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ABSTRACT: Long-time dynamical processes, such as those
involving protein unfolding and ligand interactions, can be ——
accelerated and realized through steered molecular dynamics —>
(SMD). The challenge has been the extraction of information from
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such simulations that generalize for complex nonequilibrium
processes. The use of Jarzynski’s equality opened the possibility
of determining the free energy along the steered coordinate, but
sampling over the nonequilibrium trajectories is slow to converge.
Adaptive steered molecular dynamics (ASMD) and other related techniques have been introduced to overcome this challenge
through the use of stages. Here, we take advantage of these stages to address the numerical cost that arises from the required use of
very large solvent boxes. We introduce telescoping box schemes within adaptive steered molecular dynamics (ASMD) in which we
adjust the solvent box between stages and thereby vary (and optimize) the required number of solvent molecules. We have
benchmarked the method on a relatively long a-helical peptide, Ala;,, with respect to the potential of mean force and hydrogen
bonds. We show that the use of telescoping boxes introduces little numerical error while significantly reducing the computational
cost.
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1. INTRODUCTION implicit solvent which significantly reduces the number of
degrees of freedom of the modern system. Coarse-grained
modeling can also further reduce the computational cost—
though at the price of additional approximation— for even
larger systems.”””>" It scales up particle sizes and smoothens

Molecular dynamics (MD) simulations provide an exquisite
level of detail about the movements of molecules at atomic
resolution not always readily available to experiments.’
Consequently, they have been widely used to, for example,

complement experiments in uncovering the underlyin the energy landscape to escape energy “traps” that limit
mechanism of chemical reactions,”™” refine protein structures,” sampling. However, they may be limited by the determination
or guide experiments in the discovery of promising compounds of enthalpy and entropy balance and loss of essential details.*
or materials.o™® However, the accuracy of MD is often limited The objective of this work is to demonstrate that, in those
by approximations in the underlying force fields and the systems which require an all-atom description of the solvent
accuracy of the numerical integrator, while its predictions may box, we can use a staged approach to vary the size of the box
be limited by the convergence of the sampling trajectories.”” " during the simulation so as to limit the associated computa-
Meanwhile, due to the millions of interatomic interactions tional cost.

involved, the accessible time scale of all-atom simulation is The need for longer times in MD trajectories is driven not
often too short to observe many “interesting” water-involved only by the determination of time-dependent variables but also
biological processes that take place at longer times—from that of equilibrium observables that are obtained by averaging
microseconds or milliseconds—andHE}llgt involve important over trajectories. The latter requires algorithm developments

processes such as protein folding, The size of these
simulations is also much larger than that of the selected
process because the solvent must be included and must be
large enough to limit boundary effects. Moreover, while water
is a ubiquitous solvent, it is also particularly difficult to model -

because of its important quantum mechanical and associative Rece_wed: May 11, 2022 ICTE -
properties. It is also relatively expensive to simulate at the Published: July 13, 2022 ol
explicit—viz. all-atom—Ievel, and several models are avail-
able'’*° and continue to be developed. This computational
challenge can be side-stepped—albeit it with the sacrifice of
some accuracy (see refs 21 and 22)—through the use of an

to accelerate the trajectories—which for example emerge ipso
facto from coarse-graining techniques—and to increase
sampling efficiency.’’ ~*” SMD,*® for example, has been used
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to reveal structural changes in proteins®”*’ and unbinding

potentials*' as candidate drugs are pulled away from them. In
tandem with nonequilibrium work theorems, Schulten and
Park,**** used SMD to reveal the mechanism or underlying
unbinding potentials efliciently by applying an external force
on the system. Unfortunately, sampling of the nonequilibrium
trajectories in SMD can also be plagued by convergence. The
use of the Jarzynski equality (JE) to average across the
nonequilibrium trajectories makes it possible to obtain the free
energy difference across the pulling direction. However, as the
deviation along the pulling coordinate increases, so does the
spread of the work functions, thereby limiting the accuracy of
the Jarzynski average (JA). Indeed, in some cases, a single
trajectory remains the one with the lowest work function and
dominates the JA arbitrarily. These numerical errors are
exacerbated by larger systems which effect larger fluctuations
and require even longer pulling distances to fully unravel. The
speed of the pulling of the nonequilibrium trajectories has also
been seen to affect convergence, as, for example, Li et al*
found that fast pulling can affect the PMF results when a
limited number of realizations are performed. Specifically, as
the pulling speed V is increased, the nonequilibrium work
values used to determine the JA increase in concert as a
quadratic function of In(V).** Thus, a low pulling speed and a
reasonably large number of trajectories are often needed to
obtain accurate results through SMD, which in turn requires
significant to inaccessibly large computational resources.

ASMD™®™* was developed to address the convergence
challenges in SMD by dividing the process of interest into a
series of stages that ipso facto converge readily. Staged
approaches have been used to obtain free energies in several
contexts,"~>* and it is not surprising that they are useful in the
context of SMD. Within each stage of ASMD, standard SMD
simulations are carried out. At the end of each stage, a
contraction of the trajectories is performed to reduce the
sample space of the nonequilibrium system to be within a
neighborhood of the equilibrium distribution. The implemen-
tation of ASMD is contingent on the choice of the contraction
criterion which in turn leads to various versions of the
method—e.g,, naive adaptive steered molecular dynamics
(naive ASMD),"*~*” multibranched adaptive steered molecular
dynamics (MB-ASMD),> and full-relaxation adaptive steered
molecular dynamics (FR-ASMD).>® Note that no matter which
contraction is used, the relative cost of the calculation depends
on the size of the solvent box. As many applications®’ > of the
external force involve the restructuring of the target system, the
solvent box is often large and exacerbates the cost of the
sampling. Beyond our group, ASMD has been used successfully
to obtain the energetics of several challenging systems,
including the characterization of a host—guest in‘ceraction,éo’él
mechanism of the complex dynamics,®* mutagenesis,63 binding
affinity,** protein—ligand interactions,”>~"® and protonation
effects.”’

There has been much debate in the literature about the need
for an explicit—uviz. all-atom—description of solvent particles
and the size requirements for the solvent box to provide
converged and accurate results.”””"® Notably, Gapsys and de
Groot recently concluded that the box size shows no significant
impact on the system, both thermodynamically and kineti-
cally’”” in agreement with conclusions from prior work by
several groups,”’”*” presumably as long as the box is big
enough. Moreover, an explicit solvent model is necessary to
accurately capture solvent-mediated interactions when they
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play an important role in the dynamics.
known to play a structural role in biological systems,

For example, water is
$8,83—86

and this sometimes necessitates the use of explicit water in the

solvent.

Molecular dynamics (MD) simulations scale at best at O(n)

with the size of the system—viz. n
systems, a high pulling speed and
trajectories are generally needed to
ASMD simulations within reasonable
turn, this tends to sacrifice accuracy.

atoms.””*® For large
reduced number of
complete SMD and
wall clock times. In
In deference to this

limitation, the number of atoms in the simulation is often kept
to the minimum necessary to still capture the dynamics of the
system of interest. As most of the atoms in the simulation are
often found in the solvent, it should therefore not be surprising
that limiting the size of the solvent box is common practice as
long as it is large enough per the previous discussion. In
principle, as the system changes in size, the solvent box can
also be adjusted in the process of carrying out the simulation to
maintain this optimally efficient condition. Indeed, there are
literature precedents for adjusting the size of the periodic box
and resolvating the system as the simulation pro-
gresses.””**>*>% However, none of these approaches, to
our knowledge, have been applied to staged steering such as
implemented in ASMD, which is the approach we take here in
designing the so-called telescoping boxes illustrated in Figure
1.
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Figure 1. Two possible schemes for the implementation of
telescoping boxes in ASMD: (a) constant cross section in which
one adjusts—uviz. increases or pulls—only the length between the end
points of the protein which defines an axis labeled as z or (b) constant
volume in which one adjusts all three widths to preserve the volume
by increasing along z by a factor of f and along x and y each by a factor

of 1//f.

The challenge to address the growing footprint of proteins as
they are pulled apart manifests itself in several cases. While the
examples benchmarked here involve a linear stretch, ASMD
and other steered approaches have been implemented along
nonlinear é)aths, e.g., the circular opening of NPY addressed via
ASMD.">”" As we consider larger proteins with a large number
of secondary structural components and identify more complex
unfolding paths along which they are pulled apart, the resulting
structures will likely grow in one or more directions.

Thus, we introduce here the scheme of telescoping boxes
within ASMD by way of modifying the periodic box in
between stages to maintain an optimal size of solvent particles.
Compared to prior work in which successive boxes are larger
from stage to stage,”""” the telescoping box scheme also allows
for the reduction along one or more dimensions of the periodic
box. A special case considered here involves a constant volume
deformation of the telescoping box as one of the dimensions is

https://doi.org/10.1021/acs.jctc.2c00498
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increased and the others are concomitantly decreased. We
report here the use of this scheme on the Ala;, peptide to
benchmark and validate it by performing the potential of mean
force (PMF) profile calculation and other observables, such as
hydrogen bonds.

2. MODELS AND METHODS

2.1. Steered Molecular Dynamics. Steered molecular
dynamics (SMD) provides a controlled deformation of a
molecule within an MD simulation in analogy to that which
can be realized experimentally in atomic force microscopy
(AFM) or optical tweezers experiments, though at much faster
speeds.”>”? Schulten and Park*”*’ introduced the use of the JE
to average over an ensemble of nonequilibrium SMD
trajectories to obtain the PMF and other equilibrium
observables.

In a typical implementation of SMD, an auxiliary particle is
attached to a system variable—e.g,, a selected atom or some
collective coordinates associated with a region of interest—
through a harmonic potential. The motion of the auxiliary
particle is predicated on following a particular path under a
prescribed condition such as constant force or constant
velocity. Through the auxiliary particle’s coupling to a system
variable—e.g, an atom or residue at the terminus of a
protein—while another variable is fixed—e.g, an atom or
residue at the other terminus of a protein—it steers the protein
along the selected path—e.g., the unfolding of the protein as
the termini are pulled apart.

For each nonequilibrium trajectory integrated using SMD,
the change in the position of the selected system variable &
relative to the auxiliary particle is tracked to obtain the
instantaneous applied force, and its accumulation is the work
W ¢, along the path from &, to £. An average over the

trajectories is performed using the JE**~"7 to obtain the PMF,
G(¢,), along the selected path—or reaction coordinate—¢&,

G(&) = Gl&) — 5 Infe™era) "

where f is 1/kgT with kg as the Boltzmann constant and T as
the absolute temperature.

While all of the nonequilibrium trajectories in the average of
eq 1 formally contribute, in practice those with the lowest work
values near the resulting average are dominant. The non-
equilibrium trajectories tend to wander ever farther from the
dominant pathways as they are extended. This leads to a
number of trajectories with work functions characteristic of the
correct average to decrease dramatically along the steered path.
To overcome this sampling challenge, one could simply
calculate more trajectories. Unfortunately, this becomes
prohibitively expensive very quickly and has limited the use
of SMD with the JA.

2.2. Adaptive Steered Molecular Dynamics. To
overcome the limitation of SMD and improve the efficiency
of sampling, ASMD was developed earlier.**° In ASMD, the
steering along the whole reaction coordinate is completed
sequentially in several stages. A standard SMD simulation is
performed within each stage to obtain the corresponding piece
of the PMF. At the end of each stage, a contraction is
performed, without adding additional work to the system, to
obtain a set of representative structures of the equilibrium
ensemble which can be used to initiate the next stage. Since no
work is added to the system during contraction, the PMF
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calculation is not affected across the various variants of ASMD
as long as the contraction does not somehow reduce the
ensemble that is being averaged over. Naive ASMD provides
the strongest reduction, and the other variants become
necessary for systems that sample complex pathways in the
ensemble.

In the implementations of ASMD, we have generally used
constant velocity v, pulls along a linear segment between the
initial and final points of a given stage. This allows a
simplification in parametrizing the path in time ¢ and
designates the segments with respect to the time intervals
(t-1, ) of the j stage for j from 1 to N total stages. As the
PMF accumulates along the pulling path, its value can be
written relative to that at the beginning of the stage. For
example, if the reaction coordinate is selected as the end-to-
end distance r,, and the path is taken from its value r,.(t,) for
the initial compact structure to that of r..(ty) for an extended
chain, then the accumulated free energy—viz. the PMF—at a
time t € (t,_y, t)) is

N
W 7y - 1 —pw(e®
W(ree(t)) = W(ree(tj—l)) -p "In Ez P
i=1

)

where W is the nonequilibrium work from ¢,_; to t evaluated

for each of the N trajectories ft(i) in the jth stage.97 The time
increment of the stages is selected to be short so as to avoid the
spreading of the nonequilibrium trajectories that plague SMD.

2.3. ASMD with a Telescoping Box. We have reported
that ASMD can reduce the number of trajectories needed to
converge the PMF relative to a standard SMD calculation by as
much as a factor of 100.”® Nevertheless, the solvent box must
be large enough to fully solvate the protein through the entire
extension, and this can be quite expensive because the number
of solvent molecules is consequently large. Using the schematic
structures shown in Figure 1, such a simulation corresponds to
using the large box shown at the end of case (a) for the entire
simulation. In order to enhance the efficiency of non-
equilibrium sampling without affecting the accuracy of the
various ASMD methods, we introduce here the telescoping box
schemes shown in Figure 1: (a) constant cross-section
telescoping boxes in which the length of the box is extended
along the direction parallel to the pulling direction while
maintaining the sides orthogonal to the pulling direction
constant and (b) constant volume telescoping boxes in which
the length of the box along the parallel direction is extended
while the orthogonal directions are reduced so as to maintain a
constant volume. In case (b), the number of solvent molecules
remains approximately constant, and thus, the constant-volume
telescoping box offers the greatest possible savings in
simulation time.

The existence of transitions between the ASMD stages
during which the contraction takes place offers an opportunity
to restructure the solvation box as long as it is performed
without doing work to the system. As indicated in the two
panels of Figure 1, the strategy involves using solvent boxes
within each stage whose size is matched to the amount of
solvent required to properly solvate the protein structures
along the path of the given stage. The resizing of the box can
be performed in at least two different ways: (i) the entire
solvent is eliminated, and the remaining protein is resolvated in
the new periodic box while protein ends are held fixed, or (ii)
only those waters outside of the new periodic box are

https://doi.org/10.1021/acs.jctc.2c00498
J. Chem. Theory Comput. 2022, 18, 4649—4659
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eliminated, and the remaining protein plus water system is
immersed and resolvated into the periodic box. After this
resolvation, the system is equilibrated while the end-to-end
distance, r,,, remains fixed at the value of the previous stage.
Since the system is constrained during equilibration, no
additional work is performed and added to the system.
Therefore, there is no nontrivial contribution to the JA from
the resizing of the box. The results reported below explicitly
employed approach (i) though we also found that approach
(ii) led to similar results.

2.4. Simulation Methods. To demonstrate and validate
the ASMD schemes employing telescoping boxes, we use a
midsized peptide, Alay;,, whose PMF was benchmarked
earlier.”® All of the simulations are initiated with the same
starting structure of the protein and solvent. Specifically, Alay,
was built using the VMD plugin molefacture” and capped
with an acetylated N-terminus and amidated C-terminus (309
atoms) and can be seen to exhibit a single helical domain. It
was immersed in an explicit TIP3P water solvent box of sides
along x X y X z equal to 40 A X 40 A X 75 A which required
~11,000 atoms.

In all SMD simulations, the system is propagated using
NAMD.'” Interactions are described by the CHARMM36
force field'”" in consideration of the CMAP correction terms
for the peptide’s helical structure. All simulations were
performed at 300 K. A 1 ns NPT equilibration step is first
performed on the system with the C, ends constrained and the
damping coefficient set to S ps™'. A Nosé—Hoover Langevin
piston is used to regulate pressure with a decay period of 100 fs
and a damping time constant of 50 fs. Thereafter, the system is
equilibrated under NVT conditions in three successive 200 ps
propagations in which the backbone is constrained using a
harmonic spring that is released gradually taking on the values
10.0, 5.0, and 1.0 kcal/(mol A?), in turn. The peptide is then
once again fully relaxed without constraint for 1 ns. This results
in a deviation in its primary axis from the z-axis, and so the
entire system—that is, protein and solvent—is rotated to place
the proteins back along the z-axis. This structure is then
relaxed for an additional 1 ns under NPT conditions with the
protein ends constrained at their positions on the z-axis. The
initial structure (or structures) for the ASMD simulations is
randomly selected from the equilibrated structures near the
end of this last constrained trajectory. The final structure is
verified through the root mean square deviation (RMSD)
analysis of the backbone using the corresponding NAMD plug-
in.

In the ASMD simulation, the peptide is stretched by 60 A
along the z-axis in 25 stages—each 2.4 A in length—at a 1 A/
ns pulling speed for 100 trajectories per stage (tps). This is
sufficient to fully break the intrapeptide interactions. During
the ASMD stages, the C,, of the first residue was held fixed, and
the C,, at the other end is attached to the auxiliary atom which
is steered along the pulling path. We introduce the telescoping
box schemes described above at the end of each stage. First,
based on the selection criterion of ASMD, one or more
structures with work values near the JA are selected to
represent the equilibrium ensemble. In the case of naive
ASMD, for example, only one structure is selected, and it is the
one whose work value is closest to the JA. Second, after
completing the contraction, the periodic bounding box is
resized according to the selected protocol. For simplicity, we
extend the box along the z-axis—viz. the direction parallel to
the direction that the protein is pulled—in equal increments—
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viz. 24 A in length—concomitant to the number of stages
being pulled. The lengths of the boxes in the x and y directions
are either held fixed for constant cross-section telescoping
boxes or reduced proportionally to ensure constant volume
telescoping boxes. The selected configuration(s) are then
resolvated and equilibrated in the new bounding box. The
equilibration of the newly solvated system is again propagated
at 300 K and fixed NPT conditions with the ends of the protein
fixed for the short but additional time needed to reach an
equilibrated structure confirmed according to the equilibration
of the RMSD.

3. RESULTS AND DISCUSSION

The main advantage for the use of telescoping boxes in ASMD
is the reduction in the number of solvent molecules required at
each stage and the associated savings in the numerical
propagation of the resulting smaller solvent configurations.
For example, naive ASMD simulations of an all-atom Alay,
solvated in water are typically propagated in a 40 A X 40 A X
130 A periodic bounding box and require configurations of
~19,500 atoms throughout. In comparison, in a telescoping
box scheme at a constant cross section which takes the periodic
bounding box from 40 A X 40 A X 75 A to 40 A X 40 A x 130
A, the initial structure needs roughly half of the number of
atoms and averages about 75% of the atoms over the
simulation. Meanwhile, the constant cross-section scheme
ends with a box of dimensions, 29.8 A X 29.8 A x 135 A,
requiring only approximately half the number of atoms
throughout the pull In terms of computing performance,
naive ASMD using a constant (but large) box of sufficient size
to fully solvate all of the structures of the protein from its initial
compact to final extended coil structures requires ~2,100 s on
a single K80 GPU node for one trajectory per stage.
Meanwhile, through the introduction of telescoping boxes,
the simulation time for each trajectory decreases to ~1,500 s
for the first stage and ~1,700 s (in the constant volume
scheme) or ~2,250 s (in the constant cross-section scheme)
for the last stage. For the constant volume scheme, since the
number of atoms remains approximately constant during the
simulations, the computational time for each stage is
approximately the same. On the other hand, in the constant
cross-section scheme, the number of atoms increases from
~11,000 to ~20,000 over the simulation, and thus, the
simulation time increases over the stage. Furthermore, for the
constant volume scheme, 3000—3500 s are required for a S ns
equilibration simulation, while for the constant cross-section
scheme, the largest system (in the last stage) would take
~4,000 s for a 5 ns equilibration simulation. In summary, even
though the telescoping box in ASMD requires an additional
equilibration of the solvent in the resized box at the end of
each stage, the impact of system size on the computational
efficiency is still significant. Moreover, as more trajectories are
generated to increase accuracy, the reduction in the required
computation time resulting from the use of the telescoping
boxes for each trajectory adds up, making this a useful
approach. B

Since the contraction criterion for the naive ASMD selects
one representative structure whose work is closest to the JA at
the end of each stage, only one structure with the ends fixed is
resolvated and equilibrated during the equilibration step at the
end of the contraction as shown in Figure 2. The gray curves
represent the trace of the end-to-end distance for all
trajectories, while the red curve refers to the selected trajectory

https://doi.org/10.1021/acs.jctc.2c00498
J. Chem. Theory Comput. 2022, 18, 4649—4659
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Figure 2. An illustration of the progression of end-to-end distances of
the ensemble of Alay, structures along the stretching in and between
two characteristic stages. The average end-to-end distance r,, is shown
in red, and the ensemble of trajectories is overlapped in gray. For
specificity, the data shown here comes from the pulling of Alas, for
the three stages starting from the initial pull—uviz. i = 2 in the notation
of the x-axis labels.

based on the naive ASMD criterion. During the production
phase of the (i — 1) stage from time t/_, to t,_j, the protein is
stretched at a constant pulling speed by the auxiliary atom, and
thus, the end-to-end distance increases linearly with fluctua-
tions. At the end of the (i—1)™ stage, the protein is resolvated
and equilibrated with a bigger solvent box in the auxiliary stage,
EQ,_,, either under constant cross section or constant volume.
The time #,_, to t;_; for equilibration can vary and depends on
the system and solvent. In the case of naive ASMD, only one
structure is retained after contraction, and the ends are fixed
during the auxiliary equilibration stage, EQ; ;. Consequently,
the end-to-end distance does not change and is shown as a line
in Figure 2. In other variants of ASMD, each of the structures
available after the contraction is separately equilibrated while
holding the ends fixed. Consequently, the average of their end-
to-end distances also does not change during the equilibration
step, also leading to a line in this step. Once the structure (or
structures) is reconverged in the larger box, it serves as the
initial structure for the SMD pulling of the protein in the i
stage.

3.1. Energetics. The use of telescoping boxes in naive
ASMD does not affect the PMF profiles of the overall process
as shown in Figures 3 and 4 for the test case of the unfolding of
Alay,. As detailed in the Methods section, the ASMD
simulations are divided across 25 stages so that each stage is
small enough that the spreading of the distribution of work
values does not lead to many effectively noncontributing
trajectories. In Figure 3, the curves for the work across all of
the nonequilibrium trajectories (100 tps) are overlaid in each
stage. As the trajectories sampled for each of the ASMD
implementations are different, the fans of the work trajectories
in each stage are necessarily different across the schemes.
However, the JA over the work trajectories results in the same
PMFs within their error bars as indicated in Figure 4 and
Figure S. We do not benchmark these results relative to those
from an equilibrium free energy method, because the PMFs
obtained from SMD and umbrella sampling have been seen to
be in agreement when both are sufficiently converged,'’” and
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Figure 3. Work values of the ensemble of trajectories in naive ASMD
along the unfolding direction of Alay, employing three different
schemes: (a) constant (and large) solvation box, (b) telescoping
boxes with constant volume scheme, and (c) telescoping boxes with
constant cross section. The black curves represent the work values for
all generated trajectories, while the red dashed curves are the PMF. All
PMF profiles have been obtained using 100 tps at 1 A/ns. The naive
ASMD results for case (a) are the same as reported and benchmarked
in ref 98.

we have earlier benchmarked ASMD relative to SMD in our
past work.*>”” Meanwhile, it is also notable that the auxiliary
equilibration stage (after resolvation) performs no work on the
system, and hence there is no additional energy bump in
between stages with the use of the telescoping boxes. ASMD
could get the converged PMF results from a reasonable
number of nonequilibrium trajectories.

The PMF overlaid with the RMSE profiles resulting from
the use of two kinds of telescoping box schemes in naive
ASMD are also shown in Figure S in comparison to the PMF
reported earlier using naive ASMD with a constant box. The
error is determined as the sum of the accumulations from the

previous stages and the current stage as”’
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Figure 4. Comparison of the energetics of Alas, among different
ASMD variants. The blue curve corresponds to naive ASMD with a
constant solvent box from ref 98, while the orange and green curves
correspond to ASMD with the telescoping box schemes noted in the
legend. The PMFs have been obtained using 100 tps at 1 A/ns.
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Figure 5. RMSE analysis for two types of telescoping box schemes
compared to naive ASMD with a constant box (dashed black curve)
from ref 98.

S = | 3 GB(1) + SEy(e)

i=1

(©)

where OE, is the error for stage i, and ¢, refers to the time at the
end of stage i. Both PMF profiles of the telescoping box
schemes show comparable results with the one from naive
ASMD. Furthermore, compared with the scale of PMF results,
the error bar shown as the shaded area is relatively small,
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indicating the robustness of the result from these methods.
These results also suggest the negligible impact of solvent box
size as has been reported by others for related systems.””*>*

3.2. Hydrogen Bonding Profiles. Other observables,
such as the hydrogen bonds, can also be determined based on
the Jarzynski weights of each nonequilibrium trajectory, which
are again not affected by the addition of equilibration in the
implementation of the telescoping box schemes. The hydrogen
bond counts for each trajectory were determined using the
recent update of MDAnalysis (2.0)."7'% It provides an
improved detection of hydrogens bonded to heavy atoms and
for consideration of capping atoms which resulted in small
changes in the hydrogen-bonding profiles we report here in
comparison to our earlier work. The donor(D)—acceptor(A)
distance cutoff is set as 4.0 A, and the D—-H—A angle is set as
140°. The MDAnalysis code provides the instantaneous
number of hydrogen bonds N(S,, S,) between two selected
sets of molecular units—e.g., all of the water molecules, the
whole protein, or some subset of the protein. We use the hat in
N to distinguish the value for a given configuration and drop it
when we refer to the corresponding observable over many
trajectories. Specifically, it is”’

NG, 8= Y aEYEY)

=¥es,z0¢es, (4)
where #(2®, 2) is the number of hydrogen bonds between
the two specified relative components ¥ in S, and E” in S,,
respectively. Consequently, the weighted observable(s) for the
number of hydrogen bonds across the distribution of N
nonequilibrium trajectories is(are)”’

N (i)
ZilN(sp Sz)e_/jw’(é )

N W)
i=1

(N(S,, )
(5)

following the notation used earlier in eq 2.

As in the PMF profiles, the hydrogen bond profiles along the
end-to-end distance shown in Figure 6 exhibit the same trends
regardless of which scheme—fixed box or telescoping boxes—
is implemented within naive ASMD. The intrapeptide
hydrogen bonds are lost almost linearly along the process,
from ca. 20 to 0. Moreover, the intrapeptide hydrogen bonds
(Figure 6 (top)) are also replaced with the protein—water
hydrogen bonds (Figure 6 (bottom)) as previously reported.”®
The protein—water hydrogen bonds were determined for water
molecules around 10 A of the peptide. However, abrupt
changes in hydrogen bond values were also observed during
the stretch, which is caused by the contraction between stages.
That is, at the end of each stage, only one configuration is
selected (in the case of naive ASMD), and the observed value
for that one specific selected structure fluctuates from the
average.

Furthermore, from ca. 62 A to 76 A of the end-to-end
distance (ca. 20 A to 34 A of r,,), the intrapeptide hydrogen
bond values of both telescoping boxes schemes were lower
than the one gained from naive ASMD. Coupled with the
telescoping box schemes, the extra resolvation stage also allows
the partially unfolded protein to re-equilibrate itself and reform
hydrogen bonds at a given pulling distance. Consequently, the
conformation of the hydrogen bond structure through the
stage is not a trivial test. Based on Figure 6, the general trend is
that intrapeptide bonds are lost linearly over time for all three
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Figure 6. Hydrogen bond profiles for different schemes of ASMD:
constant box (blue), constant volume (orange), and constant cross
section (green). The top panel corresponds to the intrapeptide
hydrogen bond interaction, while the bottom panel corresponds to
the number of the peptide-water hydrogen bonds for the water
molecules within 10 A of the peptide. The results™ for naive ASMD
with a constant box was reanalyzed with MDAnalysis 2.0 version in
consideration of the capped atoms of the peptide, resulting in slightly
different but improved estimates of the hydrogen bonding.

method schemes. There are fluctuations between the stages
primarily because of the over-reliance of the contraction to a
single structure in naive ASMD but that appear to be averaged
out through the sampling. The partially unfolded Alas,
intermediates have previously been regported to form the
polyProline II (pPII) conformation.'*”'*® Indeed, we found in
our previous work (Figure S2 of ref 98) that the proportion of
the pPII structure keeps increasing as the pulling proceeds, and
we found the same trends in all three box schemes (not
shown).

Intrapeptide hydrogen bonds can be classified according to
the number of residues in the chain between the contact pair: i
— i+ 3 (3;phelix), i = i + 4 (a-helix), and i > i + 5 (7-helix).
As seen in Figure 7, most of the intrapeptide hydrogen bonds
are a-helical contacts (shown in the bottom panel) which are
successively broken as the protein is unfolded. The 7-helical
contacts are not reported in the figure because there were
essentially zero such contacts when averaged across the
ensemble of nonequilibrium trajectories. The 3j4-helical
contacts at the end-caps are broken in the first 15 A of the
stretch of the protein. The continued stretch of the protein also
leads to an apparent steady-state number of 3 ,-helical contacts
(shown in the top panel) in which the most recently created
contacts are broken as new ones emerge from the sites that
recently lost a-helical contacts. At ca. 65 A, there are deviations
in the number of hydrogen bonds observed in (i — i + 4)
contacts from the telescoping box schemes (orange and green
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Figure 7. Classification of hydrogen bonds, including 3,4- (top) and
a-helical (bottom) for each ASMD method for the three schemes of
constraining the box size as labeled in Figure 6. The 7-helical contacts
are not shown because they were essentially zero along the process.

curves) in Figure 7 in comparison to those from the constant
box scheme. This may arise from a reorganization of the
structure—such as from a premature formation of pPII helix
configurations—that is not quite relaxed during the application
of telescoping boxes under the current pulling conditions with
respect to this observable. However, the error is small and can
be minimized with additional sampling, if need be.

We noted earlier that de Groot’s analysis’’ of an alanine
dipeptide suggested that the discrepancy among various sizes
of solvent boxes can be eliminated by increasing the number of
trajectories sufficiently. The general agreement for both the
PMF and hydrogen bond profiles between the different choices
of schemes with and without telescoping boxes suggests that
the solvent box can even be changed throughout the course of
the simulation.

4. CONCLUSION

The combination of the SMD method and JE provides a way
to sample rare events within the time accessible to MD
simulations and thereby also provides insight on possible
mechanisms. However, it is hampered by the lack of
convergence in the average of the exponential of work over
the nonequilibrium trajectories as the extension of the external
pull grows larger and larger. ASMD was developed to enhance
the sampling by limiting the spread of work for the overall
process so that all generated trajectories can sample the most
significant events. It has been previously reported that ASMD
can produce similar or even better results than SMD
methods.***°° Nevertheless, SMD and ASMD are both
hampered by the fact that one must use a constant solvent box
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that is large enough to solvate the compact and coil structures
of the protein and every structure in between.

In this work, we found that we can avoid the limitations
caused by the constant box in ASMD by adjusting the size of
the solvent boxes between stages. The introduction of
telescoping boxes in this way improves the efficiency of the
simulations as fewer solvent molecules must be included in
most of the stages. In addition to the fewer atoms involved in
the simulations, the extra equilibration between stages required
to relax the solvent and the protein with its ends fixed provides
a narrowing of the nonequilibrium distribution similar to that
seen in FR-ASMD, leading to the possibility of improved
convergence of the method. One concern about the use of
ASMD is that the contraction can lead to abrupt changes in
observables between stages, and this error appeared to worsen
slightly in the naive implementation of telescoping boxes.
However, it can be mitigated through the application of a
resolvation approach in which only some of the solvent is
inserted (in the region not previously occupied by the solvent
box) and addressed through less strict contractions such as that
implemented in MB-ASMD. Furthermore, though not shown
here, the telescoping box scheme can also be implemented
with other variants of ASMD as needed when the unfolding of
the protein is more complex,”” that is, for those proteins whose
unfolding traverses multiple attractive basins as they unfold, or
when more than one configuration needs to be sampled.
Examples that can benefit from this new scheme include the
resolution of the effect on the energetics of proteins upon
mutation such as Trpzipl.”"'"” While that class of protein was
accessible without telescoping boxes, larger proteins such as
actophorin (with its 138 amino acids) are much more
expensive' """ and will be pursued in future work.

In the telescoping scheme, there are at least two possible
ways to adjust the size of boxes: (a) elongating the length of
the solvent box with a constant cross-section area or (b)
adjusting the dimension of the solvent box but keeping the
volume unchanged. We found that both schemes provide
similar results as ASMD with a constant solvent box. Although
additional equilibration integration time is needed for the
telescoping box scheme, the payoff of adjustable box size from
the stretch process is still significant. The impact of the
telescoping box scheme on systems with ions or arbitrary
proteins has not been confirmed here and is the subject of
future research.
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