Biochimica et Biophysica Acta 1850 (2015) 878-888

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

journal homepage: www.elsevier.com/locate/bbagen

Review

Towards fast, rigorous and efficient conformational sampling of
biomolecules: Advances in accelerated molecular dynamics™

@ CrossMark

Urmi Doshi, Donald Hamelberg *

Department of Chemistry and the Center for Biotechnology and Drug Design, Georgia State University, Atlanta, GA 30302-3965, United States

ARTICLE INFO ABSTRACT

Background: Accelerated molecular dynamics (aMD) has been proven to be a powerful biasing method for en-
hanced sampling of biomolecular conformations on general-purpose computational platforms. Biologically im-
portant long timescale events that are beyond the reach of standard molecular dynamics can be accessed
without losing the detailed atomistic description of the system in aMD. Over other biasing methods, aMD offers
the advantages of tuning the level of acceleration to access the desired timescale without any advance knowledge
of the reaction coordinate.

Scope of review: Recent advances in the implementation of aMD and its applications to small peptides and biolog-
ical macromolecules are reviewed here along with a brief account of all the aMD variants introduced in the last
decade.

Article history:

Received 18 June 2014

Received in revised form 12 August 2014
Accepted 13 August 2014

Available online 19 August 2014

Keywords:

Accelerated molecular dynamics
Enhanced sampling

Protein folding

Trp-cage Major conclusions: In comparison to the original implementation of aMD, the recent variant in which all the ro-
Villin headpiece tatable dihedral angles are accelerated (RaMD) exhibits faster convergence rates and significant improvement
Chignolin in statistical accuracy of retrieved thermodynamic properties. RaMD in conjunction with accelerating diffusive

degrees of freedom, i.e. dual boosting, has been rigorously tested for the most difficult conformational sampling
problem, protein folding. It has been shown that RaMD with dual boosting is capable of efficiently sampling mul-
tiple folding and unfolding events in small fast folding proteins.

General significance: RaMD with the dual boost approach opens exciting possibilities for sampling multiple time-
scales in biomolecules. While equilibrium properties can be recovered satisfactorily from aMD-based methods,
directly obtaining dynamics and kinetic rates for larger systems presents a future challenge. This article is part

of a Special Issue entitled Recent developments of molecular dynamics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Current biophysical investigations typically involve monitoring
time- and ensemble-averaged properties. For complex biomolecular
systems, the interpretation of experimental observations is not always
without ambiguity. Lack of microscopic and theoretical models to ex-
plain experimental data can lead to the inability to fully understand
the physicochemical principles underlying biomolecular function. Com-
putational modeling of biomolecular systems is a powerful tool that
complements experiments in providing missing details, helping to ver-
ify existing empirical results, predicting new hypotheses and designing
new experiments. The success of computational modeling hinges on
sufficiently accurate representation of the model and simulation of
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biologically relevant, long timescales of interest. The spectrum of bio-
molecular motions is separated by timescales that are over many orders
of magnitude. The challenge, therefore, is to preserve the atomic details
as well as record short timescale processes while observing slow or rare
biological events. At present, atomistic brute-force classical molecular
dynamics (MD) implemented on commonly available computational
resources is unable to fill this gap. In this regard, implementation of mo-
lecular modeling software packages on graphic processing units (GPUs)
[1-3], which is speedily replacing central processing units (CPUs) and
soon becoming commodity hardware, has made significant impact in
accelerating MD calculations. The massively parallel clusters such as
Blue Waters and special-purpose supercomputer Anton [4] that are cus-
tomized for running only MD of biomolecules have provided great op-
portunity to simulate microsecond to millisecond processes in the
conventional manner.

However, access to such resources is currently limited to only a
handful of researchers. Another strategy to target the timescale gap
has been to develop algorithms that allow enhanced sampling of rele-
vant areas of conformational space and accessing long timescale events,
using general-purpose hardware. The objective is to attain enough
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sampling, which would then result in Boltzmann distribution of the var-
ious conformational states and allow sufficiently accurate calculation of
the thermodynamic and, possibly, kinetic properties of the system.
Years of efforts in this area have resulted in many notable sampling
methods. Some approaches fall under the scheme of modifying the
Hamiltonian by adding a bias potential, for example, umbrella sampling
[5], local elevation [6], conformational flooding [7], puddle jumping [8],
puddle skimming [9], hyperdynamics [10], metadynamics [11], adap-
tive biasing force method [12] and accelerated MD [13]. The general
idea in these methods is to fill up the potential energy minima with a
bias so that less computational time is required to move the system
out of the minima and evolution of one state to another is faster. In
the parallel tempering scheme [14], several copies of the system are ini-
tiated at different temperatures or Hamiltonians and configurations
sampled in various replicas are allowed to exchange intermittently
with the Metropolis criterion to achieve better sampling at the desired
condition of low temperature or no bias. As a result canonical ensemble
is obtained at each condition of the replicas. Examples under this
scheme include replica exchange MD [15], replica exchange with solute
tempering [16], integrated tempering MD [17], to name a few. Other ap-
proaches include transition path sampling [18], self-guided MD [19],
targeted MD [20], milestoning [21], forward flux [22] and finite temper-
ature string methods [23]. The choice of the method depends mainly on
the target system and the questions being asked for that system. Each
method may be appropriate for a particular problem.

In this paper, we review accelerated MD [13], a Hamiltonian modifi-
cation method that was introduced almost a decade ago. We refer the
readers to another paper that exhaustively reviews accelerated MD, its
different implementations and applications [24]. Although here, we
briefly describe the method and its variants, we mainly concentrate on
the recent advances including improvements in its methodology and
summarize its applications to small model peptide systems as well as bi-
ological macromolecules.

When large energetic barriers separate energy basins, the transition
from one state to the other may be infrequent and the system may
spend most of the simulation time in one basin in brute-force MD. In
the hyperdynamics scheme [10,25], the potential energy of the basin
is raised at all the regions other than the transition state by adding a
bias potential. Simulating on the modified potential that effectively
has reduced barriers increases the rate of transitions from one basin to
the other. The effects of the bias can be corrected subsequently to obtain
the original canonical distribution. Based on the transition state theory,
the time spent on the modified potential is derived such that it is pro-
portional to the barrier height, and hence is less than that spent on
the original unbiased potential. In transition state theory, the rate of es-
cape is estimated from the equilibrium flux across the dividing surface
on the foreknown reaction coordinate. Similarly, in certain biased sam-
pling methods, dynamics is performed on a modified potential
projected onto a pre-known reaction coordinate or collective set of var-
iables. Unlike these methods, in hyperdynamics the system evolves
from one state to another without advance knowledge about the num-
ber of states, properties of the states and position of the dividing surface.
However, identifying the transition state regions is essential in
hyperdynamics so that no bias is added to the saddle regions. The tran-
sition state regions are normally identified ‘on-the-fly’ from the local
curvature of the potential energy surface which involves computation-
ally expensive calculation of the eigenvalues of the Hessian matrix of
the multi-variable potential energy function, for example, regions
where the lowest eigenvalue of the Hessian matrix is negative belong
to the saddle point regions. Hyperdynamics is based on the assumption
that the system equilibrates in a basin before transitioning out and tran-
sition state theory is applicable to the modified potential. Using the tran-
sition state theory rate expression, it is shown that under this scheme the
relative rates of transitioning to neighboring states are preserved on the
modified potential [25]. Several forms [8,26-29] of the bias potential
have been proposed; however, their applications have been limited to

only small real systems and not sufficiently validated for complex macro-
molecular biological systems. Moreover, in some cases, the prescribed
bias potential does not preserve the shape of the underlying potential
energy landscape in the minima, resulting in discontinuous force at the
points where the bias potential merges with the original potential [8,9].
Such scenarios may lead to unstable simulations for bigger systems.

2. Accelerated molecular dynamics

Accelerated MD (aMD), which is closely related to hyperdynamics,
allows for unconstrained simulation, i.e. not constraining a specific set
of degrees of freedom or collective variables, without a priori knowledge
about the topological features of the potential energy landscape [13]. In
aMD, unlike hyperdynamics, identifying transition state regions during
the course of the simulation is not required. Therefore, the computa-
tionally expensive calculation of the Hessian matrix is avoided, extend-
ing the application of aMD to larger and more complex biomolecular
systems. The bias potential with two parameters, the boost energy E

; (E=V(r)?*
and tuning parameter c, takes the form: AV (r) = AT E=V(D)

are constants that are preset before starting an accelerated MD run.
When the potential energy of a system is lower than the boost ener-
gy E, simulation is performed on the modified potential, i.e. V*(r) =
V(r) 4+ AV(r). At regions where the potential energy is equal to or
higher than the threshold energy E, MD is performed on the original un-
biased potential. This prescription of AV(r) ensures that the derivative
dv*(r)
dr
of aMD as compared to conventional MD is negligible, as calculation of

2
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additional computation of the bias potential and the respective scaling
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is continuous for any value of V*(r). The computational overhead

require only an

2
factor, % ___) . Unlike other methods that involve biasing the
a+E—V(r)

potential, restricting the phase space and knowing the progress coordi-
nate are not requisites of accelerated MD. How aggressively a system is
accelerated depends on the selection of E and «. Shown in Fig. 1 are hy-
pothetical unmodified potential and potentials after adding various
levels of bias. When « tends to infinity the modified potential ap-
proaches the original potential (blue curve of Fig. 1), whereas when o
is set to zero (a condition similar to purple curve of Fig. 1) the modified
potential is essentially equivalent to that in the ‘puddle skimming’ [9]
algorithm, i.e. V*(r) = E and therefore, flat, and % = 0 atall the re-
gions except the saddle points. Such sudden abrupt increase in the force
may potentially blow up the simulation. For accelerating any system, E
should be set above V,,,;, of the starting structure, where V,,;,, is the av-
erage potential energy of the system obtained from a short normal un-
biased MD subsequent to equilibration. Ideally, E should be set to a
value such that the transition state region is above E. In such cases
(Fig. 1A), any value of o (except when « is close to zero) will preserve
the basic shape of the potential energy surface and fulfill the require-
ment for reweighting time based on the assumption of transition state
theory (i.e. transition state regions are not modified, thus maintaining
the proportionality between the ratio of the rates of escaping out of a
minima obtained from the unmodified and the modified potentials.
Refer to Equation 10 in Ref. [25] for details. If E is set to a very high
value, it is possible that AV*(r) # 0 at the saddle point region (the
lower barrier in Fig. 1B), preventing direct reweighing of time to obtain
the correct time, but does not affect recovery of equilibrium properties.
In such cases, retrieval of true kinetics fails (see Section 3). Also, if o is
set to zero, the modified potential becomes flat and the system un-
dv*(r)
dr
the regions of the potential energy landscape (Fig. 1B).

dergoes random walk due to zero force i.e. — =0 at most of
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Fig. 1. A schematic representation of accelerated molecular dynamics. The unmodified (black) potential energy surface is projected onto a single dimension x (for e.g. a torsional degree of
freedom). (A) E (dark green dotted line) is set to a lower value such that transition state regions are not modified. (B) E is set to a relatively higher value affecting one of the barrier regions.
Modified potentials are shown with different levels of & = 0.1 (purple), & = 1 (orange), o = 10 (green), o = 30 (red), o = 100 (blue).

2.1. Reweighting and retrieval of equilibrium properties

In accelerated MD, reweighting each configuration by the strength of
the bias at that position reproduces the correct canonical probability dis-
tribution [13]. If (A) is an ensemble average of an observable A on the orig-
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Fig. 2A shows the successful reproduction of the free energy profiles of

A on the modified potential is (A") = which can be
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Fig. 2. Comparison of free energy profiles from unbiased and accelerated MD simulations. (A) One-dimensional free energy profiles (FEP) of alanine dipeptide projected on to the backbone
¢ dihedral angle. Shown are the FEPs from the reference normal unbiased (blue), unweighted FEP from aMD (black) and reweighted FEP from aMD (red) simulations. The overlap between
the red and blue profiles indicates successful retrieval of correct canonical distribution from aMD. ¢-s free energy contour plots of tryptophan dipeptide obtained from (B) the reference

unbiased simulation and aMD using (C) o = 30 kcal/mol, (D) o

= 15 kcal/mol and (E) oo = 10 kcal/mol. The boost energy is set to the same value in all the three levels of acceleration.



U. Doshi, D. Hamelberg / Biochimica et Biophysica Acta 1850 (2015) 878-888 881

Alanine dipeptide (Ace-Ala-Nme) projected onto the ¢ dihedral angle.
The ¢y free energy plots of tryptophan dipeptide (Ace-Trp-Nme)
(Fig. 2B-E) show that all the relevant areas of conformational space ob-
served in conventional MD are sampled in accelerated MD. However, ex-
ponential reweighting results in the introduction of statistical errors in
the retrieved ensemble properties. A broad distribution of statistical
weights and dominance of a few sampled points with high weights re-
duces the effective sampling size and thus, the precision of the estimated
probability distribution (more details in Section 2.2.6). With the increase
in the level of acceleration, the deviation of the modified potential from
the original potential is larger, resulting in higher statistical errors as ev-
ident from the decrease in the smoothness of the contour lines in the ¢—is
plots of tryptophan dipeptide (Fig. 2C-E).

A statistical theory has been developed that allows quantitative esti-
mation of statistical error associated with the reduction in the effective
number of sampled points due to reweighing [30]. This theory relates
the effective and independent (uncorrelated) number of sampled
points N* and the distribution of statistical factors s (where s =
BAV(r)) to the uncertainty ¢ associated with a sampled region having

a relative free energy of AF to the most sampled region: N = xe% X
Sh
1

ehp(s)ds = ———
;ll- p( ) (ea/kET_l)z
reweighting depends on the number of data points that have statistical
factors clustered closely to the highest value s;,. The reduction in the ef-
fective sample size will be less if there is relatively large number of data

points with weights closer to the highest weight. If the deviation of sta-
tistical factors from s, is larger such that the distribution p(s) is lopsided

. The magnitude of the uncertainty due to
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towards lower s, the reweighting error will be relatively higher (Fig. 3A-
C). To reduce statistical errors due to reweighting several variants of
aMD have been proposed, as discussed in the next section.

2.2. Variants and implementations of accelerated molecular dynamics

An all-atom force field is typically represented as a potential energy
functional, which in its simplest form is given by the summation of the
energy terms arising from oscillations around an equilibrium bond
length, Vp(r), equilibrium angle, Vy(r), torsional rotations, Vp(r), and
non-bonded energy terms involving van der Waals interactions, Vj(r),
and pairwise electrostatic interactions, Vgg(r).

V() = 3 K, (r=reg) 3 Ko(6-6)°

bonds angles
v Aj By q;q;
+dz > 51+ cos(nd—y)| + 3 =z el > ek,
ihedrals n i<j y ij i<j 1j

The above equation is rewritten as: V(r) = Vp(r) + Vy(r) + Vp(r) +
Viy(r) + Vee(x).

In principle, the bias potential can be applied to the total potential
energy or any of its contributing terms can be boosted separately.
Since the torsional degrees of freedom vary the most when conforma-
tional changes take place in biomolecules, only the total dihedral energy
and 1-4 non-bonded interaction energy were subjected to acceleration
in the original implementation of accelerated MD [13]. In the subse-
quent versions the boost was applied in different manners.
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Fig. 3. Comparison of the performance of all-aMD and RaMD. Reweighted free energy profiles of tryptophan dipeptide projected onto the ¢ and the s torsions as calculated from (A) all-
aMD and (B) RaMD using the same extent of acceleration. (C) Distribution of statistical reweighting factors, s, from all-aMD (blue) and RaMD (red). (D) Free energy difference between
extended B-sheet and left-handed o-helical regions as a function of simulation length as calculated from nMD (black), all-aMD (blue) and RaMD (red). Shown are average AG values ob-
tained from three independent simulations with their standard deviations (gray areas). Dotted lines are shown to guide the eye.
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2.2.1. The dual boost method

In this method, the acceleration is extended to the diffusive degrees
of freedom [31,32]. The diffusive motions of the surrounding solvent
impede the large-amplitude displacements in biomolecules. Therefore,
in this implementation, a boost was added to the dihedral torsions
and a separate boost was applied to the total potential, i.e. V*(r) =
[VB(r) + Vi(r) + [Vp(r) + AVp(r)] + Viy(r) + Vee(r)] + AV(r), to
speed up the diffusion of the water molecules while maintaining the
structural properties of water. In this case, the correct canonical ensem-
ble can be recovered by reweighting each frame by the boost factor
exp(B[AVp(r) + AV(r)]). This approach has been tested for solvated al-
anine dipeptide and end-to-end contact formation in a short octapep-
tide. As compared to conventional MD, the dual boost approach
showed faster convergence and more efficient sampling.

2.2.2. Barrier-lowering accelerated MD

In the original implementation of accelerated MD, the conformations
in the energy minima experience the largest boost, and thereby, the
most unfavorable statistical effects of reweighting. An implementation
[33] was proposed to address this issue by redefining the original equa-

(V(r)—E)

a+V(I)—E
lation is performed on the modified potential that has the bias potential
subtracted from the original potential energy, i.e. V*(r) = V(r) —
AV(r) when V(r) is greater than the boost energy E and otherwise on
the unmodified potential. As a result, the low-energy wells are not
affected whereas the magnitude of the barrier heights is reduced. This
method has been successfully tested on simple systems such as butane
and combined with thermodynamic integration to calculate free energy
difference for propane-to-propane transformation. However, for pro-
tein systems, this method exhibited a bias towards sampling high ener-
gy regions; low energy regions were not adequately sampled. To
address this issue, the bias potential was later modified to the following:

(V(r)—Ey)?
(o +V(r)—Eq) (1 + ei(Ezw;m>

more parameters, E, and o, to define the extent of acceleration. The
method is referred to as “windowed aMD” [34] as acceleration of the
system is allowed in the window between E; and E, (where E; is set
higher than E;). o; and o, are preset tuning parameters. When V(r) is
between E; and E,, the modified potential is V*(r) = V(r) — AV(r).
When V(r) <E; or V(r) > E,, simulation is performed on the original po-
tential. As compared to conventional MD, this method exhibited signif-
icantly better sampling in alanine dipeptide and folding of decalanine.
Moreover, the method, when incorporated in thermodynamic integra-
tion simulations, was also successful in calculating the relative free en-
ergy of binding of two peptides to vancomycin.

tion for the bias potential: AV(r) = . In this approach, simu-

AV(r) = . This equation introduces two

2.2.3. Replica exchange accelerated MD

The protocol of aMD is versatile, allowing to be combined with other
sampling methodologies. In this replica exchange scheme [35], the ex-
change takes place between Hamiltonians which are simulated with
varied boost parameters (E and o) in the original implementation of ac-
celerated MD. Sampling is achieved at all the replicas simulated at dif-
ferent levels of acceleration, including the Hamiltonian with zero bias,
i.e. normal MD. Data from such unbiased trajectory need not be
reweighted, thus avoiding the exponential reweighting problem of
aMD discussed above. Replica exchange aMD has been performed in con-
junction with thermodynamic integration and validated in two simple
model systems in the gas-phase. This framework has been implemented
with the dual boost method and recently with the windowed aMD [36].

2.2.4. Selective accelerated MD
As the name suggests, in selective aMD [37], one can boost only the
degrees of freedom that are most relevant for a particular system of

interest. The rationale behind selective aMD is to lower the magnitude
of statistical weights to reproduce thermodynamic quantities with less
statistical inaccuracies due to exponential reweighting. Such selective
aMD has been tested for smaller systems such as alanine dipeptide
where only the backbone ¢-{s dihedral angles were subjected to accel-
eration as well as for calculation of binding energy using free energy
perturbation methods. If the system of interest is large or involving
two or more biomolecules, one can choose to accelerate part of the sys-
tem, for example, boosting only the substrate or the enzyme in an
enzyme-substrate complex while simulating the rest of the system
with conventional MD [38].

2.2.5. Adaptive accelerated MD

In contrast to raising low-energy minima or lowering barrier regions
for the entire potential energy surface as performed in earlier
implementations of aMD, in this approach a history-dependent adap-
tive Gaussian bias potential is applied only to the lowest energy regions
[39]. Despite being similar to metadynamics in this respect, i.e. adding
Gaussian biasing potentials to potential energy surfaces in a history-
dependent fashion, adaptive accelerated MD does not require a
predefined set of collective variables. From an aMD run of a specific
length of x steps using the boost potential of the original implementa-
tion, average principal component projection coordinates are calculated
and a two-dimensional Gaussian potential centered at these coordi-
nates is added to the original boost potential. An aMD simulation is car-
ried out for another x steps to determine the principal component
projection coordinates as centers for the next Gaussian potential to be
added to the previous boost potential. A dual boost adaptive aMD has
been performed to sample the various conformations of a substrate-
free 404-residue member of the cytochrome-P450 superfamily. Confor-
mations that were not sampled in the standard aMD run were identified
by adaptive aMD simulation of the same length. Although around 50
adaptive Gaussian bias potentials were needed to achieve appropriate
conformational sampling, the magnitude of the perturbation was
much smaller than standard aMD.

2.2.6. Accelerated MD on rotatable dihedrals (RaMD) and RaMD with dual
boost

With the increase in the size of the system, the total potential energy
increases, requiring a large magnitude of bias to accelerate the system in
aMD. This leads to large statistical errors due to exponential reweighting
of large and broadly distributed statistical factors. To target this
reweighting issue, the strategy has, in general, been towards reducing
the magnitude of the bias by selectively boosting certain relevant tor-
sions of choice (Section 2.2.4). However, rather than the magnitude of
the statistical factors, the statistical theory mentioned in Section 2.1
suggest that it is important to investigate the nature of their distribu-
tion, i.e. how closely the statistical factors are distributed with respect
to their highest value (Fig. 3C). In biomolecular conformational changes,
most often non-rotatable dihedral angles of the ring systems and im-
proper torsion angles that are responsible for maintaining the planarity
do not undergo significant transformations.

It is the alteration in the rotatable dihedral angles that are mainly re-
sponsible for bringing about conformational transitions. Therefore, in
the RaMD [40] variant of aMD, the boost potential is applied only to
the total rotatable torsional potential whereas the other degrees of
freedom are simulated on the unmodified original potential. The perfor-
mance of all-aMD in which all torsions were accelerated was compared
to that of RaMD on alanine- and tryptophan-dipeptides. Although the
number of torsions boosted was less in RaMD as compared to all-aMD,
the distribution of statistical factors was shifted to higher values
(Fig. 3C). Due to such a distribution, the proportion of statistical factors
that were closer to the highest value was larger, resulting in less loss in
the number of sampled points. Consequently, the reweighted thermo-
dynamic quantities were reproduced with improved statistical preci-
sion. As can be seen from Fig. 2C-E, the increase in the extent of
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acceleration causes the reweighted free energy plots to be rougher due
to increased statistical error associated with greater deviation from the
original potential. Markedly, the statistical errors were significantly re-
duced in case of free energy plots calculated from RaMD (Fig. 3A and
B). Moreover, it was possible to achieve the same level of accuracy as
in all-aMD with significantly reduced simulation lengths in RaMD [40].
To simulate tryptophan dipeptide, the lengths of simulation in RaMD
were decreased by 300-1000 times as compared to all-aMD for the
levels of acceleration used in the study. Furthermore, in comparison to
standard MD and all-aMD, the calculated free energy difference be-
tween extended P-sheet and left-handed a-helical regions from RaMD
was seen to converge faster and with notably decreased variance
(Fig. 3D).

To further test the sampling efficiency of RaMD, it was implemented
with the dual boost approach and tested for folding-unfolding of o~
helical proteins such as Trp-cage and the double mutant of the C-
terminal domain of Villin headpiece; B-haripins such as Chignolin
variant and B-hairpin-forming peptide derived from Nuclear factor ery-
throid 2-related factor 2 in all-atom detail and explicit solvent [41]. The
dual boost method utilized in this work was different than the one pre-
viously introduced (Section 2.2.1).

A
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The modified potential has the form

V(1) = [Vi(r) + Vo) + Vaongoro (1) + Vimprn (1)
+ Vo (1) + AV gorp(1)] + [Vig (1) + V(1) + AV (1)

where two separate bias potentials, AVz,p(r) and AVyp(r) are added to
the total rotatable torsional potential and the nonbonded interaction
potential, respectively. Equilibrium properties on the original potential
can be retrieved by reweighting each configuration by B[AVgepp(r) +
AVpp(r)]. Starting from completely extended chains, the RaMD-dual
boost (db) method was successful in folding the small a-helical proteins
and p-hairpins to their correct folded structure (Figs. 4 and 5). In case of
Trp-cage, a standard MD trajectory of almost equal length than that of
RaMD-db was unable to reach the native structure. Multiple folding-
unfolding events were observed (Figs. 4A and 5) in RaMD-db trajecto-
ries of these fast folding proteins. Two-dimensional reweighted free
energy plots projected onto various local and global collective variables
exhibited features that were consistent with previous simulation and
experimental studies (Fig. 4C). As compared to folding time of Trp-
cage calculated from conventional MD simulations on Anton, RaMD-
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Fig. 4. Folding of Trp-cage with conventional MD and RaMD-db methods. (A) Time series of RMSDc 1rp from normal MD (red) and RaMD-db (blue) trajectories of 1.7 ps. Starting from a
fully extended structure, Trp-cage was not seen to fold (i.e. RMSD reaching < 2 A) in the normal MD trajectory, whereas multiple folding-unfolding transitions were observed in a RaMD-db
trajectory of almost equal length. (B) Trp-cage structure folded by RaMD-db (red) with root mean square deviation (RMSD) of 0.45 A with its experimental reference structure (first model
of PDB ID: 1L2Y) (green). (C) Reweighted 2-D free energy profile of Trp-cage obtained from RaMD-db simulation is projected onto RMSD and radius of gyration (R,). For RMSD calcula-
tions, Cae atoms of all the residues and heavy atoms of Trp6 side chain are considered. Ry is calculated using all the Trp-cage atoms.
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Fig. 5. Folding of Villin headpiece and Chignolin 3-hairpin. Folded (red) structures of (A) Villin headpiece-Nle/Nle and (B) 3-hairpin forming peptide Chignolin are shown superimposed on
their respective native reference (green) PDB structures, i.e. PDB ID: 2F4K and PDB ID: 1UAO, with C-o RMSD of 0.46 and 0.36 A, respectively. Respective time series of C-oe RMSD are
shown on the right panel. In case of Villin residues 4-32 were included in RMSD calculations. Residues 1 and 10 were modified to Tyr in the reference structure 1UAO before calculating

C-ot RMSD.

dual boost method obtained a 180 time-speedup in the folding time for
the level of acceleration used in this study. Boosting rotatable dihedrals
positively affected the speed of formation of local interactions in both -
helical proteins and B-hairpins. When a bias potential is added to the
non-bonded interaction energy, the diffusive motions are sped up,
thus helping the formation of nonlocal interactions in 3-hairpins and
three-dimensional arrangement of secondary structures in proteins.
Such rigorous testing on folding of proteins with different secondary
structures suggested RaMD-db to be a robust and efficient enhanced
sampling method.

2.2.7. Ab initio accelerated MD

In ab initio MD, interatomic forces are determined on the fly from
first principles electronic structure calculations and not from empirical-
ly derived potential with several adjustable parameters. However, in
systems with large barriers, the sampling capability of ab initio MD is
limited. Ab initio aMD [42] combines the accurate calculation of free en-
ergy with the sampling efficiency of aMD. This method has been prelim-
inarily tested on the microsecond-timescale ring-flipping process in
cyclohexane, sampling in bulk water and dissociation of NaCl in water
using Car-Parrinello MD [43]. Although, the method suffers from con-
vergence issues in condensed matter systems, convergence was four
times faster when ab initio aMD was combined with constrained MD
as compared to standard constrained MD.

2.2.8. Multidimensional replica exchange accelerated MD

Very recently, an enhanced sampling method has been proposed
within the replica exchange (REX) framework that utilizes the strength
of statistical mechanical sampling of Hamiltonian aMD in one dimen-
sion in conjunction with temperature REX on the second dimension

[44]. Temperature REX avoids the statistical errors arising due to
reweighting. This method was tested for sampling RNA tetranucleotide
and its performance was compared with Hamiltonian REX aMD. Multi-
dimensional REX aMD could sample certain conformations multiple
times whereas Hamiltonian REX aMD rarely sampled them. This study
showed that boosting torsional energy does not always guarantee ap-
propriate sampling, the exchanges on the temperature dimension help
to visit rare conformations. Despite the relatively small size of the
model system, a total of 192 replicas (8 replicas of Hamiltonian REX
aMD and 24 replicas along the temperature dimension) were used in
this study. Sampling a larger biomolecular system would require sizable
number of replicas, translating into significant (preferably massively
parallel) computational resources. And currently, such resources are
not commonly accessible, thus limiting the usage of an otherwise prom-
ising method. We recommend an alternative approach in which two-
dimensional Hamiltonian REX can be carried out with RaMD combined
with the dual boost method (as described in Section 2.2.6). Such a setup
would significantly reduce the number of replicas and provide im-
proved sampling due to dual boosting in two dimensions.

2.2.9. Implementations of accelerated MD

aMD and its variants have been implemented in leading simulation
packages of AMBER [45] as well as in NAMD [46]. These implementations
were in conjunction with non-polarizable fixed-charged force fields. As
mentioned in Section 2.2.7, aMD has also been combined with ab initio
MD methods such as Car-Parrinello MD [42]. Recently, aMD has been im-
plemented for a polarizable force field AMOEBA [47] (Atomic Multipole
Optimized Energetics for Biomolecular Applications) on the OpenMM
platform that allows faster computing in the GPU environment [48].
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3. Retrieval of kinetic properties from accelerated MD

Majority of the studies with aMD have shown that post-simulation
reweighting of aMD trajectories can reproduce the correct canonical
equilibrium properties. Studies on retrieval of kinetic properties from
aMD have been limited. Under the hyperdynamics and aMD scheme,
the time the system spends in an energy well before escaping into a
neighboring one accumulates as a statistical property such that the
time for an accelerated event can be reweighted by the boost factor
[10,13], i.e. " = typ(e Ay The actual time taken for the accelerat-
ed event to take place on the modified surface is ty;p = NAt, where N is
the number of time steps and At is the time step of an MD simulation.
The individual time step on the modified potential advances non-
linearly as At;* = At eP(@V (@), The derivation of the reweighted time
is based on transition state theory with the assumption that the condi-
tion of AV*(r) = 0 at the saddle point region is fulfilled. However, in
practice, for biomolecules with multidimensional landscape, this condi-
tion is easy to violate, thereby, failing to reproduce original kinetics by
time reweighting. Using a model system for cis-trans isomerization,
i.e. N-methyl acetylamide, it has been shown that when AV*(r) # 0 at
the transition state due to the choice of the acceleration parameters,
time reweighting no longer reproduces correct kinetics [49] (Fig. 6B).

When a lower boost is applied that ensures that the transition state
regions are not modified by the addition of the bias potential, time
reweighting regains the true kinetics of the system on the original
potential (Fig. 6A). For biomolecules, choosing the appropriate
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acceleration parameters that strictly gives zero boost at transition
state regions for retrieval of kinetics is not trivial, but not impossible.
An alternative method has also been suggested that by-passes time
reweighting and utilizes Kramers' rate theory in combination with a
couple of aMD runs to obtain correct kinetics [49]. From a series of
aMD runs in which the boost energy E is kept constant and the tuning
parameter « is varied, the actual dynamics on the modified potentials
are recorded and the kinetic rates are computed. Also, the free energy
profiles from these aMD runs are generated. Using Kramers' framework

in the overdamped limit, i.e. k = (oD e /2kpT)eXp <—AGa# / I<BT>

the true rates are extrapolated to condition of zero bias, i.e. when o tend
to infinity. ®, and ®}, are the curvatures of the well and the barrier re-
gions, respectively, AG*,, is the free energy barrier height and Dy e is
the effective diffusion coefficient on a one-dimensional free energy pro-
file obtained from aMD using a particular value of o. Rearranging
Kramers' rate equation and expressing in the log form gives: In

(k/wowp) = In (Dyef/2kpT) —AG,* /ksT. AG*,, is related to the free
energy barrier height from unbiased (i.e. reweighted) simulation,
AG*, by AGa# = AGO#—q/ (a+ b) where g and b are fitting parame-
ters. Normal rate constants can then be obtained from the intercept of
the linear fits of In(k/wowy) vs. g/(cc + b) and the features of the
reweighted one-dimensional free energy profile (Fig. 6C and D). This

method has been validated for cis-trans isomerization in the model
system in the absence of solvent thus, permitting long unbiased

B
10°
;':' 109 &
102 : .
0 1000 2000 3000
Time (ps)
D &
Sr 7

\

In(ko o)
dog(pak, )’
¥]

1k
[ o
o3
5 " i : .
0 o2 3 4
q/(a+b)
(D

Fig. 6. Retrieval of cis-trans isomerization kinetics on the unbiased potential from accelerated molecular dynamics. Cis-trans isomerization of the o dihedral angle in N-methyl acetamide
was simulated with conventional MD and aMD. Decay of probability of survival in the cis well as a function of time was calculated from aMD (green), normal MD (blue) and aMD after
reweighting time (red). (A) E was set to a lower value similar to the scenario of Fig. 1A, such that transition state regions between the cis and trans wells are not modified. (B) E was
set to a higher value similar to the scenario depicted in Fig. 1B. Linear plots of In(k/wow;) vs. /(o + b) (blue filled circles) obtained from several aMD runs are shown in (C) and
(D) for conditions corresponding to (A) and (B), respectively. Normal rate constants (green filled circle) can be obtained from the intercept of the linear fits (red solid lines) and features
of the reweighted one-dimensional free energy profile, irrespective of whether the bias potential is zero or not at the transition state regions.
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simulations to calculate the reference kinetic rates. The rates obtained
from the Kramers' approach have been found to be in close agreement
with those calculated from unbiased simulations. This method has also
been applied to calculate true cis-trans isomerization rates of protein-
like peptide as well such as glycyl-prolyl dipeptide in explicit water
[50]. Remarkably, the calculated rates were within an order of magni-
tude of experimental estimates, providing further support for this
method.

While Kramers' approach is promising in retrieving unbiased kinet-
ics from aMD runs, the drawback of the method entails running at least
a couple of aMD runs and estimating of rate constants from extrapola-
tion, which is based on the assumption that a linear relationship be-
tween In(k/wowp) and q/(ac + b) is always followed. It may be
possible that for larger biomolecular systems, the linearity may break
down, resulting in inaccurate estimates of normal rate constants.

For well-studied systems in which the reaction coordinates are
known, obtaining realistic kinetics by time reweighting still remains
simple and attractive. Efforts in the direction of determining a good re-
action coordinate for any system of interest will be worthwhile for a full
thermodynamic and kinetic characterization of the system using aMD.

4. Applications of accelerated MD and its variants

Due to its ability to sample long timescale and rare events aMD has
been employed to characterize native state dynamics on the microsec-
ond-millisecond timescale in a variety of proteins including HIV-1 pro-
tease [51], protein GB3 [52], Ubiquitin [53], H-ras [54], IkBa [55],
maltose binding protein [56], and peptidyl prolyl cis-trans isomerases
such as cyclophilin [57,58] and Pin1 [59]. Very recently, aMD has been
used to fold small fast-folding proteins (Section 2.2.6) [41] initiating
from fully extended polypeptide chains. In aMD, the level of accelera-
tion can be tuned to obtain the desired rate of conformational sampling
in biomolecules. This feature, which is unique to aMD, has allowed suc-
cessful reproduction of time- and ensemble-averaged experimental
NMR observables such as chemical shifts, residual dipolar and scalar ]
couplings and S? order parameters [52,53,55].

aMD has been extensively validated in short peptide model systems
for the process of cis-trans isomerization [13,32,60]. Cis-trans isomeri-
zation of ® bonds is a very slow process of biological interest, occurring
on the second timescale and not possible to simulate by conventional
MD. Cis-trans isomerases speed up the reaction to bring it in the biolog-
ically relevant timescale of milliseconds. Functional dynamics in
cyclophilin (CypA) and phosphorylation-dependent Pin1 have been
characterized using aMD. Whether enzyme dynamics plays a role in
functional catalysis has been a question of great interest and a rather
controversial issue. Using aMD, dynamics in CypA was accelerated and
its direct effects on the rate of cis-trans isomerization in its bound sub-
strates were probed. It was concluded that enzyme dynamics is intri-
cately coupled to the reaction dynamics in the substrate [38,58].
Similar conclusions were drawn from studies on Pin1 [59]. Using
Kramers' rate theory, it was shown that the actual speed up in the enzy-
matic rates arose from the decrease in the free energy barrier heights.
Conversely, the dynamical effects of the enzyme, which can be incorpo-
rated into the diffusion coefficient of the Kramers' rate expression, limit
the enzymatic process. aMD allowed atomistic modeling of uncatalyzed
and CypA-catalyzed reactions and generation of accurate free energy
profiles [38,61]. The decrease in the free energy barriers in the
enzyme-catalyzed reaction is brought about by the transition state sta-
bilization by favorable electrostatic interactions and loss of conforma-
tional entropy relative to the ground states [58,61].

Moreover, aMD has been applied for re-optimization of AMBER ®
peptide bond parameters [62]. Using aMD in explicit solvent, it was dis-
covered that the default AMBER parameters could not reproduce the ex-
perimental cis-trans equilibria and free energy barrier heights between
the cis and the trans wells. The new set of re-optimized parameters ac-
curately modeled cis-trans isomerization with quantitative agreement

with experimental estimates. Furthermore, aMD has been utilized to in-
vestigate the fundamental physical features of the potential energy
landscape. A relationship between the aMD parameter o and the effec-
tive diffusion coefficient has been established that further provides esti-
mate of local energetic roughness of the potential energy surface [63].

5. Limitations of accelerated MD

Estimation of equilibrium and kinetic properties from aMD and its
variants depends on exponential reweighting and therefore, is prone
to statistical errors. The more aggressively a system is accelerated, the
more deviated is the modified potential from the original potential
and greater is the statistical error associated with retrieval of equilibri-
um and kinetic properties. There is a trade-off between the level of ac-
curacy and the extent of acceleration (and thus sampling speed)
desired. Like in any other sampling methods, the bias introduced in
aMD depends on the system and the questions to be addressed. Ad-
vances in the aMD methodology in the RaMD approach has certainly re-
duced the reweighting errors, however, not completely amended the
problem. In principle, like the equilibrium properties, kinetics of rare
or slow events can be recovered from aMD by a time reweighting proce-
dure. The success of this procedure, however, depends on knowing a re-
action coordinate along which the transition state can be well defined
such that no bias is added to the transition state regions. Caution is re-
quired for complex biomolecules with hyper dimensional landscapes
to determine an optimum reaction coordinate. Therefore, in order to
employ the current state of aMD for retrieving kinetic properties, one
needs to select the acceleration parameters carefully such that the sys-
tem is adequately accelerated while maintaining the condition of not
modifying the transition state regions.

6. Discussion and concluding remarks

Accurate computational modeling of the hyper-dimensional and
complex potential energy surface of biomolecules depends on the accu-
racy of the force field and the ability to sufficiently sample long time-
scale events in atomistic details. However, availability of a perfect
force field will still not guarantee accurate representation of a biomolec-
ular system unless desired and relevant areas of conformational space
are visited ample number of times. This means that one should have a
priori knowledge about the potential energy surface even before
launching a computational simulation, which by itself contradicts one
of its objectives, i.e. to explore biomolecular conformational space with-
out any prior information that can then be validated experimentally.
Running a very long simulation will again not guarantee representation
of entire desired conformational space. With increasing the length of
the simulation, it is possible that one might collect more and more sam-
pling of conformations that equilibrate on a relatively faster timescale
and interesting conformations that are visited only through much
slower transitions are never observed. In such cases, convergence of
fast relaxing properties is achieved, giving the false impression of ade-
quate sampling even when the so-called ‘hidden unknown barriers
and conformations’ are never sampled [64]. Moreover, starting multiple
long trajectories with different conformations will also not assure sam-
pling of such unknown conformations and systematic reduction in sta-
tistical errors, an issue exemplified by recent studies by Pomeés and
coworkers [65]. Such scenarios highlight the importance and need for
enhanced sampling techniques that have the capability to explore con-
formational space in an unconstrained manner. Once appropriate sam-
pling is achieved, the problem with the accuracy of the force field can be
tackled. Accelerated molecular dynamics has been established to be ro-
bust and efficient biased sampling method with the advantage of simu-
lating biomolecular systems without constraints on pre-determined
reaction coordinate or pre-chosen collective variables. Along with rea-
sonably facile setup of aMD in leading simulation packages, post-
analysis of aMD trajectories to remove the effects of the bias is also
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straightforward. Although exponential reweighting in aMD results in
loss of statistical accuracy, sampling of certain conformational transi-
tions can be almost impossible with standard MD, for example,
peptidyl-prolyl cis-trans isomerization. The recent variant of aMD in
which boost is applied only to the rotatable dihedrals (RaMD) signifi-
cantly improves the accuracy of retrieved unbiased ensemble averaged
properties. RaMD in conjunction with the dual boost approach in which
the diffusive degrees of freedom are accelerated has shown promising
results for the exceptionally difficult sampling problem in protein
folding.

While equilibrium properties can be successfully recovered from
aMD and its variant methods, reweighting still remains an issue for re-
trieval of kinetics. Multidimensional replica exchange approach can
completely alleviate the reweighting problem; however, as a result of
swapping configurations between replicas, calculation of kinetic rate
constants becomes very complex, if not impossible. Using Kramers'
rate theory in combination with aMD methods has been robust for
obtaining correct rate constants for smaller peptides. For these peptides,
the reaction coordinate was well defined, allowing sufficiently accurate
projection of free energy surface. It is unclear whether this approach
may be equally successful for calculation of kinetic properties of larger
systems with complex potential energy surface and unobvious reaction
coordinate. Rather than relying on extrapolating from conditions of bias
to those where bias is absent, tackling the reweighting issue so that cor-
rect dynamical and kinetic information can be obtained from a single bi-
ased simulation will be a worthwhile future challenge.
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