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Abstract

The calculation of potential energy and free energy profiles along complex chemical
reactions or rare events processes are of great interest because of their importance for
many areas in chemistry, molecular biology, and material science. One typical way to
generate these profiles is to add a bias potential to modify the energy surface, which
can act on a selected degree of freedom in the system. However, in these cases the
quality of the result is strongly dependent on the selection of the degree of freedom over
which this bias potential acts. The present work introduces a simple method for the
analysis of the degree of freedom selected to describe a chemical process. The proposed

methodology is based on the decomposition of contributions to the potential energy
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profiles by the integration of forces along a reaction path, which allows evaluating the
different contributions to the energy change. This could be useful for discriminating
the contributions to the energy arising from different regions of the system, which is
particularly useful in systems with complex environments that must be represented
using hybrid QM/MM schemes. Furthermore, this methodology allows generating a
quick and simple analysis of the degree of freedom used to describe the potential energy
profile associated to the reactive process. This is computationally more accessible than
the corresponding free energy profile, and can therefore be used as a simple estimator

of reaction coordinate adequacy.
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1 Introduction

Knowledge of the reactivity of a system is an essential concept in chemistry. Most of the
phenomena of interest in chemistry are rare events in the sense that they occur on time
scales that are orders of magnitude longer than those of the elementary molecular motions.
In most of the cases, chemical reactions that involve forming and breaking of chemical bonds
entail passing from reactants to products going over a free energy barrier associated to the
transition state, and thus are rare events. The theoretical characterization of a chemical
reaction requires the determination of a magnitude called reaction coordinat(RC).!

An accurate RC is often difficult to identify, because many degrees of freedom may
be involved.?3 For systems with a normalizable equilibrium distribution, the natural RC
is the slowest eigenfunction of the master equation.® However, the exact solutions of this
high-dimensional equation are extremely difficult to obtain. In this context, approaches
like Markov state models (MSMs)* 7 and diffusion map®'! have been proposed. Other
approaches are based on the calculation of the committor function, which, at any point in
configurational space, gives the probability that a trajectory initiated at this point (with
initial velocities sampled from Maxwell-Boltzmann distribution) will reach first the product
state rather than the reactant state.®1214 Both frameworks can generate adequate RCs,
but this kind of analysis is computationally challenging, plus it is hard to obtain a clear
physical interpretation of the mechanism. For this, it is necessary to apply extra analysis
methods to extract a RC based on limited information from molecular dynamics simulations
capable to generate a physical/chemical interpretation of the process.!*15

Most of chemical reaction trajectories are typically confined to a narrow region of the free
energy surface (FES) connecting reactants and products. Since for regions with lower free
energy the sampling probability is higher, the exploration of the full free energy landscape
in itself is not necessary and the reaction tube typically lies along the minimum free energy

path (MFEP).,' or in other words the MFEP describes well the committor function'® The
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chemical behavior of these systems depends on the shape of its potential energy surface
(PES), and, in principle, all the thermodynamic and kinetic information is contained in the
PES.

Some of the schemes to explore PES, such as umbrella sampling, !” include a bias potential
that acts on a selected degree of freedom ¢ modifying the PES. A more accurate £ results in
more efficient sampling in free energy calculations. !*1 In this regard, for cases in which there
is a single channel in the free energy surface that connects reactants and products (narrow
reaction tube), the best degree of freedom & to apply the bias potential is the MFEP as a way
to guide the simulation through the true dynamic bottleneck in the configuration space. In
spite of the proposal of several mentioned sophisticated schemes to obtain RCs, the choice of
¢ based on chemical intuition is still employed, and this typically includes variables related
to the covalent bonds that break or form along the transition process.

Because the region of the conformational space to be sampled is strongly dependent on
the selected ¢ (for a finite sampling time), the choice of ¢ has a fundamental role on the
reaction path obtained, and therefore on the results obtained.?2%22This kind of analysis has
one disadvantage: human intuition in many cases may fail in providing an adequate RC.

A partial solution for improving the description of a chemical reaction in which the
selected ¢ is not good enough to describe the correct reaction path is to increase the di-
mensionality of the degrees of freedom to explore the reaction process. For instance, Rosta
and collaborators? have done a statistical search for discontinuous interatomic distances in
Umbrella Sampling/Potential of Mean Force simulations, and they have added those as a
new degree of freedom in a 2D free-energy profile. From this 2D free-energy profile, an
optimized ¢ is obtained. It must be taken into account that all methods relying on increas-
ing the dimensionality usually involve a significant increase in the computational expense.
This makes them prohibitive when analyzing large systems, especially under first principles
schemes. Because of this, obtaining a good one-dimensional RC is crucial in the analysis of

a system using methodologies based on molecular dynamics.
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For reactions with a narrow reaction tube, an approximation to study a transition process
- which in principle neglects thermal and entropic contributions - is the obtention of a
minimum energy path (MEP) between reactants and products states. This strategy is usually
the basis for methods of direct dynamics that need as input a description of the reaction
path.?® However, it is necessary to note that MEP generates a limited analysis for systems
with an energy surface that is too rough, like for example a reaction in solution, being
necessary, in these cases, to model the bulk solvent with a continuum approach or using
a microsolvated model that involves explicit water molecules and implicit solvent in the
optimization.?* This eliminates the source of the problem that resides in the solvent’s degrees
of freedom.

A simple scheme, which has been developed for estimating MEP, performs geometry
optimizations in all degrees of freedom except a selected one £. This procedure is called in the
literature potential energy scan or adiabatic mapping (AM) calculation.? This methodology
obtains a trajectory through the optimization of the geometry of the system modifying the
potential energy with a bias potential that acts on a selected degree of freedom £. However, in
these methods, as mentioned above, special care is required in the selection of £ to be used
to describe the reactive process. An alternative more sophisticated method for obtaining
MEP is the nudged elastic band (NEB) scheme,?®?” which describes the reaction path in
terms of multiple images that are optimized in the perpendicular direction to the reaction
path, allowing the inclusion of a large number of generalized coordinates.

In the present work, an integration of forces (IoF) scheme is presented for evaluating
in a simple manner the suitability of a selected & degree of freedom to be used to describe
a reactive process. The proposed scheme uses low-cost trajectories obtained by AM or
NEB calculations as starting points to evaluate the quality of £ to describe a transition
process. Basically, the IoF scheme is a way to decompose the energetic change in analyzable
contributions by atoms or by degrees of freedom along a reaction path obtained by AM or

by NEB. From an analysis of the atomic level contributions, an improved & can be proposed
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to describe the reactive process.

Furthermore, the IoF scheme allows discriminating the contributions to the energy arising
from different regions of the system, which is particularly useful in complex systems. For
instance, in QM /MM studies of complex systems, the IoF scheme allows assessing the effect
of the MM environment on energy profiles and changes in atomic contributions.

Example applications of the IoF scheme presented in this study, with small molecule
reactions and with reactions in complex environments, demonstrate a practical new estimator
of RC adequacy together with an analysis of atomic contributions, which is better compared

to free energy schemes in terms of computational cost.
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2 Methodology

2.1 Analysis of reaction path by energy decomposition.

Considering a system of N atoms that interact exclusively by conservative forces described

by n degrees of freedom {qi, ¢o, ..., ¢, } and considering A(#, 7%, ..., 7a) and B (7P, 7%,

..., TR) as two different system configurations, the potential energy difference between both
states can be obtained through the path integral of the force of each atom or the generalized

force of each degree of freedom.

AV =V(B)-V(A) = == fFAHB Fy-dry =0 W, .

— D k1 fFA_”B Fodar = 35—y wy,

where I'4_, 5 is a path in the configuration space that goes from state A to B and F|, =

(21

—Sar where g is the k-th generalized coordinate that describes the system. In principle,

there are endless ways to select the n degrees of freedom to describe the configurational
space of a chemical system. However, as mentioned earlier, the description of one I'4_,5 in
particular is interesting, the MEP, in terms of a single degree of freedom “¢”. Therefore,
the ideal selection of degrees of freedom to describe the configurational space will include &
so the progress of the reaction in these coordinates is determined by a single parameter. In
this work we propose to use the splitting of energy contributions as a quality criterion for
analyzing the degree of freedom £ as a MEP descriptor and for understanding the molecular
determinants of a given process. Using eq. 1 the energy change can be decomposed in the

contribution generated by the work in £ and the work done in all the other degrees of freedom

&

r Fass

The present study is based on a simple idea: if the selection of the n degree of freedom

7

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Chemical Theory and Computation Page 8 of 45

is made in such a way that the MEP is described only by &, the work generated by the
other degrees of freedom must be null along the reaction path. This approach generates a
criterion that allows us to evaluate the quality of £ to describe the path of minimum energy.
However, it should be taken into account that other £ that do not meet this criterion,
but adequately describe reactants, products and TS transition state, will be acceptable
too. If the work generated by the degrees of freedom of non ¢ (£1) is negligible along the
reaction path (wer ~ 0), then AV = we, and therefore the degree of freedom used, describes
reasonably well the potential energy change along I'4_,p as exemplified in Figure 1A. On
the other hand, if the difference between AV and wy is large (Figure 1B), then there will
be significant contributions to the energy by other degrees of freedom. This will possibly
result in discontinuities in the obtained trajectory and hysteresis in the profiles calculated
both using restricted optimizations or free energy schemes, when using £ as a trajectory

descriptor.
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Figure 1: Reaction path over a schematic energy surface. Green and red lines represent the
MEP and its projection over the &, £+ space. Blue and pink lines are the work associated to
¢ and &+ respectively.

A: case in which wer ~ 0 and therefore AV =~ w¢ being & a good descriptor of the MEP.

B: case in which we. # 0 and therefore AV # w being § a bad descriptor of the MEP.
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2.2 Discrete trajectory calculations and numerical integration.

The first thing to note is that the MEP obtained in any computational atomic level cal-
culation is described by discrete conformations of the system in the configurational space,
which does not allow to make an analytical integration of equation 1, being necessary to use
a discrete integration.

In this work, two methodologies will be used to estimate those discrete configurations
that estimate the MEP. On one hand, the trajectory will be obtained from a NEB calculation
minimizing the NEB force with a FIRE?® algorithm, and on the other hand, the trajectory
will be obtained from an AM calculation using a conjugate gradient minimization method
on a system to which a V%% is added that acts on a selected degree of freedom &, according

to equation 3.

Vi () = 26 - &) )

In both cases, the estimation of the path integrals in the atomic contribution case was
done by a midpoint technique using affine functions among the configurations obtained from
the QM - QM /MM calculation (eq. 4) in which fiw and F’i,p are the position and force of

i-th atom in the p-th configuration obtained by AM or NEB.

P — — — —
(Rip+1 — Rip) - (Fips1 + Fip)
mz_z p+ p2 p+ D (4)

p=1
In the AM calculations we may be estimated easily using the effect of the V%, In each

AM optimized configuration Fy + F"(¢) ~ 0 and therefore we may be obtained by:

we = — /F Fag~ [ Pdc= [ kg - e (5)

Fass

and finally in the discrete scheme:
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P . .
N ((FE)pr1 + (FE)p) (Epi1 — &)
wem =Y 5 (6)
p=1

The discretization of the integral in both cases (eq. 4 and eq. 6) has associated a
quadrature error, which must be analyzed so as not to make a mistake in the interpretation
of the results. In this work, this was made including intermediate structures obtained by
linear interpolation between the converged structures to verify the correct convergence of the

integral with the quadrature, and comparing the total energy variation of the system along

obtained by direct calculation of the energy and by IoF of all atoms (Wigzar)-

2.3 Implementation

All the QM and QM /MM calculations were performed using a modified version of the origi-
nal Hybrid code.?? Hybrid is a free code (https://github.com/MALBECC /hybrid) designed
primarily to obtain potential energy profiles in complex systems.

The new version of Hybrid uses the code LIO3%3! developed in our group for the com-
putation of energies and forces at QM/MM level. LIO is a very efficient implementation
to perform the description of the quantum subsystem based on DFT employing Cartesian
Gaussian functions, in which the most expensive parts of the calculation are computed using
graphical processing units (GPU). The code has been used for the analysis of different types
of systems, in schemes of both nuclear and electronic dynamics.??3®% A detailed description
of the LIO can be found in the article of Marcolongo and collaborators.?! The description of
the classical subsystem together with the Lenard-Jones QM /MM interactions is computed
using the AMBER parm99 force field.3*

In our implementation, using the modified version of the Hybrid code, the potential
energy profiles can be obtained by two methodologies: AM and NEB. The implementation
based on AM adds to the system a potential of the form of equation 3, in which & can be

defined in terms of angles, dihedrals, distances or combinations thereof, and then optimizing
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the geometry by minimizing the potential energy plus the added Vs,

The implementation carried out for the calculations of NEB uses P + 1 images of the
system to represent the reaction path, with P an integer typically in the 10-100 range. The
initial system configuration in each image is obtained by linearly interpolating the positions
between the previously optimized images 1 and P + 1, being able to use a third intermediate
structure proposed for interpolation. Then, images 2 through P are optimized by minimizing

the NEB force defined according to: 2627

SNEB _ L S|
FT =F+F (7)

ﬁf] is the component of the force due to the gradient of the potential energy projected

(13X

in the direction perpendicular to the trajectory (see eq. 8, where represents the scalar
product between two vectors) and ﬁf]” is the spring force in the direction parallel to the
trajectory 7; ;. The sub-index ¢ indicates the image number of the discrete configurations

path that describes the transition process (1 - P+ 1) and the subindex j indicates the atom

number of the system (1 - N).
Fij==ViV+(Vi;V - 705)7, (8)

2.4 Calculations details.

All the simulations reported in this study were performed using the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation functional®® with DZVP basis sets*! obtained
from the EMSL Basis Set Exchange. 2

AM calculations were performed exploring the values of the bias potential spring constant
and the number of points that were used to perform the integration. No significant variations
were obtained in the profiles for spring constants in the range 50-1000 kcal mol~! A=2 and

with samples numbers between 50 and 300 (data no shown).
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The IoF scheme was performed in all cases by removing the motions associated with
translations and rotations of the system (generated by numerical error in forces) in such a
way that the position of the center of mass and the directions of the eigenvectors of the

inertia tensor were maintained.
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3 Results and discussion.

3.1 Selection and analysis of a particular degree of freedom to

describe a reaction path.

The present work introduces a simple method for the selection and analysis of a particular
degree of freedom to describe a reaction path: the energetic variation can be decomposed
in contributions (atomic or degree of freedom) obtained by IoF along a reaction path, and
from an analysis at the atomic level contributions, an improved reaction coordinate can be
proposed to describe the reactive process.

The methodology is exemplified for three possible cases: in subsection 3.1.1 we present an
example in which the selected degree ¢ is a good descriptor of the trajectory, in subsection
3.1.2 we present an example in which the selected degree of freedom ¢ is a less accurate
descriptor of the trajectory, and finally in subsection 3.1.3 we present an example in which

the selected reaction coordinate £ does not represent well the trajectory of the system.

3.1.1 The selected degree of freedom ¢ is a good descriptor of the trajectory.

Firstly, the presented approach is illustrated by using the reaction of CH;Cl with Cl, a
bimolecular nucleophilic reaction, one of the most studied processes in chemistry (Scheme
1). The reaction is produced by the approach of a Cl~ to the carbon atom in concert with
the inversion of CH,; and the increase of the distance of the C atom to the initially bound
Cl. This is a nice model system since it has the additional benchmark advantage of being a

symmetric reaction.
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Scheme 1: A: Mechanism of Sy2 reaction of CH3Cl with CI™.
B: Obtained structures for the transition process being i), ii) and iii) reactants, transition
state and products, respectively.

3.1.1.1 Selection of degree of freedom ¢ and AM calculation.

As shown in Scheme 1 for this reaction, one C-Cl bond is formed and another is broken
along the reaction. A degree of freedom & was selected by combining these two processes,
the formation and the breaking of the C and Cl bonds, taking as the reaction coordinate the
antisymmetric combination of both distances (§ = daci—c — dvcy—_c)-

To model the reaction, AM calculations were performed using a bias potential given by
equation 3.The results presented were obtained for a spring constant of 200 kcal mol~' A2
and a sampling of 100 values in the & = (—2A,2A) range.

Although not presented in this work, the reaction coordinate used is reversible and the

system does not show hysteresis in the potential energy profiles.

3.1.1.2 Analysis of ¢ as a descriptor for the reaction path by IoF.

The potential energy profile for the reaction of C1™ with CH5Cl using AM with £ is presented
in Figure 2A, detailing the profile obtained by direct calculation of the energy (black line),
the work done in & by the bias potential w, (green line) and the total work Wiy, (orange

line).
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The superimposition of the profiles obtained by direct calculation of the potential energy
(black line) and by the work done by all the atoms (orange line) allows verifying that the
numerical integration made is acceptable. For this type of systems, in which all forces are
conservative, the integration of the forces along a reaction path, by definition, should be
identical to the variation of potential energy computed directly. However, the calculation
of the energy and forces has a numerical error, and the integration step is finite, so it is
necessary to test the methodology for guaranteeing that the quadrature error is negligible.

The superimposition of the profiles obtained by direct calculation of the potential energy
(black line) and the work done in & by the bias potential we (green line) confirms that the
chosen degree of freedom ¢ is a good descriptor of the reaction path. This reaction has been
widely studied and it is known that the antisymmetric combination of the selected distances

generates an appropriate reaction path in an AM scheme. %34

3.1.1.3 Verification of ¢ as a reaction path descriptor with NEB.

For an additional verification, the trajectory obtained in this calculation (black dots) is used
as the initial band for the NEB calculation (pink dots); the result is presented in Figure 2B.
It can be shown that (at least in the C—*Cl, C—"Cl space) both trajectories have practically

no differences.

3.1.1.4 The decomposition of the energy into atomic contributions.

In this case, the work associated with the bias potential (green line, Figure 2A) describes
well the total energy change of the system (black line, Figure 2A). The decomposition of
the energy into atomic contributions (Figure 2C) allows us to understand this fact. In this
particular case, the major energy change throughout the reaction is produced by the atoms
that are contained in &, in this case C, *C1 and °Cl (red, blue and violet lines respectively in

Figure 2C), while the contribution of the three H atoms is minor (grey line in Figure 2C).
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Figure 2: Sy2 reaction of CH;Cl with Cl™

A) Potential energy profile obtained for the Sy2 reaction of C1™ with CH4Cl using AM with
& =daci_c — dvcy_c. The results are presented for the profile obtained by direct calculation
of the energy (black line), the work done in & by the bias potential we (green line) and the
total work (orange line) vs £.

B) Potential energy surface in the dc_acq, do_sey space for the Sy2 reaction of Cl° with
CH,4Cl in vacuum. Trajectory obtained with AM using ¢ (black dots) and NEB (pink dots).
C) Potential energy contributions to Wy of each atom for Sy2 reaction of C1™ with CH,Cl
using AM with £. The result for the C atom is shown with a red line, while the blue and
violet lines correspond to *Cl and "Cl atoms respectively. The contribution of the 3 H atoms
is very small; the sum of their contributions is shown with a grey line.

3.1.2 The selected degree of freedom ¢ is a less accurate descriptor of the tra-

jectory.

Secondly, the methodology presented in this work is illustrated by analyzing the Claisen
rearrangement 4 of chorismate to prephenate. The aliphatic Claisen Rearrangement is a
3,3]-sigmatropic rearrangement in which an allyl vinyl ether is converted thermally to an
unsaturated carbonyl compound, and illustrated by the equation shown in Scheme 2. It
has been found that chorismate adopts several conformations in vacuum and in condensed
phase.™ 4 In the reactant conformation, the system adopts a diaxial conformation so that

the pericyclic rearrangement occurs to give prephenate.?’
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3.1.2.1 Selection of degree of freedom ¢ and AM calculation.

As shown in Scheme 2 for this reaction, a C-C bond is formed and a C-O bond is broken

oNOYTULT D WN =

along the reaction. Similar to case 3.1.1), a degree of freedom & was selected by combining
these two processes, taking as the reaction coordinate the antisymmetric combination of the
distances do_¢ and de_o (§ = do—c — do—0).

To model the reaction, starting from the optimized diaxial conformer, AM calculations

were performed using a bias potential given by equation 3.
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Scheme 2: A: Mechanism of conversion between chorismate (left) to prephenate (right).
B: Obtained structures for the transition process being i) ii) and iii) reactants, transition
state and products, respectively.

3.1.2.2 Analysis of ¢ as a descriptor for the reaction path by IoF.

The obtained results are presented in Figure 3A, showing the profiles obtained by direct
calculation of the energy (black line), the integration of the forces on all atoms of the system
(orange line) and the integration of the force associated with the bias potential (green line).

Unlike the previous system considered in case 3.1.1), in this case the profile obtained by
the integration of the force associated with the bias potential (green line) reproduces only
qualitatively the values generated by direct calculation of the energy (black line). Therefore,
there is a contribution to the energetic change generated by the other degrees of freedom of

the system.

18

ACS Paragon Plus Environment

Page 18 of 45

COO



Page 19 of 45 Journal of Chemical Theory and Computation

3.1.2.3 Verification of ¢ as a reaction path descriptor with NEB.

In this case, the re-optimization of the obtained trajectory by a NEB algorithm (Figure 3B)

oNOYTULT D WN =

generates a non negligible change in the computed path, especially in the zone of maximum
energy. However, this zone is quite flattened area, being the energetic difference practically

null in the maximum energy zone for both trajectories.

16 3.1.2.4 The decomposition of the energy into atomic contributions.

The decomposition of the energetic change in atomic contributions, however, does not present
significant values for any particular atom not contained in £, but the difference is due to the
sum of small contributions of several atoms. In this case, the 20 atoms not considered in
¢ generate a continuous and small energetic drift along the reaction of ~ 1 kcal mol~* A~!
(Figure 3C). In spite of this, the selected reaction coordinate still provides a qualitatively

reasonable representation of the reactive path.
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Figure 3: Conversion of chorismate to prephenate

A) Potential energy profile obtained for the conversion reaction of chorismate to prephen-
ate in vacuum using AM with £ = do_¢ — de_o. The results are presented for the profile
obtained by direct calculation of the energy (black line), the work done in & by the bias
potential we (green line) and the total work (orange line) vs &.

B) Potential energy surface in the do_¢, do—_o space for the conversion reaction of chorismate
to prephenate in vacuum. Trajectory obtained with AM using ¢ (pink dots) and NEB (black
dots).

C) Potential energy contributions to Wy, of each atom for the conversion reaction of cho-
rismate to prephenate in vacuum using AM with £. The atoms involved in the pericyclic
rearrangements are represented in yellow, green, black, blue, red and purple following the
inset color representation. The remainder atoms are depicted using grey lines.

3.1.3 The selected degree of freedom ¢ does not represent well the trajectory

of the system.

The third system that will be analyzed with the proposed methodology is the reduction of
hydrogen peroxide by thiolates, concomitant with thiolates oxidation.® The reaction occurs
by a Sy2 like mechanism in which the sulfur atom attacks one of the oxygen atoms of
hydrogen peroxide concomitantly with the breakdown of the O-O bond and the transfer of

one of the hydrogen atoms to give water (Scheme 3).

3.1.3.1 Selection of degree of freedom & and AM calculation.

As shown in Scheme 3 for this reaction, an S-O bond is formed and an O-O bond is broken

along the reaction. Similar to case 3.1.1, a degree of freedom &; was selected by combining
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these two processes, using the antisymmetric combination of the distances to describe the
conversion of reactants to products.

To model this reaction in vacuum, AM calculation was performed using & to describe

oNOYTULT D WN =

the conversion of reactants to products and a bias potential given by equation 3.
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Scheme 3: A:Reaction mechanism of methyl thiolate with hydrogen peroxide to give methyl
sulphenate and water.

B: Obtained structures for the transition process beeing i), ii) and iii) reactants, transition
state and products.i-ii) correspond to an intermediate structure between i) and ii) in which
H?' recedes from S atom and rotates modifying the dihedral angle of hidrogen peroxide. ii-
iii) correspond to an intermediate structure between ii) and iii) in which the proton transfer
occurs from O! to O? while the rupture of the O' —O? bond and the formation of the S — O!
bond is generated.

3.1.3.2 Analysis of £ as a descriptor for the reaction path by IoF.

The results obtained are presented in Figure 4A, showing the profiles obtained by direct
calculation of the energy (black line), the integration of the forces on all atoms of the system
(orange line) and the integration of the force associated with the bias potential (green line).

In this case, the difference obtained by direct calculation of the energy (black line) and
the ToF associated with the bias potential (green line) is very large, which indicates that
the selected reaction coordinate does not represent well the trajectory of the system and
orthogonal motions must be considered in the selection of £; to generate a better description
of the reaction. The energy profile obtained has a maximum for & ~ —0.6 A but also
presents a significant discontinuity. This makes it very hard to get a reasonable estimate of
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the activation energy of the process.

3.1.3.3 MEP and atomic energy decomposition by IoF over NEB trajectory.

In order to propose a better degree of freedom using the IoF scheme, it is necessary to
obtain a trajectory from reactants to products through a path of minimum energy. For
this, the initial and final structures of the previous calculation were reoptimized without the
bias potential, and a NEB calculation was performed using 50 images generated by linear
interpolation with a transition state proposed by chemical criteria. The calculation was
performed taking a spring constant of 200 kcal mol~! A~2 and using a convergence criterion
of 0.5 kecal mol~! A~! in NEB forces. Results are presented in Figure 4B.

It can be seen in Figure 4C that along the reaction coordinate the greatest energetic
change occurs due to the H? and O? atoms (blue and green lines respectively), which are
involved in the proton transfer that occurs in the final stages of the reaction. On the other
hand, there is a relevant contribution of the work associated with the H! (red line) in the
first stage of the reaction, which is not involved in any bond break/formation. Considering
the system structure, it can be seen that the conformational change in this zone is mainly
due to the breakdown of the interaction of H! with the S™, the change in the dihedral angle

of the hydrogen peroxide and the separation of O% and the S atom (as shown in Scheme 3).

3.1.3.4 Selection of an improved degree of freedom & and AM calculation.

Among the contributions mentioned in previous subsection, the most important omitted
contribution is the work associated with atoms H? and OZ.

One simple possibility to include it is to select a new degree of freedom &;, according
to & = 2dp1_p2 — ds_or — dy2_p2. Following the same protocol as previous sections, AM

calculations were performed using & to describe the conversion of reactants to products.
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3.1.3.5 Analysis of & as a descriptor for the reaction path by IoF.

The energetic profile obtained using this reaction coordinate in an AM scheme is presented
in Figure 4D.

It can be seen that the inclusion of the proton transfer in & generates a much smoother
profile, with a well-defined maximum and with a value close to that obtained by NEB. Even
so, in this scheme there is an appreciable difference for values of & ~ 1.5A related to the
breaking of the interaction between H' and S and the reorganization of hydrogen peroxide

to generate a much more aligned state among O' and S that is not considered in &,.

3.1.3.6 Comparison of the trajectory obtained with AM using &, {& and NEB.

Figure 4E shows the differences in the trajectories obtained by &, & and NEB calculations
in the dp2_p2 —dpg2_o1, dor_o2 —dg_o1 space. It can be seen that the & trajectory exhibits a
major discontinuity that corresponds to the proton transfer process, while & shows a minor
discontinuity close to reactive zone (dy2_p2 — dy2_o1 ~ 0.9 A dor_or —dg o1 =~ 1.3 A). &
on the other hand goes through the same transition state as NEB at (dy2_o2 —dg2_o1 =~ 0.9

A, dol,oz — ds,o1 ~ 1.1 A)

3.1.3.7 Free energy profiles obtained by umbrella sampling using & and &.

The analysis performed in this case serves to evaluate the correct selection of & either to
obtain a potential energy profile or as a guide for its use in analysis schemes based on more
sophisticated MD based free energy profiles.

Figure 4F shows the free energy profiles obtained by umbrella sampling using &; and &s.
Due to the fact that both variables are different, we use a normalized variable &y in the
x axis defined by the equation 9, in which i=1,2 and R and P denotes the value of & in

reactants and products conformations respectively.

24

ACS Paragon Plus Environment

Page 24 of 45



Page 25 of 45 Journal of Chemical Theory and Computation

&G —&r
= &ip — &ir (9)

oNOYTULT D WN =

10 In both cases the profiles have been obtained by molecular dynamics simulations at 300K
using a force constant k=200 kcal mol™!, a sampling time of 5ps with a time step of 0.2fs
and V" separated every 0.1 A in & in separate simulation windows.

16 It can be observed in the profiles obtained when using &; there is a discontinuity in
18 én =~ 0.6. It is generated by the impossibility of combining the results of adjoining umbrella
20 sampling windows. The latter cannot be corrected by the inclusion of additional simulation
22 windows, nor by modifying the value of k, since the proton transfer process is not contained
24 in £&. On the other hand, when using & the profile obtained is smooth, sampling correctly

26 the nucleophilic attack of S as well as the transfer of H?!.
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Figure 4: A) Potential energy profile obtained for the reaction of methyl thiolate with hydro-
gen peroxide using AM with & = dpi_og2 — ds_o1. The results are presented for the profile
obtained by direct calculation of the energy (black line), the work done in & by the bias
potential wg, (green line) and the total work (orange line) vs &;.

B) Potential energy profile obtained by direct calculation (black line) and by the integration
of the forces on all the atoms (orange line) for the energy profile obtained for reaction of
methyl thiolate with hydrogen peroxide obtained using NEB.

C) Contribution to Wiy of each atom is presented for the energy profile obtained for reac-
tion of methyl thiolate with hydrogen peroxide obtained using NEB. The colors correspond
to those in the inset, S, O', O% H? and H' contributions are depicted using yellow, black,
green, blue, and red lines, respectively. Because the contribution of the 4 atoms of the CH,
group is much smaller than the rest throughout the calculation, the sum was plotted as a
grey line for simplicity.

D) Potential energy profile obtained for the reaction of methyl thiolate with hydrogen perox-
ide using AM with & = 2dpi1_p2 — dg_o1 — dy2_p2. The results are presented for the profile
obtained by direct calculation of the energy (black line) and the work done in & by the bias
potential we (green line) vs &s.

E) Potential energy surface in the dy202 — dyzor , doro2 — dsor space for the reaction of
methyl thiolate with hydrogen peroxide in vacuum. Trajectory obtained with AM using &;
(pink dots), & (green triangles) and NEB (black dots).

F) Free energy profiles for the reaction of methyl thiolate with hydrogen peroxide obtained
by Umbrella Sampling using & and & vs a n%malized degree of freeom & defined in eq. 9.
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3.1.4 Analysis of reaction path conclusions.

In the three cases, the IoF scheme allowed analyzing the quality of the trajectories obtained
when selecting a degree of freedom to describe the process, and it allows improving the
degree of freedom by a simple analysis of decomposition in atomic contributions.

In the case of the reaction of C1” with CH;Cl (case 3.1.1), we contains practically all the
energy change throughout the reaction (AV ~ wg) and therefore the path obtained by AM
does not differ from the MEP obtained by NEB, being the selected degree of freedom & a
good descriptor of the trajectory.

In the case of the reaction of chorismate to prephenate (case 3.1.2), there is a minor
contribution, but not negligible, of degrees of freedom other than £ (1), which leads to the
trajectory obtained being different from the MEP, however, the energetic barrier difference
is small because the potential energy surface is very flat in the region near the state of
transition.

In the case of the reaction of CH;S™ with H,0, (case 3.1.2), the work associated with &
differs significantly from the total energy change, the trajectory obtained being very different
from the MEP and presenting a strong discontinuity. This degree of freedom can be improved

by a simple analysis of decomposition in atomic contributions.

3.2 The study of reactions in complex environments.

Analyzing the reactivity of a complex system through optimized structures is a significant
advance compared to isolated species analysis.?’ However, correctly describing transition
states and evaluating the activation energy in a complex system usually requires an ex-
haustive conformational analysis. Much work has gone into this endeavor especially when
calculating reaction mechanisms in complex systems, such as proteins.?*%? This section fo-
cuses on the methodological analysis of obtaining a single potential energy profile and does

not take into account the conformational analysis necessary for exploring relevant initial
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configurations.

To exemplify this methodology, two cases are presented, a) one in which it can be seen
that the effect of the MM environment of the reactive system does not have an appreciable
contribution through work, b) another in which the MM environment has a contribution to
the global energy by performing non-negligible work throughout the reactive process.

Two of the previously used reactions in vacuum will be used as models, but in this
case, catalyzed by proteins: 3.2.1 the interconversion of chorismate to prephenate in the
chorismate mutase of Bacillus subtilis (corresponding to the reaction in vacuum shown in
section 3.1.2) and 3.2.2 the reduction of hydrogen peroxide by the cystein methyl thyolate in
the Alkyl hydroperoxide reductase E (AhpE) of Mycobacterium tuberculosis (corresponding
to the reaction in vacuum shown in section 3.1.3). The effect of the MM environment on
the energy profiles will be evaluated by direct calculation and by decomposing contributions

using IoF.

3.2.1 The MM environment does not have a contribution to the global energy.

As a model for this case, one of the reactions in vacuum used in the previous section will be
used, but in this case, catalyzed by a protein: the conversion of chorismate to prephenate in
the chorismate mutase of Bacillus subtilis (corresponding to the reaction in vacuum shown in
section 3.1.2). This intramolecular transformation is of special interest because it is catalyzed
by the enzyme chorismate mutase, part of the biosynthetic pathway of aromatic amino acids
in bacteria, fungi and plants leading to the synthesis of tyrosine and phenylalanine.?®?

The conversion reaction of chorismate to prephenate catalyzed by the chorismate mutase
of Bacillus subtilis was used as a benchmark system. The X-ray crystal structure of the wild
type enzyme (PDB ID 1COM)®* was used as a starting point for the calculations, consistently
with previous work.2%345 The protocol used by Ramirez et al. for thermalization and

equilibration of the system was followed. 3

A simulated annealing was carried out before relaxing the system to OK. The system was
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limited to a 30A environment around the reactive zone and then the geometry was optimized
with a conjugate gradient algorithm keeping frozen MM regions further away than 10A from
the reactive zone. On the final structure, the potential energy profile was obtained by AM
using the same ¢ as in the section 3.1.2.

The obtained result is presented in Figure 5. In Figure 5A, the total variation of energy
is presented together with the discriminated contributions of QM and MM atoms by IoF
scheme (orange, light blue and pink lines respectively). In Figure 5B, the decomposition of
the energy obtained for the most relevant QM atoms is presented.

It can be seen that the energetic barrier associated to the reactive process is smaller in
the protein than in vacuum, consistently with the expected protein catalytic effect.

The QM and MM contribution decomposition shows that, in this case, the MM region
does not generate an appreciable energetic change to the system throughout the reaction via
atomic work (pink line in Figure 5A) so the effect of the protein environment in the catalytic
process is due to the substrate-protein interaction.

The differences in the activation barrier can be analyzed in terms of atomic work decom-
position from only the QM atoms:

i) The energetic barrier associated with all atoms involved in bond breakage/formation
(C(blue), C(red), C(green) and O(grey)) is smaller in the protein case (Figure 5B) com-
pared to the vacuum system (Figure 3C), and the other 2 atoms involved in the pericyclic
rearrangement (C(yellow) and C(purple)) have a negligible contribution in both cases.

ii) Finally, in the vacuum system all atoms not involved in the pericyclic rearrangement
(black line Figure 3C) generate a small energetic stabilization of the system along the reaction
(= 1 kcal mol~'A~1), but in the protein case (black dotted line in Figure 5B) the same atoms
generate a small destabilization because in this case the reactant molecule has a rigid protein
environment (as shown in Figure 5C).

It can be seen that the effect of the environment of the reactive system does not have an

appreciable contribution through work, however long-range interactions generate an signifi-
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cant reduction of the energy barrier associated with the 4 QM atoms more relevant in the
process by stabilizing the formation of the C-C bond and the breaking of the C-O bond. It
is also interesting to note that in the case of the other 20 atoms of the reactive molecule,
the small displacements throughout the reaction have a positive contribution to the global

energy of the system, which is due to the rigid protein environment.
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19 Figure 5: potential energy profile obtained for the reaction from chorismate to prephenate
20 catalyzed by chorismate mutase of Bacillus subtilis using AM with £ = de_¢ — de_o-

;; A) Total potential energy profile (orange) and contributions of QM (light blue) and MM
23 subsystems (pink).

24 B) Contribution of the atoms involved in the pericyclic rearrangement are represented in
25 yellow, green, black, blue, red and purple following the inset color representation. The
26 remaining QM atoms depicted as grey lines.

§i73 C) Respresentative conformation of the reaction site.
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31 3.2.2 The MM environment has a contribution to the global energy.

32

33 . : . . . . .
34 As a model for this case, another of the reactions in vacuum used in the previous section will
35

36 be used, but in this case, catalyzed by a protein: the reduction of hydrogen peroxide by the
37

38 cystein methyl thyolate in the Alkyl hydroperoxide reductase E (AhpE) of Mycobacterium
39

40 tuberculosis (corresponding to the reaction in vacuum shown in section 3.1.3). The molecular
41

42 basis of the reaction mechanism has been analyzed by Zeida and collaborators in aqueous
43

44 solution®® and in 1-Cys Prx AhpE from Mt.35 The initial structure used for the calculations
45

46 was the dimer of Mt AhpE in its reduced state (PDBid: 1XXU).%® The preparation and
47

48 equilibration of the system was done following the protocol presented in reference 35. The
49

50 equilibrated structure was treated in the same way as in the previous case to obtain the
51 L

57 initial structure of the reactants.

53

54 The structures of the products to perform the NEB calculation were obtained by a first
55 .. . . . . .

56 geometry optimization with a quadratic potential using £ = dp1_p2 — dg_o1 and subsequent
57

58
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optimization by removing the bias potential. The initial band was generated with these
two structures and an intermediate state similar to the transition state obtained in vacuum.
Finally, the NEB calculation was performed on the system with a spring constant of 200
keal mol~' A=2 and a convergence criterion in to NEB forces of 0.5 kcal mol~' A~! allowing
only the atoms that were less than 8A from the QM region to move.

The energetic contributions obtained by the IoF scheme are presented in Figure 6. The
total variation of energy is presented In Figure 6A, together with the discriminated contri-
butions of QM and MM atoms (orange, light blue and pink lines respectively). In this case,
it can be observed that the main energy change is produced by the QM atoms (grey line),
while the MM environment exhibits a non-negligible contribution via atomic work (pink line)
along the reaction that destabilizes the system at the onset of the reaction and stabilizes the
products state.

The decomposition of the energy obtained for the most relevant QM atoms is presented in
Figure 6B. If the atomic contributions of the QM sub-system are compared with the previous
calculation in vacuum (Figure 4C), several differences can be observed:

i) In the first place, the H? contribution (blue line) is lower in the protein case for the
stabilization of products, while the O? (green line) is negligible along the reaction, which
suggests that the process of H2-O? bond formation has a minor contribution in the protein
reaction.

ii) On the other hand, the O' contribution has a similar barrier, and S and O! have a
greater stabilization of the products in the protein case being in this way the formation of
the S-O bond more important in the stabilization of products for the protein case.

iii) Finally, the hydrogen H! in this case does not present an appreciable contribution to
the energy change at the onset of the reaction. This is due to the initial conformation of the
reactants generated by the protein environment, in which the hydrogen peroxide does not
establish the H'-S interaction (inset of Figure 4D).

In this model case, the MM environment has a contribution to the global energy by
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performing non-negligible work throughout the reactive process. This generates an increase
in the total energy of the system in the zone of the transition state and a stabilization of the
products.

The destabilizing effect in this case is strongly compensated by a significant decrease
in the work associated with the QM atoms of the system. The reaction in protein occurs
without any positive contribution to the energy by atoms S and H!'. The energy of the
transition state (Figure 6B) is &~ 6 kcal/mol less with respect to the reactant state compared
to gas phase reaction (Figure 4C). A differentiated stabilization in the state of products can
also be observed, in the vacuum system, the majority of the contribution being that of the H?
and O? atoms corresponding to the proton transfer process, while in the protein-catalyzed
reaction, that of the O! atom involved in the formation of the S-O bond and on the breaking

of the O'-O? bond are more prominent.
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Figure 6: potential energy profile obtained for the reaction of hydrogen peroxide with 1-Cys
Prx alkyl hydroperoxide reductase E from Mycobacterium tuberculosis obtained using NEB.
A) Total potential energy profile (orange) and contributions of QM (light blue) and MM
subsystems (pink).

B) Contribution of the most relevant QM atoms in the reaction being, S, O, O?, H? and H!
represented with yellow, black, green, blue and red lines, respectively. The MM region up
to 8 A with respect to any QM atom is allowed to move and the rest is frozen.

C) Representative conformation of the reaction site.
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4 Concluding remarks

The present work presents a computationally economical scheme for estimating the quality
of a reaction coordinate before using it in more expensive free energy calculations. The
simple IoF scheme allows decomposing and analyzing the potential energy profiles in chemical
reactions along a reaction path.

Although the analysis of the trajectories using potential energy profiles does not con-
template the thermal and entropic fluctuations necessary to obtain detailed kinetic and
thermodynamic information, this analysis allows generating a quick and simple analysis of
the degree of freedom used to describe the reactive process. This kind of analysis is useful in
narrow reaction tube processes, for which the PES is similar to the free energy surface and
is much more computationally efficient than schemes based on molecular dynamics.

In the case of AM calculations, it is possible to analyze the energetic change associated
with the corresponding degree of freedom used to describe the reaction progress in order to
evaluate the quality of the calculation. If the major energy change occurs in the selected
degree of freedom, the path obtained will be reasonably good in describing the reactive
process. However, if there are other degrees of freedom with significant contributions to the
energy changes, the description of the reaction path may be a flawed representation of the
process.

In the case of the energetic profiles obtained by NEB calculations, the decomposition
of the energy in atomic contributions allows evaluating the most important component to
be considered as a reaction coordinate. This method has the advantage of being far less
expensive than free energy analysis based in MD so it could be used as a first estimator of
reaction coordinate adequacy.

An important feature of the IoF scheme is that it allows decomposing the energy changes
into different contributions (atomic or associated to a degree of freedom), which are useful

for obtaining microscopic information from the calculation in a subsequent analysis of the
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trajectory obtained. The proposed procedure is able to identify which atoms are contributing
mostly to the chemical reaction and, therefore, which atoms should be involved in the selected
degree of freedom. This is helpful for refining a suboptimal reaction coordinate.

The present methodology can be extended to analyze multiple trial £ variables at no ad-
ditional cost by a unique NEB trajectory making the correct variable transformations under
translational-rotational invariance in order to compute the work associated with £. Further-
more, the degree of freedom selected to analyze the transition process could be extended to
non-spatial variables such as the charge of an atom or a subsystem to study charge transfer
of the electronic fundamental state during a reaction.

Finally, the proposed methodology may also be extended for understanding chemical
processes at a molecular level by using a similar approach of integrating the free energy

gradient along the minimum free energy path.
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