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ABSTRACT: Conformational changes are an essential feature for
the function of some dynamic proteins. Understanding the
mechanism of such motions may allow us to identify important
properties, which may be directly related to the regulatory function
of a protein. Also, this knowledge may be employed for a rational
design of drugs that can shift the balance between active and
inactive conformations, as well as affect the kinetics of the
activation process. Here, the conformational changes in carboxyl-
terminal Src kinase, the major catalytic repressor to the Src family
of kinases, was investigated, and it was proposed as a functionally
related hypothesis. A Cα Structure-Based Model (Cα-SBM) was
applied to provide a description of the overall conformational
landscape and further analysis complemented by detailed
molecular dynamics simulations. As a first approach to Cα-SBM simulations, reversible transitions between active (closed) and
inactive (open) forms were modeled as fluctuations between these two energetic basins. It was found that, in addition to the
interdomain Carboxyl-terminal SRC Kinase (Csk) correlated motions, a conformational change in the αC helix is required for a
complete conformational transition. The result reveals this as an important region of transition control and domain coordination.
Restrictions in the αC helix region of the Csk protein were performed, and the analyses showed a direct correlation with the global
conformational changes, with this location being propitious for future studies of ligands. Also, the Src Homology 3 (SH3) and SH3
plus Src Homology 2 (SH2) domains were excluded for a direct comparison with experimental results previously published.
Simulations where the SH3 was deleted presented a reduction of the transitions during the simulations, while the SH3−SH2
deletion vanishes the Csk transitions, corroborating the experimental results mentioned and linking the conformational changes with
the catalytic functionality of Csk. The study was complemented by the introduction of a known kinase inhibitor close to the Csk αC
helix region where its consequences for the kinetic behavior and domain displacement of Csk were verified through detailed
molecular dynamics. The findings describe the mechanisms involving the Csk αC helix for the transitions and also support the
dynamic correlation between SH3 and SH2 domains against the Csk lobes and how local energetic restrictions or interactions in the
Csk αC helix can play an important role for long-range motions. The results also allow speculation if the Csk activity is restricted to
one specific conformation or a consequence of a state transition, this point being a target for future studies. However, the αC helix is
revealed as a potential region for rational drug design.

■ INTRODUCTION
Conformational changes are an important feature of some
regulatory proteins and molecular motors, playing an essential
role in living cells. The comprehension of the mechanisms
involved in this process has allowed the understanding of several
biological processes.1−3 One interesting target for these studies
is the Carboxyl-terminal SRC Kinase (Csk), a catalytic repressor
responsible for phosphorylation, cell-growth control, and
differentiation, being the main down regulator of Src Family
Kinases (SFKs).4−7 The proper functioning of Csk is crucial to
cell health, as illustrated by the fact that the loss of function of

Csk leads to constitutive activation of SFKs, accompanied by

defects in embryonic development.8 On the other hand, the gain

of function of Csk can readily downregulate SFK-mediated cell
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signaling, which results in pathological consequences such as
colon cancer.9

Csk is a 450-residue protein composed of four domains: Src
Homology 2 (SH2), Src Homology 3 (SH3), and kinase small
(Csk N-Lobe) and kinase large (Csk C-Lobe) lobes. The X-ray
crystallographic structure (2.5 Å resolution) presents 6 chains
where 2 of them (chains C and D) are highlighted for the more
distant positioning of the SH2 domain, among other differences,
assumed as inactive (open form), and 4 more compact ones
(chains A, B, E, and F) are considered as active (closed form),
identified in the Protein Data Bank by the code 1K9A.10

However, small-angle X-ray scattering analysis revealed a
dynamic equilibrium between representative ensembles of
conformations more extended and collapsed in solution11 that
can be shifted in the presence of ligands such as adenylyl
imidodiphosphate (AMP-PNP), a nonhydrolyzable analogue of
adenosine 5′-triphosphate (ATP) and adenosine 5′-diphos-
phate (ADP).12

All four domains have been shown to be required for the
proper function of Csk,10,13−16 though the atomistic under-
standing of the role of each domain on the global function is not
fully understood. In many tyrosine protein kinases, the balance
between active and inactive conformations is largely affected by
the phosphorylation state of the C-terminal tyrosine tail,17

presumably by directly stabilizing a particular relative position-
ing of the domains.
Figure 1A shows a cartoon illustration of the open and closed

Csk forms based on the crystallographic structure, identifying
domains and important local regions. When compared with
other Src Family members, Csk lacks a C-terminal phosphor-
ylation site and activation/inactivation is often induced by
cofactor interactions that are distal to the active site and do not
appear to induce large-scale domain rearrangements.6,18,19

Accordingly, Csk must possess some form of internal
communication channels between these distal sites and the
ATP-binding site through modest shifts in either local
configuration or dynamics.
Due to the biological importance of Csk, many studies have

focused on exploring the interplay between the various domains
of Csk and catalytic activity.14,15,20−23 These studies have
indicated important regions and residues that appear to be
coupled to the functional properties of Csk. The importance of
the noncatalytic domains (SH2 and SH3) is evidenced, for
example, in domain deletion studies, which show the kinase
activity reduced by 70% and 96% with the deletion of SH3 and
SH2, respectively.14,18,24 Still, the mutation of SER78, which is
found in the SH2 domain, to Asp results in a reduction of the
activity by more than 90%14 under certain chemical scenarios.

Figure 1. Csk conformational change analysis. (A) Csk cartoon representation of the closed (left) and open (right) conformations from the
crystallographic structure (PDB ID: 1K9A, chains B and C, respectively), colored in order to highlight domains and specificity. SH3, SH3−SH2 linker,
SH2, αC helix, small kinase lobe (N-Lobe), and large kinase lobe (C-Lobe) are in blue, gray, red, orange, green bean, and green forest, respectively. (B)
Free energy surface of Csk calculated from Cα-SBM simulations using three different reaction coordinates: distance between the SH2 domain and C-
terminal Lobe Kinase (DSH2−CSK), Root Mean Square Deviation for the full structure (RMSDCSK:B), and RMSD of the Csk αC helix (RMSDαCHelix),
both RMSDs using the chain B (closed form) as reference. The free energy values follow the colorbar scale presented below from 0 (black) to 3 (dark
red) normalized by the transition state temperature (TS). The dashed line represents the lowest energy path between the two minimums.
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Some experiments using the deuterium incorporation tax to
the wild-type and PHE183 mutants15 reveal that αC helix and
SH2-kinase linker are components that regulate the conforma-
tional change by the modulation between the SH2 domain and
kinase domain. The same technique was applied to investigate
the activation by CBP peptide, which increases the catalytic
activity and suggests a mechanism of regulation.15 NMR spectra
obtained from oxidized and reduced forms of the SH2 domain
showed that a particular disulfide bond can decrease the catalytic
activity when formed, explained by the increasing strain around
the binding site region and αC helix in SH2.25 For all cases,
normal-mode analysis showed how the flexibility of different
regions is affected by mutations or CBP binding.15 Despite this
set of results showing the importance of communication
between all domains present in Csk, a detailed description of
these mechanisms can be exploited through computational
evaluations, identifying the importance of specific regions for
conformational changes in Csk and the development of new
products, for example, the rational drug design for desirable
features.

■ METHODS
Cα Structure-Based Model and Dual Basin Construc-

tion. Since the identification of essential elements for the
mechanism’s comprehension of conformational changes in Csk
is desired, the Cα Structure-Based Model (Cα-SBM) is a
suitable approach for the study. SBMs are versatile because they
allow efficient conformational searching and as a consequence
the employment of statistical mechanics for the analysis. They
have been used for several purposes as the prospection of protein
mechanisms,26−28 conformational transitions,1,29 or structural
characterization when combined with experimental
data.11,12,30,31

In this study, protein amino acids are represented by rigid
spheres centered on the α carbon position.32 The potential
energy of the system is based on the geometrical characteristics
of the native structure (Γ0) compared to the current
conformation (Γ) throughout the molecular dynamics simu-
lation and given by
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where rij is the distance between atom i and j and dij represents
the distance between i and j in which the interaction energy is
minimum. The instantaneous bond lengths, bond angles, and
dihedral angles are given by r, θ, and ϕ, respectively, and r0, θ0,
and ϕ0 are the corresponding values in the native structure. The
energetic prefactors used were: ϵr = 100 ϵC, ϵθ = 20 ϵC, and ϵϕ =
ϵNC = ϵC, where ϵC is equal to 1 unit (in reduced units) with
contact interaction pairs defined by the Shadow Contact Map
algorithm.33 Structure-based models, in general, are widely

employed for the study of protein mechanisms, and they are
detailed in several references.28,32,34

The crystallographic configurations10 and Small Angle X-ray
Scattering analysis of Csk in solution11,12 suggest the energy
landscape of Csk does not have a single well, being composed of
at least two basins. Since the inactive form (open) is highly
degenerate and the main target is to reach the active form
(closed) through conformational transitions, the use of the
forms present in the crystal structure is acceptable. Thus, the
evaluation of conformational changes involved the chains B and
C, the closed and open forms, respectively, from the Csk crystal
structure (PDB ID: 1K9A),10 where missing residues were
added using PROFIX.35 However, individual dynamics of each
chain potential [eq 1] are unable to access the other state; i.e.,
Cα-SBM molecular dynamics of chain B does not access the
native structure of C and vice versa in any temperature (see
Figure S3). Therefore, a hybrid potential (aka Dual-Gö) was
constructed following the procedures employed by Whitford et
al.,1 combining the contacts of both conformations in a unique
contact map. Exclusive contact pairs in closed form with
distances 50% greater than in the open structure are selected and
included in the open structure contact map, allowing by a fine-
tuning the evaluation of conformational transitions between
both forms. Consequently, the energy prefactors of the contacts
(ϵC) added are multiplied by a constant (2.1 × ϵC), setting up
the system for the conformational changes at an adequate range
of temperatures between glass (Tg) and unfolding (Tu) (details
in Figure S4). The energy function construction method
assumes that these unique contacts selected from the closed
form are responsible to drive the open conformation to the
closed through the fine-tuning of the energetic prefactor.
Nevertheless, it is important to mention that this approach
requires conformations similar enough to have the essential
contacts that drive one form to another present. Simulations
where SH3 or SH2−SH3 domains were deleted employed this
same adjusted potential, preserving only the applicable force
field for the remaining residues.

Setup for SBM Simulations and Mimetic Construction
of Inhibitors. The input files for SBM were generated by the
SMOG web server36 and modified when needed (see Cα
Structure-Based Model and Dual Basin Construction). Molec-
ular dynamics (MD) simulations were performed using
GROMACS 4.5.737,38 where a temperature bath was coupled
by Langevin Dynamics with a constant equal to 1 ps, as
implemented elsewhere.34 Simulations to evaluate conforma-
tional changes started with the protein in its open conformation
in a total of 5 × 109 steps for each temperature evaluated and
using a time step of 0.0005 time units. The configurations and
energies were recorded every 5000 steps. Three different
reaction coordinates were used to follow the conformational
transitions between the two states: Distance between the SH2
and C-terminal Lobe Kinase domains (DSH2−CSK), RMSD of the
complete protein using the native structure in the closed form as
a reference (RMSDCSK:B), and RMSD of the αc helix located in
the N-terminal Lobe Kinase (RMSDαC helix), also using as
reference structure the closed form. The closed conformation
(PBD ID: 1K9A:B) is given as the Csk active form;10 thereby, it
was chosen as a reference for comparative purposes (dihedral
angles and RMSD values). The analyses were performed using a
GROMACS provided tool, and the free energy profiles were
calculated through the Weighted Histogram Analysis Method
(WHAM).39 The WHAM package was obtained from SMOG
web server and for the calculations used 300 bins for each input
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and a tolerance for the convergence of 1 × 10−3 in free energy
variation.
The Csk−Staurosporine complex was constructed based on

the crystallographic information available at PDB using the
identification code 3D7T,40 chain A (reinforced by PDB ID:
1QPJ, lymphocyte-specific protein tyrosine kinase (Lck) in
complex with staurosporine), that lacks the SH2 and SH3
domains, through STAMP structural alignment41 with the Csk
structure (PDB ID: 1K9A). The staurosporine (STU)
interaction effect is introduced implicitly using a harmonic
potential ( )r r( )1

2 C 0
2× × where the residues i and j are

determined by the distance from the residues to the inhibitor. If
two residues are up to 6 Å apart from the same atom of the
staurosporine, then they are considered interacting in the
mimetic potential.
Detailed Molecular Dynamics Simulations. MD simu-

lations using explicit water and ions were performed to evaluate
the consistence of the mimetic construction of the inhibitor and
complement the analysis with an inhibitor. These detailed MD

simulations were performed with GROMACS 4.5.7 using
CHARMM27 force field42 with the standard setup for the
protein residues and TIP3P water model. The ligand para-
metrization was calculated using the Web server Swiss-param
from the Swiss Institute of Bioinformatics.43 The MD
minimization was done using 50000 steepest-descent steps
and 5000 conjugate gradient steps, both without position
restraints. The equilibration was performed in two steps with
100 ps, initially with and then followed without position
restrictions for the protein and ligand atoms, when applicable.
Initial atom velocities were based on the Maxwell−Boltzmann
distribution and the MD simulations for 100 ns with an
integration step of 2 fs at 300 K, salt concentration of 0.15 M for
the net neutralization, and 1 atm. The trajectory positions and
energies were recorded every 100 ps. The simulation used
Parrinello−Rahman barostat,44 Berendsen thermostat,45 and
LYNCS method to constrain all hydrogen bonds46 and a
simulation box built with the edges of the box with 10 Å from the

Figure 2. Effect of conformational changes under the viewpoint of Csk αC helix dihedral angles. (A) Free energy surfaces using the specifically
indicated dihedral angles as reaction coordinates. (B) Influence of angular restrictions in located αC helix regions. The label “standard” is a free energy
surface reference where dihedral angular restrictions were not imposed, followed by the specifically hardened angles. Disturbed dihedrals via an
increase of pre-energy factors were highlighted in the cartoon representation in purple.
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protein surface and periodic boundary conditions. MD analyses
were done using tools available in the GROMACS package.

■ RESULTS
Evaluation of Conformational Changes through

Structure-Based Model Simulations. Previous studies
have emphasized the importance of the Csk αC helix;47−49

thus, initially, the Cα-SBM accuracy was evaluated to capture
this feature. The free energy surfaces using Cα-SBM simulations
with dual-conformational potential (hybrid potential) are
presented in Figure 1B, where different reaction coordinates
were employed, the distance between the SH2 domain and C-
terminal Lobe Kinase (DSH2−CSK), Csk RMSD (RMSDCSK:B),
and Csk αC helix RMSD (RMSDαC helix), where these last two
parameters are related to the closed form (CSK:B). The analysis
of these profiles reinforce how large movements, as described by
the reaction coordinates DSH2−CSK and RMSDCSK:B, are related
to localized regions as the Csk αC helix. The free energy profiles
under a unique coordinate reaction are also available in Figure
S1 for viewing and quantification purposes.
Extensive searching of essential regions for functional

transition control was performed for the simulations (data not
shown). The analysis indicated the αC helix as the most
promising region, where a detailed evaluation is presented in
Figure 2A. The αC helix consists of 19 residues (from 225 to
243) that were divided into 16 dihedrals angles for calculation
purposes. Each dihedral angle was used as a reaction coordinate
to evaluate how specific residues are correlated with the
DSH2−CSK values during the simulations. Since the relationship
between the global coordinate reactions (RMSDCSK:B and
DSH2−CSK) and local values (RMSDαC helix and dihedral angles)
was verified, as presented in Figures 1B and 2A, this
consideration as an indirect coordinate reaction is suitable.
The dihedral angles were sequentially labeled ϕA, ϕB, ..., and ϕP,

corresponding to angles formed by the residues 225−228, 226−
229, ..., and 240−243. Among the 16 dihedrals analyzed (see
Figure S2), four of them had a considerable barrier in the
transition state on Csk conformational transitions, correspond-
ing to the anglesϕD,ϕE,ϕF, andϕH formed by the residues 228−
231, 229−232, 230−233, and 232−235, respectively, detached
in Figure 2A. The first two mentioned angles, ϕD and ϕE, have
distinct values to the open and closed states properly
characterizing these forms, while the two others, ϕF and ϕH,
have basins with close values. Here, these close angular values
can be understood as thermal fluctuations not effectively acting
as a control region for conformational transitions. Thus, this
small region involving ϕD and ϕE undergoes a high strain energy
during the transitions and can work as a trigger for the shift
between the open and closed states.
To evaluate the hypothesis of the Csk αC helix works as a

region of control, an increase in the energetic prefactor of these
dihedrals (5 × ϵϕ) was made in order to stiffen the four dihedral
torsions and probe their impact on the conformational changes.
In Figure 2B, the free energy surfaces for the case using
RMSDαC helix versus DSH2−CSK are presented. Since the
interference imposed in the dihedral angles affects its usage as
a reaction coordinate for the analysis, a new one was employed.
From the results, it is possible to note that the restriction
imposed to the anglesϕE,ϕF, andϕH solely is unfavorable for the
conformational transitions by the increase of the transition state
barrier. With the restriction imposed to ϕD exclusively,
transitions become more limited, and when all of them (ϕD,
ϕE, ϕF and ϕH) are restricted, they just do not occur. It is
important to clarify that nonequal populations of the basin in
these profiles are due to the protein starting to unfold with the
increase of the temperature without reaching the fullness of the
transitions between the basins.

Figure 3. Effects of SH3 and SH3−SH2 domain deletions. (A) Cartoon representations of Csk tridimensional structure (left), Csk without SH3
domain (center), and Csk without SH3−SH2 domains (right), labeled by standard, ΔSH3, and ΔSH3−ΔSH2, respectively. (B) Free energy profiles
based on the RMSDαC helix (chain B as reference) reaction coordinate to standard, ΔSH3, and ΔSH3−ΔSH2.
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In summary, each of these highlighted dihedrals directly
affects conformational transitions by increasing the energy
barrier between the two states. Consequently, when all are
stressed simultaneously, the transitions stop completely, making
Csk stay predominantly in just one state during molecular
dynamics simulations. Also, the obtained energetic profiles
reinforce the relationship between global and local movements
and the SH2 and SH3modulation, indicating that the αC helix is
a promising region for further studies, which also goes through
conformational variations during the transition.
Effects of Domain Deletion for the Conformational

Transitions. The importance of SH3 and SH2 coordina-
tion23,48 and influence on the Csk activity15 were explored by the
removal of these domains. Computational simulations were
performed through Cα-SBM molecular dynamics with the
deletions of SH3 (ΔSH3) and SH3−SH2 (ΔSH3−ΔSH2)
domains, as represented by cartoons in Figure 3A. Based on the
free energy profiles shown in Figure 3B, using DSH2−CSK, it is
noted that the absence of the SH3 domain destabilizes the
dynamic coupling between the domains and by consequence the
correlated movement of SH2 and αC helix. Yet, SH2 has a
displacement more restricted to a DSH2−CSK around 43 Å, where
previously the typical values were 42 and 47 Å, relative to the
closed and open forms, respectively. Such behavior, keeping the
SH2 domain in a position closer to the closed conformation after
the SH3 deletion, raises the speculation that the functional

activity may be related to the overall movement of Csk and not
limited to a specific state, which should be the subject of
investigation in future works. Thus, deletion of the SH3 domain
partially affected the conformational transition of Csk
decreasing the number of conformational transitions.
The deletion of the SH3 and SH2 domains together vanishes

the transitions, with RMSDαC helix becoming uncoordinated with
the well values around the closed form basin.

Effect of a Kinase Inhibitor for the Transitional
Changes: A Starting Point for the Rational Design of
New Drugs. Another interesting point is to understand how an
inhibitor affects the mechanisms related to Csk conformational
transitions by its proximity to the αC helix residues and
restraints imposed by the molecular interactions. Thus,
staurosporine (STU), a known inhibitor among Csk-like protein
kinases,40,50 was chosen for the evaluation, mainly due to the
availability of a crystallographic structure (PDB ID: 3D7T).
Initially, the results of Cα-SBM with the mimetic complexed
potential (seeMethods) were compared with the noncomplexed
(standard) dual basin potential. Figure 4A showsCsk complexed
with staurosporine (left) represented by a cartoon and the
residues highlighted with sticks that were used to build the
mimetic potential (right). Figure 4B shows the free energy
surface using DSH2−CSK and RMSDCSK:B as reaction coordinates,
indicating an ensemble limited to the closed form to the mimetic
potential. Of course, the closed form is populated due to the way

Figure 4. Effect of the inhibitor staurosporine through a mimetic potential under Cα-SBM simulations. (A) Three- (left) and two-dimensional (right)
representation of staurosporine interactions with Csk. Residues highlighted in green in the cartoon are at a distance up to 6 Å from the ligand, presented
in yellow. The 2D map of the interactions was generated using Maestro (Schrödinger Release 2022-2: Maestro, Schrödinger, LLC, New York, NY,
2021) where hydrophobic residues are in green, positively charged residues are in blue, negatively charged residues are in red, and apolar residues are in
cyan. The gray atomic background represents the solvent-accessible surface area (SASA) of the atom. (B) Free energy surfaces for the Cα-SBM
simulations with the dual potential without modifications (left) and mimetizing the staurosporine bound.
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the dual potential is constructed. However, the mimetic
potential practically vanishes the transitions between the two
basins. Again, the understanding is that STU affects the
transitions and as a consequence the Csk activity.
Since the closed form is understood as being active and its

population obtained from Cα-SBM for the mimetic potential
can be an artifact of the construction, detailed molecular

dynamics simulations with explicit atoms using GROMACS
were performed to evaluated Csk without any ligand and
complexed with staurosporine. It is known that these molecular
dynamics do not allow conformational changes as calculated
using SBM; in contrast, they allow one to verify the influence of
the ligand for structural stabilization of the complex, small
movements including side chains and residue fluctuations.

Figure 5. Detailed molecular dynamics simulations of Apo Csk and complexed with staurosporine. The histograms on the left show distributions of
distance (distances between the center of mass of the SH2 domain and C-terminal Lobe Kinase, CYS164 and SER280, and PRO180 and SER280) to
the Apo Csk (blue) and CSK−Staurosporine complex (red) obtained from simulations with a respective cartoon representation on the right. Purple
double arrows highlight the distances involved with sparse residues in yellow.

Figure 6. Summary of the elements that affect Csk conformations transitions directly related to the αC helix.
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The detailed molecular dynamics simulations indicated a
stable complex. The evaluation of the regime of residue
fluctuations did not show significant variations for both cases
(Figure S5). However, the analysis of the trajectories with and
without the STU inhibitor revealed different distance distribu-
tions under different parameters. Assuming the histogram
distributions in Figure 5, calculated using the distances between
the centers of mass SH2 and C-terminal Kinase (top), CYS164-
SER280 (middle), and PRO180-SER280 (bottom), note that
Cskmay have some structural movements which do not occur in
the dynamics of the complex, based on the peaks despite the
similar widths. The complex shows a profile with values of these
chosen parameters, for example, the peaks to distances between
the centers of mass SH2 and C-terminal Kinase being 47 and 49
Å to noncomplexed and complexed states, respectively. Here, it
is evident that for both, Cα-SBM and detailed molecular
dynamics simulations, the main effect of staurosporine in Csk in
conformational terms is to prevent large movements of the SH2
domain, making the transitions between open and closed states
difficult to occur in complexed Csk (holo) than in Apo. A
summary of the elements that affect the Csk conformational
transitions directly related to the αC helix region is presented in
Figure 6.

■ DISCUSSION
Although having structural similarity to other SFK members,
Csk differs in its structural arrangement and functioning
mechanism.11,40 For SFKs, the catalytic activity is negatively
modulated by interactions between a phosphorylated C-
terminal tail and the SH2 domain.4 These interactions can be
reversed by other proteins such as Cbp/PAG phosphatase that
dephosphorylate the C-terminal tail and undo the interaction.
Csk lacks this phosphorylated C-terminal tail and as
consequence presents a regulatory mechanism different from
the other SKFs. Thereby, Csk conformational changes are
strongly related to the modulation between its domains,
including specific regions. The results shown here indicate
that αC helix is an essential region for these functional
transitions since it establishes a coordination between the Csk
domains and acts as a controlling region where local conforma-
tional changes are directly related to global conformational
changes. This feature provides a considerable potential for the
rational design of inhibitors with more competitive costs than
STU, especially if the interaction mechanism is able to restrict
the degree of freedom of the Csk αC helix. The importance of
this region has already been reported by several authors;47,49

however, the association of the restrictions in the αC helix as a
result of the inhibitor interaction pushes forward the knowledge
about how this small region works as a trigger for the Csk
conformational change and by consequence on its activity. Still,
it is important to highlight that the computational simulations
employed do not evaluate the activity properly; i.e., this is only
an indirect hypothesis associated with the conformational
transitions or the possibility of the active (closed) form to be
reached.
Following the same reasoning, the study of the role of an

inhibitor (STU) by an additional layer of sophistication brought
by the detailed molecular dynamics simulations supported the
evidence pointed by the simple Cα-SBM mimetic construction
and the stiffening of dihedral angles along the αC helix specific
residues, in terms of making the transitions more difficult in the
presence of STU. Still, when the detailed molecular dynamics
simulations were explored, a higher distance from the SH2

domain and the kinase lobes was found, which in some way
corroborates with the Jamros et al. SAXS characterization12

where conformational shift effects were found in other Csk
interactors. In the mentioned study, the Apo Csk, AMP-PNP
(an analog of the ATP) bound Csk, and the ADP bound Csk
showed different sets of 3 prominent conformational pop-
ulations, varying the radius of gyration from lower values for Apo
Csk to higher values for ADP bound Csk. This result
corroborates with that presented in Figure 5 where the Apo
Csk shows lower distances between the SH2 domain and the
Csk C-Lobe center ofmass than those in the Csk−Staurosporine
complex, since in this case, the radius of gyration and SH2-Csk
C-Lobe distance are correlated. The analysis also suggests that
the interaction of different molecules with the Csk αC helix may
be the main reason for allosteric regulation.
Still, the comparison of the Cα-SBM simulations employing

the complete Csk and considering SH3 and SH2−SH3 domain
deletions also corroborate with the experimental findings
previously reported,14,18,22,24 the activity values of 70% and
96%, respectively. Initially, it was possible to verify how
important the coordination of SH2 and SH3 domains is with
the αC helix and the Csk lobes, since the deletion results in a
wilder representative ensemble without a clear population of
two basins when evaluated under the RMSDαC helix:B parameter,
and related to a reduction of the Csk activity in experimental
reports. These results can assume at least two hypotheses to
relate computational simulations to the Csk activity, reserving
the limitations of the modeling: (I) the Csk becomes less active
due to staying a shorter time in the closed form, considered the
active state, since the number of transitions decreases compared
to the complete Csk; (II) the action of the Csk, as a molecular
motor, occurs during the conformational transition, like scissors
only cut when their blades are moving, in a naive comparison.
The results discussed in this work allow even more speculations
about how Csk conformational transitions in itself are related
with movements where transitional states may be responsible for
its regulation mechanism, these hypotheses being the subject of
future work combining theoretical and experimental techniques.

■ CONCLUSIONS
The current work reinforces some previous results about the
importance of the Csk αC helix region for the global Csk
conformational transitions. By using Cα-SBM, a dual-basin
potential was constructed allowing the evaluation of conforma-
tional transitions between the Csk open and closed forms, based
on the X-ray crystallography (PDB ID: 1K9A:B and 1K9A:C,
respectively). Also, the introduction of restrictions in some αC
helix dihedral angles, deletions of SH3 and SH2−SH3 domains,
and construction of an inhibitor mimetic potential indicated
how these perturbations affect the conformational transitions, in
some cases vanishing them. Detailedmolecular simulations were
employed as an additional technique to explore the relationship
between Csk elongation degree as a consequence of
staurosporine interaction, a known inhibitor. This analysis still
opens possibilities for new approaches and investigations, like
drug rational design based on the variations in Csk αChelix as an
indicator of conformational changes. Finally, the results
corroborate with experimental evaluations previously reported
by different authors, expanding the knowledge involving Csk
mechanisms.
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