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ABSTRACT: Though crucial for understanding the function of
large biomolecular systems, locating the minimum free energy
paths (MFEPs) between their key conformational states is far from
trivial due to their high-dimensional nature. Most existing path-
searching methods require a static collective variable space as input,
encoding intuition or prior knowledge of the transition mechanism.
Such information is, however, hardly available a priori and
expensive to validate. To alleviate this issue, we have previously
introduced a Traveling-salesman based Automated Path Searching
method (TAPS) and demonstrated its efficiency on simple peptide
systems. Having implemented a parallel version of this method,
here we assess the performance of TAPS on three realistic systems (tens to hundreds of residues) in explicit solvents. We show that
TAPS successfully located the MFEP for the ground/excited state transition of the T4 lysozyme L99A variant, consistent with
previous findings. TAPS also helped identifying the important role of the two polar contacts in directing the loop-in/loop-out
transition of the mitogen-activated protein kinase kinase (MEK1), which explained previous mutant experiments. Remarkably, at a
minimal cost of 126 ns sampling, TAPS revealed that the Ltn40/Ltn10 transition of lymphotactin needs no complete unfolding/
refolding of its β-sheets and that five polar contacts are sufficient to stabilize the various partially unfolded intermediates along the
MFEP. These results present TAPS as a general and promising tool for studying the functional dynamics of complex biomolecular
systems.

1. INTRODUCTION
As one of the basic tasks of biomolecular simulations, revealing
the transition pathways among the stable conformational states
is essential for understanding the functional dynamics of
biomolecular systems.1 When sufficient amount of sampling is
available, the pathways can be derived by visual inspection or
from kinetic network models, such as the Markov State
Models.2−10 However, due to the ubiquitous high barriers
along the paths and the numerous coordinates involved, the
sampling process itself remains far from trivial.
One class of techniques used to tackle this challenge is path

sampling, which aims to obtain an ensemble of transition paths
directly defined in the phase space and therefore requires no
prior knowledge about the coordinates involved in the
transition. For example, as the most established method in
this class, transition path sampling (TPS) and its deriva-
tives11−20 conduct a Monte Carlo sampling scheme in the path
space, on top of unbiased molecular dynamics simulations, to
obtain this path ensemble and then compute the correspond-
ing reaction rate. The degrees of freedom most relevant to the
transitions are identified from the path ensemble through post-
analysis.17−19

When the kinetics is not of central interest, one may instead
apply path-searching methods21−28 that use biased sampling to
locate the minimum free energy path (MFEP) closest to a

guess path generated by various enhanced sampling
techniques.29−36 Path-searching methods are typically less
resource-demanding than path sampling and can in fact be
used as an initial sampling technique for constructing Markov
State Models.37−41 However, the overall efficiency of most
path-searching methods is restricted by two factors: (a) the
path is defined in a low-dimensional collective variable (CV)
space chosen a priori, heavily relying on prior knowledge about
the system, which is difficult to obtain, particularly for large
systems; (b) the sampling around the path node is typically
local, leading to slow evolution of the path toward the MFEP.
To alleviate these issues, we have recently developed

Traveling-salesman based Automated Path Searching
(TAPS), a highly parallelizable and efficient path-searching
method that adopts nonlocal sampling for a rapid search
perpendicular to the reference path and uses a traveling-
salesman scheme to reorder the newly generated path nodes.
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Importantly, TAPS avoids the definition of the preselected
static CV space but is based on a distance metric (a way to
measure the distance between any pair of high-dimensional
images of the system) used to compute the path collective
variable (PCV)42 and therefore minimizes the prior knowledge
required for the search. Such improvements have led to a 5−8
times speedup of TAPS over the string method with swarms of
trajectories (SMwSTs) for peptide systems in vacuum and
explicit solvent.43

To assess the performance of TAPS on complex
biomolecules with hundreds of residues or more, we
implemented a fully parallel version of TAPS in Python 3.7
with GPU support and standardized the tools for convergence
check via the multidimensional scaling method (MDS).44 This
new implementation was applied to three representative
systems with explicit solvent: the L99A variant of T4 lysozyme
(T4L L99A, ∼30 000 atoms), the mitogen-activated protein
kinase kinase (MEK1, ∼50 000 atoms), and the human
chemokine lymphotactin (Ltn, ∼80 000 atoms). The corre-
sponding intermediates and transition states (IS/TS) were
identified from the free energy surface along the located
MFEPs obtained via umbrella sampling.45

For T4L L99A, we elucidated the mechanism of the
interconversion between its ground (G) and excited (E) states
that dictates the hydrolysis activity in peptidoglycan.46−48 For
MEK1, TAPS identified the MFEP for its loop-in/loop-out
transition (an important component in the activation of
mitogen-activated protein kinase49) and revealed the role of
the polar contacts R227:L235 and Y229:E255 in this
transition.
For Ltn, a critical chemokine, we studied the transition

between its two distinct functional folds Ltn10 (a functional
GPCR XCR1 agonist, but fails to bind heparin50,51) and Ltn40
(agonist for glycosaminoglycans, yet cannot activate
XCR152,53). Remarkably, TAPS revealed unprecedented details
about this transition. Contrary to a previous hypothesis that
complete unfolding/refolding of the β−sheet must occur, our
MFEPs pointed to a three-step process involving only partial
unfolding. The partially unfolded structures are stabilized by
some of the five polar contacts E31:R57, E31:R61,R35:T54,
T16:R43 and R23:S67 at different stages of the transition.
Collectively, these results well present TAPS as a promising

approach for studying the functional dynamics of complex
biomolecular systems.

2. METHODS
To enable the application of TAPS to realistic biomolecular
systems, we implemented an MPI version of TAPS in Python
3.7 with GPU support, based on the code published
previously.43 This new implementation follows the protocol
shown in Figure 1, which mainly comprises four stages: (a)
initial path generation; (b) path optimization; (c) convergence
check and (d) free energy calculations. In this section, we
describe in detail the motivation for each step and provide the
general guidance for setting the corresponding input
parameters. Special attention is given to the newly added
module for convergence check.
2.1. Generation of the Initial Path. An initial path must

be generated before the optimization by TAPS, typically via
coarse-graining54 or various biased sampling meth-
ods,29−31,34−36 e.g., steered MD.33 The overall efficiency for
this step remains an open question and is worth further
exploration. For the three systems in this work, we chose

targeted MD (tMD)32 for the initial path generation, which
drives the system toward a target structure via the root mean
square distance (RMSD) from it. For simplicity, all Cα atoms
for residues with well-defined secondary structures (α-helix/β-
sheet) were used for structural alignment, and all heavy atoms
were used to calculate the RMSD. Note that these two atom
sets, which determine a distance metric only for the initial path
generation, need not be the same as the ones in subsequent
TAPS optimization.

2.2. Path Optimization by TAPS. As described
previously,43 the initial path is optimized toward its closest
MFEP via the following iterative process (steps 2−5 in Figure
1): (a) choose a distance metric (two atom sets for computing
RMSD), based on which the path collective variable
(PCV)42,55 is defined; (b) perform well-tempered PCV-
metadynamics56 (PCV-MetaD) simulations with a restraint
potential on the PCV-s component for each path node; (c)
extract new path nodes from the PCV-MetaD simulation
results; (d) reorder the path nodes via a Traveling-salesman
scheme; and (e) re-parameterize the path to ensure the
straightness of the path and the proximity of the neighbor
nodes.

2.2.1. Choosing a Distance Metric. Most existing path-
searching methods rely on a static CV space defined a priori.
This requirement, however, contradicts the most common
situation where they are usedsampling a complex system
without sufficient prior knowledge. The lack of prior
knowledge necessitates a tedious trial−error process of finding
a proper set of CVs,57 limiting their overall efficiency. In TAPS,
we attempt to avoid this static CV space, but use the PCV55,56

as a temporary coordinate system in each iteration, which

Figure 1. Flowchart of the Traveling-salesman based Automated Path
Searching (TAPS). The initial/guess path generated by tMD,32

sMD,33 or other enhanced sampling methods.34−36 Well-tempered
MetaD simulation for each node is performed parallelly on the
“progress component” s of the path collective variable (PCV)55−57

with a restraint potential on s. The backbone nodes of the new path
correspond to the centroids of the sampled conformations of each
node with the median value of the “deviation component” z of PCV.
Re-ordering of these new nodes with a traveling-salesman scheme.
Reparameterization is finally performed to maintain the resolution of
the new path (detailed in ref 42). Convergence is checked by ⟨ ⟩z
and the visualization of the path nodes on a low-dimensional space is
obtained by multidimensional scaling (MDS).44

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.1c00182
J. Chem. Theory Comput. 2021, 17, 5301−5311

5302

https://pubs.acs.org/doi/10.1021/acs.jctc.1c00182?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00182?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00182?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.1c00182?fig=fig1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.1c00182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


projects the original high-dimensional system onto the high-
dimensional path obtained in one previous iteration.
To define the PCV, a distance metric di,j discriminating any

two high-dimensional conformations i and j (typically RMSD)
must be specified, which is the only major assumption of the
TAPS method (step 1). Since one only needs to specify two
atom sets to define di,j (for structural alignment and RMSD
computation respectively), the overall information required to
perform the optimization is less than those relying on CVs
typically with physical meaning. Note that improper choice of
the metric may result in incomplete description of the
transition mechanism (missing important atoms) or problem-
atic potential of mean force along the apparently converged
MFEP in the subsequent free energy calculations. To alleviate
this issue, the current TAPS implementation generates paths
whose nodes are all full system images, allowing adjustments of
di,j in any iteration.
2.2.2. Nonlocal Perpendicular Sampling. With di,j, one can

compute the two-component PCV55,56
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where dx,i is the distance between any high-dimensional
conformation x and the ith node of the path α containing N
nodes. λ is a constant, typically computed by λ = 2.3(N − 1)/
∑i=1

N−1di,i+1
2 , where di,i+1 is the distance between the ith node and

its neighbor node i + 1. Here s is a unit-less quantity, meaning
the location of such projection on path α. z is expressed in the
unit of distance square, meaning the average squared distance
of this conformation from path α.
As stated in ref 43, paths other than the MFEP are unstable

in directions orthogonal to themselves. This fact means that
the sampling for each node can be performed within the
perpendicular plane Pij(α) of path α to accelerate the search
for segments of its closest MFEP (step 2). We approximate this
nonlocal perpendicular sampling by setting a restraint potential
on PCV-s. Since PCV-s is a unit-less quantity, the restraint
potential is easy to design and needs no modifications even
when the distance metric di,j is changed. Thanks to the newly
introduced MPI implementation, such sampling can be
performed for all path nodes in parallel.
In addition to the restraint potential, during the

perpendicular sampling on PCV-z, we also added the MetaD
bias potential on PCV-s. This is because reparameterization of
the path at a later stage requires a pool of conformations
containing a sufficient number of different structures.
Introducing the MetaD bias reduces the amount of extra
sampling required (see the following section).
2.2.3. Path Node Extraction, Re-ordering and Path

Reparameterization. Subsequently, the centroids of the
conformations with the median value of the “deviation
component” z of PCV can be extracted as the backbone
nodes of the new path (step 3). Because each path node is
allowed to move arbitrarily far from its initial position along its
own preferred directions in the perpendicular hyperplane of N
− 1 dimensions, the nodes are generally unlikely to maintain
their original order in the reference path. Thus, TAPS uses a
Traveling-salesman scheme to regenerate an order based on
the geometric distances among the new nodes (step 4).
Due to the tendency of the sampling to drop into the known

free energy minima, the nodes of the new path are often
unevenly distributed, necessitating the final reparameterization

of the new path. This process includes three simple steps:
terminal truncation, node insertion, and path straightening
(step 5). Here, two parameters are essential for defining the
geometrical resolution of the path: (a) the largest distance
allowed for neighbor nodes δ and (b) the straightening factor σ
(details in ref 43). While σ can easily be set to a number from
1.1 to 1.5, the choice of δ needs more careful thought. When
di,i+1 > δ for any two neighbor nodes, we insert a conformation
in-between them, which is chosen from the samples of
perpendicular sampling. When no such conformation is
available, extra targeted MD is performed. Clearly, smaller δ
yields a larger number of nodes, more detailed description of
the transition mechanism, yet higher computational costs. It is
up to the users to specify such balance between efficiency and
path resolution.
After the reparameterization, the iteration of path searching

starts again until the path converges to (fluctuates around) the
closest MFEP, where convergence is measured as described
below.

2.3. Convergence Check: ⟨ ⟩z and MDS analysis.
Convergence of the optimization is checked in two manners:
(a) the distance between the path of current iteration and the
initial guess path, as measured by ⟨ ⟩z square root of the z
component of PCV averaged for all current path nodes53−55

and (b) the projection of the path nodes obtained in all
iterations on a low-dimensional space generated by multi-
dimensional scaling (MDS).44

A simple measure of the distance of the new path α from the
reference path is the square root of average PCV-z for all nodes

∑⟨ ⟩ =
=

z
N

z
1

i

N

i
1

,ref.path
(2)

where zi,ref path denotes the PCV-z of node i of path α with
respect to the reference path. The convergence for the
optimization process can be checked according to the ⟨ ⟩z
of the path in each iteration with respect to the initial path.
When converged, further TAPS iterations shall not alter the
relative position of the path nodes significantly ( ⟨ ⟩z
fluctuating mildly).
Besides, with the distances among all nodes from all paths

available, one can map all the paths from a high-dimensional
space to a low-dimensional (typically two-dimensional (2D))
space via MDS.44 In this low-dimensional space, each point
represents a node with the distance between points nearly
identical to the RMSD between the corresponding high-
dimensional nodes. With this projection, the optimization
process is conveniently visualized.

2.4. Free energy calculations. After convergence, one
may use various approaches, e.g., MetaD and umbrella
sampling, to evaluate the free energy surface along the PCV-s
of the found MFEP. The transition states and intermediates
can be further identified from the free energy surface
accordingly. Here we used umbrella sampling for all three
systems because of its parallelizability. During the umbrella
sampling on PCV-s, wall potentials were put on PCV-z to
ensure a local sampling surrounding the found MFEP.

3. SIMULATION DETAILS
3.1. TAPS. All TAPS simulations were performed via

GROMACS-2019.4,58 PLUMED-2.6.0,59 and Concorde,60
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wrapped within a python script publicly available at https://
github.com/xikun2020/TAPS. All simulations were performed
in the NVT ensemble at T = 300 K, using the velocity-rescale
thermostat.61

3.2. System Studied. 3.2.1. L99A variant of the T4
Lysozyme. T4 lysozyme (T4L) is an enzyme that catalyzes the
hydrolysis of peptidoglycan, which is the major component of
the gram-positive bacterial cell wall.46−48,62−67 Such catalysis,
however, is only possible if T4L is in an excited state (E),
typically activated from a ground state (G). Thus, elucidating
the mechanism of this G/E transition is essential for fine-
tuning the activation and therefore catalysis of T4L. So far, the
L99A variant of T4L (T4L L99A) and the structures of G state
(PDB ID: 3DMV) and E state (PDB ID: 2LCB) have been
resolved46,47 (Figure 2A). The G/E state interconversion of
T4L L99A only involves the residue F114 turning into the
hydrophobic cavity (yellow in Figure 2A) and local rearrange-
ment of three α helices: α0 (red), α1 (blue), and α2 (green).
Details can be found in Figure S1A.
3.2.2. Mitogen-Activated Protein Kinase 1. The mitogen-

activated protein kinase pathway (MAPK) has important roles
in tumor activity. As one of the most critical components in
this pathway, activation of the MAP kinase 1 (MEK1) warrants
exploration. During activation, the loop of the activation
segment (residue 211−236) transforms from the loop-out state
(PDB ID: 5YT3) to the loop-in state (PDB ID: 3QED)49

(Figures 2B and S1B). The main features of this transition are
the transformation of the loop (yellow) and the rotation of two
α helices: α0 (red) and α1 (blue).
3.2.3. Lymphotactin. Lymphotactin (Ltn) is a human

chemokine that directs the migration of leukocytes toward
areas of inflammation. Recent studies have revealed the folds of
Ltn:50 a chemokine fold preferred at 10 °C (Ltn10, PDB ID:
1J9O)50 and a four-stranded antiparallel β-sheet preferred at
40 °C (Ltn40, PDB ID: 2JP1)51 (Figure 2C). Here, Ltn10 is a
functional XCR1 agonist, but fails to bind heparin. In contrast,
Ltn40 can bind glycosaminoglycans with high affinity, yet is
unable to activate XCR1.52,53 Thus, dissecting this Ltn40/
Ltn10 transition is crucial for understanding the function of
Ltn and other temperature-sensitive chemokines in general. As
this transition must involve unfolding (loss of a β-strand β0)
and refolding, (formation of an α-helix α0)50,51 (Figure S1C),
it shall pose a proper challenge to TAPS.

3.3. System Preparation. T4L L99A, MEK1, and Ltn
were solvated in a dodecahedron box with 10331, 14227, and
25714 TIP3P waters and 10 Na+/18 Cl−, 29 Na+/27 Cl−, and
8 Cl− ions,68 respectively (details in Table S1). The
CHARMM36 forcefield69 was used to describe the interactions
in the three systems. Energy minimization was performed for
50 000 steps by the steepest descent algorithm and then by a
conjugate gradient algorithm. Then, a 100 ps NVT simulation
was performed at 300 K for solvent equilibration, followed by a
2 ns NpT equilibration to 1 atm using the Berendsen
barostat.70 Long-range electrostatic interactions were treated
by the particle-mesh Ewald method.71,72 The short-range
electrostatic and van der Waals interactions both used a cutoff
of 10 Å. All bonds were constrained by the LINCS algorithm.73

3.4. Generation of the Initial Path and TAPS
Optimization. For the three systems, the initial paths were
generated by tMD.32 tMD was performed for 400 ps with the
frame recorded every 0.2 ps. In each iteration of TAPS, the
perpendicular sampling of all path nodes amounted to 1 ns in
total (300 ps for T4L L99A). The cutoff distance δ between
neighbor nodes was set as 0.8 Å (T4L L99A), 1.0 Å (MEK1),
and 1.6 Å (Ltn). The straightening factor was chosen as σ =
1.25 for all three systems. Gaussians of height 0.25 kJ/mol and
width 0.5 were deposited every 0.1 ps, with the frames
recorded at the same frequency. The complete parameters
used in TAPS are listed in Table S2.

3.5. Umbrella Sampling. After the final path got
converged, the free energy landscape was demonstrated by
umbrella sampling.45 To escape the possible non-overlapping
between neighbor nodes, extra nodes with an average gap of
0.25 were added and finally, 88, 124, and 1340 nodes were
obtained for T4L L99A, MEK1, and Ltn, respectively (see the
details in Table S3). For the three systems, 40 ns, 40 ns and 2
ns of umbrella sampling was performed for each node of T4L
L99A, MEK1, and Ltn, respectively (see the sampling result in
Figures S2−S4). Finally, the free energy landscapes of the three
systems were revealed by WHAM.

4. RESULTS
4.1. Choice of Distance Metric. The choice of the atom

sets for structural alignment and RMSD calculation is vital for
TAPS. Structural alignment can be performed using the rigid
parts of the molecule without significant conformational
changes. Yet, note that a mere comparison between the two

Figure 2. Structures of (A) L99A variant of the T4 Lysozyme (T4L L99A),46−48 (B) MEK1,49 and (C) lymphotactin (Ltn).50,51 (A)
Interconversion between the G state46 and E state47 of T4L L99A accompanied by a shift of residue F114 (yellow) to the center of the hydrophobic
cavity, surrounded by three α helices: α0 (red), α1 (blue), and α2 (green). (B) Interconversion between the loop-out state and loop-in state for the
activation segment of MEK1; the two α-helices (α0: blue, α1: red) and loop (yellow) are highlighted. (C) Interconversion between Ltn4050 and
Ltn10;51 the disordered C-termini (residues 61−76) are omitted for clarity;51 the four important β-sheets (β0: blue, β1: green, β2: pink, β3:
yellow) and α-helix (α0: red) are highlighted.
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known stable states is not always sufficient to define this atom
set. The path revealed by TAPS might indicate additional
mobile parts that move back and forth during the transition, as
shown by our example of Ltn. In this case, one may need to
redefine this atom set to obtain a reasonable potential of mean
force along the final MFEP. For RMSD calculations, if
important atoms are excluded from the metric, one may
observe unphysical high barriers in the final free energy surface
obtained. Redundancy in this atom set is less of a problem, yet
adds more burden to the PCV calculations.
Here for T4L L99A, we chose all Cα atoms of the residues

from α-helices and β-sheets for structural alignment, only
excluding residues 92−124. As residues 92−124 are sufficient
to describe the G/E transition, we used all heavy atoms of
residues 92−124 for RMSD calculations. For MEK1, a similar
strategy was used: Cα atoms of α-helices and β-sheets were
used for structural alignment except the activation segment
(residues 211−236); all heavy atoms of this segment were used
for RMSD calculation.
For Ltn, even though all three β-sheets β1/β2/β3 barely

differ between the known stable states Ltn10 and Ltn40, we
chose only β2/β3 for the alignment, since we observed that β1
tilted mildly with respect to β2/β3 during the transition. The
position of the intermediate state would be distorted if all three
β-sheets were used for structural alignment. In addition, as this
Ltn10/Ltn40 transition involves complicated folding/refold-
ing, all heavy atoms of the molecule were used for RMSD
calculation.

4.2. Convergence Check. As we mentioned before, the
convergence of TAPS can be conveniently analyzed by MDS44

and ⟨ ⟩z (Figure 3). For all three systems, representative
paths have been chosen and mapped into a two-dimensional
space to characterize the optimization process (Figure 3A−C).
It is obvious that a big difference appeared between the initial
path (black color) and the path only after five iterations (red)
and the optimization converged to the final path (orange)
within 20−30 iterations. In fact, the path (blue) started to
fluctuate around the final MFEP only within 10−15 iterations
for all three systems, demonstrating the efficiency of TAPS.
As shown in Figure 3D−F, ⟨ ⟩z was also calculated using

both the initial path (black), labeled with ⟨ ⟩zi , and the final

MFEP (last iteration, orange, labeled ⟨ ⟩zf ) as the reference
path. Undoubtedly, similar trends of convergence were
observed for the three systems: ⟨ ⟩zi always quickly increased

( ⟨ ⟩zf quickly decreased) and reached the maximum at the
accumulated sampling times (perpendicular and tMD sam-
pling) of ∼11.5, ∼32.6, and ∼125.6 ns for T4L L99A, MEK1,
and Ltn, respectively. The results show that the time needed
for optimization was influenced by the complexity of the
transition. Remarkably, for the complicated Ltn10/40
transition involving unfolding−refolding, TAPS is able to
converge within only 40 ns.

4.3. Resolution and Straightness of the Final Path.
After convergence, we performed umbrella sampling45 to

Figure 3. Convergence check. The paths at different TAPS iterations for T4L L99A (A) MEK1 (B) and Ltn (C) are mapped to a two-dimensional
space obtained by multidimensional scaling (MDS);44 The accumulated sampling time for each iteration (perpendicular sampling and targeted
MD) is highlighted by a different color. Convergence of the optimization processes for T4L L99A (D), MEK1 (E), and Ltn (F) is measured by the
progress of ⟨ ⟩z along the accumulated sampling time. Here, the black and orange lines denote two different reference paths: initial path (black)
and final path (orange), respectively. Convergence times are highlighted by red dashed lines.
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obtain the free energy surface along the PCV-s of the final path
and locate thereafter the intermediate and transition states.
However, proper definition of PCV requires the nodes to be
evenly distributed (equal distance between neighbor nodes;
the path is straight enough without loops of high curvature).
To check this, we computed the pairwise RMSD matrix for all
nodes of the final path and highlighted the neighbor nodes list
by the white dashed lines in Figure 4. The neighbor node
distances di,i+1 were satisfactory and close to the chosen cutoff
distance δ (0.8−1.6 Å). Straightness was also optimal for all

systems, as the di,i+j values for j = 2−5 were 3−5 Å, significantly
larger than the neighbor distance di,i+1.

4.4. Revealed Transition Mechanism. The free energy
landscapes along the PCV-s of the final MFEP were obtained
by umbrella sampling (details in Table S3, SI Figures S2−S4).
We then identified the state (IS) and the transition state (TS)
(Figures 5−7). Important polar contacts/H-bonds during the
transition are particularly highlighted (details in SI Figure S5
and Table S2). All the three-dimensional (3D) structures were
displayed by VMD.74

Figure 4. Pairwise RMSD matrix for the nodes on the found minimum free energy path for T4L L99A (A), MEK1 (B), and Ltn (C). RMSD values
for neighbor nodes are highlighted by white dashed lines.

Figure 5. (A) Free energy landscapes along the final path for T4L L99A calculated by umbrella sampling.45 The important intermediate state (IS)
and transition state (TS) are defined based on the free energy landscape. (B−F) Structures of G state/E state and IS/TSs are displayed by VMD74

with highlighted α0(red)/α1(blue)/α2(green), H-bonds, and polar contacts. The residues 115−118 that formed α0 in G state and α1 in E state are
highlighted in yellow. The angle θ between the central axis of α0 helix (red dashed line) and α1 helix (blue dashed line) is labeled (B−D), as well
as the key residue F114 (yellow).
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4.4.1. T4L L99A. Comparison between the G and E states of
T4L L99A reveals that the G- > E transition must involve the
rotation of residue F114 into the hydrophobic cavity, the
merging of residues 115−118 (yellow in Figure 5) into the
helix α1 (blue in Figure 5), which can be measured by the
increase of angle θ between the central axis of α0 and α1
(definition in Figure S6). As shown by the free energy surface
in Figure 5A, the free energy difference between the G and E
states is ∼3.4 kBT, consistent with the experimental measure-
ments, where the fractional populations of G and E states were
∼97 and ∼3%, respectively.47
This transition occurred in two steps. Starting from the G

state, the system must climb an ∼8 kBT high barrier to reach
TS I, where the polar contact E108:N81 and the H-bond
M106:M102 stabilizing the loop connecting α1 and α2 are
broken. The loosened loop enables α1 to rotate around its
central axis with F114 approaching the hydrophobic cavity as θ
is increased from ∼101 to ∼113° accordingly. To compensate
such energy loss, the polar contact E108:R80 and a newly
formed H-bond Q105:N101 are maintained in this first
transition state (Figure 5B,C). T4L L99A reaches a barely
stable intermediate IS (Figure 5D), whereas θ increases further
to ∼134° with the M106−M102 H-bond being reformed and
F114 moving to the entrance of the hydrophobic cavity. The
second barrier is fairly easy to overcome (∼1.5 kBT). TS II is
featured by re-breaking of the M106:M102 H-bond and the
formation of a longer α1 (merging the residues 115−118) and
further movement of F114 to the edge of the hydrophobic
cavity (Figure 5D,E), which results in the suspension of the

elongated α1 in solution without contact with other domains.
Finally, the elongated α1 finds a polar contact with K35
(E108:K35, Figure 5E,F), which is described in ref 48, with
F114 rotated 180° around the bond between Cα and Cβ and
fully buried in the cavity.

4.4.2. MEK1. For the loop-out/loop-in transition of MEK1,
two steps were found, with the second step being rate-limiting
(Figure 6A). For clarity, we only visualized the residues close
to the active segment in Figure 6B−F (details in Figure S7).
Starting from the loop-out state, where α0 (blue) is facing
outward with α1 (red) parallel to it,49 the system has to first
reach TS I with a mild inward rotation of α0 (Figure 6B,C).75

To overcome this ∼14 kBT barrier, several H-bonds
stabilizing the loop between α0 and α1 (yellow) had to be
broken. Then, the system goes downhill to an intermediate
state IS with similar stability to the loop-out state with a newly
formed polar contact R227:L235 to stabilize the loop and
further inward rotation of α0 (Figure 6D). This polar contact
is broken again in subsequent climbing over the second ∼18
kBT barrier (Figure 6E), enabling a loosen loop segment and
therefore the rotation of α1 to become orthogonal to α0.
Finally, MEK1 goes downhill to the loop-in state with newly
formed H-bonds within the loop and an additional polar
contact Y229(loop):E255 (Figure 6F), where E255 belongs to
the core kinase domain with a critical role in the function of
the enzyme (Figure S1C). Note that the stability of α1 in the
loop-in state is partially provided by the stretching force from
the stabilized loop. Interestingly, our findings on the two
residues R227 and L235 provide an insightful interpretation for

Figure 6. (A) Free energy landscapes along the final path of MEK1 revealed by umbrella sampling.45 The important intermediate state (IS) and
transition state (TS) are defined based on the free energy landscape. (B−F) Structures of loop-out state/loop-in state and ISs/TSs are displayed by
VMD74 combined with the highlighted α0(blue)/α1(red)/loop(yellow), H-bonds, and polar contacts.
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a recent experiment where point mutation on them caused
deactivation of MEK1.76

4.4.3. Lymphotactin. A structural comparison between
Ltn40 and Ltn10 (Figure 7B,H) indicates that this transition
must at least include (a) destruction of one β strand (β0:
blue); (b) formation of a new α-helix (α0: red); and (c)
rearrangement of the other three β-sheets (β1: green, β2: pink,
and β3: yellow). Previous experimental efforts suggest that
such change is so dramatic that it is unlikely to occur without
complete unfolding/refolding of the corresponding β-sheets.50

Remarkably, our results revealed no complete unfolding/
refolding of Ltn at all. Instead, a few polar contacts are
sufficient to stabilize the partially unfolded β-sheets at all stages
of the transition.
The free energy surface along the MFEP found by TAPS

revealed a three-step process (two ISs and three TSs, Figure
7A), with the height of barriers ranging from 15 to 19 kBT. To
reach the first transition state TS I (Figure 7C), Ltn40 (Figure
7B) must first destabilize and unfold β0 from the original four
β-sheets β0−β3 (panel A, blue), resulting in a plane
comprising β1−β3 only (panel B, red). Meanwhile, the flexible
loop that finally turned into a long helix α0 formed a compact
structure partly due to three polar contacts: E31(β1):R57(α0),
E31(β1):R61(α0), and R35(β2):T54(α0). Additional H-
bonds are also found between the loop that connects β0/β1
and the loop that connects β2/β3 in TS I. Subsequently, these
loop−loop H-bonds break again with β0 unfolded, leading to
increased flexibility of β1 but also a newly formed polar contact
T16:R43 that appears to stabilize the terminal of β1. Such
collective motions led the system to reach the first
intermediate IS I (Figure 7D).
To overcome the second ∼19 kBT barrier, the polar contacts

among E31/R57/R61/R35/T54 have to break. To compen-
sate for such energy loss, an additional polar contact
R23(β1):S67(α0) is newly formed in TS II (Figure 7E),

which never appeared in either Ltn40 or Ltn10 (Figure 7H).
Though this contact did not last long, it assisted the formation
of the polar contact T16:R57(α0), which promoted the
formation of a complete panel B in the second intermediate IS
II (Figure 7F). Besides, in IS II, α0 started to fold from its
terminal due to the polar contact R65:T69 (not present in
Ltn10).
The last barrier is of similar height to the second. To

overcome this barrier, the R65:T69 contact disappeared and
panel B transformed to a highly stretched structure where H-
bonds among β1−3 were almost broken (Figure 7G). Finally,
panel B turned into a standard β-sheet with α0 completely
folded (Figure 7H).

5. DISCUSSION

Similar to other path-searching/optimization methods, TAPS
is a sampling technique built upon the assumption that the
geometric distance among neighbor nodes (conformations) of
the found MFEP can well approximate their kinetic distance.
This class of methods is well suited for initial sampling of the
system of interest, where no kinetic information is yet available.
This distinguishes TAPS from analysis techniques such as the
time-structure based Independent Component Analysis
(tICA)77−79 that attempts to identify the slowest mode of
motions from abundant trajectories with unbiased kinetics
information. As the MFEP found by TAPS is by definition
statistically significant, the conformations on the MFEP and
the free energy surface along the MFEP can guide the
subsequent computation of kinetics via methods such as
Markov State Models,40,41 milestoning,80 markovian mile-
stoning81 and weighted ensemble milestoning.82

Different from other path-searching methods, TAPS aims to
minimize the overall information provided as input to the path
optimization process. However, unlike path-sampling techni-
ques where the paths are defined directly in the phase space

Figure 7. (A) Free energy landscape along the minimum free energy path for lymphotactin (Ltn), calculated by umbrella sampling.45 The
important intermediate state (IS) and transition state (TS) are labeled. (B−H) Structures of Ltn40/Ltn10 and IS/TS are displayed by VMD.74 Key
structural features β0(blue)/β1(green)/β2(pink)/β3(yellow)/α0(red), H-bonds, and polar contacts are highlighted. The two panels formed by the
β-sheets are defined in square sheets: panel A (blue) and panel B (red).
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with no prior assumption, the execution of TAPS still relies on
a preset distance metric, which is its only major assumption.
To alleviate the difficulty in choosing this metric, we provided
guidelines in this manuscript and used the full system images
as the path nodes so that adjustments in the metric can be
performed in any iteration.
For all three systems in the present work, targeted MD has

been used to generate an initial path. However, complex
transitions of bio-macromolecules often occur through multi-
ple parallel pathways. Therefore, a systematic yet affordable
protocol able to provide different parallel pathways is crucial
for further development of the TAPS approach.

6. CONCLUSIONS
We have implemented a parallel version of the automated
path-searching method TAPS with GPU support and addi-
tional module for convergence check. Using this new
implementation, we successfully located the MFEP connecting
the ground and excited states of the L99A variant of the T4
lysozyme, which is in good agreement with previous findings.
TAPS also revealed the critical role of polar contacts
R227:L235 and Y229:E255 in the loop-in/loop-out transition
of MEK1. In particular, TAPS provided unprecedented insights
into the Ltn40/Ltn10 transition of lymphotactin involving
complicated unfolding/refolding: five polar contacts
(E31:R57/E31:R61/R35:T54/T16:R43/R23:S67) are suffi-
cient to stabilize various partially unfolded structures and
thus no complete unfolding/refolding of its β-sheets is
necessary. Based on these results, we conclude that TAPS is
a general and promising approach for studying the functional
dynamics of complex biomolecular systems. Guidelines for its
input parameters and discussion on possible further improve-
ments are also provided.
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