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Abstract

Protein kinases are important cellular signaling molecules involved in cancer and a multitude of
other diseases. It is well known that inactive kinases display a remarkable conformational
plasticity; however, the molecular mechanisms remain poorly understood. Conformational
heterogeneity presents an opportunity but also a challenge in kinase drug discovery. The ability to
predictively model various conformational states could accelerate selective inhibitor design. Here
we performed a proton-coupled molecular dynamics study to explore the conformational
landscape of a c-Src kinase. Starting from a completely inactive structure, the simulations captured
all major types of conformational states without the use of a target structure, mutation, or bias. The
simulations allowed us to test the experimental hypotheses regarding the mechanism of DFG flip,
its coupling to the aC-helix movement, and the formation of regulatory spine. Perhaps the most
significant finding is how key titratable residues, such as DFG-Asp, aC-Glu, and HRD-Asp,
change protonation states dependent on the DFG, aC, and activation loop conformations. Our data
offer direct evidence to support a long-standing hypothesis that protonation of Asp favors the
DFG-out state and explain as to why DFG flip is also possible in simulations with deprotonated
Asp. The simulations also revealed intermediate states, among which a unique DFG-out/a-C state
formed as DFG-Asp is moved into a back pocket forming a salt bridge with catalytic Lys, which
can be tested in selective inhibitor design. Our finding of how proton coupling enables the
remarkable conformational plasticity may shift the paradigm of computational studies of kinases
which assume fixed protonation states. Understanding proton-coupled conformational dynamics
may hold a key to further innovation in kinase drug discovery.
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INTRODUCTION

Protein kinases belong to one of the largest enzyme families and play critical roles in
cellular signaling processes by phosphorylation of a tyrosine, threonine or serine residue.
Dysregulation of kinase functions has been linked to cancer, inflammatory and other
diseases,? making kinases important pharmaceutical targets. Since the discovery of Imatinib,
a small-molecule inhibitor targeting the tyrosine kinase c-Abl for the treatment of chronic
myeloid leukemia, the rate of approval by the US Food and Drug Administration has been
steadily increasing.3 Kinases display a remarkable conformational heterogeneity in the
inactive form,* which presents an opportunity but also a challenge in early drug discovery.2°
In recent years, some highly selective inhibitors have been discovered; however, a general
design strategy is lacking, as the molecular mechanism underlying selectivity was
understood only after the crystal structure was obtained.® Thus, the ability to predictively
model kinase conformations can potentially fill in the gap and accelerate inhibitor design.

Protein kinases have a well-conserved catalytic or kinase domain,* composed of a B-sheet
rich N-lobe and an a-helical C-lobe, with the ATP and substrate binding sites located in
between (Fig. 1). Kinase activation involves the changes of several structural features. The
highly conserved Asp-Phe-Gly (DFG) motif is located at the beginning of the activation loop
(A-loop). Here we focus on the c-Src tyrosine kinase. In the inactive DFG-out conformation,
DFG-Asp (Asp404 in c-Src) sidechain points out of the ATP binding pocket, while the DFG-
Phe (Phe405 in c-Src) sidechain points in. In the active DFG-in conformation, the sidechain
positions of DFG-Asp and DFG-Phe are swapped, i.e., DFG-Asp points in and DFG-Phe
points out. This large conformational change is known as the DFG flip. In the active DFG
conformation, DFG-Asp often forms a salt bridge with the catalytic Lys (Lys295 in c-Src)
located on the B3 strand of the N-lobe. Another structural feature involved in kinase
activation is a-C-helix in the N-lobe. In the inactive aC-out conformation, aC-helix is far
from the ATP binding site, while in the active aC-in conformation, aC-helix moves closer,
allowing an extremely conserved Glu, aC-Glu (Glu310 in c-Src), to form a salt bridge with
the catalytic Lys. Kinase activity also involves the catalytic loop or C-loop, which harbors
the His-Arg-Asp (HRD) motif. The HRD-Asp is also known as the catalytic Asp.
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Active kinases adopt the highly similar DFG-in and aC-in (DICI) structures with an
extended A-loop that allows peptide binding.#8:7 Kornev and Taylor further proposed that
kinase activation involves the alignment of two sets of hydrophobic residues connecting the
N- and C-lobes, known as the regulatory (R) and catalytic (C) spines.1:8 R-spine is made up
of 4 residues, Leu325, Met314, Phe405, and His384 in c-Src, while C-spine is assembled
upon ATP binding and will not be further discussed. Contrasting active kinases, inactive
kinases display a remarkable conformational plasticity. Based on the DFG and aC
conformations, the inactive states can be classified into three types, DFG-out and aC-in
(DOCI), DFG-in and aC-out (DICO), as well as the completely inactive DFG-out and aC-
out (DOCO) type (Fig. 1). The detailed molecular mechanisms underlying the
conformational transitions remain poorly understood.

Over the past decade, significant progress has been made in studying kinase conformational
dynamics using MD simulations. In a pioneering work, Shan et al. performed unbiased MD
to investigate the DFG flip in a tyrosine kinase c-Abl.? Supported by kinetic experiments
and mutagenesis, they proposed that the protonation state of DFG-Asp controls the DFG
flip.? Since this work, numerous MD studies have been published10-18 to investigate
tyrosine kinases, particularly c-Src related to c-Abl. Intriguingly, the empirical structure-
based pK; calculations by Lovera et. al'l and free energy simulations by Meng et al.12
suggested that the impact of protonation state on the DFG flip is negligible in c-Src.

While previous MD studies focused on the aC movement (DICI v.s. DICO)1013.16 or the
DFG-flip,1118 knowledge of the entire conformational landscape and mechanisms of
transitions remain incomplete. Importantly, previous MD studies have a major limitation in
that protonation states of titratable sidechains were fixed. The mechanism of DFG flip was
investigated by running independent simulations in which DFG-Asp was fixed in either
protonated or deprotonated state.%1214.18 Sych simulations cannot describe protonation-
coupled conformational dynamics. In fact, DFG-Asp may not be the only residue that adopts
a conformation-dependent protonation state. Supported by experiments, our most recent
work1® demonstrated that Cys and Lys of some kinases may be deprotonated in the DOCO
conformation at physiological pH. Additionally, HRD-His may not be neutral as often
assumed in the conventional MD.

Inspired by the work of others1%-18 and intrigued by the controversy of the protonation-
dependent DFG flip, we set out to explore the conformational dynamics of the well-studied
c-Src. We hypothesized that the conformational plasticity of kinases is related to the
electrostatic networks and by exploiting various pH conditions we may be able to uncover
the entire conformational landscape and elucidate the conformational transition mechanisms.
To test this hypothesis, we carried out hybrid-solvent continuous constant pH molecular
dynamics with pH replica exchange (hereafter abbreviated as CpHMD)Z° for c-Src. CoHMD
has been validated for a variety of systems, e.g., protein folding,2! enzyme dynamics and
inhibitor binding,2223 as well as conformational transitions of membrane channels and
transporters.24-26 In this work, CoHMD simulations initiated from a completely inactive
(DOCO) structure were able to directly sample both the DFG flip and aC-helix movement,
allowing a detailed characterization of the conformational transitions among all four major
states and the coupling to protonation state changes. Simulation data also allowed testing of
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the experimental hypotheses regarding the pathways of the DFG flip, coupling to aC
movement, and R-spine assembly. Our work provided a detailed view of proton-coupled
dynamics of kinases, revealing how conformational plasticity is achieved through
electrostatic coupling in a tyrosine kinase.

RESULTS AND DISCUSSION

Conformational landscape of c-Src is pH dependent.

CpHMD simulations20 were initiated from the crystal structure of c-Src in the DOCO state
(pdb id: 5K9127). 48 replicas, each assigned with a pH condition from pH 3 to 9.5,
underwent constant NPT all-atom molecular dynamics with periodic exchanges of
conformational states. All 91 ionizable sidechains were allowed to titration in the
simulations. The aggregate sampling time was about 1.8 zs.

Kinase conformational landscapes can be characterized in terms of two order parameters
that describe the DFG and aC states. After testing out various order parameters proposed in
the literature, we found that a pseudo torsion angle formed by Val402, Ala403, Asp404, and
Phe405 (£(A403)), which was first proposed by Mébitz using PDB structure analysis,28 can
unambiguously discriminate between the DFG-out (£ 2120°) and DFG-in (£<120°) states.
We note, in a previous work,! a salt bridge between Asp404 and Lys295 was used to define
DFG-in conformations; however, this salt bridge does not necessarily indicate a DFG flip
(see later discussion). Since Lys295-Glu310 salt-bridge is a characteristic of the active state,
we used the distance between Lys295:NZ and Glu310:CD to define the aC-out (R>4.5A)
and aC-in (R<4.5A) states, as in the work of Sultan et al.16 We note, the distance between
Asp404 and Glu310, which was used in some literature?8 and databases,?? does not always
correlate with the Lys295-Glu310 salt-bridge formation and as such may not be an ideal
order parameter.

Fig. 2a shows the free energy surface (FES) as a function of ¢ and R for the simulation pH
conditions 3—-8. The horizontal and vertical lines divide the conformational landscape into
four regions: upper right (DOCO), upper left (DOCI), lower right (DICO), and lower left
(DICI). Strikingly, the FES is pH dependent and at pH 4 and 5 it displays minima in all four
regions, suggesting that all four major conformational states are sampled, including the
active DICI state, similar to the scatter plots made with the crystal structures.28 Convergence
analysis of the protonation state sampling, conformational populations, FES, and transitions
between different states at pH 5 are given in Fig. S1-S4. Comparisons to the crystal
structure survey are given in Fig. S5 and S6. Note, the FES for pH 4.5 is similar to pH 5
(Fig. S6).

To examine the various conformations, we extracted the snapshots from the minimum
regions in the FES for pH 5 (Fig. 2b). The DOCO region displays a shallow valley (¢ of
200-240° and R of 4.5-14 A), referred to as the DOCO state, and a local minimum (¢ of
150° and R of 6 A), referred to as the DOCO” state. In the DOCO state, Asp404 is flipped
out, while the Lys295-Glu310 distance samples a wide range. In the non-canonical DOCO’
state, Asp404 is partially flipped in and Glu310 is moved closer to Lys295. A similar

JAm Chem Soc. Author manuscript; available in PMC 2019 December 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsai et al.

Page 5

conformation can be seen in the crystal structure of an insulin receptor kinase (PDB ID:
1IRK).

The DOCI region displays a local minimum at ¢ of 200-240° and Raround 3.5 A. In this
DOCI state, Asp404 remains flipped out but the Lys295-Glu310 salt bridge is formed. The
DOCI state is also called the Src-like inhibited state, as it was initially discovered for Src
kinases, although it was later found for other kinases such as Abl.30 It is interesting to notice
that the barrier between DOCI and DOCO states is low, about 1.5 kcal/mol based on the
FES, suggesting that aC-helix is highly mobile. The DICO region displays a shallow valley
covering ¢ of 35-60° and R of 5-10 A. Snapshots showed that DFG is flipped in, with
Asp404 pointing at Lys295 but aC-helix remains further away.

The DICI region shows two local minima. In the canonical DICI state (¢ of 20 and R of
about 3.5 A), DFG is flipped in and both Asp404 and Glu310 form a salt bridge with
Lys295. In the non-canonical DICI” state (¢ of 20° and R of 3.5 A), DFG is readily flipped
in and Glu310 forms a salt bridge with Lys295; however, the Lys295-Asp404 salt bridge is
absent. A similar conformation can be seen in the crystal structure of a c-Src kinase (PDB
ID: 1YI16). We note, despite the absence of the latter, this state should be considered active,
as Asp404 is close enough to the ATP binding pocket such that it can form the magnesium-
mediated contacts with ATP, which is necessary for kinase function.8

pH-dependent R-spine formation is consistent with the DFG and aC activation.

We examined whether the simulations captured the dynamical behavior of R-spine and
whether the behavior is also pH dependent. The FES in terms of the angle formed by
Met314, Phe405, and His384 and the angle formed by Leu325, Phe405, and His384 was
plotted for different pH conditions (Fig. 3a and Fig. S10). Depending on the pH, the FES
showed 2—4 minimum regions. The minimum in the upper right corner of the FES (the two
angles are 160-180°) represent the conformations with an intact R-spine and is most
frequently sampled at pH 5, in agreement with the pH-dependent conformational land scape
shown in Fig. 2. Snapshots also confirmed that conformations with an intact R-spine are
indeed in the DICI state (Fig. 3b, top). We further examined another minimum region, where
the two angles are 60-90°. Snapshots showed a unique DOCO conformation, where Asp404
is in a salt bridge with Lys295 but DFG flip has not taken place and aC helix remains out
(Fig. 3b, bottom, see later discussion).

pH-dependent populations of four major conformational states.

To quantify the pH-dependence of conformational dynamics, we calculated the percentage
populations of the DOCO, DOCI, DICO, and DICI conformations as defined by the four
FES regions (Fig. 2a) at different pH. Consistent with the FES plots, the DICI population
displays a maximum at pH4.5-5 and it is reduced to about half, as pH increases to 7, and to
nearly zero, as pH decreases to 3 (Fig. 4a). Thus, our data suggests that the active
conformation of unphosphorylated c-Src is not the predominate state at physiological pH,
consistent with a previous MD study, which showed that phophorylation stabilizes several
structural features locking the kinase in the active conformation.3! Note, the shapes of the
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pH profiles from the self-controlled CoHMD simulations are reliable; however, the
population values are likely not accurate due to the limited sampling time.

To examine the pH effects on the DFG flip and aC-helix motion individually, we calculated
the pH-dependent percentage populations of the DFG-in (DICO and DICI) and aC-in
(DOCI and DICI) conformations (Fig. 4b). Similar to the DICI population, the DFG-in
population displays a maximum near pH 5 and it decreases to almost zero at pH 3 and
reaches a minimum at pH 6.5-7. Interestingly, the pH profile of the aC-in population is
identical as that of the DFG-in population in the pH range 3 to 5; however, above pH 5 the
population plateaus. These data suggest that the pH dependence of the conformational
activation is related to the pH-dependent dynamics of the DFG motif and aC-helix. With
increasing pH, the populations of DFG-in and aC-in states increase due to the greater extent
of deprotonation for Asp404 and Glu310 (see later analysis and discussion). Intriguingly, the
populations of DFG-in and DICI states decrease above pH 5, which can be attributed to the
formation of a DOCO intermediate (see later analysis and discussion).

Protonation states of key residues are dependent on the DFG and aC conformations.

To understand the origin of the pH dependence, we examined the protonation states of
titratable residues located near regions of large conformational changes, including Asp404,
Glu310, Asp386, His384, and Lys295. Interestingly, at pH 4 to 5, where maximum
activation was observed in the simulation, Lys295 and His384 are always charged, while
Asp404, Glu310, and Asp386 sample both deprotonated and protonated states (Fig. 4c).
Note, in all previous MD studies,®-11:13.14.16.18 G|y310 and Asp386 were fixed in
deprotonation state while Asp404 was fixed in either protonated or deprotonated state.

Our simulations showed that the protonation states of Asp404, Glu310, and Asp386 are
conformation dependent. For Asp404, the deprotonation probabilities are 20%, 60%, 90%
and 100% at pH 4; 60%, 80%, 100%, and 100% at pH 5, for DOCO, DOCI, DICO, and
DICI conformations, respectively (Fig. 4c). Thus, Asp404 is fully deprotonated in the DFG-
in state but it can be either protonated or deprotonated in the DFG-out state, which supports
the hypothesis that Asp404 protonation favors the DFG-out state.? Furthermore, the
protonation state of Asp404 is affected by the aC position when DFG is inactive, as evident
from the increased fraction of deprotonated Asp404 going from DOCO (20% at pH 4 and
60% at pH 5) to DOCI (60% at pH 4 and 80% at pH5) (Fig. 4c).

For Glu310, the deprotonation probabilities are 20%, 70%, 60% and 70% at pH 4; 80%,
100%, 70%, and 100% at pH 5, for DOCO, DOCI, DICO, and DICI conformations,
respectively (Fig. 4c). Thus, Glu310 samples the deprotonated state more frequently in the
aC-in vs. the aC-out conformation, irrespective of the DFG conformation. It is worthwhile
noticing that both Asp404 and Glu310 remain deprotonated above pH 6, irrespective of the
DFG and aC conformations (see later discussion). With regards to the deprotonation
probability of Asp386, it follows the increasing order, DOCO < DICI < DOCI/DICO at all
three pH conditions. It is important to point out a limitation of the CoHMD simulations. The
calculated pKj’s of carboxylic groups forming electrostatic interactions, e.g., Asp404 and
Glu310, may be underestimated, by perhaps 1-1.5 units, based on our previous studies.
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20,22,32 Thys, the calculated peak activation pH may be too low by up to 1-1.5 units, similar
to our previous studies of aspartyl proteases.22:32

A-loop can open and close in the inactive states but remains open in the active state.

Besides the DFG motif and aC helix, conformational dynamics of the A-loop also plays an
important role in kinase activation and catalysis.® Crystal structures and solution studies
showed that in the inactive state,33 the A-loop is flexible and can adopt many closed as well
as open conformations, while in the active state (with or without phosphorylation), the A-
loop is extended and open to allow peptide binding.”3* The closed-to-open conformational
switch of the A-loop was also explored in several previous MD studies.31:35-37 Although our
simulation started from a DOCO structure with a closed A-loop, the three inactive states
sampled both closed and open A-loop, where the loop root-mean-square deviation (RMSD)
is greater than 5 A from the starting structure (Fig. S7). In contrast, the active DICI state
sampled only the open A-loop with the RMSD of 6-14 A (Fig. S7). These data are
consistent with the experimental observations and suggest that the A-loop motion is
correlated with the dynamics of DFG motif and aC helix. The fact that the A-loop in the
simulated DICI state remains open but displays considerable flexibility is consistent with the
notion that phosphorylation locks the A-loop in an ordered, extended conformation.”-31.38:39

Protonation state of DFG-Asp in the DFG-out conformation also depends on the A-loop
conformation.

While Asp404 is always deprotonated in the DFG-in conformation due to the salt bridge
with Lys295, it can be either protonated or deprotonated in the DFG-out conformation
depending on the local dielectric environment. For example, Asp404 is in different
environments in the two well-known crystal structures of c-Abl, which are both in the Src-
like inhibited (DOCI) state but differ significantly in the A-loop conformation.30:33 In the
structure with an open A-loop (pdb id: 10PK33), Asp404 points to a hydrophobic pocket,
whereas in the structure with a closed A-loop (pdb id: 10J33), Asp404 is exposed to solvent.

Visualization of the simulated DOCI snapshots supports a correlation between the A-loop
conformation and the environment of Asp404. In fact, the conformations of the A-loop and
DFG motif in the snapshot shown in Fig. 5a bear a high resemblance to those in 10PK and
the snapshot in Fig. 5b resembles 10PJ. To test the hypothesis that the protonation state of
Asp404 may be different in the two substates, DOCI (A-open) and DOCI (A-closed), we
calculated the probability of deprotonating Asp404 at pH 3, 4, 5, and 6. Indeed, Asp404 is
more protonated in the A-loop open state as compared to the A-loop closed state (Fig. 5c).
Thus, the protonation state of Asp404 in the DFG-out state is further modulated by the A-
loop conformation which perturbs the local environment of Asp404.

DFG flip follows a pathway hypothesized based on crystal structures.

Next, we investigated the mechanism of DFG flip. Based on a crystal structure survey,
Mébitz proposed two pathways for the DFG out-to-in transition.28 In pathway 1, the DFG
flip is accomplished by a rotation around the backbone @ angle of DFG-Asp, while in
pathway 2, the flip is made possible by a rotation around the angle of DFG-1 (Fig. S6).
Considering the presence of crystal structures showing intermediate conformations, Mobitz
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further proposed?8 that pathway 2 is more accessible, particularly for kinases with a small
DFG-1 such as Gly, Cys, or Ala. Our calculated FES’ for pH 4-6 as a function of ¢(Asp404)
and w(Ala403) are very similar to the scatter plot based on the PDB crystal structures28
(Fig. 6 and Fig. S8). Accordingly, the DFG flip involves either a switch in g(Asp404), i.e.,
pathway 1, or a gradual change in y(Ala403), i.e., pathway 2. The FES for pH 4 and 5
shows two intermediate states in pathway 2. At pH 5, both intermediate states and the final
state appear to be more populated. Thus, our data supports the crystal structure based
hypothesis28 and further suggests that the increased DFG-in population at pH 5 may be due
to the presence the intermediate states which helps lower the barrier of the DFG flip. Note,
these intermediates are absent in our survey of the PDB structures of the Src family kinases,
likely due to the very small number of them (Fig. S6).

DFG flip involves intermediates and increased deprotonation of DFG-Asp.

Now we switch back to the pseudo dihedral angle {(A403) and the Asp404-Glu310 distance
to further investigate the DFG flip and its coupling with the aC motion. The FES for pH 5
(Fig. 7a) is very similar to the scatter plot based on the crystal structures of the Aurora A
kinase,28 showing a gradual decrease in ¢ and initially a slight enlargement of the Asp404—
Glu310 distance, before Asp404 completely flips into the ATP binding site and Phe405 flips
out. The decrease in ((Ala403) is also accompanied by a decrease in y(Ala403), consistent
with the analysis shown in Fig. 6. Starting from the DFG-out state, the FES shows a pathway
with two intermediate states, in which Asp404 is flipped to varying degrees (shown as 2 and
3in Fig. 7a and 7b). The deprotonated fraction of Asp404 increases from 70% for the
starting DFG-out state and the first intermediate to 100% for the second intermediate and the
final DFG-in state (Fig. 7b). This data is consistent with the increased degree of Asp404
deprotonation in the DOCO-to-DICO and DOCI-to-DICI transitions at pH 4 and 5 (Fig. 4).

A novel DOCO off-pathway intermediate is formed when Asp404 moves into a back pocket.

In contrast to the FES at pH 5, the pathway stops at the partially flipped intermediates and
does not progress further below pH 4 or above pH 7 (Fig. S9). Interestingly, at pH 6 and 7,
the FES displays a minimum region, where {(Ala403) remains large (about the same as the
starting crystal structure) but the Asp404-Glu310 distance is significantly widened from
about 10 A in the crystal structure to 14-16 A (Fig. S9 and dashed circle in Fig. 7a).
Snapshots showed that, instead of entering the ATP binding site in the front cleft, Asp404 is
moving into the second binding pocket in the back cleft (BP-112940) and forms a salt bridge
with Lys295. This unique DFG-out conformation is further stabilized by a salt bridge
between Glu310 and Arg409 in the A-loop, which locks the aC helix in the out position,
similar to the starting crystal structure (Fig. 7a and Fig. 8a). This unique DOCO
conformation has not been discussed in the literature, but we identified a similar
conformation in the crystal structure of a Src kinase, where the Lys295-Asp404 salt bridge
is formed but the coordinates of Arg409 are missing (PDB ID: 2QI8, see Fig. S9).

Salt-bridge interactions of Glu310 impact DFG motion.

Interestingly, the Arg409-Glu310 salt bridge only occurs in the DFG-out conformation and
the probability follows a bell-shaped pH profile with a maximum of about 15% at pH 6.5
(Fig. 8a). Recall that the DFG-in population has an inverted bell-shaped pH profile with a
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minimum at pH 6.5 (Fig. 4a). Thus, our data suggest that above pH 5, the Arg409-Glu310
salt bridge not only stabilizes the inactive aC position but may also stabilize the DFG-out
conformation.

In the crystal structures of c-Src kinases,*! Glu310 can also form a salt bridge with Arg385
(HRD-Arg), stabilizing the aC-out state. In our simulations, this salt bridge is additionally
correlated with the DFG movement. Below pH 5.5, the salt bridge occurred only in the
DFG-out conformations, mostly when Asp404 was rotated clockwise (on-pathway to DFG-
in). Above pH 5.5, the salt bridge was found in both DFG-out and DFG-in conformations
with the latter dominating above pH 6.5 (Fig. 8b). Thus, the interaction with Arg385 may
stabilize the inactive DFG conformations below pH 5.5 but it does not have such effect at
higher pH.

CONCLUDING DISCUSSION

Replica-exchange CpHMD simulations were able to capture the conformational activation of
the c-Src kinase starting from a completely inactive DOCO crystal structure without prior
knowledge of the active state or the use of mutation or biasing potential. Simulations
reproduced all four major types of conformations observed in the PDB crystal structures.
Strikingly, the DICI state and R-spine formation are most frequently sampled by the
simulation with a pH near 5, where DFG-Asp, aC-Glu, and catalytic Asp adopt
conformation-dependent protonation states. Our simulations showed that a protonated Asp is
only compatible with DFG-out conformations (this is why DFG activation does not occur at
low pH), while a deprotonated Asp is compatible with both DFG-in and DFG-out
conformations. From the conformational perspective, DFG-in conformations are only
compatible with deprotonated Asp, while DFG-out conformations are compatible with both
protonated and deprotonated Asp. These data offer direct evidence to support the hypothesis
that DFG flip is dependent on the protonation state of Asp® and explain why the DFG in-to-
out flip was observed only with the protonated Asp in some MD simulations.%:14.18

The coupling between protonation equilibria and conformational exchanges can be
rationalized by the fact that in the active state DFG-Asp is near the charged catalytic Lys,
whereas in an inactive state it can be in a variety of local environment, e.g., buried in a
hydrophobic pocket or solvent exposed and proximal to the charged HRD-His. As an
example, our analysis showed that in the DOCI state, DFG-Asp is more protonated when A-
loop is open as compared to when it is closed. Thus, our work suggests a model comprising
three states, DFG-in(Asp~), DFG-out(Asp™), and DFG-out(Asp™), which differs from the
model of Shan et. al.,® which includes DFG-in(Asp™) instead of DFG-out(Asp~). The
existence of both DFG-out(Asp™) and DFG-out(Asp™) and the thermally accessible barrier
between DFG-out and DFG-in states (at most 3 kcal/mol in our replica-exchange
simulations, Fig. 2a) may explain why the DFG flip to the DFG-out state was observed with
a deprotonated Asp in a recent MD simulation.1’

It was initially puzzling that the active-state population decreases as pH increases above pH
5. Our analysis revealed that without a DFG flip that involves concerted motion of the
backbone of several residues, DFG-Asp can move into a back pocket and form a salt bridge
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with the catalytic Lys, resulting in a novel DOCO type of intermediate, which is further
stabilized by a salt bridge between aC-Glu and Arg409. Interactions of aC-Glu with
Arg409 and Arg385 have been known to stabilize the inactive aC position, based on crystal
structures*! and MD studies.10:13 To our best knowledge, it is the first time that their impact
on the DFG flip was revealed, further explaining the coupling between the DFG and aC-
helix motions.

The current work is subject to several caveats. Although the pH dependence is robust, the
relative conformational populations are likely not accurate due to the short sampling time
and the presence of four states. The peak of the active pH range might be too low by 1-1.5
units, resulting from over-stabilization of the deprotonated carboxylates, e.g., DFG-Asp,
aC-Glu, and catalytic Asp. We also note that while Cys, Tyr, and Lys sidechains were
allowed to titrate, they did not change protonation states, i.e., Cys and Tyr remained neutral
and Lys remained charged in the entire simulation pH range. Although this may well be true,
there is a chance that the default (solution) protonation states were overly favored, as the
pK; shifts for Cys, Tyr, and Lys using the hybrid-solvent CpHMD method have not been
extensively validated. Our recent study employing an improved GB model demonstrated that
the catalytic Lys can be neutral and some Cys can be charged in the DOCO conformations of
some kinases.1?

Our work does not consider ATP and magnesium binding, which is known to impact the
conformational dynamics and catalytic activities of kinases. Phosphates and magnesium ions
form an electrostatic network with key residues such as the catalytic Lys, DFG-Asp, and
catalytic Asp,*2 and stabilize the kinase core structure in the active state.! The adenine ring
of ATP forms multiple contacts with the protein, among which a g7 hydrophobic residue,
and results in the assembly of the so-called catalytic spine required for catalysis.843
Additionally, our work does not consider phosphorylation, which has been demonstrated to
stabilize the important kinase structural features in the active conformation for the cAMP-
dependent protein kinase A38:39 and MAP kinase ERK2.44 Nonetheless, our data suggesting
that the active conformation is not the predominant state for the unphosphorylated c-Src
kinase at physiological pH is consistent with the above experimental studies and a previous
computational work based on free energy simulations.3! Similar to inhibitor binding,*>46
phosphorylation likely induces a population shift, making the active state the most stable
one.’

Notwithstanding the caveats, by exploring the proton-coupled conformational dynamics of
the c-Src kinase, our simulations provided an intimate view of how key structural elements
are electrostatically coupled to enable a remarkable conformational plasticity. Proton
titration at peak activation pH enables the breakage and formation of electrostatic contacts at
the heart of the kinase catalytic machinery and allows assembly and disassembly of the
structural features required for kinase functions. In contrast, at lower pH protonated DFG-
Asp and aC-Glu disfavor the active DFG and aC conformations, while at higher pH a
DOCO intermediate is stabilized by the salt bridges involving the deprotonated DFG-Asp
and aC-Glu. The novel DOCO intermediate found in this work can be tested in selective
inhibitor design. Perhaps the most significant finding is that key residues change protonation
states to facilitate the conformational transitions. The current work represents the beginning
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of a journey to understand the role of proton titration in kinase conformational dynamics.
Many questions remain to be answered. For example, what are the electrostatic roles of
HRD-Asp, HRD-His, and catalytic Lys? How does phosphorylation and inhibitor binding
perturb the electrostatic networks and conformational landscape? Understanding proton-
coupled conformational dynamics may hold a key to further innovation in kinase drug
discovery. The current work also demonstrated the predictive capability of replica-exchange
CpHMD to generate various conformational states for structure-based kinase inhibitor
design.

METHODS and PROTOCOLS

System preparation.

The kinase domain structure of the chicken Src protein was retrieved from the Protein Data
Bank (PDB 1D 5K9127 with resolution 2.5 A). The crystal structure has two subunits; the
backbone root-mean-square-deviation between the two subunits is 1.0 A and the orientations
of titratable sidechains are highly similar. Subunit B was used as the starting structure, as it
has fewer unresolved residues (411-423), which we added using MODELLER (version
9.11).47 100 structures were generated and the one with the lowest MODELLER objective
function score was used. The small molecule was removed. Crystallographic water
molecules within 3.5 A of any protein heavy atoms were kept. The N-terminus was
acetylated and the C-terminus was amidated. Hydrogen atoms were added using the
HBUILD facility*® in the CHARMM package (version ¢37a2).4® Dummy hydrogen atoms
were added to Asp and Glu sidechains and placed in the syn positions, following the original
continuous constant pH molecular dynamics protocol by Khandogin and Brooks.>?

The protein was then placed in a truncated octahedral water box with a minimum distance of
10 A between the protein and edges of the water box, resulting in a unit cell with a lattice
parameter of 81.7 A. Water molecules within 2.6 A of any existing heavy atoms were
deleted, as in the standard CHARMM protocol ® which has been used in the previous
kinase simulations by Roux and coworkers.12.17:31 The solvated system contained a total of
40447 atoms. No explicit ions were added, as the system net charge is dependent on the pH
and as such cannot be compensated by a fixed number of ions. In lieu of explicit
counterions, the particle-mesh (PME) Ewald calculation includes a neutralizing plasma to
maintain charge neutrality. Note, as the net charge of the system is very small at pH 7 (-2
according to the estimate by the PropKa calculation®1). Our previous simulations showed
that the neglect of explicit ions has a negligible effect on the protonation-state calculations.2°
To account for the salt effects on protonation and deprotonation, th physiological ionic
strength of 0.15 M was taken into account via an approximated Debye-Hiickel form®2 in the
generalized Born calculations for the hybrid-solvent CpHMD, consistent with our previous
work on aspartyl proteases.23:53.54 To relax the hydrogen positions, the system was
minimized by the steepest descent method followed by the adopted basis Newton-Raphson
method with the protein heavy atoms fixed and subsequently harmonically restrained with a
force constant of 5.0 kcal/mol A2,
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Molecular dynamics protocol.

Molecular dynamics simulations were carried out using the hybrid-solvent continuous
constant pH molecular dynamics (CpHMD) method and the pH-based replica-exchange
protocol?? in the CHARMM package (version c37a2).4° The all-atom CHARMM22/
CMAP55:56 and the CHARMM-style TIP3P water model®’ were used to represent the
protein and water, respectively. In the hybrid-solvent CoHMD simulations, the
conformational degrees of freedom are propagated using explicit solvent, while the A
particles, which represent the protonation degrees of freedom, are propagated in the GBSW
generalized Born model®® with the default setting in the PHMD module.20 All ionizable
sidechains, including 10 Asp, 27 Glu, 3 His, 6 Cys and 13 Tyr, 15 Lys, and 17 Arg, were
allowed to titrate in the CpHMD simulations.

The Leap-frog integrator was used to propagate the spatial coordinates. The SHAKE
algorithm®® was applied to bonds involving hydrogen atoms to allow for a 2-fs time step.
Simulations were conducted under the periodic boundary conditions and constant NPT
ensemble at ambient temperature (300 K) and pressure (1 atm), controlled by the Nése-
Hoover thermostat®0:61 and the Langevin piston pressure-coupling algorithm,®2 respectively.
Switching function was applied to the van der Waals potentials from 10 to 12 A.
Electrostatic potentials were computed using the particle-mesh Ewald method®3.64 with a
real-space cutoff of 12 A and a sixth-order interpolation with approximately 1-A grid
spacing. The cutoffs for generating the nonbonded and image lists were 14 and 16 A,
respectively. The nonbond neighbor and image lists were heuristically updated during the
simulations. The A dynamics were governed by Langevin dynamics with a collision
frequency of 5 ps! and updated every 10 MD steps to allow for water relaxation.2? The
mass of the A particles was set to 10 atomic mass units (default setting).

The energy minimized system was heated from 100 to 300 K within 20 ps, with the protein
heavy atoms harmonically restrained with a force constant of 5 kcal/mol A2. Following
heating, the system was equilibrated for 30 ps under harmonic restraints, where the force
constant was gradually reduced from 5 (10 ps), to 2 (10 ps), and 1 kcal/mol A2 (10 ps). In
the heating and equilibration stages, CoHMD was turned on at the crystallization pH 6.1.27
In the production run, the pH-based replica exchange protocol was applied. 48 replicas were
placed in the pH range 3-9.5, with 0.25 or 0.125 pH intervals. The exchanges of
conformational states between neighboring pH replicas were attempted every 500 MD steps
or 1 ps. Each replica was subject to NPT molecular dynamics for 62 ns, resulting in an
aggregate sampling time of 1,824 /5. Data was collected after every exchange attempt (500
MD steps or 1 ps). Unless otherwise specified, the last 20 ns simulation for each replica was
used for analysis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structureand major conformational states of the c-Src kinase.
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Cartoon representation of the chicken c-Src kinase domain structure (pdb id 5K9l). The
sequences of chicken and human c-Src kinase domains differ only by two amino acids:
Met354 and Asp502 in chicken correspond to Thr357 and Glu505 in human, respectively.
aC-helix, A-loop, and C-loop are colored orange, red and blue, respectively. Important
residues discussed in this work are shown, Asp404, Phe405 (on DFG motif); Glu310 (aC-
Glu); Lys295 (catalytic Lys); Met314, Leu325, His384, and Phe405 (R-spine); Arg385 and
Arg409 (able to interact with aCGlu). A diagram indicates the four types of conformational

states a kinase can adopt.
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Figure 2. pH-dependent conformational landscape of c-Src.
(a) FES as a function of the pseudo torsion C(Ala403) and distance R between Lys295:NZ

and Glu310:CD at different simulation pH. ((Ala403) is defined using the CA atoms of
Val402, Ala403, Asp404, and Phe405. The free energy is calculated using -kTInP(C, R),
where Pis probability density, k is Boltzmann constant, and T is simulation temperature
(300 K). Horizontal and vertical lines are plotted at 120° and 4.5 A to define DOCO, DOCI,
DICO, and DICI states. The starting structure is indicated by a cross. (b) Representative
snapshots representing the FES minima. Lys295, Glu310, Asp404 and Phe405 are shown.
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Figure 3. R-spineformation is consistent with the active DICI state.
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(a) FES at pH 5 as a function of two angles formed between the CB atoms of the R-spine
residues. The FES’s at other pH are given in Fig. S8. (b) Representative snapshots from the
two minimum regions. The R-spine residues are in green. Asp404, Lys295, and Glu310 are

in magenta.

JAm Chem Soc. Author manuscript; available in PMC 2019 December 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Tsai et al.

Page 20

—
‘)
N
(o)
|
©
J

e\/i . ® Active g ] [
= B 505*
= 25 3 =
o 0— | |
-] -
Q.
s 1 - _
0 b 5 .
3 4 5 6 7 8 ™ 0.5—
(b) —
50— ® DFG-In o - | i
/a ®aC-In
O\ -
< P
2 257 2 7
i Sos-
o
(Al 0 _
T 1 T T 1 0 O o
3 4 5 6 7 8 O% 2 % %
pH o & O ~

Figure 4. pH-dependent conformational populations of ¢-Src and protonation states of important
titratable residues.

(a) Percentage population of the DICI conformations as a function of pH. (b) Percentage
populations of the DFG-in (black) and aC-in (red) conformations as a function of pH. (c)
Probability of deprotonation for Asp404, Glu310, and Asp386 in the four types of
conformational states at pH 4 (red), 5 (green), and 6 (blue). Lys295 and His384 sample only
the protonated (charged) state below pH 7.
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Figure 5. A-loop can open and closein the DOCI state and the e_ect on the protonation state of
Asp404.

(as)pA simulation snapshot of the DOCI state with an open A-loop (blue) and Asp404
pointing to a hydrophobic pocket, similar to a crystal structure of c-Abl (PDB ID: 10PK33).
(b) A snapshot of the DOCI state with a closed A-loop (red) and Asp404 exposed to solvent,
similar to a different c-Abl structure (PDB ID: 10PJ33). (c) Probability of Asp404
deprotonation in the DOCI state with open (blue) and closed (red) A-loop at different pH. A-
loop (residues 404-432) was considered open if the RMS deviation from the starting DOCO
crystal structure (PDB ID: 5K9127) is greater than 5 A. Asp404, Phe405, Glu310, and
Lys295 are shown in the stick model.
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Figure 6. Two pathways of the DFG flip.

T T T
120 240 360

Free energy surface of c-Src as a function of ¢g(Asp404) and w(Ala403) at different
simulation pH conditions. A diagonal line separates the DFG-in and DFG-out
conformations. Two pathways for the DFG flip are indicated.
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Figure 7. DFG flip, intermediates, and coupling to the deprotonation of DFG-Asp.
(a) FES as a function of C(Ala403) and the Ca distance between Asp404 and Glu310 from

the simulation at pH 5. Four minimum regions are labeled: 1 (€ >120°); 2 (130° < ¢ <180°);
3(75° < ¢ <130°); and 4 (G <75_). Snapshots capturing the DFG flip (blue, Asp404
pointing into the ATP binding site in the front cleft) and an off-pathway DOCO intermediate
(magenta, Asp404 pointing into a back pocket) are overlaid on the starting structure (silver).
The intermediate is most populated at pH 6 and 7 (Fig. S9). (b) Zoomed-in views of Asp404
and Phe405 in the DFG-out state, partially flipped, and DFG-in state. The probabilities of
Asp404 deprotonation for the four minimum regions are given.
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Figure 8. Salt-bridge interactions of Glu310 impact the DFG flip.
(a) Probability of forming the R409-E310 salt bridge in the DFG-in (blue) and DFG-out

(red) states as a function of simulation pH. A representative snapshot of the R409-E310 salt
bridge in a DFG-out state is shown on the top. (b) Probability of forming the R385-E310
salt bridge in the DFG-in (blue) and DFG-out (red) states as a function of simulation pH. A
representative snapshot of the R385-E310 salt bridge in the DFG-in state is shown on the
top. A salt bridge was considered present if the minimum distance between the carboxylate
oxygens of Glu and the guanidinium nitrogens of Arg is at most 4 A.
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