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Abstract: This short article examines the usefulness of fast simulations of conformational transition

paths in elucidating enzymatic mechanisms and guiding drug discovery for protein kinases. It
applies the transition path method in the MOIL software package to simulate the paths of confor-

mational transitions between six pairs of structures from the Protein Data Bank. The structures

along the transition paths were found to resemble experimental structures that mimic transient
structures believed to form during enzymatic catalysis or conformational transitions, or structures

that have drug candidates bound. These findings suggest that such simulations could provide

quick initial insights into the enzymatic mechanisms or pathways of conformational transitions of
proteins kinases, or could provide structures useful for aiding structure-based drug design.

Keywords: conformational transition paths; protein kinases; structures for ensemble docking; cata-

lytic mechanisms of protein kinases

Introduction
In recent years, scientists have introduced many

simulation techniques to identify reaction or confor-

mational transition paths (e.g., Refs. 1–17). These

techniques have helped to detect transient interme-

diate structures that are difficult to observe experi-

mentally. Finding these short-lived species could

provide useful insights into enzymatic mechanisms

or the crucial conformational changes that need to

occur in order for biological molecules such as

enzymes, molecular motors, or ion channels to func-

tion. Finding less populated structures can also

prove useful in drug discovery as many drug candi-

dates are known to bind to these structures. This

short article focuses on examining whether an

approximate but fast method can already yield

useful preliminary insights into these problems, as

rapid methods are essential for some applications

such as practical drug discovery in which research-

ers call for results in days to inform new

experiments.

Identifying the pathways of conformational

transitions by simulations is easier when both the

starting and the ending structures are known or

specified at the outset. This idea was introduced in

the 80’ by Pratt18 and Elber and Karplus19 with var-

ious similar approaches introduced since then.

This article focuses on estimating minimum-

energy paths using an inexpensive method devel-

oped by Ron Elber’s group as it can be applied to a

large number of systems more easily. The first publi-

cation in this line of work19 described a conforma-

tional transition path by a sequence of intermediate

structures between two end states, such as two

structures observed experimentally. By optimizing a
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function containing the sum of the energy of the

intermediate structures and a term designed to

maintain roughly equal distances between any two

adjacent structures along the path, one can obtain a

relatively smooth path to describe a possible path-

way of transitions between the two end states. This

approach often provides useful quick first estimates

of conformational transitional paths that could be

difficult to obtain by brute-force molecular simula-

tions. Elber’s group has continued to refine this

method and their MOIL software package provides

access to this useful tool.20–23

In general, the quality of a conformational tran-

sition path obtained by this method depends on the

initial guess, as energy minimization usually cannot

take a path too far from the initial estimate. Never-

theless, simple linear interpolation between two end

structures could provide good initial estimates for

some systems. Such linearly interpolated paths are

also often used in graphics programs to morph one

structure to another to help users appreciate the

large conformational change that could occur

between two stable or meta-stable states of a pro-

tein.24,25 The work presented in this article exam-

ined whether simply refining a linearly interpolated

path by optimizing the sum of the energies of the

intermediate structures subjected to the constrains

of maintaining roughly equal separation distances

between any adjacent structures could provide a

transition path sufficiently realistic to answer some

useful questions. For example, could a path con-

structed between the reactant and the product con-

formations of a protein kinase encompass structures

similar to the experimental ones prepared to mimic

transient states during enzymatic catalysis? If so,

paths obtained this way could supplement experi-

mental studies to provide even richer insights into

the individual steps that could occur during enzy-

matic catalysis. And for systems for which no experi-

mental study to probe any transient state has been

carried out yet, such simulations could suggest some

possibilities and propose suitable experiments to test

them.

Conformational transition paths obtained from

such simulations could also be useful for drug dis-

covery. In structure-based drug discovery, it is now

well recognized that docking compounds to a single

conformation of a receptor could produce many false

negatives. Scientists have introduced various meth-

ods to alleviate this problem. Ensemble docking rep-

resents one such method in which a ligand is docked

to multiple structures of its biomolecular receptor

rather than only one.26–28 Methods such as the

relaxed-complex scheme29,30 carry out molecular

dynamics simulations on a protein receptor to gener-

ate additional structures for molecular docking.

However, it takes time to run long molecular dynam-

ics simulations. With short molecular dynamics

simulations, many potentially useful structures for

drug binding would still be missed. Although various

enhanced sampling methods have also been intro-

duced, (e.g., Ref. 2,31–38) they are still expensive to

perform for routine use in practical drug discovery,

which often calls for results within days to inform

new experiments.

Another strategy takes advantage of the large

number of experimental structures that have been

determined for some protein families such as protein

kinases. For example, Wong and Bairy28 proposed to

use a large number of experimental structures that

have been determined for protein kinases to build

structural ensembles to account for protein flexibil-

ity in molecular docking. Many structures have been

determined for some protein kinases with different

ligands bound or with different modifications intro-

duced. The variations of these structures reflect the

conformational flexibility of these proteins and their

use in ensemble docking could reduce the number of

false negatives. For protein kinases that do not have

as many experimentally structures determined yet,

Wong and Bairy proposed to perform comparative

modeling to use the structures from other protein

kinases as well to enlarge the conformational ensem-

ble of a protein kinase that can be built for use in

molecular docking. They have also developed an

automatic pipeline to ease the construction of such a

structural ensemble to facilitate its update when

new experimental structures become available. This

short article further asks whether the structures

along conformational transition paths between

experimental structures could provide additional

structures useful for docking. If possible, this

approach will be particularly useful for proteins that

do not have many experimental structures deter-

mined yet. To test this idea, this work generated

conformational transition paths between pairs of

experimental structures for several relatively well-

studied protein kinases, and used the intermediate

structures along the paths to perform 3-dimensional

structure similarity search of the Protein Data Bank

(PDB)39 to examine whether such structures could

bind drug candidates. If so, this gives some confiden-

ces that higher-energy structures generated along

conformational transition paths could be found in

nature and therefore provide another way to supply

useful conformations of a protein receptor for ensem-

ble docking.

Results

Six simulations showing subtle differences of

conformational transition paths in protein

kinases
This work chose five protein kinases and simulated

six conformational transition paths. Figure 1 uses

the standard deviation of pairwise distances between
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a carbons along the paths, calculated by chimera,40

to illustrate the substructures that underwent the

most changes along the paths of transitions.

The simulation of cAbl (Abelson tyrosine kinase)

covered the conformational transition between a

structure that binds the drug Gleevec (PDB entry

1OPJ)41 and one that does not (PDB entry 2F4J42).

1OPJ is characterized by an inactive structure in

which the well-known DFG motif at the beginning

of the activation loop adopts what scientists refer to

as the DFG-out conformation. 2F4J, on the other

hand, represents an active structure adopting the

DFG-in conformation that cannot bind Gleevec. The

DFG-in and DFG-out conformations flip against

each other by about 1808. In spite of this large local

structural change, the overall conformational change

Figure 1. Standard deviations of distances between a carbons along six conformational transition paths for five protein

kinases. Substructures were labeled in some of the figures but not in the others to allow the patterns to be seen more clearly.

Redder regions carry higher standard deviations.
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along this path was dominated only by the move-

ment of the activation loop relative to the rest of the

protein, as seen by the single thin and long band of

largest standard deviations spanning along the hori-

zontal or the vertical axis. Note that the plot is sym-

metric about the diagonal running from the upper

left corner to the lower right corner. On the x-axis,

the N-terminus runs towards the C-terminus from

left to right. On the y-axis, the N-terminus runs

towards the C-terminus from top to bottom. The

thin dimension of the band on the x- or the y-axis

corresponds to a small segment of the protein, the

activation loop in this case. The long dimension of

the band from top to bottom or from left to right

reflects that the whole catalytic domain of the pro-

tein experienced large relative motion with respect

to the activation loop.

On the other hand, the transition between an

active (PDB entry 1IR343) and an inactive (PDB

entry 1IRK44) structure of the insulin receptor tyro-

sine kinase (IRK) gave a different picture. Although

the thin and long band corresponding to the move-

ment of the activation loop was still apparent, addi-

tional bands resulting from large movement of

several regions in the N-terminal lobe also appeared.

These regions include the phosphate-binding loop,

the region just before the N-terminus of the C helix,

b3, and the b4-loop-b5 region, as labeled in the fig-

ure. All these regions displayed large movement

with respect to the C-terminal lobe, as seen by sev-

eral thin bands spanning the length of the C-

terminal lobe. Within the N-terminal lobe, the

phosphate-binding loop, b3, the b4-loop-b5 region,

and the N-terminal portion of the C helix moved

somewhat as rigid bodies relative to each other,

reflected by several off-diagonal short and thin

bands within the N-terminal lobe in the upper left

corner of the plot.

For the epidermal growth factor receptor

(EGFR), two transition paths from the DFG-in

active conformation (PDB entry 1ITW45) to the

DFG-out inactive conformation (PDB entry 4I2046)

and to the src-like inactive conformation (PDB entry

3W3247) were simulated. Transition to the src-like

structure (2ITW to 3W32) was characterized by the

large movement of the activation loop relative to the

N-terminal lobe, as in the previous two paths.

Within the N-terminal lobe, the N-terminal region of

the C helix exhibited large movement relative to the

rest of the lobe, reflected by the white little square

on the left upper corner (smaller movement) and the

relatively red regions (larger movement) in the

remaining portions of the N-terminal lobe. On the

other hand, in the transition to the DFG-out inactive

conformation (2ITW to 4I20), a smaller region of the

activation loop in the C-terminal lobe experienced

large movement relative to the rest of the protein, in

comparison to the above three transition paths, as

reflected by the less pronounced thin long bands.

Within the N-terminal lobe, the structural change

spread out more evenly throughout the lobe during

the transition, as seen by the comparatively uniform

red square appearing in the leftmost upper corner

representing the N-terminal lobe.

For the transition between a closed form of pro-

tein kinase A (PKA, PDB entry, 2CPK48) and an

open form of PKA (PDB entry 1J3H49), the large rel-

ative movement between the N- and C-terminal

lobes dominated. The structural change within each

lobe was significantly less noticeable in comparison.

This is characterized in Figure 1 by the two rela-

tively white squares in the upper left corner (smaller

relative movement within the N-terminal lobe) and

in the lower right corner (smaller relative movement

within the C-terminal lobe) in comparison to the two

relatively red off-diagonal rectangles (large relative

movement between the N-terminal and the

C-terminal lobes).

The simulation of the cSrc kinase differed from

the other five simulations in that it included a larger

system containing the SH3 and the SH2 domains in

addition to the catalytic domain. For the transition

between the inactive (PDB entry 2SRC50) and an

active conformation (PDB entry 1Y5751) of the pro-

tein, the large movement of the catalytic domain rela-

tive to the SH3 and the SH2 domains was most

prominent. The smaller relative movement between

the SH3 and the SH2 domains was also apparent.

(The three squares corresponding to the three

domains are labeled in Figure 1 along the diagonal).

In addition, the structural change within the cata-

lytic domain showed a somewhat different behavior

from those observed for the other protein kinases: it

spread out more evenly throughout the whole domain

both in the N-terminal and C-terminal lobes,

reflected by the relatively uniform red color scatter-

ing over the largest square occupying the lower right

corner that covered the catalytic domain.

Conformational transition between the closed

and the open forms of protein kinase A

Table I shows the crystal structures mined from the

Protein Data Bank using several structures along

the conformational transition path. PDBeFold52–57

provided the search engine in this work. All the

retrieved structures carried Q scores better than 0.8

with 1.0 the best possible score for the matching

between a query and a retrieved structure. Because

structure 1, derived from the crystal structure of the

closed form (2CPK) retrieved many good hits, only

the structures with the top twenty Q scores, all bet-

ter than 0.8, are shown in the table. The second col-

umn of the table shows from which structure(s) on

the path the PDB structure was retrieved.

Table I shows that the closed form of protein

kinase A retrieved many more similar structures
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than the open form, as there have not been as many

structures determined near the open form yet. The

structures retrieved include those complexed with

inhibitors, those with natural substrates such as

ATP or peptide mimics bound, those with the regula-

tory subunit associated, and those with ligands

intended to mimic the intermediate states in the

enzymatic mechanism. Several structures: 1REK,58

1STC,59 3L9L,60 1SZM,61 3L9M,60 4NTT,62 3AGM,63

and 4C3564 were only retrieved by the intermediate

structures along the conformational transition path,

not by the two end structures, the closed and the

open forms derived from the experimental struc-

tures, indicating that the intermediate structures

were quite different from the structures of the two

end states.

Conformational transition between an active

and an inactive form of the insulin receptor

tyrosine kinase

Table II shows similar results for the insulin recep-

tor tyrosine kinase. Not as many structures with Q

score at least 0.80 were retrieved in comparison to

protein kinase A that has been studied structurally

for a longer time. More structures were retrieved

with the active form (structure 1 derived from the

PDB entry 1IR3 and structure 11 along the path)

than with the inactive one (structure 51). The struc-

tures retrieved included structures with inhibitors

bound, with ATP and/or peptide substrate bound,

with other proteins such as the protein tyrosine

phosphatase PTP1P bound, or with a mutant that

mimicked a phosphorylated form of the protein.

Conformational transition between an DFG-in

and an DFG-out structure of cAbl
Although both the DFG-in structure (PDB entry

2F4J) and the DFG-out structure (PDB entry 1OPJ)

identified many hits (>20) from the Protein Data

Bank, with Q score at least 0.80, the intermediate

structures identified only a few more additional hits.

Structure 11 identified 11 structures in the Protein

Data Bank with Q-score �0.80, but only two were not

identified by using structure 1, derived from 2F4J, as

query. One structure, with PDB code 2HZI,65 repre-

sented a crystal structure between the protein and

an inhibitor PD180970 related to the development of

drugs to treat chronic myelogenous leukemia. The

other structure, with PDB code 2G2F,66 mimics a src-

like inactive conformation lying between the DFG-in

and the DFG-out structures.

Table I. Structures, in the Protein Data Bank, which are Similar to One or More Structures Along the Conforma-
tional Transition Path Between the Closed Form (2CPK) and the Open Form (1J3H) of Protein Kinase A

PDB codes
Structures

identified froma Description of structure

2CPK 1, 11 Closed conformation of PKA
2ERZ 1, 11 Complexed with hydroxyfasudil
3MVJ 1 Akt inhibitor with the 3-aminopyrrolidine scaffold
3FHI 1, 11 Complexed with RIa regulatory subunit
3AGL 1, 11 Complexed with the bisubstrate inhibitor ARC-1039
2GNL 1, 11 3-mutation surrogate model of Rho kinase with H1152P inhibitor
3E8E 1, 11 Complexed with Akt inhibitor GSK690693
1REJ 1, 11 Complexed with balanol analog 1
4O22 1, 11 Binary complex of metal-free PKA with substrate peptide SP20
3E8C 1, 11 Complexed with ATP-competitive inhibitor: Akt inhibitor containing

an imidazopyridine aminofurazan scaffold
1XH8 1, 11 Complexed with a protein kinase B selective inhibitor
3PVB 1 Structure of the catalytic unit together with the 73-244 fragment of

the RIa regulatory subunit
4WB6 1 L205R mutant of human protein kinase A
4DIN 1 Complexed with RIb regulatory subunit
3MVJ 1, 11 Complexed with an Akt inhibitor
1BKX 1, 11 Complexed with adenosine
1REK 11 Complexed with balanol analog 8
1STC 11 Complexed with staurosporine
2L9L 21 Complexed with Akt inhibitor N(1)-(5-(heterocyclyl)-thiazol-2-yl)23-(4-

trifluoromethylphenyl)21,2-propanediamine
1SZM 21 Complexed with PKC inhibitor bisindolyl maleimide 2
3I9M 21 Triple mutant V123A, I173M, Q181K with Akt inhibitor N(1)-(5-(het-

erocyclyl)-thiazol-2-yl)23-(4-trifluoromethylphenyl)21,2-
propanediamine

4NTT 21, 31 Complexed with ADP and magnesium ion
3AGM 21 Complexed with the bisubstrate protein kinase inhibitor ARC-670
4C35 21 PKA-S6K1 chimera with compound 1 (NU1085) bound
4NTS 31, 41, 51 Apo structure of the catalytic subunit of PKA

a The conformational transition path spanned between structure 1 (derived from 2CPK) and structure 51 (derived from 1J3H).
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Conformational transition between a DFG-in

structure (PDB entry 2ITW) and a DFG-out

inactive structure (4I20) or a src-like inactive

structure (PDB entries 3W32) of EGFR

Although the structure 2ITW identified a dozen sim-

ilar structures from the Protein Data Bank, 3W32

did not identified any, and 4I20 identified only one

with Q score at least 0.80. 4I20 identified 4I1Z46 as

a similar structure, which represents the structure

of the protein with the mutation of the gate-keeper

residue: T790M. No intermediate structures along

the two paths identified structures with a Q score at

least 0.80. However, structure 21 for the path

between 2ITW and 4I20 identified the structure

3BCE67 with a Q score of 0.73, not far from 0.80.

This represents the structure of the ERBB4 kinase,

in the same family as EGFR, with the drug lapatinib

bound. Structure 21 along the path between 2ITW

and 3W32 identified the structure 3IKA68 with a Q-

score of 0.72. This represents the crystal structure

between EGFR and the covalent inhibitor WZ4002.

On the other hand, structure 31 identified the struc-

ture 2RFD69 with Q-score 5 0.72 and this represents

a structure with the MIG6 peptide bound.

Conformational transition between an inactive

conformation (PDB entry 2SRC) and an active

conformation (PDB entry 1Y57) of cSrc

In this case, PDBeFold identified 4 structures with Q-

score at least 0.80 using structure 1 derived directly

from 2SRC. It identified only itself when using the

open structure 51, derived directly from 1Y57. The

intermediate structures did not fish out any structure

with Q-score at least 0.80. In fact, the most similar

structure gave a Q-score of only 0.29. Removing the

SH3 and SH2 domains to using only the catalytic

domain in the search did not produce many more hits.

Although the catalytic domain of structure 51 identi-

fied more than 20 structures with Q score better than

0.80, structure 1 retrieved only one structure

(3U4W70) with Q score at least 0.80. However, struc-

ture 1 did retrieve 15 structures with Q-score better

than 0.70. Again, the intermediate structures did not

identify structures with good Q-scores. The best struc-

ture gave a Q-score of only 0.41. This may result from

the scarcity of experimental structures containing the

SH3 and the SH2 domains in addition to the catalytic

domain. The SH3 and SH2 domains might distort the

structure of the catalytic domain significantly, espe-

cially in the more compact inactive form. This is con-

sistent with the analysis of distance variations above

in which the structural change associated with the

transition between the active and inactive forms of

this system spread out more extensively throughout

the catalytic domain than the other systems that did

not contain the SH3 and SH2 domains.

Discussion

Intermediate structures along conformational

transition paths resembled known experimental

structures, giving confidence that the

computational approach employed here could

reflect reality

As the intermediate structures along the conforma-

tional transition paths of all the protein kinases

studied here, except cSrc with the SH3 and the SH2

domains included, found similar structures in the

Table II. Structures, in the Protein Data Bank, which are Similar to One or More Structures Along the Conforma-
tional Transition Path Between the Active Form (1IR3) and an Inactive Form (1IRK) of the Insulin Receptor Tyro-
sine Kinase

PDB codes
Structures

identified froma Description of structure

1IR3 1, 11 Active structure with peptide substrate and ATP analog bound
1GAG 1, 11 Complexed with a bi-substrate inhibitor
1RQQ 1, 11 Complexed with the SH2 domain of the adaptor protein APS
3BU5 1, 11, 21 Complexed with IRS2 KRLB peptide and ATP
3BU3 1, 11, 21 Complexed with IRS2 KRLB peptide
2AUH 1 Complexed with the BPS region of GRB14, a member of the Grb7

adaptor protein family
3BU6 1, 11, 21 Complexed with IRS2 KRLB phosphopeptide
2B4S 1 Complexed with the tyrosine phosphatase PTP1B
2Z8C 1 Complexed with (4-[[5-carbamoyl-4-(3-methylanilino)pyrimidin-2-yl]amino]phenyl)acetic

acid
1K3A 11 Structure of the insulin-like growth factor 1 receptor kinase with an ATP analog and

a peptide substrate bound
1I44 21 An activation loop mutant of the insulin receptor tyrosine kinase
3EKK 21, 41, 51 Complexed with 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine
3EKN 21 Complexed with 4,6-bis-anilino-1H-pyrrolo[2,3-d]pyrimidine
3QQU 51 Complexed with 2,4-bis-arylamino-1,3-pyrimidines

a The conformational transition path spanned between structure 1 (derived from PDB entry 1IR3) and structure 51
(derived from PDB entry 1IRK).
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Protein Data Bank with a Q-score of at least 0.72, it

gave some confidence that the intermediate struc-

tures generated from the path simulations could

exist in nature. Considering that it is difficult to

observe transient intermediates experimentally and

has to rely on various artificial means to trap

mimics of intermediate states, fast simulations of

conformational transition paths provides a useful

complement to experimental techniques to hint on

the conformational changes that could result from

different perturbations of a protein kinase, such as

by phosphorylation or de-phosphorylation, by adding

or removing ligands (e.g., inhibitors, ATP, ADP, pep-

tide substrates, mimics of transition states, and

phosphorylation products), or by mutations of the

protein.

Quick simulation of paths of transitions could

capture intermediates of enzymatic

mechanisms or of conformational transitions in
protein kinase systems

This is most evident from the study on protein

kinase A for which many crystal structures have

already been determined.

Typical steps in the enzymatic mechanism of a

protein kinase involve the binding of ATP and a pep-

tide or protein substrate to the catalytic domain of

the protein kinase. The g phosphate of ATP then

transfers to a serine, threonine, or tyrosine residue

of the substrate, followed by the release of the phos-

phorylated substrate and the ADP, before another

cycle of catalysis occurs. Large or subtle conforma-

tional changes accompany the intermediate steps in

moving from the reactants to the products. Because

experimental techniques could only capture the

transient intermediate states approximately and

indirectly, atomistic molecular simulation could fill

in additional details, especially by suitably leverag-

ing experimental structures that have already been

determined.

Structures resembling the phosphate-transfer

step were found in this study of protein kinase A.

For example, 3AGL63 and 3AGM depict the struc-

tures of two compounds, ARC-1039 and ARC-670,

which are adducts of a peptide with an ATP analog.

3AGM was mined only by using the intermediate

structure 21, not by the two end states, showing the

extra information that a path simulation could pro-

vide beyond existing experimental structures. In

addition, intermediate structures 21 and 31

resembled the structure 4NTT (PDB code) that was

intended to mimic the ADP bound form after the

phosphorylated peptide or protein had dissociated

from the protein kinase.

In the case of the transition between the active

form of the insulin receptor tyrosine kinase and an

inactive one, several conjugates between peptide and

ATP analog were also found to have similar

structures to the intermediate structures along the

conformational transition path in this study:

1GAG,71 3BU5,72 and 3BU6.72 Intermediate struc-

ture 21 resembled the structure of a mutated protein

intended to relieve the autoinhibition form of the

protein, PDB entry 1I44,73 which could mimic an

intermediate state during enzymatic catalysis.

For the transition between 2F4J (DFG-in) and

1OPJ (DFG-out) in cAbl, intermediate structure 11

identified 2G2F, an inactive conformation that Lev-

inson et al.66 suggested to be an intermediate struc-

ture mediating the transformation from the DFG-in

conformation to the DFG-out conformation. This

suggests that the simulated path had captured key

essences of the actual structural transition process.

These results show that the crude but quick

simulations of transition paths performed here were

capable of capturing structures that were relevant

to the study of the enzymatic mechanisms or confor-

mational transitions of these enzymes. These struc-

tures could provide useful starting points for

performing even more sophisticated but more expen-

sive simulations such as more realistic molecular

dynamics simulations or quantum mechanics/molec-

ular mechanics simulations to gain further insights

into enzymatic mechanisms or conformational tran-

sitions. Without simulations such as the ones

employed in this study or other enhanced sampling

techniques, these higher energy states could be diffi-

cult to obtain by brute-force simulations. For exam-

ple, in studying the mechanism of phosphate

transfer in the insulin receptor tyrosine kinase,

Zhou and Wong74 needed to use the crystal struc-

tures of mimics of reaction intermediates from other

protein kinases to build a structural model for the

insulin receptor tyrosine kinase that was capable of

phosphate transfer in a quantum mechanics/molecu-

lar mechanics calculation.

Structures from simulation of paths of

conformational transitions are relevant
for drug discovery

The fact that the three-dimensional structure search

on the Protein Data Bank with the intermediate

structures along the conformational transition paths

of most of the protein kinases studied here found

inhibitor-bound structures suggests that the confor-

mations generated by quick simulations of transition

paths could be useful for structure-based drug

design or virtual screening. Because these simula-

tions can provide higher-energy structures easier

than conventional molecular dynamics simulations

can and that the constraint from the two end states

derived from experimental structures could reduce

the possibility of approximate force fields to generate

unrealistic structures, transition-path calculations

could provide a powerful tool to complement other

computational techniques to generate ensemble of
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structures quickly to account for protein flexibility

in ensemble docking or to construct dynamic phar-

macophore models.75–79

Methods for refining paths from the chmin

module in MOIL

The chmin method in MOIL is inexpensive to use

and provides useful preliminary insights quickly. If

needed, one can improve the paths obtained from

chmin with other newer methods or to even rede-

velop the paths from scratch if the initial study from

MOIL proves that it is worthwhile.

For applications in which single minimum-

energy paths can already provide useful insights,

one can use newer methods that could provide paths

closer to the minimum-energy paths. The nudged

elastic band (NEB) method80 provides one example.

This method can provide smoother paths. It resem-

bles chmin in using a sequence of connected images

to create a path between two end states but differs

in the methods employed in optimizing the path.

During the optimization, only the interatomic forces

for each image that are perpendicular to the path

and the component of the constrained forces parallel

to the path are included. Variations that allow the

saddle point to be determined even more precisely

have also been introduced.4 The string method was

also introduced later as another way to obtain

smooth minimum-energy paths efficiently.81

The minimum-energy path only reflects the

most probable path at 0 K but not for finite temper-

atures. Methods for identifying the most probable

path at a finite temperature have also been intro-

duced. For example, Elber and Holloway used a

Feynman path integral approach to find the most

probable stochastic path described by Brownian

dynamics at a finite temperature.82 Wong introduced

a similar approach but used dynamic programming83

to find the most probable path.84 Huo and Straub,85

on the other hand, identified the most probable path

at a finite temperature by maximizing the flux

assuming a diffusive process of transition.

Transition-path sampling goes beyond obtaining

a single most probable path to sampling a number of

significant paths.86 Once a model is chosen for calcu-

lating the probability of transition of a path, one can

perform Monte Carlo simulations to evolve a starting

guess path to an ensemble of significant paths for

analysis. Stochastic dynamics defined the probability

of each path for the first methods introduced but

deterministic dynamics was presented later as well.87

It is also worthwhile to point out that although

this paper focuses on finding pathways of structural

transitions for qualitative analysis, methods have

also been developed to provide quantitative

estimates of transition rates, including some of the

methods just described.

Summary

This work tested whether quick simulations of tran-

sition paths between experimental structures using

the chmin module in the MOIL software package

was reasonably realistic to help elucidate the enzy-

matic mechanisms of protein kinases, to help deci-

pher the conformational transition paths between

different populated states of these proteins, and to

provide structures to aid structure-based drug dis-

covery. It achieved this by applying this technique to

several relatively well-studied protein kinases that

have quite a few structures already determined

experimentally. It expected that if the structures

along the paths were reasonably realistic, similar

structures would have already been determined and

deposited into the Protein Data Bank for these rela-

tively well-studied systems. This study found this to

be indeed the case for all the protein kinases studied

here except for the larger system that also contained

the SH2 and SH3 domains in addition to the

catalytic domain for which fewer experimental struc-

tures have been determined. Experimental struc-

tures mimicking reaction intermediates were found,

so were those mediating conformational transitions.

In addition, many structures with inhibitor bound

were mined from the Protein Data Bank by using

the intermediate structures along the simulated

paths, suggesting that simulation of path transitions

could provide useful structures, not as easily

obtained by conventional molecular simulations, for

structure-based drug design and for virtual

screening.

Methods

Simulation of transition paths

The transition path method developed in the Elber

laboratory was used in this work.19–22,88 The

chmin module of the MOIL package23 performs

such simulations. Given two structures, chmin

introduces a succession of intermediate structures

between them, generated by interpolation, for

example, and then optimize the path by minimiz-

ing the function:

Tð~x2; :::::;~xN21j~x1 2 one end state; ~xN

2 the other end stateÞ ¼
XN21

i¼2

U ~xið Þ1C (1)

where U ~xið Þgives the potential energy of structure i,

and the constraint function C maintained roughly

equal distance between any adjacent structures

along a path:

C¼g
XN21

i¼1

Dli;i112hDli
� �2

1
q
k

XN21

i¼1

exp 2k
Dl2

i;i12

hDli2

 !
(2)

Wong PROTEIN SCIENCE VOL 25:192—203 199



where

hDli ¼ 1

N21

XN21

i¼1

Dli;i11 (3)

Default values of g, q, and k were used in this

work.

In this study, N 5 51 and the 49 intermediate

structures between the two end structures (structure

1 and 51) were first generated by linear interpola-

tion before path optimization was carried out. N was

sufficiently large to provide a relatively smooth path

in which the root-mean-square deviations between

two adjacent structures were mostly less than 0.5 Å,

although they could reach a little more than 0.6 Å

between some adjacent structures, and approached

0.8 Å in one case. All energy calculations used a con-

stant dielectric constant of 1 with no explicit water

molecules included. No nonbonded cutoff was used

in calculating the nonbonded interactions except in

the simulation of the larger system of cSrc contain-

ing both the SH3 and the SH2 domains. In the latter

case, a nonbonded cutoff of 12 Å was used.

Because each simulation of transition path

needed to include the same sequence and number of

residues but the two end states selected from the

experimental structures could contain different

sequences or number of residues—due to mutations,

unresolved residues, or different constructs—the

same wild-type sequence obtained from either Gen-

Bank89 or RefSeq90 was used to build the conforma-

tions of the two end states using the corresponding

experimental structures as templates. (Protein

kinase A: NP_032880.1, Epidermal growth factor

receptor: AAH94761.1, c-Src kinase: NP_005408.1,

Abelson tyrosine kinase: AFV09100.1, insulin recep-

tor tyrosine kinase: AAA59452.1) MODELLER91 pro-

vides the engine to build the conformation of each

end state in which residues present in the experi-

mental structures were simply copied whereas miss-

ing or mutated residues were constructed based on

MODELLER’s method of satisfaction of spatial

restraints. MOIL removed the uninteresting relative

translation and rotation between the structures of

the two end states before generating a path between

them.

Mining similar structures from the protein data

bank using PDBeFold
Given a structure, PDBeFold52–57 provides an effi-

cient means to retrieve similar structures from the

Protein Data Bank. It performs a structural align-

ment and comparison between two structures in two

stages. The first stage determines how the second-

ary structural elements between the two structures

should be matched. Knowing roughly which parts of

one protein needs to be placed with those of the

second protein, the second stage completes the

match by an iterative three-dimensional structural

alignment using the a carbons of the two proteins. A

Q-score measures how similar two proteins are by

using both the root-mean-square deviation (RMSD)

between the two structures and the number of resi-

dues aligned: Nalign instead of using either one

alone. This provides a better similarity measure.

Using RMSD alone, for example, could be mislead-

ing. One could obtain a smaller RMSD simply by

matching a smaller portion of the two proteins. The

Q-score provides a better balance between the two

quantities and is defined by:

Q ¼
N2

align

11 RMSD=R0ð Þ2
h i

=N1N2

(4)

where N1and N2 give the number of residues in

sequence 1 and 2 respectively, and R0 represents an

empirical parameter that weigh the relative impor-

tance of RMSD and Nalign in contributing to the Q-

score. The maximum possible value of the Q-score is

1 for two identical structures and Q decreases

towards zero as the similarity between two struc-

tures declines.
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