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ABSTRACT

Background: Accurately modeling condensed phase processes is one of computation's most difficult challenges.
Include the possibility that conformational dynamics may be coupled to chemical reactions, where multiscale
(i.e., QM/MM) methods are needed, and this task becomes even more daunting.

Methods: Free energy simulations (i.e., molecular dynamics), multiscale modeling, and reweighting schemes.
Results: Herein, we present two new approaches for mitigating the aforementioned challenges. The first is a new
chain-of-replica method (off-path simulations, OPS) for computing potentials of mean force (PMFs) along an
easily defined reaction coordinate. This development is coupled with a new distributed, highly-parallel replica
framework (REPDstr) within the CHARMM package. Validation of these new schemes is carried out on two pro-
cesses that undergo conformational changes. First is the simple torsional rotation of butane, while a much more
challenging glycosidic rotation (in vacuo and solvated) is the second. Additionally, a new approach that greatly
improves (i.e., possibly an order of magnitude) the efficiency of computing QM/MM PMFs is introduced and com-
pared to standard schemes. Our efforts are grounded in the recently developed method for efficiently computing
QM-based free energies (i.e., QM-Non-Boltzmann Bennett, QM-NBB). Again, we validate this new technique by
computing the QM/MM PMF of butane's torsional rotation.

Conclusions: The OPS-REPDstr method is a promising new approach that overcomes many limitations of stan-
dard pathway simulations in CHARMM. The combination of QM-NBB with pathway techniques is very promising
as it offers significant advantages over current procedures.

General significance: Efficiently computing potentials of mean force is a major, unresolved, area of interest.
This article is part of a Special Issue entitled Recent developments of molecular dynamics.

© 2014 Published by Elsevier B.V.

1. Introduction

The determination of free energy differences, which has been stated
to be the most important general quantity in physical chemistry, has
fascinated computational scientists for many years. Work in this area
falls into two major categories. First, it is of obvious interest to calculate
the free energy difference between two states, such as solvation free en-
ergies or binding free energies. Such calculations rely on long known
statistical mechanical identities, such as “free energy perturbation”
(FEP) [1-4] or “thermodynamic integration” (TI) [5]. More recently,
Bennett's acceptance ratio (BAR) method [6] has been rediscovered
[7] and shown to be more efficient than either FEP or TI [8-10]. The
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second group of application is concerned with the determination of
potentials-of-mean-force (PMFs), i.e., the free energy along a degree
of freedom of interest, such as a torsional angle. Methods to compute
PMFs include TI or the use of umbrella potentials [11,12], often in
connection with the weighted histogram analysis method (WHAM)
[13,14].

More recently, a vast array of techniques have been developed that
combine chain-of-replica methods [15-17] with sampling approaches
to compute free energy profiles [18-31]. In contrast to these methods,
which have primarily been used to model processes via classical
mechanics (i.e., MM), many alternative “string” type methods have
been developed with the intention of modeling reactive processes via
quantum mechanical (QM) or hybrid QM/MM Hamiltonians. This shift
is not surprising as the improvement of QM methods has made possible
the study of new areas of chemical space [32-37]. Currently, the major-
ity of these new QM and QM/MM based reaction path methods have fo-
cused on obtaining minimum energy pathways (MEPs) [27,38-53];
however, more and more effort is being devoted to employing
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simulations and/or normal mode analysis to generate QM/MM poten-
tials of mean force (PMFs) [54-68].

Although copious work has been done in this area there are still two
fundamental, if not contradictory, requirements for both classes of
approaches. First is the need for adequate sampling of all relevant
conformational degrees of freedom. In this, the former class of methods
(i.e., using MM potentials) has a significant advantage over QM based
approaches. This is not based simply on efficiency, but also on the fact
that numerous enhanced sampling methods have been developed
specifically for classical simulations [69-77]. The other requirement is
the accurate description of intra- and intermolecular interactions;
here, the use of a QM-based Hamiltonian is desirable if not essential,
in particular if chemical reactions are to be described. While satisfying
these two requirements is extremely difficult, even for MM based
approaches, they create a quandary when QM or QM/MM is used [64].

To circumvent this problem, the so-called indirect scheme [78-83]
for computing QM/MM free energies between two states was devel-
oped by Gao and co-workers and Warshel and co-workers and subse-
quently generalized and extended by numerous others [56,57,59,66,
84-86]. One particular extension (i.e., using “fixed” QM regions to
avoid expensive QM/MM simulations) was proposed by Yang and co-
workers as well as Ryde and co-workers. This technique has been
used on numerous occasions to approximate QM/MM free energies as
a function of reaction coordinate. The approach is carried out as follows:
(1) The free energy difference between the MM and QM/MM descrip-
tions of the initial state A is calculated by using a single-step FEP.
(2) The atoms belonging to the “QM region” are assigned electrostatic
potential derived point charges (ESP) and held fixed during the classical
Amm — Buw step, followed by (3) a single step FEP for By — Bonymm: In
its simplest form the FEP steps are based on MM simulations of A and B,
i.e., no MD with a QM/MM Hamiltonian is carried out.

This approach has been successfully applied to numerous questions
surrounding enzyme mechanisms [57,59,84,85,87]; however, recently
serious doubts have been raised about both the accuracy and precision
of results obtained from these indirect approaches if no QM/MM
simulations are actually performed [86]. In that study Heimdal and
Ryde proposed two new strategies to more accurately account for
MM — QM/MM connections: (1) heavily optimizing a classical force
field to improve overlap with the QM region during MM simulations
and (2) performing the underlying sampling using semi-empirical
QM/MM (SQM/MM) rather than MM. For both cases they determined
that the “QM region” degrees of freedom were too dissimilar from
either the optimized force field or the SQM methods employed.

One potential source of error in these approaches is the use of FEP in
the MM — QM connection steps. The poor convergence of FEP is well
known for the calculation of free energy differences between two states
and has been well documented [4,9,88], with superior methods gaining
popularity in such applications, in particular BAR [8] and generalizations
thereof [89]. Recently, we have developed a robust new method for
connecting MM and QM descriptions of a system, combining “unusual”
biasing potentials, reweighting, and BAR [90]. This new technique, to
which we refer to as QM-Non-Boltzmann Bennett (QM-NBB), was
successfully applied to a series of solvation free energy calculations
and showed vast improvements compared to FEP for connecting
MM — QM levels of theory [90,91].

In the current paper we will focus on both aspects critical to comput-
ing QM/MM reaction free energies via the indirect scheme. Initially, we
will introduce and validate a novel pathway sampling method; referred
to as Off-path simulations (OPS). This new method combines the chain-
of-states replica path framework (RPATh, see below for a review of this
methodology) with an umbrella like approach for determining the PMF
of a particular reaction in root mean square deviation (RMSD) phase
space. Further, we will describe the implementation of a new replica
framework (i.e., distributed replica or REPDstr) and validate this using
OPS. In addition, we will detail a newly introduced classical, QM, and
QM/MM eigenvector following procedure implemented in CHARMM

and Q-Chem [92-94,42]. Finally, we present results that demonstrate
the potential for greatly improved efficiency (as compared to standard
FEP) for obtaining QM/MM reaction PMFs using a combination of the in-
direct scheme and our new QM-NBB method.

2. Methods

The replica path (RPATh) method has been developed as an exten-
sion to the self-penalty walk method of Elber and coworkers [15-17].
The RPATh method is built on top of topology replication functionality
(ie., the REPLica module of CHARMM). This allows N number of replicas
to be created with the user having complete control as to the subset of
atoms to include in these newly replicated structural elements. Energy
penalty functions (i.e., restraints) are used to define the pathway, en-
sure equidistance of replicas, and prevent pathway reversal [39,41,42].
The definition of the pathway itself is one of the more attractive features
of the RPATh method as smaller portions of the system can be selected
and used to define the pathway of interest. Additionally, the entire or
subsections of the pathway can subsequently be treated quantum me-
chanically (e.g., SCC-DFTB, ab initio, DFT). For example, in previous
work a 6 A region surrounding the substrate has been chosen as the
pathway with the substrate itself being treated quantum mechanically
[39,41,42]. As noted previously the RPATh method is comprised of two
major restraints. The first of these is a distance restraint that consists
of an energetic penalty which is applied when the distances between
adjacent points deviate away from the average of all pathway distances.
This restraint helps to maintain a smooth evenly spaced pathway and
takes the following form:
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whereTis the average step length over the entire path and N is the num-
ber of points along the pathway. K. is a user defined parameter with
suggested values that result in pathway-point variation being no larger
than 10-15%.

The second major restraint term controls the angle between adja-
cent and next adjacent pathway points (i,i + 1,1 + 2) with 6 defined
as the deviation from linearity.
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This term is controlled by two adjustable parameters; COSMAX and
Kangle- The recommended value of COSMAX is: 0.8-1.0. ACOSMAX = 1.0
corresponds to a linear pathway and a value of 0.8 allows each angle to
bend up to ~30° before a penalty is applied. The K,ng1e parameter should
be set depending on the desired smoothness and flexibility of the
pathway. For example, a value in the range 100-500 kcal mol™'is a
reasonable choice.
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Fig. 1. [llustration of the restraints used to define an off-path simulation.

2.1. Classical, quantum, and hybrid QM/MM transition state searching

To complement the functionality of the replica path method
CHARMM's Newton-Raphson minimizer has been extended [92,93].
Eigenvector following routines have been added in a flexible manner
that allows efficient minimization of both harmonic and anharmonic
degrees of freedom. Specifically, if a mode sufficiently satisfies the har-
monic approximation then standard Newton-Raphson minimization
will occur employing the energy (E), gradient of the energy (VE) and Hes-
sian of the energy (V2E). However, if a mode is not sufficiently harmonic
then a line search will be executed along the specified eigenvector(s).?
During the line search procedure the aforementioned energy terms are
employed along with two additional gradient calculations (VE). VE in
both the positive and negative directions of the eigenvector(s) are
computed and combined with the three previous data points and
fit to a third order polynomial (f(x) = ax® + bx?> + cx + d) which
is subsequently solved via a linear least squares fit procedure.

The default Newton-Raphson procedure, defined above, has been
modified to change the direction of eigenvector(s) searching. There-
fore, rather than minimizing all modes, which is typical, the new rou-
tines allow specific modes to be maximized thereby searching for a
non-minimum stationary point. The order of the stationary point
can be specified with transition states defined to have a stationary
point of one. This new feature supports classical, QM, and QM/MM
Hamiltonians [58,68].

2.2. Off-path simulation method

The off-path simulation (OPS) method is an extension of the replica
path method that employs umbrella-like restraining potentials to com-
pute potentials of mean force (PMFs). The basic premise of the OPS
method is biased sampling of a pathway by allowing a simulation to
propagate on planes orthogonal to a previously defined pathway.
Using this information, data are accumulated and a biased PMF is
computed at the conclusion of the simulation. As a usability feature,
the statistical information can be saved and the simulation can be
restarted if the PMF is determined to be not converged.

A prerequisite of this method is a previously computed reference
path. It is not necessarily suggested that the reference path be a mini-
mum energy pathway (MEP) as MEPs are likely to have a significant
amount of curvature. This curvature can cause numerical inaccuracies
in free energy procedures, therefore, a curvature correction has been
built into the OPS method. For example, exploration of orthogonal
path space can often lead to sampling regions of phase space that differ
from the pathway of interest (i.e., the reaction coordinate). These differ-
ences can then result in either under- or overestimation of the free en-
ergy for moving along the chosen reaction coordinate. This is typically

2 The criteria for performing this line search are determined from numerical estimates
of each eigenvector's shape. Forward and backward perturbations are made along the ei-
genvector and energies and forces calculated. If the energies in both directions increase or
the gradient of the perturbations are negative the mode is identified as “harmonic”.

referred to as “corner cutting”. Following this logic the nudged elastic
band method is not recommended for generating reference paths. Rath-
er, the RPATh method, which has extensive controls on the smoothness
of the path is a better choice. Once a smooth path is obtained the proce-
dure begins by assigning this as the reference path and creating a
“simulation path”. In CHARMM this is accomplished by copying the
path into the COMParison coordinate set (i.e., COOR COPY COMP). At
this point the RPATh command can be issued adding the keyword “OPTI".

The OPS method consists of two major restraints that define the
plane the points are allowed to move on during the simulation
(Eq. (6)) and an additional penalty that specifies how far points are
allowed to move away from the reference path.

—21
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wherei=j—1=k—2and i andr e refer to the root mean square
best-fit distances between point j of the current path and points i,and
kyrerof the reference path. This effectively defines a plane bisecting points
i and k of the reference path; allowing point j to move freely along this
plane. The biasing term takes a similar form:
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wherer;; G is the root mean square best-fit distance between points on

the reference path and simulation path and RMAX is the user adjustable
parameter (in A). An illustration of the pathway restraints is presented
in Fig. 1.

Once the pathway is defined and OPS parameters are set, the simu-
lation begins collecting statistics that will be used to determine the PMF
(i.e., work). This is done using the following approximation.
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the force on each simulation projected into the frame of the reference
path and AI'Y is
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with all RMSd values in Eq. (10) referring to reference path distances,
thus implicitly building in a curvature correction based on the funda-
mental triangle inequality theorem.

As with the replica path method, OPS is designed to work with MM,
QM, or QM/MM potentials. This allows OPS to function in a highly flex-
ible parallel/parallel manner. That is each QM/MM point can be run a
different processor or group of processors with the constraint that the
total number of processors be an integer multiple of the total number
of pathway points (i.e., # of processors = # of replicas x N; N =1, 2,
4,6, 8...). Currently, there are four quantum mechanical packages that
support the QM and QM/MM off-path simulations method: Q-Chem
[42,94], SCC-DFTB,? [95,96,55], GAMESS-US [97,98], and GAMESS-UK
[99,100].

3 As SCC-DFTB is not a parallel QM package the parallel/parallel functionality is not
supported.
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2.3. Distributed replica framework: REPDstr

Currently, the classical version of the off-path simulation method is
implemented to run each point of the pathway sequentially, either in
serial or parallel. In contrast, the QM or QM/MM version of OPS is fully
parallelized; i.e., each point of the pathway executes on a different pro-
cessor or group of processors. This difference in behavior is facilitated by
the difference in time lengths of QM versus MM calculations; i.e., time of
QM calculation > parallel communication of energy and forces.

To improve the performance of the classical OPS methodology, the
fully parallel REPDstr module was developed and implemented in
CHARMM. This module is a facility to group a specified number of inde-
pendent CHARMM executions. Each group can either read the same
input script or each can execute its own input script. In this way, one
can run many different input scripts from a single parallel run. Similarly,
output and all other files written to disk during the simulation can
optionally be divided based on the replica numbers.

A major benefit of grouping parallel processes is that everything
within the group works the same way as a standard CHARMM parallel
job. There is no code change needed for intragroup communication or
special splitting of the workload. The only addition of such division is
that for some methods one needs to communicate data amongst specif-
ic groups. Most of the time this is just data swap between the neighbor-
ing groups and almost never requires global communication, i.e., that
every processor in all groups has the same data. Therefore, the commu-
nication is significantly reduced, and parallel efficiency is almost perfect.

For CHARMM developers, it is easy to implement new methods
which can take advantage of the two level parallel framework. Specifi-
cally for OPS we needed to add the communication of comparison coor-
dinate sets from two neighboring replicas. This is performed only at the
start of the simulation, since the reference path does not change during
the course of simulation. The simulations of individual replicas are then
independent of each other and parallel efficiency is close to 100%, unless
replicas have significantly different numbers of atoms and load unbal-
ance comes into play. Additionally, final communication was added at
the end of the off-path simulation job to compute and print the path
summary.

Recently we implemented a variety of methods using the REPDstr
module, most of which are derivatives of standard replica exchange
methods, such as Self Guided Langevin Dynamics Replica Exchange
[77] or calculations of absolute free energy [101]. Additionally, the
REPDstr module greatly facilitates improving parallel performance in
CHARMM without having to make code modifications. For example, it
is now possible to parallelize standard PERT (free energy perturbation)
calculations in CHARMM [92]. All the user needs to do is specify the
REPDstr command in a PERT input script and use IF statements to select
which group of processors is attached to which N state/simulation.

3. Results and discussion

In this paper, we are reporting the implementation and validation
of a novel method for calculating PMFs within a chain-of-states
(i.e., replica) framework. Further, this framework is compatible with
standard restraint pathway determination procedures (i.e., reaction
coordinate driving) and herein is combined with our new QM-NBB pro-
cedure and shown to greatly enhance convergence in indirect QM/MM
pathway free energy simulations. To validate the implementation of
the new chain-of-states framework, we calculate the simple conforma-
tional pathway of butane's torsional rotation in the gas phase. As part
of this test case, both the original REPLica and new REPDstr frame-
works are employed. Following the initial butane test case, the one-
dimensional PMF is calculated for the rotation about the ¢,y glycosidic
dihedral angles of maltose in both gas phase and explicit solvent; results
are compared to previously published data from Kuttel and Naidoo
[102]. Finally, the model system butane is again used to introduce the
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Fig. 2. Comparison of the OPS-REPL (red) and OPS-REPD (blue) methods. Each simulation
was run for 10 ps at 300 K with an RMAX of 0.275.

application of QM-NBB to efficiently compute QM/MM reaction path-
way free energies.

3.1. Torsional potential of butane

The torsional rotation of butane is an iconic illustration of steric
effects on the conformational positions of a molecule. This potential is
defined as a total of 4 unique conformations: anti, gauche (2,4),
eclipsed-gauche (1,5), and eclipsed (3); see Fig. 2. The surface of the tor-
sional potential is dominated by the van der Waals repulsion arising
from varying levels of substituent interactions on the chain. The anti
and gauche conformations correlate to minima along the potential
while the eclipsed-gauche and eclipsed positions correspond to
maxima. Standard harmonic limit free energies (using the vibrational
analysis, VIBRan, module) were obtained using the CHARMM force
field and are used as the “gold standard” with which to compare OPS re-
sults. A comparison of replica frameworks (i.e., OPS-REPLica versus
OPS-REPDstr) was performed to validate implementation of REPDstr.

All OPS simulations used force constants of 10,000 kcal mol~' A=2
for both KRMS and KMAX, a 1 fs time step, and a temperature of
300 K. The reaction was discretized into 58 points (i.e., 58 replicas)
while the total simulation time and RMAX values were varied during
testing of the OPS-REPL method. The range of simulation times was:
1 ps, 5 ps, 10 ps, 25 ps, 50 ps, 100 ps, 250 ps, and 1000 ps. The RMAX
value varied from 0.050 to 0.450 in increments of 0.025 for each time
length, thus producing a wide array of simulation conditions used in de-
termining the overall success of the new methodology. A simulation
lasting 10 ps was utilized for the OPS-REPL method to highlight the pos-
sible reduction in computational time. Table 1 contains a comparison of
the values calculated for each of the minima and maxima along the en-
ergy surface that correspond to the conformations illustrated in Fig. 2.

This paper is meant to outline the implementation of the OPS meth-
od as well a new replica framework (i.e., REPDstr). To validate this im-
plementation, the torsional potential of butane was also calculated
with OPS-REPD. Results of these simulations were again compared to
harmonic limit free energies and those generated via OPS-REPL
(Table 1). The torsional energy surface was reproduced to within quan-
titative accuracy and differed only in the replica framework employed
with OPS (Fig. 2). Thus, we conclude that both the OPS-REPL and
OPS-REPD procedures function efficiently and accurately.

3.2. Double torsional potential of the disaccharide maltose

The majority of systems of interest are larger than a simple butane
molecule, thus it is necessary for us to demonstrate that OPS can
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Table 1

Computed potentials of mean force using all three methods at 300 K: Normal Mode Anal-
ysis (NMA), OPS-REPL, and OPS-REPD. Each of the OPS simulations was run for 10 ps with
an RMAX of 0.275. All values are given in kcal mol 1.

Table 2

Table of potential of mean force from Naidoo and Kuttel and Naidoo [102] (top) and from
the OPS-REPD simulations (bottom). The data represents the transition barriers between
the SYN, Anti, X and Y conformations. All values are given in kcal mol~".

Methods 1 2 3 4 5 Transition Vacuum Solvated
NMA 35 1.0 5.7 1.0 35 Naidoo and coworkers
OPS-REPL 35 0.9 5.7 1.1 35 AG(syn — anti) 4 3
OPS-REPD 3.4 1.0 5.7 1.0 35 AG(syn — X) 10 8
AG(syn — Y) 15 12
AG(anti — X) 6 6
AG(anti — Y) 11 9
produce qualitative and quantitative results of interest for a larger sys- ops
t.em. To th¥s endj the PMF for the rotation about the o1 - 4)-glycosidic AG(syn — anti) 41 25
linkage (Fig. 3) in a molecule of maltose was computed in vacuum and AG(syn — X) 9.7 8.3
explicitly solvated in TIP3P waters. AG(syn — Y) 15.1 11.7
In 2005, Kuttel and Naidoo [102] used an iterative adaptive umbrella AG(anti — X) 56 58
AG(anti — Y) 11.0 9.2

sampling method [103-107] to compute the PMF along the ¢,y dihedral
angles of the a(1 — 4)-glycosidic linkage of maltose in vacuum and
water. Approximately 500 ns of simulation time was required to
produce each of the final PMF surfaces with individual data collections
in each simulation being 1 ns-10 ns. Populations of ¢ values were calcu-
lated for each s, and these relative populations were then used to calcu-
late a one-dimensional PMF. Herein, we have used these results as a
comparison set for the PMF values determined via OPS (Table 2). The
maltose was built using CHARMM topology and parameters for the
CSFF type force field [108], corresponding to the setup of Naidoo and co-
workers. It is crucial to employ the same force fields in these simulations
to allow for comparison of the computed PMFs.

As mentioned in the Methods section, one shortcoming of the REPLica
framework is the inability to efficiently replicate and parallelize simula-
tions that employ explicit solvent, therefore the REPDstr infrastructure
was developed and employed herein. The force constants (i.e., KRMS,
KMAX) for all maltose simulations were set to 10,000 kcal mol~' A=2
and the pathway was discretized into 78 points (i.e., replicas).

In examining the in vacuo and solvated PMFs of maltose, there are
several features highlighted by Naidoo and coworkers. One such feature
is the lowering of the PMF upon solvation. The general decrease and
broadening of the energy wells is thought to arise from the reduction
in enthalpic advantage from intramolecular hydrogen bonds, particular-
ly that of the inter-monomer hydrogen bonds. This also increases the
likelihood of forming the X, and Y conformations (Fig. 4) that cannot
form inter-monomer hydrogen bonds due to the favorable interactions
with the solvent. Another feature we have examined is how the solva-
tion of maltose has affected the transition barriers between different
states in the molecule, specifically, the transition barrier between
the Anti, X and Y conformations. The results from Naidoo and coworkers
show no significant change in relative transition energy from Anti — X
barrier but show a marked change in the Anti — Y transition. Further,
they determined that the difference between intramolecular and
intermolecular hydrogen bonding from solvent is in the range of
1 kcal mol ™. This difference was determined using QM and classical
MD simulations and gives us an idea of the significance that each hydro-
gen bond plays in determining the potential of mean force.

Fig. 3. lllustration of maltose molecule (gluc a-1 — 4 gluc). The arrows in the image refer
to the angles of interest in the calculation of the PMF.

Results from the OPS-REPD PMF calculations are presented in Fig. 5.
The values corresponding to the transition barriers between each of the
major conformations mentioned previously are listed in Table 2. Previ-
ously published data is also presented in that table. Finally, it is clear
from Table 2 that PMFs generated using OPS-REPD, in vacuo and sol-
vent, agree well with previously published exhaustive sampling results.
Additionally, there is a considerable reduction in the total simulation
time required to obtain these results; however, additional testing
needs to be performed to establish optimal simulation conditions
(i.e., user adjustable parameters, time length, time step). Overall, the
off-path simulation method appears to be a promising step forward
for efficiently computing PMFs of conformational changes and ultimate-
ly reactions via QM/MM.

3.3. Accurate PMFs using a novel reweighting scheme: QM-NBB

As highlighted in the Introduction section, computing accurate free
energies has two fundamental requirements: adequate sampling and
accurate description of inter- and intramolecular interactions. To help
overcome these, often, conflicting requirements, we recently developed
a new reweighting scheme that allows more efficient connecting of low
level simulations (e.g., MM, semi-empirical QM) to high level results
(e.g., Hartree-Fock, DFT) [90]. The efficiency and accuracy of this new
approach for calculating solvation free energy have been further
demonstrated in the SAMPL4 competition [91]. Further, the potential
that QM-NBB has for improving the computation of free energies as a
function of reaction is vast.

As stated previously, FEP has traditionally been the method of choice
for connecting MM — QM while using the indirect QM/MM free energy
scheme. However, if the potential energy surfaces of the MM force field
are not representative of the ensemble that would exist at the QM level
of theory then overlap between them will be poor and lead to conver-
gence problems. This is clearly an issue for all methods that seek to con-
nect two disparate ensembles; however, the QM-NBB procedure has
been shown to be far more robust in this respect as compared to FEP
[90]. Further, Pohorille et al. recently reported a detailed analysis of
why two-sided methods, such as BAR and, thus, also QM-NBB, to
compute free energy differences converge more rapidly than one-
sided approaches, such as FEP. Therefore, we again take the simple bu-
tane torsion as our initial validation of coupling QM-NBB to QM/MM
PMF generation.

The conformational changes in butane (i.e., torsion) were discretized
into 10° increments (i.e., 37 points along the path).* Gas phase MM and
semi-empirical QM (i.e., SCC-DFTB with the 30B parameters) [55,95,96,

4 Although the REPLica framework was not used for the initial data collection, we sub-
sequently confirmed that combining simple harmonic restraints (i.e., as demonstrated in
Ref. [41]) with either the original RPATh method or OPS will yield equivalent results.
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a) Syn Conformation

“

b) Anti conformation

c) X Conformation

——————

Fig. 4. Visual representations of the 4 most prominent conformations of the maltose molecule. These images display the 4 conformations for which Kuttel and Naidoo [102] based their

method evaluation on.

109,110] simulations were carried out using Langevin dynamics with a
time step of 1 fs and time length of 2 ns. To ensure that simulations
stayed close to their respective dihedral angle, harmonic restraints
were employed with a force constant of 50 kcal mol™! rad™2 Coordi-
nates were saved every 10 steps and reevaluated at the Hartree-Fock
(HF) level of theory using the 6-31G* basis set. This resulted in a total
of 7.4 million (200 K per simulation) QM calculations to compute
the complete PMF. Further, all frames in the MM trajectory were
reevaluated using SCC-DFTB and vice versa.

Next, we computed the PMFs at the MM and SCC-DFTB levels,
i.e., the levels of theory at which the simulations were carried out. We
employed BAR for these calculations, and states 0 and 1 in the working
equations (see below) refer to neighboring values of the restraining
potentials.

_ (fUp—U; +0O))
AG(0—1) = kBT( In m) +C (11)

where f(x) denotes the Fermi function f(x) = (1 + exp (kﬁ*r)) - and

C =kgT In %. (12)

1270

Here Qg and Q; are the canonical partition functions of the two
states, and Ny and N; are the number of data points used to compute
the ensemble averages for states 0 and 1, respectively. Eq. (11) is iterat-
ed until the condition

(fUp=Uy +O))q = (f(U1=Uy—C))y (13)

is fulfilled. With C determined in this manner, one immediately obtains
N;

AG(0—1) = —kgT In N C. (14)
0

The individual free energy differences obtained in this manner were
combined to yield the PMF as a function of the central torsional angle.
While the use of BAR to compute a PMF is unusual, the resulting PMFs

16.0

14.0f

ey
=)

-
=
=)

8.0}

6.0

4.0

Free Energy (kcal - mol™!)

2.0f

Anti

0.0

=
2

70t
8o

& 3 ¥ & &

Replica Number

Fig. 5. lllustration of the simulations performed with maltose using OPS-REPD methodol-
ogy in vacuum and explicit solvent. An RMAX value of 0.225 was run for 40 ps in vacuum
(red curve) for the above results. The solvated system (blue curve) was run for 1000 ps
with an RMAX of 0.225. This data represents a quantitative match to the previous
published data used for comparison [102].
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Fig. 6. Butane PMFs computed via standard FEP (i.e., with AG(MM — QM)) using all 200 K
data points (blue, 2 ns simulations) per simulation, 50 K data points (green, 500 ps simu-
lations), and 10 K data points (red, 100 ps simulations).

were highly precise, i.e., differences between the free energy at ¢ =
—180° and ¢ = +180°, which were not restrained to be identical,
were <0.02 kcal mol™! in all cases. Further, our emphasis is on
connecting a low level of theory (e.g., MM, SCC-DFTB) to a high level
(e.g., QM). This was initially done using FEP as follows:

AG(0—1) = —kgT In ( exp [—(U;—Uy)/ksT]), (15)

where Uy is MM or SCC-DFTB and U; is QM. Care was taken (by
employing suitable offsets) to avoid numerical overflow when calculat-
ing the exponential functions in Eq. (15).

Results from these calculations serve as a powerful illustration as to
what can happen when there is poor overlap between ensembles you
are trying to connect via FEP. Results showing the butane PMF generat-
ed from using all 200 K points per simulation are plotted in Fig. 6 along
with a subset of points that were generated during the first 100 ps and
500 ps (i.e., time scales that are currently accessible if QM simulations
were required). Just by visual inspection, several problems with these
PMFs are evident. The first concerns the PMF generated from the full
200 K simulation points. There is a clear asymmetry about the global
maximum,; the point at 10° does not correspond to the one at —10°.
This problem is only exacerbated when more limited data sets are con-
sidered (i.e., 100 ps, 500 ps). Further asymmetry can be observed when
comparing the non-global maxima (4 120°) and minima (4 70°). For
later reference we introduce two simplistic measures to quantify such
asymmetries: the maximum absolute difference between PMF(—¢)
and PMF(+ @), as well as the root mean squared deviation over all
points of the PMF that should be symmetric. For the 500 ps data, these
are 0.72 kcal mol~' and 0.048 kcal mol ™', respectively; for the 100 ps
data, the numbers are 0.62 kcal mol™' and 0.075 kcal mol~'. The
large discrepancy between the maximal absolute deviation and the
root-mean-square criterion results from the fact that the asymmetries
affect mostly individual points in the PMF; as is clearly discernible also
in the figure.

In contrast, the PMF generated using all 7.4 million saved frames
from the SCC-DFTB simulations (i.e., AG(SCC-DFTB — QM obtained
using standard FEP)) displayed none of the asymmetry observed in
the MM — QM PMF (see Fig. 7). Again, this behavior highlights the
importance of using a level of theory for conformational searching
(e.g., fixed QM regions, MM, SCC-DFTB) that adequately describes the
ensemble that would be generated if searching was done at the high
level of theory (e.g., QM). This is especially problematic when using
FEP to connect levels of theory.
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Fig. 7. Butane PMFs computed via standard FEP (i.e., with AG(SCC-DFTB — QM)) using all
200 K data points (blue) and with QM-NBB (red) using only 10 K data points from MM
simulations (i.e., 100 ps simulations) and 1 K data points from SCC-DFTB simulations
(i.e.,, 10 ps simulations).

To help mitigate the limitations of the indirect scheme, we have
recently developed the QM-NBB approach. This new method shows sig-
nificantly better convergence when computing the free energy between
two disparate levels of theory as compared to FEP [90,91].

(10, 0o (8)),, o (),

AT 0=t (990)),, (e (V1))

+C.

(16)

The notation follows that of Eq. (11); however, the additional
subscript b indicates that the ensemble averages were obtained in the
presence of an “unusual” biasing potential (Eq. (17)).

Vb _ UIow_Uhigh (17)

To use Eq. (16) it is necessary to evaluate three quantities for each
frame of the trajectories: Uy, U; and V3 for state 0 and Uy, U; and V4
for state 1. Thereby, Up and U; are evaluated at the respective high
level of theory; the fact that sampling was carried out at a low level is
taken care of by Eq. (17). In regular BAR, each forward/backward energy
difference contributes equally to the sums <> in the numerator and de-
nominator of Eq. (11). In NBB, on the other hand, the summands have
different weights exp(B3V?). In case of poor overlap the sums in
Eq. (16) become dominated by just a few terms having the most posi-
tive V2. One very attractive feature of both standard BAR and QM-NBB
is the fact that no requirement exists that Ny = Ny (Eq. (14)); i.e., the
simulations at different levels of theory can be of different lengths.
Here we apply the QM-NBB methodology taking particular advantage
of this feature and using the following definitions: MM = state 0;
SCC-DFTB = state 1; V§ = 0; and V? = U5 — PFTB _ M Further, U,
in Eq. (16) is just the MM energy, whereas U; is the QM (HF/6-31G*)
energy for coordinates sampled at the MM and SCC-DFTB levels,
respectively.

In practice, this entails using MM and QM potential energies ob-
tained from saved trajectories of MM and SCC-DFTB simulations;
(Up,Uq)g and (Up,U;); in Eq. (16). The forward and backward free en-
ergy differences between MM and QM are obtained from the real
MM simulation and a “QM” simulation in the presence of the biasing
potential V§ = USCC — PFTB _ y@M [p general, if an “intermediate”
level of theory is used that more closely overlaps with QM then sig-
nificant improvement in convergence should be realized.
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PMFs obtained using QM-NBB and the aforementioned energies are
shown in Fig. 7. Here, the reference PMF is obtained using all 200 K
frames from each simulation in combination with SCC-DFTB — QM
free energies determined using standard FEP. Further, the QM-NBB
PMF is computed using data obtained from a 100 ps MM simulation
and a 10 ps SCC-DFTB simulation (i.e., 10 K-1 Kin Fig. 7). This is roughly
equivalent in computational effort to the FEP results generated using
only 10 K MM data points; however, the result is remarkably improved.
For example, the symmetry of the PMF is almost perfectly fulfilled and
closely matches the reference. In terms of our quantifiers, the maximal
absolute deviation from perfect symmetry was 0.11 kcal mol~!, and
the root-mean-square-deviation was 0.016 kcal mol~".

Again, it should be noted that this approach allows different time
length simulations at the different levels of theory to be employed
(i.e., low level = MM, intermediate level = SCC-DFTB). It is therefore
easy to envision this approach offering significant improvement over
current techniques (i.e., FEP) used with the indirect QM/MM scheme.
For example, if SCC-DFTB is treated as the “low level” of theory then a
simulation at a very cheap QM level of theory (e.g., HF) could be used
for “intermediate” data and ultimately reweighted to a more accurate
QM Hamiltonian (e.g., M06-2X, B97X-V, RIMP2) [111-114].

4. Conclusion

Computing free energies as a function of reaction coordinate is
extremely challenging. Herein, we presented two new approaches
that have the potential to greatly increase the accuracy and efficiency
of this task. First, the off-path simulation method (OPS) has several at-
tractive features. These include both a straightforward definition of re-
action coordinate (i.e., based on weighted RMSD or a subset of atoms)
and coupling to a new distributed replica (i.e., OPS-REPDstr) framework
that offers both efficiency and usability improvements over the stan-
dard infrastructure (i.e., OPS-REPLica).

This new approach and framework were validated by computing the
PMF of rotating butane around its central torsion. Additionally, the
much more challenging PMF of the disaccharide maltose's glycosidic
rotation was also carried out both in vacuo and explicit solvation. The
latter case was compared to a previously published adaptive umbrella
sampling study and found to reproduce both the qualitative and quan-
titative results while significantly reducing the overall simulation time
required. This application of the OPS-REPD procedure suggests that
this new highly parallelized infrastructure overcomes the previous
limitations of the OPS-REPL framework, which is highlighted by the
maltose explicit solvent simulations.

In addition to the new OPS method and REPDstr framework, we
have also implemented transition state searching functionality into
CHARMM's Newton-Raphson minimizer. This procedure uses eigen-
vector following and allows the user to specify which order saddle
point is of specific interest; this will be 1 in cases where the transition
state is the ultimate target. As most potential energy surfaces can be
rather complex it is suggested that an initial structural perturbation, in
the direction of the desired saddle point, be performed prior to begin-
ning the optimization. This can be done easily with coordinate fixing
or restraining potentials in CHARMM or other software.

Finally, the recently developed QM-NBB scheme for computing high
level (i.e.,, QM or QM/MM) free energy differences at affordable costs
(i.e., MM or semi-empirical QM) has been incorporated into the so-
called indirect QM/MM scheme for computing reaction free energies.
In this procedure, an underlying PMF is generated at lower level of the-
ory and then connected to higher level results via standard FEP. Howev-
er, this connection has been shown to be problematic if the lower and
higher level potential energy surfaces are too different or if fixed QM re-
gions are employed and entropic effects play a significant role. To help
circumvent these problems, connecting levels of theory via QM-NBB,
rather than FEP, is suggested. Specifically, we have shown that even
for a simple molecule like butane connecting MM — HF/6-31G* via

FEP already encounters non-ideal behavior. However, augmenting
the data with those obtained at an “intermediate” level of theory,
(e.g., SCC-DFTB) that overlaps more closely with the high level data, sig-
nificantly improves results while simultaneously reducing the number
of QM calculations necessary by up to an order of magnitude; with a
factor of 2-5 almost guaranteed. Although butane is a rather simplistic
first example, it is clear that combining QM-NBB with reaction path
techniques offers significant advantages over current procedures.
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