the mutant, the two are connected.

3.7 Mutations strengthen the interface contacts of the pY-
binding pocket but reducing those of the specificity pocket

Insights into interface dynamics are essential for comprehending
the stability and specificity of interactions between the SH2 and its
target pY-peptide. To assess the features of interfaces across
different systems, we calculated the hydrogen bonds, salt-bridges,
and contact SASA between the domain and the pY-peptide. As
shown in Fig. S12 (ESI†), the distribution of hydrogen-bond
numbers between the wild-type and the pY-peptide differs only

Fig. 6 Residue–residue contact map of the domain for isolated wild-type
Fyn SH2 (a), complex wild-type Fyn SH2 (b), isolated mutant (d), and
complex mutant (e), as well as difference in contact maps between
isolated and complex wild-type Fyn SH2 (c) and that between isolated
and complex mutant (f).
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slightly from that of the mutant and the pY-peptide. Considering
hydrogen-bond stability, the number of hydrogen bonds with
occupancies greater than 60% is 3 for the wild-type and 5 for the
mutant, respectively, as listed in Table S6 (ESI†), indicating a trend
towards stronger hydrogen-bond interactions between the mutant
and the pY-peptide than those between the wild-type and the pY-
peptide. As shown in Fig. 3d, the number of salt-bridges with
occupancies exceeding 10% between the mutant domain and the
pY-peptide is 2, the same as that between the wild-type domain and
the pY-peptide. One of these salt-bridges occurs between G205 and
K59, while the other is between G201 and K15 in the mutant, and
K62 in the wild-type. In Fig. S13 and S14 (ESI†), we present the
distribution of contact SASAs for the wild-type and mutant com-
plexes, as well as the average contact SASAs for each residue.
Overall, both the hydrophilic and hydrophobic contact SASAs are
very similar between the wild-type and mutant complexes, and the
distribution of residues with significantly large contact SASAs is
also the same. However, by looking at the residues with contact
SASAs exceeding 0.7 nm2 in both systems, as shown in Fig. S14
(ESI†), we find five such residues in the wild-type complex—two
from the protein domain and three from the pY-peptide—whereas
in the mutant, all four residues originate from the pY-peptide. This
result suggests that, although the mutations do not significantly
affect the overall average strength of interactions between the
domain and the pY-peptide, they do alter the specific detailed
interactions at the interface.

To analyse the dynamic characteristics of the interface, we
evaluated the residues of SH2 and water molecules within
0.6 nm from a residue in the pY-peptide. The percentage of
water molecules around each residue is illustrated in Fig. 7a.
Regardless of whether it is the wild-type or mutant protein, the
residues at positions pY204 and I207 exhibit a lower percentage
of contact with water molecules, suggesting a tendency of a
stronger interaction with the residues in the domain. This
result is consistent with the experimental interface of Fyn
SH2, which is in agreement with a binding preference for the
residue at the +3 position relative to the pY.50 As shown in
Fig. 7b, these two residues exhibit the most stable interactions
with the protein, based on the number of contact residues with
occupancy values exceeding 90%. There are 13 residues in
stable contact with pY204 in the wild-type complex and 14
residues in stable contact with pY204 in the mutant complex, as
well as 4 residues in stable contact with I207 in both complexes.

All information regarding the contact protein residues and
their occupancies is presented in Fig. S15 (ESI†). Comparing the
results of the wild-type to those of the mutant, the number of
contact residues for the pY-peptide residues at positions from 201
to 205 remains unchanged with the introduction of mutations,
while the contact strength with high occupancy slightly increases.
However, a significant change is observed in the number of
protein residues contacting the pY-peptide at positions 206 to
211. For example, for Y210, the number of contact protein residues
in the wild-type is 34, which is significantly greater than 24
observed in the mutant. This difference may be attributed to the
more stable structure of the mutant. Moreover, the contact
strength of each pY-peptide residue has changed, and the residues

with high occupancy in the mutant differ from those in the wild-
type. For example, for I207, the number of contact protein residues
with occupancies exceeding 50% in the wild-type is 17, which is
significantly higher than 10 observed in the mutant.

In Fig. 7c and d, we visualize the three-dimensional contact
information for pY204, I207, and Y210 in the conformations
sampled at 202.5 ns and 383.5 ns, corresponding to free energy
minimum, for both the wild-type and the mutant. To differ-
entiate the contacts with occupancies greater than 50%, the
contact residues with occupancies exceeding 90% are marked
in red, while those with occupancies below 90% are marked in
blue. For pY204, the spatial distributions of contact residues
with occupancies greater than 50% are remarkably similar
between the wild-type and mutant complexes; however, there
is a notable difference in the DC loop region. In the mutant
complex, the occupancy of contact residues in the DC loop
exceeds 90% for all residues, whereas half of the contacts in
this region have occupancy values below 90% in the wild-type
complex. This finding suggests that the mutations enhance the
binding of pY within the pocket region, resulting in a reduction
of dynamical fluctuations in this region. For I207, the spatial
distribution of contact residues with occupancies greater than
50% in the wild-type complex is more dispersed and forms a
deeper specificity pocket compared to the mutant complex.

Fig. 7 Percentage of contact water molecules (a) and number of contact
protein residues with occupancy exceeding 90% (b) for each residue. The
contact residues of 204pY, 207I, 210Y in the three-dimensional structure
for wild-type Fyn SH2 (c) and the mutant (d). The contact residues with
occupancy greater than 90% are marked in red and those with occupancy
greater than 50% and less than 90% are marked in blue.
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There are contact residues with occupancies less than 90% on
the bC region and contact residues with occupancies greater
than 90% on the BG loop. These differences suggest that the
interaction between the specificity pocket of the wild-type
protein and the residue at the +3 position relative to pY is
stronger than that observed in the mutant. For Y210, there are
no contact residues with occupancies greater than 90% in either
the wild-type or mutant complexes; however, contact residues
with occupancies less than 90% in the mutant are more widely
distributed, particularly in the aB region. The above results
imply that mutations in the pY-binding pocket can enhance its
interaction with pY while decreasing the interaction of the
specificity pocket with the residue at the +3 position relative
to pY. To our knowledge, this is the first report highlighting
correlations between two pockets within one SH2 domain.

4 Conclusions

In this study, we have conducted a comprehensive analysis to
understand how the three mutations in the pY-binding pocket
of the Fyn SH2 domains influence the dynamic stability of the
protein domain. We further characterized the dynamic inter-
face between the domains and pYEEI. Our results show that the
mutations enhance the interaction between the pocket and pY
while reduce the flexibility of SH2. This leads to a weakening of
the interaction between the specificity pocket and the residue
at the +3 position relative to pY.

Our results indicate that the reduction in protein flexibility
can alter the domain’s collective motion and free energy land-
scapes. Similar to pY-binding, mutations in the pY-binding
pocket also decrease the domain’s flexibility, as reported in the
study of STAT5B SH2 domain,30 correlated with a more compact
distribution of the free energy landscape. Studies on the N-SH2
domain of the SHP2 protein have revealed that pY-binding
induces changes in the SH2 domain’s collective motion, which
has been crucial in elucidating the molecular mechanism of
SHP2 activation.25,26 The Fyn SH2 domain displays increased
rigidity when both mutations and pY-peptide binding are pre-
sent, suggesting that the pY-binding pocket and the specificity
pocket are dynamically coupled through collective motions.

The detailed analysis of secondary structure distributions
reveals that the mutations enhance the stability of the I63 b-
strand within the central b-sheet. In the N-SH2 domain of
SHP2, binding of pY to the pY-binding pocket and the subse-
quent unzipping of the central beta-sheet is a key dynamic
event in SHP2 activation.27,28 The increased b-strand stability
suggests that the mutations favor a more stable zipped con-
formation of the central b-sheet, which could potentially lead to
a loss of function of proteins containing an SH2 domain. In
addition, our three-dimensional residue–residue contact ana-
lysis indicates that this stabilization strengthens the interac-
tions between the domain’s terminals and the central b-sheet,
consequently reducing disorder in the terminal regions.

Furthermore, we study in detail the dynamic characteristics
of the interface between the domains and the pY-peptide. Our

results indicate that the mutations do not disrupt the interface
between the pY-binding pocket and the pY residue; instead,
they enhance the overall strength of the interaction. However,
they significantly alter the interface between the specificity
pocket and the residue at the +3 position relative to pY, leading
to the reduction of the contact binding strength. This is, to the
best of our knowledge, the first work that directly demonstrates
how mutations alter protein flexibility, and thus influences the
interaction patterns between different binding pockets within
the domain. Enhanced interaction between the pY-binding
pocket and pY, and a corresponding decrease in the interaction
between the specificity pocket and the hydrophobic residue at
the +3 position, provide a reasonable explanation for the
experimentally observed increase in affinity and concurrent
loss of specificity for superbinder SH2 domain.15,17 Therefore,
this result not only offers valuable guidance for the design and
development of high-affinity and precise-specificity domains,
but also provides new insights into the complexity of protein–
protein interactions.
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