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Atomistic View of the Conformational Activation of Src Kinase Using
the String Method with Swarms-of-Trajectories
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ABSTRACT The inactive-to-active conformational transition of the catalytic domain of human c-Src tyrosine kinase is charac-
terized using the string method with swarms-of-trajectories with all-atom explicit solvent molecular dynamics simulations. The
activation process occurs in two main steps in which the activation loop (A-loop) opens first, followed by the rotation of the
aC helix. The computed potential of mean force energy along the activation pathway displays a local minimum, which allows
the identification of an intermediate state. These results show that the string method with swarms-of-trajectories is an effective
technique to characterize complex and slow conformational transitions in large biomolecular systems.
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The Src family protein tyrosine kinases are enzymes that play

key roles in transducing cellular signals regulating cell

growth, differentiation, proliferation, migration and survival

(1,2). Crystallographic x-ray structures of human c-Src in

the inactive (3) and active conformation (4) allow clear struc-

tural distinctions to be drawn between the inactive and active

states. Those x-ray structures, though rich in information

about the two end-points of the activation event, do not

show how the activation occurs and how it might be regulated.

Simulations and computational models, at different levels

of approximation, can complement some of the missing

information about Src and help address these important ques-

tions (5–14). Characterizing conformational transitions in

large biomolecules such as Src is challenging, however,

because the slow processes are not easily observed during

simple unbiased molecular dynamics (MD) simulations

(14). To circumvent those difficulties, previous studies of

Src have relied on targeted MD (TMD; 5–8), biased

sampling techniques (10–13), or have resorted to simplified

coarse-grained models with no explicit solvent (9).

Recently, we have proposed the ‘‘string method with

swarms-of-trajectories’’ to determine the optimal minimum

free energy path between two stable conformations (15).

The method, which was directly inspired by the work of

Vanden-Eijnden and collaborators (16,17), represents the

path parametrically on the basis of a set of ‘‘collective vari-

ables’’ z, ordered as a chain of M states or ‘‘images’’, {z(1),

z(2), ., z(M)}. Briefly, the algorithm consists in evolving the

chain of states toward an optimal path (or paths) by making

small adjustments Dz(m) to the images (15–17). The value

Dz(m) is calculated as the average drift for an ensemble

(swarms) of unbiased short trajectories of length t initiated

from each of the images, hz(m)(t) – z(m)(0) i. This procedure

is based on the assumption that, on the time scale t, the set of

collective variables z(t) evolves as an overdamped Brownian

dynamics guided by a free energy landscape. Nevertheless,
the true MD dynamical evolution of the atomistic degrees

of freedom of the real system is used. The algorithm progres-

sively refines the M images until the dynamical propagation

takes place along the path on average (15).

Although the string method has been successfully applied

to systems of various complexity (15–18), to our knowledge,

this communication reports the first application to a large and

complex conformational change in a protein with explicit

solvent. The inactive (PDB 2SRC) and active (PDB 1Y57)

x-ray structures of human c-Src kinase (3,4) are used as the

two end-point conformations between which the activation

pathway is determined. Only the catalytic domain (residues

W260 to T521) is included in this study, without the regula-

tory SH2 and SH3 binding domains.

The choice of collective variables for representing the long

time scale dynamics of the system is a critical aspect of the

method (15). For the sake of simplicity, the Cartesian coor-

dinates of the backbone carbone a and one representative

side-chain atom of ~25 key residues were used, for a total

of ~150 degrees of freedom in the subset z. Another critical

issue concerns the initial conditions. Here, the starting path

was taken from a nonequilibrium TMD trajectory used to

‘‘pull’’ the protein structure from the inactive to the active

conformation. More details of the system and the string

method with swarms-of-trajectories are provided in the Sup-

porting Material.

The catalytic domains of c-Src kinase in the inactive and

active states exhibit considerable structural differences

(Fig. 1 A, D). Notably, in the inactive state the A-loop (residues

D404 to R424) has two short pieces of the a-helix, allowing the

phosphorylation site Tyr416 to be buried inside the catalytic site.
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In contrast, the two short helices unfold and adopt an

extended loop form in the active state. Some residues in

the A-loop move as far as 30 Å as the loop opens. Accompa-

nying the opening of the A-loop is the inward rotation of the

aC helix (residues G300 to L317) exemplified by the move-

ment of Glu310 side chain in Fig. 1.

The activation pathways obtained from the string method

suggest that the complex conformational change follow well-

orchestrated steps. First, the two short helices unfold and the

A-loop partially opens, breaking a hydrophobic core formed

by residues Phe307, Met314, Leu407 and Leu410. Once this

hydrophobic core is broken, the aC helix rotates resulting

in a movement of Glu310 toward the kinase catalytic site to

form a salt bridge with Lys295. This step is also facilitated

by the drifting away of Arg409 and the concerted breaking

of the Glu310-Arg409 salt bridge as the A-loop opens further.

At the final stage, the exposed Tyr416 at the A-loop is stabi-

lized by Arg409 (Fig. 1 D). The DFG motif (Asp404, Phe405,

Gly406) highly conserved among various tyrosine kinase

families does not experience any particular conformational

rearrangement during the activation process.

These details obtained from the string method are in good

accord with the TMD pathway of Lyn kinase (6) and the

umbrella sampling study of Hck kinase (11) in terms of the

switching of electrostatic and hydrophobic interactions

among several key residues. Furthermore, a recent study

on the open-to-close transition of CDK5 kinase catalytic

domain using metadynamics (13) also indicates that the

reverse reaction active-to-inactive takes place in two well-

defined steps: the aC helix rotates first and the A-loop re-

folds to assume inactive conformation later. Taken together,

this study, as well as previous studies on Hck kinase (8–12),

FIGURE 1 Conformations from one of the converged pathways.

A, B, C, and D correspond to images 1, 21, 40, 50 from iteration

66, showing the progressive opening of the A-loop (red) and rota-

tion of the aC helix (green). Residues shown in stick form illus-

trate the switching of electrostatic interactions between K295,

E310, D404, R409 and Y416. See the animation of the conforma-

tional transition in the Supporting Material.
suggests that the conformational activation of different

kinases may share a conserved mechanism, at least for the

isolated catalytic domain.

The one-dimensional free energy profile computed by

integrating the mean force along the activation pathway

(17) indicates that the initial path from TMD is indeed being

relaxed as the string evolves (Fig. 2). The free energy of the

active state, starting around 80 kcal/mol, quickly drops to

<10 kcal/mol in 55 iterations and fluctuates around that level

afterward. This one-dimensional free energy profile also

suggests that c-Src in the inactive state is relatively more

stable than in the active state for the isolated catalytic

domain, consistent with previous results on Hck (11,12)

and CDK5 (13). Although the absolute value of the free

energy barrier would require a more extensive sampling to

reach quantitative accuracy, the gradual lowering of the

free energy demonstrates the ability of the string method to

improve upon the initial TMD.

The existence of an intermediate conformational state can

be identified as a local minimum in the one-dimensional free

energy profile of the converged pathways (near image 21).

This intermediate state (Fig. 1 B) exhibits structural features

in between those of the inactive and active states. Specifi-

cally, the A-loop is already partially opened whereas the

aC helix adopts a conformation close to that of the inactive

state, in which the Glu310-Arg409 salt bridge remains intact.

A similar intermediate state has also been reported in the

conformational transitions of Hck kinase (9,11,12), CDK5

kinase (13) and Abl kinase (14).

It is informative to examine projections of the pathways

onto a small number of relevant coordinates. In Fig. 3 A,

the difference between the initial path from TMD and the

relaxed paths from the string method, projected on two order

parameters corresponding to the movement of the A-loop

and the aC helix, is apparent. A free energy map (Fig. 3 A,

inset) describing the activation of Hck kinase in terms of

the same order parameters (12) suggests that the TMD tran-

sits directly through a region corresponding to some high

free energy. In contrast, the relaxed pathways from the string

method evolve within a low free energy region an interme-

diate state (near image 21, green dots in Fig. 3 A). As shown

FIGURE 2 One-dimensional free energy profile along the activa-

tion pathways from iterations 0, 5, 10, 15, 20, 25, 50, 55, 61 and 66,

showing the path is gradually being relaxed.
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in Fig. 3 B, the conformational change is accompanied by

an electrostatic switching process involving several salt

bridges (6,8). The initial TMD path is distinct from the

string paths in that the transition is more sudden in TMD

but the characteristic is qualitatively preserved with the

string paths.

This study reports the first application of the string method

with swarms-of-trajectories to study a conformational change

in a large biomolecule based on atomistic simulations with

explicit solvent. The pathways are shown to gradually relax

from the initial TMD path, as the string is evolved following

the swarms-of-trajectories procedure (15). Converged path-

ways and free energy profile along the path allow us to propose

that the A-loop opening happens first, and is followed by the

rotation of the aC helix. An intermediate state is identified

along the two-step activation pathway, which may provide

useful support to structure-based design of kinase inhibitors.

Comparison of the c-Src pathways to previously reported

studies on Lyn (6), Hck (9,11,12) and CDK5 kinase (13)

suggests that different kinases may share a unified activation

mechanism. Since both the structure and biological function

of protein kinase catalytic domain are highly conserved,

a deeper understanding of the atomistic details and free energy

landscape of c-Src conformational transition will likely shed

light on the activation mechanism of other protein kinase fami-

lies encoded by the human kinome.

A

B

FIGURE 3 (A) Projection of the pathways onto two order param-

eters corresponding to the relative number of native contacts

formed by the A-loop and the aC helix in the inactivate and active

states. Initial TMD path (red) and string paths (blue) compared

with the coarse-grained two-dimensional free energy map of

Hck kinase (inset) from Yang et al. (12). The upper right region

is the active state and lower left the inactive state. The interme-

diate state in the middle approximately matches to image 21 of

the string pathways (green). (B) Pathways showing the switch

of K295-E310, E310-R409 and R409-Y416 electrostatic network

reported in Ozkirimli and Post (6). The string paths (blue) are

quantitatively different from the initial TMD path (red).
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SUPPORTING MATERIAL

Computer scripts, tables and figures are available at http://www.biophysj.

org/biophysj/supplemental/S0006-3495(09)01117-5.
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