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The Src-family kinases are allosteric enzymes that play a key role
in the regulation of cell growth and proliferation. In response to
cellular signals, they undergo large conformational changes to
switch between distinct inactive and active states. A computational
strategy for characterizing the conformational transition pathway
is presented to bridge the inactive and active states of the catalytic
domain of Hck. The information from a large number (78) of
independent all-atom molecular dynamics trajectories with explicit
solvent is combined together to assemble a connectivity map of the
conformational transition. Two intermediate states along the ac-
tivation pathways are identified, and their structural features are
characterized. A coarse free-energy landscape is built in terms of
the collective motions corresponding to the opening of the acti-
vation loop (A-loop) and the rotation of the aC helix. This landscape
shows that the protein can adopt a multitude of conformations in
which the A-loop is partially open, while the aC helix remains in the
orientation characteristic of the inactive conformation. The com-
plete transition leading to the active conformation requires a
concerted movement involving further opening of the A-loop, the
relative alignment of N-lobe and C-lobe, and the rotation of the aC
helix needed to recruit the residues necessary for catalysis in the
active site. The analysis leads to a dynamic view of the full-length
kinase activation, whereby transitions of the catalytic domain to
intermediate configurations with a partially open A-loop are per-
mitted, even while the SH2-SH3 clamp remains fully engaged.
These transitions would render Y416 available for the transphos-
phorylation event that ultimately locks down the active state. The
results provide a broad framework for picturing the conforma-
tional transitions leading to kinase activation.
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N on-receptor Src tyrosine kinases are a family of large
allosteric enzymes that are critical for cell growth (1-4).
They play a key regulatory role inside the cell by turning
downstream target proteins “on” or “off” through phosphory-
lation, during which the y-phosphate group of ATP is transferred
to a tyrosine residue in the target protein (5). Their own activity is
also tightly regulated by phosphatases and upstream kinases in
multiple physiological processes. Uncontrolled Src kinase activa-
tion is linked to a number of diseases, particularly cancer, making
them important targets for therapeutic intervention (6, 7). Discov-
eries of kinase inhibitors targeting the Src tyrosine kinase fold,
including the Src family members and relatives, have been one of
the most exciting advances in molecular design (8-13).

Members of the Src kinase family share a common structural
organization, which consists of 2 regulatory SH3 and SH2
binding domains, followed by a catalytic domain. The catalytic
kinase domain is highly conserved among many protein kinases,
and its overall architecture closely resembles that of other
protein kinases such as protein kinase A (14-16), Csk (17, 18),
and Abl (7, 8, 19). It comprises an N-terminal lobe (N-lobe) and
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a C-terminal lobe (C-lobe) (see Fig. S1), between which the
active site is located.

Structures of inactive and active conformations have been
characterized by X-ray crystallography (20-25). The primary
structural distinctions between the 2 conformations concerns the
phosphorylation of Tyr-416 located in the central activation-loop
(A-loop) and the orientation of helix aC. In the inactive state,
the A-loop with unphosphorylated Tyr-416 is closed and folded
to occlude substrate entry into the active site, while the orien-
tation of the aC helix is stabilized by hydrophobic contacts and
salt bridges with the loop and neighboring structural motifs to
keep important catalytic residues away from the active site (22,
24, 26). In the active state, an outward movement of the A-loop
opening up the active site to substrate binding is accompanied
by an inward rotation of the «C helix recruiting the residues
needed to form a catalytically competent active site. The fully
active state is ultimately stabilized by the phosphorylation of
Tyr-416, although the kinase domain can also adopt an open
active-like conformation with unphosphorylated Tyr-416 (25). It
is the process of frans-phosphorylation of Tyr-416 (via a bimo-
lecular encounter with another active Src kinase) that ultimately
“locks” the domain in its catalytically active state (27). For this
final process to occur, the A-loop of the kinase domain must
adopt an open active-like conformation, at least transiently, to
expose Tyr-416 to another kinase.

In the full-length inactive state, the SH2 and SH3 regulatory
domains serve to down-regulate kinase activity by acting as a
“clamp” pushing on the back side of the enzyme (23), presum-
ably by interfering with the ability of the kinase domain to
undergo a transition toward its open active-like conformation. In
the absence of the SH2 and SH3 regulatory domains, the isolated
catalytic domain is constitutively active (20), which suggests that
the transition toward the open active-like conformation is al-
lowed under these conditions. In this context, characterizing the
conformational transition in the isolated catalytic domain is an
important first step to understand the inhibitory action of the
regulatory domains. A more complete knowledge of the con-
formational transition within the kinase domain is also expected
to broaden the configurational space to search for possible
kinase inhibitors, which could target any number of intermediate
states (6).

A detailed mapping of the conformational transition pathway
leading to Src activation is very difficult to achieve with exper-
iments because all of the intermediate states are short lived.
Molecular dynamics (MD) simulations based on detailed atomic
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models and explicit solvent provide a powerful and alternative
approach to investigate such processes. However, the scope of
simple brute-force simulations, which are limited to relatively
short time scales, must be expanded to yield useful information.
In this article, the accumulated information from multiple
all-atom MD trajectories with explicit solvent is used to map the
conformational landscape from the inactive to active state of the
catalytic domain of Hck. The initial structures of these unbiased
MD simulations were taken from various points along a targeted
MD (TMD) simulation trajectory (28).

A clustering scheme is then used to regroup similar confor-
mations together from independent trajectories. This procedure
allows us to construct a connectivity map and characterize the
collective dynamics of the conformational transitions linking the
inactive to the active state. From the connectivity map analysis,
we identify 2 intermediate states and characterize their struc-
tural features. The results complement previous simulation
studies on Src activation, based on coarse-grained (29) and
all-atom models (7, 28, 30-34). The computational strategy is
general and should lead to important advances in our ability to
analyze protein allosteric transitions.

Results

Conformational Landscape: A Connectivity Map. We consider the
transition pathway between the inactive conformation and an
active-like conformation with Tyr-416 unphosphorylated (here-
after referred to as active for the sake of simplicity). Systems
relaxed and equilibrated at 78 conformations between the
inactive and active states were released (28) and simulated by
free all-atom MD simulations with explicit solvent, for a total
time of ~1 us (see Methods for details). From the simulations,
the entire configuration space is then partitioned into 25 clusters,
and a connecting diagram is constructed. This connectivity map
is displayed in Fig. 1, which covers the conformational landscape
ranging from the inactive to the active state. On the landscape,
similar structures are partitioned into the same cluster by using
a K-means clustering algorithm (35). The neighboring clusters
are connected by filtered transitions as collected from MD trajec-
tories. A few examples of trajectories undergoing a transition from
one cluster to another are indicated by colored connecting lines on
the map (Fig. 1). The distances between clusters are plotted to be
inversely proportional to the intercluster transition rates. The
interconversion rates were observed using a time interval (lag time)
of 100 ps (see SI Text and Fig. S2 for details).

The procedure for constructing the connectivity map can
potentially lead to very noisy statistics because of brief “spuri-
ous” recrossing events of the MD trajectories between 2 clusters
(see a diagram in Fig. S3). To filter out those recrossings at the
boundary between clusters, we used a distance cutoff to assign
the transition between clusters i and j. The crossing from i to j
is considered as a true transition only when a system has really
escaped the state i. By definition, a transition occurred if the
point-to-centroid distances satisfy d; (t + 8t) > yd,(t), where d;(¢)
and d; (t + 6t) are the distances of an individual structure to its
cluster center at time ¢ and ¢ + &, respectively. Accordingly, if
the configuration is crossing the cluster-cluster boundary d(t) at
time ¢, the crossing is considered as a true transition only if a
distance of d(¢t + &) > yd(¢) is reached within the time interval
&t (Fig. S3). This procedure filters out the “false-alarm” recross-
ings that occur at the cluster boundaries without leading to a
definite transition. For the Src map construction, 6t = 10 ps was
used and y = 1.1, 1.2, 1.3 were applied. Additional check on
intercluster transitions shows that different simulations overlap
with each other in the cluster space, ensuring that the clusters are
well connected (Fig. 1 Lower). Thus, we achieved a complete
ensemble of conformations spanning the transition from the
inactive to the active state.

The connectivity map serves to chart the territory visited by
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Fig. 1. Connectivity map for conformational transitions during Src activa-
tion. (Upper) Connectivity diagram linking the inactive to the active catalytic
domain of Hck generated by performing a K-means clustering on 78 unbiased
MD simulations. The structural network maps the configurational space of 25
clusters that are kinetically connected by MD traces. Each of the 25 vertex
corresponds to a cluster of configurations extracted from all-atom MD. Four
hubs of the structural network are revealed to represent the transition:
Inactive, /1, I, and Active, which divide the conformation space into 3 transi-
tion phases: Inactive — Iy, Iy — I, and I, — Active. (Lower) Overlap of
independent simulations by several representative color-coded MD traces.
The conformational clusters are kinetically connected and an ensemble of
transition pathways is achieved from the accumulation of independent sim-
ulations. A representative transition collectively taken from multiple simula-
tions is shown as the brushed line and uploaded online (see Movie S1 for
animation).

the macromolecule during the state-to-state conformational
transitions. The concept of the connectivity map bears some
similarities with the protein folding networks (36-40), which
have been used to describe the folding landscape from unfolded
states to a folded state.

Two Intermediates States Are Identified. A careful examination of
the connectivity map reveals the existence of 2 intermediate
states along the pathway linking the inactive and active confor-
mation of the catalytic domain. These 2 intermediates, hence-
forth called I; and I, form the most connected “hub”-like
clusters on the connectivity map of Src activation (Fig. 1) and are
the most robustly connected structural states for a range of
analysis parameters. This robustness is demonstrated by varying
2 criteria used to construct the map: the lag times and the
boundary cutoffs. With different lag times (50 ps, 100 ps, and 200
ps), the overall connectivity among clusters remains intact (Fig.
S2). The topology of the map is also conserved with various
boundary cutoffs (y = 1.1, 1.2 and 1.3), which filter out spurious
recrossing events at the boundary between 2 clusters (Fig. S3).
I and I are also likely to be metastable intermediates along the
activation path because of the estimated longer average lifetime
of each cluster to which they belong (Fig. S4). The lifetime is
defined as the time period for which the conformation remains
in its own cluster before making a transition to another cluster.
It should be noted that another cluster (no. 21) has a long
lifetime but is not classified as an intermediate because it is close
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Fig.2. Mechanisms of A-loop and aC helix and structural details of /; and /5.
The color-coded maps for the A-loop (by AQa.i00p) and the aC helix (by AQ.c)
indicate that the loop opens earlier than the «C helix starts to rotate. For
example, the aC helix is in its inactive conformation at /4, while the A-loop
adopts a partially extended form. The most probable structures are shown in
the Lowertoillustrate their structural features. Residues 1411 to P425 are used
to define the flexible region of the A-loop. Residues V304 to K315 are used to
define the aC helix. AQa-0op and AQ,c are the difference of the number of
contacts. For an easier comparison with the results from a previous study based
on a coarse-grained model (29), an identical list of native contacts was used in
the definition of AQ. A list of 55 (48) and 30 (59) distances was included to
describe the helix rotation (the A-loop opening) for the inactive and active
state, respectively, defined on the basis of the crystal structure of Hck (PDB
entry 1QCF) and the homology model of c-Src (PDB entry 1Y57). A contact
between 2 residues (i and ) is considered formed if |r,-j - o-,-j\ < (y— Nojwhere
v = 1.2. rj and oj; are the instantaneous and native distances between 2
residues (i and j), respectively.

to the edge of the connectivity map and gets disconnected as the
cutoff vy increases (Fig. S3).

Collective Dynamics During Src Activation. The crystallographic
structures display a relative shift of the N-lobe and the C-lobe
between the inactive and active state (24). To investigate the
large collective domain-domain motion, we first align all con-
figurations generated from simulations according to 3 main
a-helices in C-lobe as shown in red in Fig. S5 (aE: L360-Q379,
aF: 1441-T457, and aH: E489-W499 in c-Src numbering). We
then determine 3 principal axes of 3 main B-strands in N-lobe in
blue (B2: G279-T285, p3: K291-M297, and B5: 1336-E339). The
rotation angles around 3 principal axes are finally computed and
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projected on the connectivity map (Fig. S5). The color-codes are
based on the average rotation angles. From the map, a major
rotation around the third axis is observed, which separates I;
from I,. Similarly, the translational motion between 2 lobes is
also projected on the map (Fig. S5), according to the center-of-
mass distances of Ca atoms between the red and blue regions in
2 lobes. I; and I, are ~0.23 A away from the inactive gmd active
clusters, respectively, with a translation of 0.68 = 0.67 A between
I, and I,. Overall, the relative lobe-lobe orientation around the
third axis is one of the main differences between I; and I5.

Fig. 2 shows the connectivity map for the A-loop opening and the
aC helix rotation colored by structural similarity defined by AQ.c
and AQAai00p- AQuc = 0% — O« was used to characterize the
conformational state of the aC helix from V304 to K315, where Q'
and Q% are the number of contacts made between any residue in
the aC helix and any other residues for the inactive and active state,
respectively. A similar definition for AQa.100p Was used for the
A-loop represented by the segment from 1411 to P425. The
conformation is close to the inactive cluster if AQ is negative (blue)
and close to the active cluster if AQ is positive (red). Representative
structures of I; and I, are shown in Fig. 2. At I;, the aC helix is
relatively close to the inactive state, while the A-loop has progressed
to the middle of its transition toward the active state (green). At I,
the aC helix starts to rotate toward the active state (green), while
the A-loop is opening further (yellow). The maps clearly show the
motion of 2 key motifs. Initially, the A-loop opens up without much
rotation of the helix (Inactive — I;), and then a concerted move-
ment of both of them is required to make the complete transition
(I — I — Active). Such sequential movements were also observed
in the activation of cyclin-dependent kinase cdk2 upon binding to
cyclin (41, 42).

The structural difference between 2 intermediates suggests
that the aC helix plays a more important role than the A-loop
in terms of stabilizing the inactive conformation. This is because
the A-loop is dynamic and the aC helix is relatively rigid. For
transphosphorylation to occur, the A-loop must be open to
expose Tyr-416 to the active site of the other kinase, at least
transiently. Transient dynamic openings of the A-loop are
consistent with the existence of significant structural fluctua-
tions of Src (22, 21). In the initial X-ray structure of Hck (22),
the A-loop could not be resolved, indicating that it was either
very mobile or adopted a number of conformations. However,
the inward rotation of aC helix is rather late within a rather narrow
region, indicating that it is relatively rigid. This notion has been
observed in both coarse-grained models (29) and atomistic models
(34). From a practical standpoint, this structural difference suggests
that potential kinase inhibitors that target stabilization of the aC
helix might be able to better trap the Src kinase in inactive or [;
states and block the transition to > or the active state.

Switching of lon-Pairs and Hydrophobic Packing. From the simula-
tions, we observe that a set of key residues involved in ion-pair
formation proximal to the A-loop and the aC helix are switching
their interaction partners during activation. Among these resi-
dues are Glu310 in the aC helix, Lys295 in the B3 strand, Thr338
in the B5 strand, Arg385 from the “HRD” motif (21, 22), Asp404
from the DFG motif (7), and Arg409 in the A-loop (Fig. 3).
During activation, Glu310 from the «C helix switches its inter-
acting partner from Arg409 to Lys295, while Lys295 appears to
move away from Asp404 to Glu310. The mass-weighted center-
of-mass distance changes between the side-chains of these
residues as shown in Fig. 3 and Fig. S6. These observations are
consistent with previous results obtained with nonequilibrium
MD simulations (32). Notably, the ion-pair formed by Glu310
and Arg409 is maintained in /;, but the separation starts during
the transition of /; — active. We also find that the distance
between Glu310 and Arg385 gradually increases by ~2 A, corre-
lated with the «C helix rotation (Fig. S6). We note that a similar
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Fig. 3. Switching of ion-pairs and hydrophobic packing. (A) Switching of a
network of charged residues of K295, E310, R385, D404, and R409. In the
inactive state, E310 points toward R409. In the active state, E310 switches its
partner from R409 to K295 when the oC helix is rotated. This switching
mechanism is clearly shown from contour plots of mass-weighted center-of-
mass distances between the side-chains of 2 residues and the RMSD of the
A-loop (relative to its inactive conformation). Additional ion-pair formations
such as E310-R385 and K295-D404 are also examined along the pathways (Fig.
S6). (B) Hydrophobic rearrangement around the central activation-loop and
around the aC helix among F307-M314-L407. (C) The hydrophobic packing
between Trp260 and hydrophobic residues in the «C helix.

concerted motion was inferred from the interactions of Lys295,
Glu310, and Arg 409 in recent restrained MD simulations (49).

The simulations show that a hydrophobic cluster (formed by
Phe307, Met314, and Leu407) remains packed for the inactive
state and /3, but starts to break and disperse gradually during the
transition from /; to I> (Fig. 3). The “melting” of the hydrophobic
cluster at the intermediate stage leaves room for Glu310 to form
an ion-pair with Lys295 (33), and the «C helix to rotate. The
hydrophobic rearrangement is near Trp260 in the N-terminal of
the catalytic domain, which has been described as a key com-
ponent for down-regulation acting as a gate-keeper residue (23).
Fig. 3 also shows the gradual separation of Trp-260 from the
hydrophobic residues in the aC helix.

It is worth noting that the shape of the substrate binding
pocket is affected by the conformational transition, especially in
the region proximal to residues Ile-336, Thr-338, and Ile-341.
Structural plasticity in this region is important because various
kinase inhibitors can target different conformations, including
intermediate states (6). Analysis of 7 known inhibitors and their
steric clashes with protein atoms indicates that the binding
pockets of I; and I, would be able to accommodate a wider range
of inhibitors than the inactive conformation (Fig. S7). Thus, I;
and I, could serve as additional target structures for the discov-
ery of new kinase inhibitors.

Coarse-Grained Free Energy Landscape and Kinase Activation. To

assess the relative stability of the 4 states along the activation
pathway, a coarse-grained free energy landscape associated with
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the key motions of the A-loop and the aC helix was constructed
from the connectivity map and the population of each cluster.
The coarse free energy landscape was obtained by summing over
Gaussian functions weighted by the population of each cluster p;
according to Eq. 1. The result represents an equilibrium sum
over each individual cluster, “smeared” by the natural fluctua-
tions within each cluster. The procedure bears some similarities
with metadynamics (43) and the single sweep method (44). The
population of each cluster was estimated as the equilibrium
eigenvector (with unit eigenvalue) of the transition probability
matrix 7 built with a time interval of 100 ps from all-atom MD
trajectories with explicit solvent (Fig. S8).

Fig. 44 shows the reconstructed coarse free energy surface.
The free energy landscape supports the notion that the motions
of the A-loop and the «C helix are decoupled in the early stage
of the activating transition, and that they become increasingly
coupled only toward the active state. Four well separated stable
states, including I; and I, (marked by arrows), are clearly
identified. In the intermediate state I;, the A-loop is already
half-open even though the helix aC has not started to undergo
any rotation. The population of the 4 stable states is estimated
to be: 57% (inactive), 20% (l1), 14% (I»), and 9% (active) (Fig.
S8). Previous umbrella sampling simulations also indicated that
transitions from the inactive state to intermediate configurations
similar to /4, in which the A-loop is open but the helix «C has not
rotated, were energetically feasible (34). Additional analysis
based on the transition probability matrix 7 provides an estimate
of the mean first passage time or the inactive—active transition
around 0.1-0.2 usec (Eq. 2 in SI Text and Fig. S8). Although this
value is quite uncertain, it could be improved with additional
sampling and by refining the Markovian character of the tran-
sitions (38). According to Fig. 44, the inactive state has the
highest probability and is still dominant for the isolated catalytic
domain. Nevertheless, the A-loop displays a sufficiently high
propensity of opening up, which would permit the transphos-
phorylation of Y416 (20).

The free energy landscape extracted from the current all-atom
simulations is qualitatively consistent with the results from a
previous study based on a simplified 2-state coarse-grained
model (29) (see Fig. S9). In both studies, the A-loop can progress
without rotation of the oC helix near the inactive state until the
2 structural elements become more strongly coupled as the
system approaches the active state. The main difference con-
cerns the 2 intermediates /1 and I,, which are observed in the
atomistic MD simulations. Those intermediates could not exist
previously because only the 2 end-points were stable configurations
by construction of the 2-state coarse-grained model. The qualitative
accord between the 2 models suggests that the dominant features
of the transition were captured in the current study.

Although the present computations did not include the SH2
and SH3 regulatory domains, it is possible to form a hypothesis
about their influence on the activation process in the full-length
kinase. Fig. 4C shows the SH2 and SH3 regulatory domains
reconstructed onto the isolated kinase domain for 10 snapshots
extracted randomly from each of the 4 stable states identified in
Fig. 44. The 2 domains were reconstructed relative to the
catalytic domain N-terminal linker (Lys-252 to Trp-260) at their
most likely position using the simple assumption of no internal
structural change. These putative 3D models of the full-length
Src kinase suggest that complete release of the SH2-SH3 clamp
is not necessary in the early stages of the conformational
transition. Specifically, the majority of the reconstructed con-
figurations for I; are compatible with the down-regulated as-
sembled form of the SH2-SH3 clamp. In contrast, the number of
reconstructed configurations compatible with the down-
regulated assembled form is reduced for I, and the active state
(although the down-regulated form never appears to be strictly
forbidden). This suggests that the catalytic domain should be able
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Fig.4. Coarse-grained free energy landscape for A-loop and aC helix. (A) Two-dimensional free energy surface reconstructed from the color-code connectivity maps

for the A-loop (by AQa.100p) @and the aC helix (by AQqc) as used in Fig. 2. On the coarse free energy surface, the 2 intermediates /; and /> are clearly identified. Each color
level correspondsto 1kgT. (B) The solvent exposure of Tyr-416 in the middle of the A-loop on the connectivity map. The solvent-accessible surface areas (SASA) for Tyr-416
are projected and indicated by the color code on the map (in unit of A2). The SASA calculations were carried out by using a probe size of 1.4 A around residue Tyr-416.
(C) Atotal of 10 putative conformations for each state of the catalytic domain (blue) with the SH2 (green) and SH3 (yellow) binding domains of Inactive, /1, I, and Active.
The orientations of the SH2 and SH3 domains were modeled based on the overlay of backbone atoms of the catalytic domain N-terminal linker region (Lys-252 to
Trp-260). The procedure for reconstructing the SH2 and SH3 domains is illustrated in Fig. S10. An ensemble of Try416 is highlighted in red.

to make transient visits to the state /;, even while the SH2 domain
remains fully “engaged” to the C-tail. While Y416 in the middle of
the A-loop is buried in the activate site pocket in the inactive state,
the A-loop opens up during the transitions to /;, through which
Y416 becomes solvent-accessible (Fig. 4B). The functional impli-
cation is that a complete transition to the fully active conformation
is not required to render Y416 accessible for transphosphorylation.
Transient visits of the catalytic domain to intermediate configura-
tions are permitted, when the SH2-SH3 clamp remains fully en-
gaged to the C-tail. Those transitions would periodically open up
the A-loop, making Y416 available for the transphosphorylation
event that ultimately locks the fully active state.

Conclusions

The activation of a multidomain allosteric signaling enzyme such
as Src kinases involves complex large-scale conformational
changes. We presented a general computational strategy to
characterize such a conformational change in the Src catalytic
domain by bridging multiple MD trajectories. Using all of the
information gathered from relatively short all-atom molecular
dynamics simulations, we were able to assemble a connectivity
map allowing us to navigate the conformational landscape for
the conformational transition of Src. Two intermediate states
were identified along the conformational transition pathway and
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their key structural features were characterized. These interme-
diates appear as shallow basins in a coarse-grained free energy
surface. The connectivity map and the coarse-grained free
energy surface help provide a simplified structural description of
the concerted motions of Src activation. The broad framework
emerging from the present analysis sets the stage for a quanti-
tative characterization of the effect of the SH2 and SH3 regu-
latory domains on kinase activation.

Methods

Simulation Details. Models of inactive and active states of Src kinases were
generated from the crystal structures of Hck (PDB entry 1QCF) and Lck (PDB
entry 3LCK), respectively (23, 20). In both cases, 2 associated Mg?* ionsand ATP
were present in the active sites [modeled based on the ATP-Mn2* conforma-
tion in PKA, PDB entry 1ATP (45)] and Tyr416 in the activation loop was not
phosphorylated. The 2 structures with the Hck amino acid sequence were
equilibrated by using 2 ns MD simulations with heavy-atom restraints to reach
their local structural minima (33). All structures were solvated with a 150 mM
KCl aqueous solution. Simulations were performed with the MD packages of
CHARMM (46) and/or NAMD (47). Additional details can be found in S/ Text.

Clustering and Mapping Method. To extend the short-time limit of all-atom
simulations, we used the following 5-step computational strategy. Step 1: A
targeted MD simulation (TMD) pulling the protein from the initial to the final
state using a with root-mean-square-deviation (RMSD) restraints (e.g., ref. 48)
was performed to generate an initial path from the inactive to active state
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(33). Step 2: A large number of representative configurations spanning the
TMD trajectories between the active and inactive conformations were se-
lected and further relaxed in the presence of the RMSD restraint (33). Step 3:
Therestraining potential was released and free unbiased all-atom simulations
with explicit solvent were generated. Step 4: The configurations from the
unbiased trajectories were collected and clustered into N classes based on
structural similarity; we chose N = 25, an upper bound for dividing the
configurational space of the catalytic domain based on previous coarse-
grained simulations (29). Step 5: The conformational landscape was finally
built based on the transitions inferred from the unbiased MD trajectories
between the various clusters. In steps 1 and 2, the RMSD restraint was applied
to the aC helix, the Activation-loop, and 2 B-strands in the N-lobe (H289 to
V329 and $397 to G437). For steps 4 and 5, the structural similarity was based
on a list of 895 distances between pairwise Ca atoms forming interactions in
either the inactive or the active. If the clusters were not all connected, either
more configurations (step 2) or longer MD simulations (step 3) or both, were
required. The procedure can be repeated until all clusters are connected and
a fully connected map is achieved. In the case of the Src kinase domain, we
selected 78 configurations (step 2), for which an unbiased MD trajectory of 12
ns was generated. The total resulting simulation time is ~1 pus.
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Reconstruction of a Coarse-Grained Free Energy Landscape. A coarse-grained
free energy landscape can be reconstructed by computing the relative free
energy

al X-X)2 -y
FX,Y) = —kaT log S pre(SGuos 500, 7)

i=1

[1]

where X and Y are any 2 variables. kg is the Boltzmann factor and T is the
temperature of the system. In the Src activation, X and Y represent the A-loop
opening and the aC helix rotation, respectively. X; (and Y}) and oy (and o))
represent the average and standard deviation for cluster i on the colored
connectivity maps shown in Fig. 2. An empirical scaling factor u = 0.45 was
used.
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