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1. Introduction

Proton solvation and transfer play an important role in many areas, such as material
science, where the motion of protons is central in hydrogen fuel cells, and in atmospheric
science, where the acidified aerosols impose health risks on people [1]. In biology, pH
gradients across lipid bilayers, formed by virtue of excess protons on one side, provide
an effective means for biochemical energy storage [2]. In many enzymes facilitating
chemical reactions, proton transfer (PT) can occur between distant active sites. This
long-range PT occurs along a series of hydrogen bonds created by intervening water
molecules or titratable protein residues and plays a crucial role in biology, for example,
in ATP synthesis [3].

Although the mechanism of PT reactions localized to the enzyme active site
is well studied, long-range PT in biological contexts remains difficult to quantify [3].
Experimental methods based on mutations and kinetic measurements can be used to
study PT pathways. However, the results can be ambiguous and difficult to interpret
due to perturbation of the protein and water molecules introduced by mutations [3]. PT
reactions are described by the Grotthuss mechanism [4]. The excess charge is transferred
not as a single proton diffusion, but through the set of proton hopping events from the
donor to the acceptor along the water chain [1].

To acquire atomistic-level information and gain insights into the mechanism of
PT across various biomolecular systems, theoretical and computational methods are
employed. The phenomenon of PT involves bond formation/breakage, which can be ac-
curately described by quantum mechanics (QM). As large biological systems are beyond
the reach of a full QM treatment, the hybrid method of quantum mechanics/molecular
mechanics (QM/MM) must be employed to decrease the computational load [5, 6]. In
this framework, only a small number of atoms are treated quantum-mechanically, while
the highly scalable molecular mechanics (MM) method accounts for the remainder of
the system. To track the dynamical evolution of the system, molecular dynamics (MD)
is used to obtain atomic trajectories from Newton’s equations of motion. A QM/MM
molecular dynamics simulation alone is insufficient, as sampling the PT is often in-
feasible on the simulation timescale. Therefore, enhanced sampling methods have to

be used. There are various enhanced sampling methods, such as replica-exchange [7],
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adaptive biasing force [8], umbrella sampling (US) [9, 10], metadynamics (MetaD) [11],
and more. MetaD has the advantage of exploring low-energy regions first and does not
require the knowledge of the "exact" reaction path [12].

The input parameters in a MetaD simulation are not optimized for the QM/MM
simulations involving PT. Therefore, the first goal of this research is to optimize the
input parameters to construct the underlying free energy surface (FES) of the PT
in a specific scenario with an optimal balance between accuracy and computational
cost. Furthermore, in the study of PT, the choice of the reaction coordinate (RC)
is not uniquely determined, and there is flexibility in selecting a particular collective
variable (CV) as a RC. Choosing an appropriate RC is challenging because long-range
PT reaction pathways are often non-unique or reform during biased MD simulations
with different waters. Therefore, in the second part of the research, a collective variable,
the modified center of excess charge (mCEC), is introduced, which serves as a RC for
long-range PT, since the exact pathway is not specified, and the proton is transferred
along the optimal path. The implementation is verified via both the US and the MetaD
enhanced sampling methods.

This thesis has the following structure. In Chapter 2, the methods used to treat
the system of interest are described in detail. This includes QM, MM, QM /MM, and
enhanced sampling methods such as US and MetaD. In Chapter 3, a brief overview of
the proton transfer in solution and in biomolecules is presented, followed by a brief
description of the biological system of interest, respiratory complex I. In Chapter 4, the
results of investigations are presented and discussed in detail with concluding remarks
in Chapter 5.



2. Computational Methods

2.1 Quantum Mechanics

Quantum mechanics (QM) is a fundamental theory that accurately describes various
types of matter and interactions at the atomic scale [13]. To describe the atomic
structure and consequently investigate its properties the solution of the Schrodinger
equation of the system is required. In QM, the state of the system is described by a
wave function of all the nuclei and electrons in the system W(Ry, -+ Ry, 11, -+, 15, 1),
where N is the number of nuclei and n the number of electrons, and ¢ is time. This
wave function is the solution of a wave equation, called the time-dependent Schrodinger

equation [13]:

0 .
ZFL%\IJ(RL e 7RN,I'1, e ,I'n,t) = H\II(Rl, e ,RN,I'l, e 7I'n,t>, (21)

where 1 = y/—1, h is the reduced Planck’s constant equal to %, and the Hamiltonian

operator is [13]:

R N Ai n n N 2 N ZAZB€2
H = — _ “ZAa4B®
2o, Zm §§A1||R ol T A R -Ra Z%nrz ol

(2.2)

The first term is the sum over the kinetic energy of all the nuclei where Py and My
are the momentum operator and the mass of the A" nucleus, respectively. The second
term is the sum over the kinetic energy of all the electrons, where p; and m; are the
momentum operator and the mass of the i*" electron, respectively. The third term
is the nucleus-electron Coulomb potential energy, where R 4, r; are the positions of
the A" nucleus and the i*" electron, respectively. Z, is the atomic number of the
A™ nucleus and e is the charge of an electron. || - || is the norm of the vector. The
remaining two terms are the nucleus-nucleus and electron-electron Coulomb potential
energy, respectively [13].

Solving the Schrodinger equation to get the wave function is a task of immense

difficulty for complex molecules and large systems. Therefore, several approximations
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are suggested. The first well-known approximation is the Born-Oppenheimer (BO)
approximation [14], based on the fact that the proton-to-electron mass ratio is approxi-
mately 1836, meaning that electrons move much faster than the nuclei. This allows
the separation of the Hamiltonian into a nuclear and an electronic part, since the
nuclear-electronic interaction potential now has only parametric dependence on R. The

expression for the electronic Hamiltonian is as follows [13]:

= Zn: _ zn: i ¢’ g: ZaZpe’ | Z
' 12mi S AD |RA _rZH A<B R4 — Rg| i<j ||rz I‘]H
=T.(R) — Von(r;R) + Vyn(R) + Ve (R), (2.3)

where R is now a fixed parameter. 1. (R) is the total electron kinetic energy operator,
V.n(r;R) is the nuclear-electron Coulomb potential operator, Viy(R) is the nuclear-
nuclear interaction potential operator, and Vee(R) is the electron-electron Coulomb
interaction operator. The importance of BO approximation comes from the fact that now
the total wave function itself can be separated into two wave functions, one electronic
®, and the other nuclear ¢,, [13]:

Q(Rl, Ce 7RN7I'17 e ,I'n,t> = (I)e(rl, Ce ,I’n;Rl, Ce 7RN)¢7L(R17 e ,RN,t). (24)

Using the electronic Hamiltonian and the electronic wave function the time-independent

electronic Schrodinger equation is defined as follows [13]:

A

7—[6<I>e(r1, e ,I'n;Rl, e ,RN) = 5BO<R17 e ,RN)(I)e(I‘l, R Rl, RN ,RN). (25)

The solution to Eq. (2.5) is the ground state electronic wave function that minimizes

the BO energy Ego [13]. The nuclear Schrodinger equation, on the other hand, is [13]:

0 ~
Zhagbn(Rl,...,RN,t) :Hngbn(Rl,...,RN,t), (26)

where the nuclear Hamiltonian is defined as follows:

. N D2

P
H, = Z oM, + &Eso(Ry, ..., Ry). (2.7)

From Egs. (2.6) and (2.7), it is evident that Ego acts as a potential energy surface that

determines the nuclear motion [13].

2.1.1 Hartree-Fock Method

The electronic Schréodinger equation is only solvable analytically for one-electron systems
such as the hydrogen atom and He™. Solving Eq. (2.5) for real systems that are made

of a considerable number of atoms can only be carried out after further approximations.
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Within the Hartree-Fock (HF) method, the Hartree product approximation [15] assumes
that electrons move independently from each other and experience the other electrons
in an average manner (mean field), neglecting correlation effects. This allows writing

the electronic wave function as the product of one-electron functions ¢ (r) [16]:

Syp(ry,...,r,) = U1(r1)e(ra) ... Yp(ry), (2.8)

where n is the number of electrons, and the parametric dependence on R is dropped
from the notation for convenience. Introducing spin states to Eq. (2.8), the wavefunction
is rewritten in terms of space-spin coordinates. Space-spin coordinates denote the three
spatial coordinates and the intrinsic spin denoted by x = (r, o) where o can be « or
g (i.e., up or down). So the Hartree product for the wave function defined on the

space-spin coordinates is:

(i)Hp(Xl, ceXn) = 01(X1)2(X2) - on(Xy). (2.9)

The caveat here is that this wave function is not antisymmetric. Antisymmetry means
that the wave function of fermions (e.g., electrons) must be equal to its negative
if the space-spin coordinates of two electrons are interchanged. To make Eq. (2.9)
antisymmetric, the Slater determinant [17] must be employed. In this case, the wave

function is written as follows:

p1(x1)  pa(x1) - pnlx1)

~ 1 |pi(x2) palx2) -+ pn(x2)

Vi S (2.10)
¥1 (Xn> 902(Xn) T @n(xn)

where the fraction before the determinant is for normalization. The electronic Hamilto-

nian can be rewritten as follows [16]:

He =" h(i)+ D001, 5) + Vaw , (2.11)
i i<j
. 1v72 ZA . N -1 .
where h(i) = —3VZ — Y == is the one-electron operator and 9(i,j) = r;;' is the
1 TiA

two electron operator in atomic units. Vi is a function of R, and here R is just a
parameter and therefore this term only shifts the energy by a constant [16]. Now the

energy can be calculated as follows:
Eur = (P|H.|D) . (2.12)

To obtain the energy Eur, the variational method is employed to minimize the energy

of the system to get the wave function that best describes the state of the system.
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Employing this method yields the following equation determining the one-electron

orbitals that minimize the energy:

hx)iloa) + X | [ dxalica) Pri | i)

J#i

_ ; [ [ axs @;(XQ)QDz'(XZ)rlzl] pi(x1) = e pilx).  (213)

Eq. (2.13) can be written in terms of operators acting on ¢;(x;). The first operator is

the Coulomb operator:

Fitxt) = [ dxa lps(xa)Priy (2.14)

and the second operator is the exchange operator:

Kj(x1)pi(x1) =

[ dxe 0 ()pilx)r | wilxa). (2.15)

Furthermore, J and K operators are combined into a new operator called the Fock

operator:

Fxi) = h(x1) + > Ji(x1) — Kj(x), (2.16)

J
transforming Eq. (2.13) into the following compact form:

A

f(x1)pi(x1) = €pi(x1). (2.17)

To solve Eq. (2.17), the orbitals can be expanded in terms of a basis set, where {x,} is

a set of orbitals centered on individual atoms (atomic orbitals):

K
@i =Y CuiXu (2.18)
pn=1

where K determines the number of basis functions used and C}; are the coeeficients

determined by energy minimization. Substituting Eq. (2.18) in Eq. (2.17) gives:
f(Xl) Z Cuixv(x1) = & Z Cuixv(x1). (2.19)

This is an operator equation which can be transformed into a matrix equation by

multiplying the equation from the left by X}, and integrating:

ZCW'/d$1XZ(X1)f(X1)Xu(X1) = Eizcyi/deXZ<X1)XV(Xl>7 (2.20)
leading to 3, F,,Cy; = €2, S, Cyi, where it can be written as:

FC = SCe. (2.21)
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This is a generalized eigenvalue equation that can be solved using linear algebra routines.
The operator matrix F depends on its solution, and that is why it has to be solved
iteratively, leading to what is called the self-consistent-field method [16].

Although the HF method is considered a breakthrough in quantum chemistry,
the neglect of the correlation effects (i.e., an electron only experiences the average field
generated by the other electrons) made the HF method unsuitable for even simple
chemical reactions [18]. To take into account correlation energy, post-HF methods [19]
are developed, with the disadvantage of being computationally expensive (scaling larger
than O(N*)) [20]. To describe PT in biomolecules, however, a more accurate approach
than HF is needed that includes electron correlation while being less demanding on
computational resources. Density functional theory (DFT) is an alternative to HF and

post-HF methods, offering a reasonable balance between accuracy and speed.

2.1.2 Density Functional Theory

DFT attempts to calculate molecular properties in terms of the density, thereby
providing a different perspective from wavefunction methods, such as Hartree-Fock
(HF). The electron density can be calculated by integrating the absolute-squared

electronic wavefunction ®.(ry,ra, ..., r,) [21]:
p(r) = n/drgdrg coodr, [®(r, T, T3, ... )] (2.22)

The very first attempt to model kinetic and exchange energy was made by Thomas,
Fermi, and Dirac, where a uniform electron gas energy density was employed, setting the
foundation for the first exchange functionals [22, 23, 24]. The electronic Hamiltonian of
n electrons is defined in Eq. (2.3). The Hamiltonian in this case is fully determined
by the number and positions of electrons, and the positions and charge of the nuclei.
Consequently, the ground-state wave function, energy, and density are obtainable [25].

In 1964, Hohenberg and Kohn [26] proved two theorems that are essential for
putting DFT on a firm basis. The first theorem states that the electron density uniquely
determines the energy functional. The second is that the energy from an approximate
density cannot be lower than the exact ground-state energy. This means that the
search for the electron density that minimizes the energy must be carried out, since
the optimal electron density does not change the energy when varied [27]. The next
breakthrough came with the introduction of the local density approximation by Kohn
and Sham [28]. They first wrote the ground state energy of an inhomogeneous gas in a

stationary potential v(r) as follows:

E= / w(r)p(r)dr + ; / / ’mdrdr' o] + v, (2.23)
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where the first term is the interaction energy between the electrons and the external
potential (for example, nuclei). The second term is the classical Coulomb interaction
potential, where the factor % prevents double counting of interactions. The third term
Ti[p] is the kinetic energy of a system made of non-interacting electrons, and FEy.[p] is
the exchange and correlation (XC) energy of an interacting system that also includes
the difference between the kinetic energy of interacting electrons and a non-interacting
one [29]. The last term accounts for important physical effects: the correction for
self-interaction energy in the second term, where an electron interacts with itself, the
Pauli exclusion principle, and the Coulomb correlation between individual electrons [30].
The form of the XC energy functional is unknown. However, by assuming that the

density is slowly varying [28], the last term can be written as the following:

Buelp] = [ p(@)exe(p(r))dr, (2.24)

where €. (p(r)) is the exchange and correlation energy per electron in a homogeneous
gas. Finally, they derived what are called the Kohn-Sham (KS) equations [28, 31]:

/
=3 o+ [ o)) = v, (229)
where the number of particles is conserved. The first term is the kinetic energy operator
of the electrons, where V? is the Laplacian operator. The second is the external potential,
the third is the repulsive Coulomb potential, and the last is the exchange-correlation
contribution to the chemical potential of a uniform gas having density p(r) [28].
Despite its success, DFT has some shortcomings. This ranges from incorrect
estimates of spin-state energetics to significant errors in energy-barrier estimates for
torsional rotation in certain cases [32]. However, a DFT drawback of concern here is
the self-interaction energy, where the electron interacts with its own density [33]. Since
1981, many attempts to solve this problem have appeared in the literature [34]. Another
important shortcoming is the failure to account for weak long-range interactions, known
as dispersion effects [32]. Nonetheless, DFT is the workhorse nowadays in chemistry,
biophysics, and materials science due to its sufficiently accurate results, despite the
approximations in the exchange-correlation energy functional, and its speed, thanks
to enhanced numerical algorithms on modern computers [21]. DFT has been used

successfully in many biomolecular studies involving proton transfer as well [35, 36, 37].

2.1.3 Basis Sets

In Eq. (2.18), the orbital is expanded in terms of a basis set where the coefficients are

determined by either the HF or DFT method to minimize the energy. The basis set is
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composed of a set of atom-centered Gaussian functions, having the form [38]:
Yi = N(@ = X)E(y — Y)!(z — Z)"e SR, (2.26)

where N is the normalization constant. The (X, Y, Z) are the coordinates of the function
center, which is usually the nucleus. The sum of £+41+m is the angular momentum, and
(i is the exponent that determines the radial extension of this function. The accuracy
of this expansion depends on the number of considered basis functions in the sum and
the exponent value ¢; [38]. x; is called a primitive function that is usually contracted

into m fixed linear combinations:

Kj=>_dijxi (2.27)
i=1
k
v => ¢K;. (2.28)
j=1

where d;; is a fixed coefficient and ¢; are determined by minimizing the energy. The
reason for contraction is simply computational efficiency, as the number of coefficients
included in the calculations is reduced to k. The basis functions are usually classified by
the number of contracted functions, as this reflects the basis set’s flexibility in capturing

different molecular environments [38].

2.1.4 Exchange-Correlation Functionals

As mentioned in Section 2.1.2, the form of the XC functional is not known. However,
approximations are suggested and categorized in the order of complexity as follows:
(1) local density approximation (LDA) where XC functional depends only on the local
density and not its spatial variation, (2) generalized-gradient approximation (GGA)
where it depends on the derivative of the density, (3) meta-GGA, where there is
dependence on the Laplacian of the density, (4) hybrid functional, that in addition
incorporates a HF exchange functional [18].

One of the most commonly used XC functionals for modeling biological systems
is BBLYP [39, 40, 41, 42], which has the following form:

By = agEYF + (1 — ag) EEPA + o, AEP®® + . EFP + (1 — a) EYWN, (2.29)

where the constants are ag = 0.2, a, = 0.72, a. = 0.81. The first term is the exchange
from HF, the second is the exchange correction from LDA, and the third term is the
exchange correction from the gradient. The fourth is the Lee-Yang-Parr correlation

functional, and the last term is the Vosko-Wilk-Nusair local correlation functional [42].
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2.1.5 Dispersion Effects

As mentioned in Section 2.1.2, one important disadvantage of DFT is the absence of
dispersion interactions. Dispersion forces are attractive interactions that arise from the
response of electrons in a specific region to the charge density fluctuations in another
region [43]. The standard XC functionals (LDA, GGA, and hybrid) do not consider
dispersion forces, as there is no account for the instantaneous changes of density, and
only consider local properties in the calculation of XC energy. A simple example of the
failure of DF'T to report the correct energy is the energy of the stacked configuration of
DNA base pairs, as the major part of this interaction is dispersion forces [43].

To overcome this issue, one simple approach is to add an energy-correction term
that reproduces the correct behavior of dispersion interaction in the gas phase. As the
dispersion interactions fall with the distance as a %6 function, the correction term takes
the following form [43]:

CAB
Edispersion = - Z T% (230)
AB TAB
C4B is the dispersion coefficient of a specific A, B atom pair. In this thesis, the D3
method developed by Grimme [44] with Becke-Johnson correction [45] is used, where
the dispersion coefficients are obtained from element-specific atomic reference data and

continuously adjusted according to local coordination numbers [44].

2.2 Molecular Mechanics

The success of QM as a fundamental theory for treating atomic and molecular systems
is hindered by the complexity of calculations and the high computational cost. Conse-
quently, QM cannot be used to study large systems such as biomolecules. Therefore,
an alternative framework characterized by high scalability and low computational cost
must be introduced to attain the simulation of large systems. This approach is called
molecular mechanics (MM), where the treatment is purely classical (Newtonian). The
theoretical justification of approximating the dynamics using classical (non-QM) con-
siderations is furnished by the Ehrenfest theorem, which is stated using the following

equation [13]:
@*(R;)
M;
dt?

where M; and R; are the mass and the position of the i*" nucleus, respectively. The

= —(Vi€so(Ry, ..., Ry)), (2.31)

bracket is the average using the nuclear wavefunction ¢,,:

() =/de---/dRm,t(Rl,...,RN,t) - ou(Ra,... Ruv,1). (2.32)
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Considering that nuclei are heavy and the temperatures are relatively high (~310 K),

the average in Eq. (2.31) can be rewritten as follows:

<vi(€BQ(R1, R ,RN)> ~ ViEBo((RQ, ceey <RN>), (233)
which allows Eq. (2.31) to be written as:
d*(R,
M; c<lt2 ) = —ViEso((R1),...,(RN)). (2.34)

The form of Eq. (2.34) resembles the form of Newton’s second law, where the right-hand
side is the force acting on the i*® nucleus. MM makes use of Eq. (2.34) to approximate
Epo with a potential function made of simple and differentiable terms called the force
field and denoted as U(Ry,...,Ry), where N is the number of nuclei [13].

The potential function U(Ry,...,Ry) in the MM scheme is called the force field,
and it is classified into 3 classes. Class I force fields are made of two main terms, named
bonded and non-bonded interaction energies. The functional form of the bonded energy

term is as follows:

Eronded = »_ Kp(b—00)> + > Ko(0—00)*+ > Kulp— o)

bonds angles improper
dihedrals

+ Y D Kya(l+cos(ng —4,)). (2.35)

dihedrals n=1

The first two terms are bond stretching/compression and angle bending, which are
modeled by harmonic potentials. For each one of them, there is an equilibrium value b
and 6y and a force constant K, and Ky, respectively. The third term is the improper
dihedral, used to account for the energetics of out-of-plane motion and to maintain
planarity of certain atom groups. It is also a harmonic function with equilibrium
out-of-plane angle ¢, and force constant K, [46]. The last term is the torsional energy,
which accounts for the rotation of dihedral angles, and due to the periodicity of this
rotation, it is modeled by a sum of cosine functions with different multiplicities n. The
choice of n depends on the functional group. For example, ethane dihedral requires
n = 3, and ethene requires n = 2. 9,, is the phase which is usually either 0° or 180° so
that different enantiomers have the same energy [46].

The non-bonded energy term is defined as follows:

12 6
(o) ()]
Tz’j rij

The first term is the Coulomb potential, which describes the electrostatic interaction

4i9;
FEron-bonded = Z 47_‘_}); + Z Eij
ij

non-bonded non-bonded
pairs 25 pairs j

between fixed point charges (partial charges) ¢; and ¢;, where 7;; is the separation
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Figure 2.1: (a) Illustration of bonded interactions in the molecular mechanics scheme. From left: the
covalent bond, the angle, the dihedral angle, and finally the improper dihedral angle. (b) Illustration

of non-bonded interactions. From left: Lennard-Jones and electrostatic interactions.

distance. The total electrostatic energy of the system is simply the sum of individual
interactions. D is the electric constant. The last term is called the Lennard-Jones
(LJ) potential, which accounts for the van der Waals interaction with a cut off Ryin i,
and a well-depth ¢;; [46]. The system’s potential energy is the sum of two terms:
U = Fyonded + Ernon-bonded- An illustration of both bonded and non-bonded interactions
between different atoms is shown in Fig. 2.1.

The long-range electrostatics pose a problem. The electrostatic potential energy
scales as O(N?), thereby increasing the computational burden of the simulation beyond
the capabilities of most modern computers. A simple cutoff, although computationally
efficient, proved to cause problems [47]. This issue can be overcome with the Ewald
summation method [48], which scales as O(N®/?). Further improvement came with
the particle mesh Ewald (PME) method [49], which uses fast Fourier transform (FFT)
techniques to calculate the reciprocal space part of the Ewald summation method, and
it achieves a scaling of O(N log V) [49, 50].

Notably, the class I force field considers only harmonic terms, neglecting higher-
order terms. In class IT and III, higher order (anharmonic) and cross terms are added to
the potential energy [46]. Furthermore, the partial charges are fixed and cannot account
for the polarization effect. There are different methods to overcome this problem. The
first being simply the use of off-center charge placement, where partial charges are
put around the nucleus as well. Other attempts, such as the fluctuating charge model,
the Drude oscillator, and the induced dipole model, aim to incorporate polarization
effects [51]. In this thesis, the fixed-charge CHARMMS36 force field is used [52, 53, 54].

From the MM scheme, the form of the potential function U(R,...,Ry) is

obtained, which can be used to study biomolecular systems of interest. However, this
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requires constructing the model system, comprising the biomolecule and its environment,
which includes water, ions, and possibly lipid membranes or carbohydrates. Furthermore,
all biological systems are dynamic. To investigate these systems, the static model must
be supplemented with dynamics that trace the time evolution of the biomolecule and

its environment.

2.3 Molecular Dynamics

Using the potential function from the molecular mechanics scheme and computing the
corresponding forces, the motion of a system of particles can be simulated. The forces
are substituted into Newton’s equations of motion, yielding the new atomic coordinates.
This is referred to as an MD simulation [55]. The output is called a trajectory, which
is essentially a set of atom positions as a function of time. This trajectory is used to
answer questions about atomic-level details that experiments cannot address [56].

Newton’s equation is a second-order differential equation:
~Vr,UR) = M;R;(t). (2.37)

where Vg, is the gradient with respect to the position of the i*" atom, M; is the mass,
and R;(t) is the acceleration of the i*" atom [55].

Several important aspects have to be taken into account before performing MD
simulations. The first is periodic boundary conditions (PBC). PBC is a computationally
efficient technique for accounting for bulk effects in reality and avoiding surface artifacts
arising from the finite size of the simulated system. This means that molecules exiting
one side appear on the other. In practice, this is realized via the minimum image
convention, where any component of the distance between two atoms is upper-bounded
by half of the cell length along that specific component [57].

The second is energy minimization. This step moves the system along the potential
energy surface to locate the global energy minimum with respect to the atomic positions,
thereby providing a reliable starting point for subsequent MD simulations. The potential
energy surface could be determined using a force field (MM) or a BO energy surface
(QM). There are various methods for this task, but the most commonly used are steepest
descent and conjugate gradient [58]. Steepest descent is a first-order derivative method

that uses the forces on the atoms to locate the nearest energy minimum [59].

2.3.1 Integrators

In MD simulations, the differential equations (see Section 2.3, Eq. (2.37)) are solved
numerically. This is achieved by transforming the differential equations into finite-

difference equations, which are then solved iteratively using an integrator algorithm [55].



14 CHAPTER 2. COMPUTATIONAL METHODS

The main requirements for an integrator are: (1) reproduce the original differential
equation when the step size approaches zero, (2) be stable and accurate for longer time
intervals, (3) be time-reversible, (4) be computationally efficient, (5) be symplectic,
meaning that it must preserve the phase space volume and conserve energy [55]. There
are many integrators, each with its own advantages and disadvantages [55]. Examples

of commonly used integrators include the leapfrog and Velocity Verlet algorithms [60].

2.3.2 Temperature & Pressure Control

Physiological processes in biological systems take place at constant temperature and
pressure. Furthermore, biochemical experiments are usually performed at constant
pressure [61]. Therefore, in MD simulations of biological systems, it is desirable to
maintain constant temperature and pressure.

For temperature control, atomic velocities are altered; for pressure control, atomic
coordinates are rescaled. To attain a constant temperature, the system is coupled to an
external heat bath. The details of the heat bath and its thermal interaction with the
system should not affect the system’s equilibrium properties. There are different ways to
achieve coupling, namely, constraints, extended systems, and stochastic methods. The
latter achieves coupling by modeling the thermal fluctuations as stochastic dynamics [62].
The Langevin thermostat [63] is a popular stochastic thermostat that produces the
correct NVT ensemble (for more details on ensembles see Section 2.5.1), i.e., the atomic
trajectories sample the canonical distribution [64].

To maintain constant pressure during an MD simulation, methods must be
employed to adjust particle motion. These methods are called barostats. There
are various barostats, such as Berendsen [65], Parrinello-Rahman [66], and Langevin
piston [67]. When both temperature and pressure are held constant, the simulation
samples the isothermal-isobaric (NPT) ensemble. Barostats must minimally disturb
Newtonian dynamics and sample the NPT ensemble [68].

MD simulations are much more efficient and scalable relative to QM calculations,
but still suffer from the shortcomings of the MM force field. Namely, charge polarization
and bond formation/breakage are missing. Therefore, to study PT in enzymes, both

the accuracy of QM and the scalability of MD are required.

2.4 Hybrid QM/MM Method

If studying chemical reactions or any change in electronic structure, such as enzyme
reaction mechanisms, electron transfer, electronic transitions, or the spin states of

a metalloprotein’s active site, is of interest, the system should be studied quantum-
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mechanically. However, DFT-based QM approaches are expensive and limited to a few
hundred atoms. This limitation is particularly problematic for the computational study
of biomolecules with thousands of atoms, making a full QM treatment impractical.
To address this problem while maintaining an accurate description of the biological
environment, the hybrid quantum mechanics/molecular mechanics (QM/MM) method
combines classical and quantum approaches within a single computational framework.
The region where chemistry occurs is treated with QM, and the rest of the system
is treated with MM [69]. The QM region must be large enough to avoid QM/MM
boundary artifacts [70].

In QM/MM simulations, there are three types of interactions: interactions within
the MM region, interactions within the QM region, and interactions between atoms of
the two regions. The latter ones are the most challenging to describe. There are two
main approaches to modeling the interaction between the two regions: the subtractive

and additive schemes. The subtractive scheme is described as follows [71]:

where the first term represents the entire system (MM+QM) modeled with molecular
mechanics. The second term corresponds to the QM region energy, and the last term is
the QM region modeled solely by molecular mechanics. This scheme is relatively easy
to implement as there is no information exchange between the QM and MM routines,
but it comes with some caveats: (1) the QM region is treated in an isolated way, which
means that the charges in the MM region does not affect the charge distribution in
the QM region, (2) the force field of the MM region must be capable of handling the
chemical changes in the QM region during the reaction process [71].

The additive scheme, on the other hand, is as follows:
VQM/MM = VMM(MM) + VQM(QM) + VQM_MM(QM+MM), (239)

where the first term is the MM region modeled by molecular mechanics, and the second
term is the QM region modeled by quantum mechanics. The last term explicitly
represents the interaction between the two regions.

In both approaches, bonded and van der Waals (Lennard-Jones) interactions are
treated similarly to those in the MM scheme, and the same force field parameters
are used in QM /MM simulations. For electrostatic interactions, more sophisticated
considerations are needed. Mechanical embedding is where the electronic wavefunction
is calculated for an isolated QM region, meaning the charges in the QM region are not
polarized due to the partial charges in the MM region. The next level of sophistication
is electrostatic embedding, in which the MM point charges are incorporated into the

QM Hamiltonian, and the electronic wavefunction calculation accounts for polarization
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Figure 2.2: A schematic representation of QM and MM regions in QM/MM simulations. A bond
crossing the QM region has to be capped by a link atom.

effects. In polarization embedding, the MM atoms are polarized, which necessitates the
use of a polarizable force field [71]. In this thesis, additive electrostatic embedding is
used as implemented in NAMD/ORCA [72, 73].

Furthermore, in QM /MM simulations, special attention is given to covalent bonds
that cross the boundary between the two regions, as cutting a covalent bond will create
an unpaired electron [71]. However, the choice of covalent bonds is usually restricted,
and one must avoid cutting through polar bonds and instead separate the MM and
QM regions through nonpolar C—C bonds [74]. To overcome this problem, an atom
(usually hydrogen) is put at a suitable position along the bond, called the "link atom".
Furthermore, the charge of an atom in the MM region, located close to a link atom,
must be rescaled (or completely ignored) to prevent strong artificial repulsion [72].
Fig. 2.2 illustrates region partitioning and link atoms in QM /MM simulations.

The hybrid QM /MM method is a powerful tool for investigating PT. However,
it often fails to capture slow PT reactions within the simulation timescales. Hence,
to study the kinetics and energetics of a specific PT pathway, enhanced sampling

techniques and free energy calculation methods are employed.

2.5 Free Energy Calculations

One objective of MD simulations is to calculate expectation values of different quantities.
This can be a feasible task for some mechanical quantities, such as pressure or internal
energy, but a difficult task for some statistical quantities, such as entropy and free energy,
as these quantities cannot be expressed as ensemble averages [10]. In MD simulations,
both the potential energy of the particles and thermal fluctuations (entropy) are present.
Free energy accounts for both, making it a useful quantity to calculate. Free energy

(F') is an interplay between the potential energy (internal energy, U) and the entropy
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(S), and is given by the following formula:
F=U-TS, (2.40)

where T is the absolute temperature.

The quantity inquired in practice is the difference between the free energies of
two states at specific conditions. The two states can be bound or unbound ligand to a
receptor, mixed or unmixed fluids, or structured or unstructured biomolecules [75]. If
two states, A and B, can be distinguished via an experimental method, the ratio of
probabilities of finding the system in each state (P4 and Pg) is calculated from the
ratio of times spent in each state. The free energy difference between the two states, A

and B is [76]:

P
AFyp=—3"ln=-2, (2.41)
) pB
where 3 = 1= with kg being the Boltzmann constant.

kT
On the other hand, the main quantity sought from simulations is the configurational

integral or the configurational partition function:

Z = /exp(—BU(x)) dx, (2.42)

where U(x) is the potential energy of the system. Many quantities can be calculated from
Z, such as heat capacity and free energy. Once free energy is known, all thermodynamic
quantities can be retrieved from the knowledge of the free energy and its derivative [77].
Nonetheless, calculating Z from MD simulations is extremely difficult.

Free energy calculations are challenging as it is strenuous to sample the less stable
state as much as the more stable one [75]. Therefore, enhanced sampling methods
have been developed to address this problem. To describe these methods, certain

fundamental concepts of statistical physics must be reviewed.

2.5.1 Phase Space, Ensemble, & Ergodicity

Phase space is the set of all (q, p) points where q are the generalized coordinates and p
are the generalized momenta. Configuration space is simply the set of all the generalized
coordinates q. Throughout this text, (x,p) is the phase space if the coordinates are
Cartesian, and consequently, the corresponding configuration space is x. Furthermore,
a microstate is defined as a point in configuration space. A macrostate is a collection of
microstates (a region in configuration space) where a probability can be assigned to
each microstate contained within [76].

The concept of an ensemble stems from the idea that many different microstates

can relate to the same macrostate. Rigorously speaking, an ensemble is "a collection of
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systems described by the same set of microscopic interactions and sharing a common
set of macroscopic properties" [78]. Examples of ensembles used in MD simulations are:
(1) NVE, where the number of particles, volume, and energy are constant, (2) NVT,
where the number of particles, volume, and temperature are constant, (3) NPT, where
the number of particles, pressure, and temperature are constant.

An important assumption in MD simulations is ergodicity. An ergodic dynamical
system is one in which ensemble averages can be obtained from long-time averages, i.e.,
the samples are taken from an infinitely long trajectory. Mathematically, ergodicity

means that the ensemble average of quantity O can be calculated in the following way:

where (x;, py) is a discrete dynamics that is ergodic [76]. Of course, M never approaches

infinity as the MD trajectories are finite, and therefore, ergodicity is an assumption.

2.5.2 Free Energy

The free energy in the canonical ensemble (NVT) is called Helmholtz free energy, and

it is defined as follows:
F=-B"'InZg=-5" ln/ e U™ dx, (2.44)
N

where ¥ is a subset of the configuration space corresponding to a macrostate [76].
If the ensemble of choice is isothermal-isobaric (NPT, the Gibbs free energy is
the corresponding quantity defined by the following formula [78]:

G=-p"'InA=—-3"In é /OO e PPV 75 AV, (2.45)
o J0

where A is the isothermal-isobaric partition function and Vj is the reference volume.
In simulations, both F' and G are often functions of what are called collective
variables (CV). The reasons for using a CV are as follows: (1) it defines a unique
pathway along the free energy landscape, which is straightforward to sample and easy
to visualize, (2) easier comparison with the experimental results, as experiments provide

a macroscopic view, and the models are designed at the molecular level [79].

2.5.3 Collective Variables

Collective variables (CV) are a lower-dimensional representation defined by differentiable
functions of 3N coordinates [76, 79]:

s =n(x) =n(x1,X2,...,XN), (2.46)
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where s denotes a CV vector. In practice, a single CV, s, is considered as a function of
many fewer arguments, 1(z(V(x), 22 (x),..., 2™ (x)). z is called a basis function and
can be a simple function, such as distance or angle, or a more complicated one like the
principal component of the covariance matrix [79].

To utilize CVs in simulations, an existing library is coupled to the simulation
package. However, if the CV intended for use is not already present in the library, it
must be introduced as a script that the simulation package reads. This comes with the
caveat that not only the functional form of the CV needs to be implemented, but also
the Jacobian matrix must be evaluated. The reason is that gradients are required for
bias-force calculations [79]. Limited timescales in MD simulations hinder sampling of
less favorable states; therefore, simulations are biased to ensure proper sampling. The
simulation is said to be biased if an extra energy term is added to the potential energy

function. The resulting potential function can be written as follows:

U(x) = U(x) + U(x), (2.47)

where U®(x) is the bias potential. For a bias potential as a function of a CV Ub(n(x)),

the biasing force is calculated as follows [76]:

AU (n(x))
dn(x)

where Vyn(x) is the Jacobian matrix. In this thesis, the Colvars module [79] coupled to

F* = V.U’ (n(x)) = Vi (x), (2.48)

NAMD simulation software [80] is used. This module requires that the Jacobian matrix
be supplemented in row-major form. For a function of the form f;(z;), the row-major
Jacobian is: {V.f1,Vafa,...}.

CVs are related to the reaction coordinate concept. RC is a coordinate that
describes the pathway of a process, such as a chemical reaction, a conformational
change, or a phase change. It can capture the reactant and product states separated by
a transition state. If both the minima and the transition state are distinguished along
the CV, it is a good candidate to serve as a RC [78]. An illustration of the concept of
CV and its role in reducing the dimensionality of free energy is shown in Fig. 2.3.

In PT studies, a simple and commonly used CV is the linear combination of

hydrogen-bonding distances (LinComb):
d:ZTi_ZTj’ (249)
i J

where the first term is the sum over all the bond lengths in the reactant state, and the
second term is the sum over all non-bonded distances in the reactant state. d works
well for linear chains with two or three intervening waters, but its use is less robust for

longer non-linear pathways [3].
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Figure 2.3: An illustration of how CV reduces the dimensionality of hypersurfaces by acting as a

plane cutting through the high-dimensional free energy surface.

To account for charge migration and water reorientation in PT, another CV
developed by Pomes and Roux [81] used the projected total dipole moment of the
protonated water wire. This CV corresponds to the projection of the center of excess
charge on the water wire axis. This CV is global, as it depends on the configuration
of all water molecules in the water wire, making it sensitive to water orientation and
susceptible to fluctuations [3]. Chakrabarti et al. [82] used a CV based on the number
of protons coordinated to the oxygen atom with bonds switched off rather than an
abrupt cutoff. This CV cannot distinguish between three hydrogen atoms bonded to an
oxygen or coming close to it due to the collision of water molecules [3].

To overcome the previous shortcomings, Konig et al. [3] proposed the modified

center of excess charge (mCEC), which has the following form:

Ny Nx Ny Ny
=2 r" = whrt =373 faldx,m) - (e = 1), (2.50)
i=1 j=1 i=1j=1

The first term is a sum over all the positions of the hydrogen atoms involved (r%), the
second term is the sum over all the heavy atoms X involved (r%7), with each having a
weight w7, representing the minimum number of hydrogen atoms coordinated to the
heavy atom X; during PT. The third term is a sum of position differences between
all the hydrogen and heavy atom pairs, representing the contribution from individual

bonds. fe(dx; m,) is a switching function defined as follows:

1
1 +exp [(d — 7o) /dsw]’

Jow(d) (2.51)

where 1, is a parameter representing the distance at which the bond is at its half-
strength. ds, parameter represents how quickly the bond strength decays to 0 (i.e.,

influences the slope). An illustration of the switching function can be seen in Fig. 2.4.
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Figure 2.4: Plot of switching function for the bonds, along its parameters, used in mCEC CV.

This CV cannot account for simultaneous protonation/deprotonation of a single
amino acid residue. In this scenario, one heavy atom accepts a proton while the other
donates a proton. The two heavy atoms are said to be paired. That is why a fourth
term is added to mCEC as follows:

6 == ZI;’I“Hi — Z)flejTXj - ééfsw(devHi) : (THi - TXj)
w
3 B m(Xa, {H)) - (" = r%) + m(Xp, {H)) - (r* = )] (2.52)

pairs

where the last term is the sum over all the pairs of paired atoms. wgﬁ is the minimum

number of hydrogen atoms coordinated to the residue containing the «, f atom pair
during the PT. m(X,{H}) is a function that encodes whether at least one proton is

coordinated to the corresponding heavy atom or not. m(X,{H?}) is defined as:

> ()™
m(X, {H}) = —

> (faldxm))”

1

(2.53)

where n is a reasonably large number [3]. Both CVs (d and &) are shown in Fig. 2.5.
One obstacle remains: vectors cannot be used in FES calculations, and a scalar &

must be defined that follows the mCEC vector from the donor to the acceptor. The

functional form of this scalar is not unique, with different suggestions in the literature [3].

In this thesis, the functional form described in the work of Kim et al. [83] is used:

) (ra —Ta)
||ra — 7all’

§=¢ (2.54)
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(a) (b)

Figure 2.5: (a) Representation of the mCEC vector. The fourth term is neglected because, in this

case, no simultaneous proton acceptance/donation occurs. (b) Representation of LinComb CV.

where the mCEC vector is projected on the normalized vector pointing from the donor
to the acceptor. The mCEC itself is also slightly modified by moving the center of the

coordinate system to the donor atom position ry:

§=§(THi_rd)—§jo(er_rd z?z);fsw dX H (r Hi_er)
o,
+2 pw m(Xo, {H}) - (r7 = r%) + m(Xp, {H}) - (r* —7)]. (2.55)

pairs

Now that the concept of CV has been discussed in detail, it is important to note
its relation to free energy. The free energy as a function of a collective variable s is
called the free energy surface (FES) and denoted as A(s). In many applications, the
FES along a path connecting two states is the quantity of interest to determine reaction
kinetics [75]. The FES, A(s), is a function of the partially integrated configurational

partition function:

A(s) = —f~'In / 3(s — n(x))r(x) dx = —F~11n p(s), (2.56)

where p(s) is called the marginal probability density, d(s — n(x)) is a multivariate Dirac

delta function [76]. v(x) is the configurational distribution and defined as follows:

v(x) =
The FES is also referred to as the potential of mean force (PMF) [76], and throughout
this thesis, both terms are used interchangeably. Moreover, as noted in Section 2.5,
calculating FES is challenging due to undersampling in high-energy regions. Therefore,

enhanced sampling techniques must be employed to achieve sufficient sampling of states.
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2.6 Umbrella Sampling

Umbrella sampling is an enhanced sampling technique in which the CV is not constrained
(fixed) but is harmonically restrained by adding an energy term that ensures sufficient
and uniform sampling along a RC. Sampling is performed in multiple simulations, called
windows, with overlapping CV distributions [84]. The unbiased distribution is written

as follows [84]:
J (s = n(x)) exp (U (x)) dx
Jexp(=pU(x)) dx

where p"(s) is the probability distribution in an unbiased simulation as a function of the

ph(s) =

(2.58)

CV, §(s — n(x)) is a multivariate Dirac delta function. U(x) is the potential energy of
the system. The bias potential to keep the CV close to the reference value in a window

is usually harmonic, having the following simple form:
Ub(s) = —(s — sV)?, (2.59)

where K is the force constant and s? is the reference value in the i*" window. Since
the simulation is biased, the distribution obtained from the simulation is biased. The

relationship between the unbiased distribution and the biased one is as follows:

pi(s) = pi(s) exp (BU} (n(x))) {exp (—BU; (n(x)))) , (2.60)

where the i subscript denotes the i*" window and p?(s) is the biased distribution.

Substituting this expression into Eq. (2.56), gives:

Ai(s) = =" Inpi(s) — U7(s) — B~ In {exp (= BU}(s))). (2.61)

The p?(s) in the first term can be approximated by a normalized histogram obtained
from the MD simulation, given the assumption that the simulation is ergodic (see
Section 2.5.1). The second term is the biasing potential. The last term is crucial when
combining windows to form the full FES, A(s) [84].

2.6.1 Weighted Histogram Analysis Method

The weighted histogram analysis method (WHAM) [85] is a way to estimate the last
term mentioned in Eq. (2.61), where in this section it is denoted as F; to simplify the
notation. The global unbiased distribution p*(s) can be calculated as a weighted sum

of the unbiased distribution in each window p(s):

k

pi(s) = 3 (;;j) pi(s), (262
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where the denominator is for normalization and k is the number of windows. a; is

defined as follows:

ai(s) = Niexp (~BU(s) + 3 F), (2.63)

where N; is the number of steps sampled in the i*" window. F; is determined by the

following equation:

exp ( /,0 s)exp (—BU!(s)) ds. (2.64)

The unbiased distribution enters Eq. (2.64) and F; enters Eq. (2.63) and consequently
Eq. (2.62). Therefore, both must be solved iteratively until convergence [84].
Although the US method has been successfully used in many studies [36, 37, 86],
its high computational cost can be a serious limitation when resources are limited.
Consequently, other enhanced sampling methods, such as metadynamics, are preferred

over US due to low computational cost.

2.7 Metadynamics

The idea behind metadynamics (MetaD) is to construct a time-dependent bias potential
using repulsive Gaussian functions deposited at the position of the CV [87]. These
Gaussian functions fill the energy minima, thus flattening the underlying FES [78]. To
motivate this idea rigorously, consider the marginal probability distribution in Eq. (2.56).

p(s) can be thought of as an ensemble average of the delta function:

p(s) = (3(s —n(x))) - (2.65)
By invoking the ergodic hypothesis, Eq. (2.65) can be written as a time average:

p(s) = lim = [ 6(s — n(x(t))) dt. (2.66)

t—oo t Jo

Next, the ¢ function is rewritten as the limiting case of a Gaussian function with its

width approaching 0:

p(s) = lim lim

t—00 0—0 a\/%t /t P M dt, (2'67)

202

where o is the standard deviation. Next, switching into the discrete sum over a specific

time step AT and assuming 7(x(0)) = s, yields:

p(s) = lim lim —— 1+Zexp

(s = m(x(kAL))
Jim lim ——— [ (2.68)
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Figure 2.6: A schematic representation of deposited Gaussian functions filling the free energy minima.

The oscillatory behavior of the resulting PMF and the risk of overflow are also shown.

where N is the number of time steps taken. Plugging the expression of p in Eq. (2.68)
into the FES in Eq. (2.56), and using small amplitude Gaussian functions, In (1 + x) ~ z,

gives:

A(s) = —kgT Ni:l exp (5 = mx(kA?)))" + const. (2.69)

= 207
This derivation can serve as a conceptual basis for constructing a bias potential as a
sum of Gaussian functions [78]. An illustration of Gaussian functions filling minima in
the free energy surface is shown in Fig. 2.6. Motivated by the above derivation, a bias

potential of the following form is written:

t/T Ncv S — x(k7)))2
Ub<s,t>:zweexp(z e = 1 CehT))) ) (2.70)
k=1

a=1 207,
where s is now written in component form (i.e., sum over number of CVs, N¢vy). The
sum is over all deposited Gaussian functions, with wg the Gaussian height (or weight)
and 7 the deposition rate [87]. Next, the biased marginal probability distribution in

the canonical ensemble is considered [88]:

e (—PA(s) + UMs)))
Jexp (=B(A(s) + Ub(s))) ds’

Eq. (2.71) shows that as the bias potential approaches the negative of A(s), the biased

p'(s)

(2.71)

distribution p® becomes a constant (i.e., a uniform distribution). This fact can serve
as a criterion for stopping the biased simulation. However, in MetaD simulations, the
PMF oscillates and does not converge. Therefore, it is not trivial to know when to stop
the biased simulation [12].

From a practical standpoint, there are three parameters whose numerical values

must be determined at the beginning of the simulation. The first one is the height of
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the Gaussian functions w¢, where the numerical value is recommended to be less than
kT [87]. This quantity at 310 K is about 0.616 kcal/mol. The second parameter is
the Gaussian width 20. For this parameter, the CV trajectory is extracted from the
unbiased run, and a normalized histogram is generated. Next, a Gaussian function
must be fitted to the distribution. After that, the width of the deposited Gaussian
functions is taken as a fraction (3 or 1) of the fitted Gaussian distribution. The last
parameter is the deposition rate of the Gaussian functions 7. The value of 7 is chosen
such that the error is minimized and the filling time is appropriate enough. The system
should be allowed to relax between depositions; therefore, plotting the autocorrelation
function in an unbiased simulation can help determine the numerical value of 7 [87].

The autocorrelation function (AC) is given by the following formula:

n—k
Z(xt — T) (24 — T)
AC(k) = H— : (2.72)
;(wt —1)?

where n is the number of samples, & is the number of steps the data has shifted (lag), =
is the sample mean, and x; is the sample value at time t.

MetaD has the advantage of pushing the system over the lowest energy barrier, al-
lowing the exploration of new reaction pathways. It explores the low-energy regions first,
unlike umbrella sampling, which forces the system in a specific direction. Nevertheless,
the method has shortcomings. For instance, the constructed bias potential oscillates
around the FES due to continuous deposition of the Gaussian functions, overfilling the
underlying FES and pushing the system to high-energy regions [12]. This is illustrated

in Fig. 2.6. To overcome this problem, well-tempered metadynamics is developed.

2.7.1 Well-Tempered Metadynamics

In well-tempered metadynamics (WTMetaD), the bias potential enhances the sampling

in a controlled manner by taking the bias potential as follows:

Ub(s) = — (1 - i) As), (2.73)

T+AT
T

and AT is the bias temperature [87]. Considering the limit, v — 1, the unbiased

where v is a positive coefficient defined as

, with T" being the absolute temperature

simulation is recovered [88]. In this case, the unbiased marginal probability distribution

is related to the biased one through the following form:

p'(s)”

) = e s

(2.74)
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Eq. (2.74) shows that as +y increases, the distribution becomes wider and the fluctuation
of CV increases. The numerical value of v is an input parameter in the simulation and
should be chosen such that the fluctuations are strong enough to overcome the energy
barrier but small enough so that the calculations are not very demanding [88]. The
bias potential in this case takes the following form:

i (NZ (80 — 7a(x(k7)))?

Ub(s,t) = ng exp 52
k=1 Oa

1
exp [—1BU,?_1(sk)]. (2.75)
a=1 ’Y -
The second exponential is a scaling factor that can be shown to decrease by a factor
of t/% [88]. This means that, with each iteration, the bias potential grows less. It can
be shown that the time evolution of the bias potential in Eq. (2.75) is given by the
following differential equation [88]:

exp (~B(A() + U(s.1)
[exp (=B(A(s) + Ul(s,1))) ds
(2.76)

where the deposited Gaussian functions are represented as G(s,s’). The differential

b
Wit~ [aes)on |- Lot 60

equation in Eq. (2.76) has an asymptotic solution as follows:

be ) — — (1 L) Afs) 4 2 1o J exp (—BA(s)) ds
U”(s,t) (1 7>A()+51gfexp(_ﬁ(A(S)Hﬂ)(ﬁf)»ds.

The last term is independent of s and therefore shifts the FES by a constant [88].
WTMetaD has the advantage of bias potential convergence. Therefore, the constructed
PMF does not oscillate around the underlying FES.

The optimal choice of parameters for metadynamics in hybrid QM /MM simulation

(2.77)

is unknown. Therefore, different parameters in both conventional and well-tempered
variants of metadynamics are tested. Furthermore, the choice of a RC is not unique,
and different reaction coordinates are investigated. The mCEC CV will be implemented
and tested, and the results will be compared with those from the LinComb CV.






3. Biochemical Background

3.1 Biological Building Blocks

Proteins, lipids, nucleic acids, and carbohydrates are the building blocks of life. Proteins
are made of 20 different amino acids (AA), which are carboxylic acids with an amino
group in the « position. Amino acids are chiral molecules, usually found in the L-form
in living organisms. At pH 7, AA are zwitterions possessing both positive and negative
charges. Amino acids are linked by peptide bonds to form polypeptides. Proteins
are polypeptides that perform biological functions. The AA sequence in protein is
called the primary structure. Secondary structures are folding patterns stabilized
by hydrogen bonds, such as the a-helix and (§-strand. Tertiary structure represents
the three-dimensional organization of the secondary structures stabilized by hydrogen
bonds, salt bridges, hydrophobic interactions, and disulfide bonds. Quaternary structure
describes the coupling of polypeptides together to form a single functional protein [89].

3.2 Respiratory Complex I

Respiratory complex I (CI) is of great interest to the bioenergetics community, as it
is the major player in creating the proton motive force across the inner membrane of
the mitochondria [90]. CI is made of a peripheral arm and a membrane domain (see
Fig. 3.1). The peripheral arm consists of two modules: the N module, where NADH
is oxidized, and the Q module, where quinone is reduced. The membrane part has
a proximal and a distal PT module [91]. CI functions by coupling the oxidation of
nicotinamide adenine dinucleotide hydride (NADH) and the subsequent reduction of
ubiquinone (Q) to proton pumping across the inner mitochondrial membrane. Electrons
are donated from NADH to flavin mononucleotide and are passed along a chain made
of seven iron-sulfur clusters to reach ubiquinone. By reduction of ubiquinone, ubiquinol
is formed, and subsequently, the released energy drives the proton pumping across
the inner membrane [90]. CI is made of 14 core subunits, where 7 of them make up

the hydrophilic domain encoded in the nuclear genome, and the other 7 make up the
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Figure 3.1: Top inset: A schematic representation of respiratory complex I. Bottom inset: a close-up
representation of the simulated systems in this thesis work. From left to right: for PT pathways in
ND5 subunit, for PT pathways in ND2 subunit, for PT pathways in E-channel.

hydrophobic domain embedded in the inner mitochondrial membrane and encoded by
the mitochondrial genome. Mitochondrial complexes have a variety of supernumerary
subunits that are not necessary for the catalysis but might have other roles [92].

There are many unanswered questions regarding how the redox energy is coupled
to proton pumping across the membrane [92]. It is accepted that antiporter-like subunits
(ND2, ND4, ND5) transport protons across the membrane [86] with some molecular
details of this transport function still missing. Therefore, conducting bioenergetic
studies of different PT pathways in CI is necessary to develop a clear mechanistic
understanding of its function.

In this thesis, different subunits of CI are used as model systems for free energy
calculations of PT reactions. The work focuses on PT reactions occurring in the ND2
and ND5 subunits and in a highly conserved region called the E-channel. The E-channel
consists mainly of glutamic acid and is hydrated in many high-resolution structures. It
connects the quinone tunnel to the membrane domain of CI, and it is hypothesized to
play a key role in CI function by coupling the redox reactions to proton pumping [36].
The QM /MM setup involving the ND2 subunit has tyrosine and lysine residues, and
the ND5 setup contains basic residues, including a histidine. E-channel setups, on the

other hand, involve acidic residues.
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Figure 3.2: A schematic illustration of PT along a water wire. (a) initial state, (b) final state.

3.3 Proton Transfer

To understand PT, it must be recognized that excess protons in bulk water exist as the
Eigen cation (HgO4"), in which the hydronium ion (H3O") is hydrogen-bonded to three
water molecules, known as the first hydration shell. Another form is the Zundel cation,
H;0,", where a proton is shared between two water molecules [93]. The first hydration
shell of the Eigen cation is characterized by strong hydrogen bonds. However, in the
second shell, where proton transfer is initiated, a normal hydrogen bond is broken,
thereby forming the Zundel cation. Further fluctuations and reorientation of water
molecules lead to complete proton migration to the neighboring water molecule, leading
to the formation of the Eigen cation again [93]. Therefore, there is no single proton
hopping, but many protons are involved to shuttle the excess proton [1]. An illustration
of PT along a water wire is shown in Fig. 3.2.

In proteins, in addition to charged AA side chains, ions are present. lons in
the proximity of a hydrogen bond can facilitate proton transfer by transferring excess
protonic charge from one group to another. This behavior is due to electrostatic
effects, in which positive charges repel one another, causing the proton to reside in
another group with a lower pK. The reverse pulling effect by opposite charges is also
valid. Furthermore, small conformational changes in proteins can modify the angular
characteristics of a hydrogen bond (i.e., the dipole moment vector), thereby altering
the protonation states of residues. This results in PT favoring the proton when the
proton affinity of one group is higher than that of the other, simply by reorienting the
geometry of the two groups involved [2]. Overall, the environment has a substantial

effect on PT in proteins, making the study of PT in this context complex.






4. Results

In this thesis, various QM /MM metadynamics parameters are tested, and the optimal
choice is applied to different PT pathways with varying amino acid compositions to
validate the parameters. Furthermore, two different reaction coordinates are investigated:
one is the linear combination of hydrogen-bonding distances (LinComb), and the other
is the modified center of excess charge (mCEC), which is implemented from scratch and
tested on various PT pathways with different amino acid compositions. A flowchart of

the thesis work is shown in Fig. 4.1.

4.1 Simulation Protocol

Simulation setups in this thesis followed the same protocol: model building and classical
equilibration are accomplished in different studies [36, 37, 86, 94], and comprise the
initial steps before any QM /MM simulation. The output data is used to perform
QM /MM energy minimization for 300 steps and an unbiased hybrid QM /MM dynamics
simulation for 1 ps. The final frame from the unbiased QM /MM simulation is used to
initiate a biased QM/MM simulation and obtain the PMF along a specific PT pathway.
The exceptions are the PT pathways in E-channel, where QM /MM energy minimization
and the unbiased QM /MM simulation are already carried out in the work of Simsive et
al. [36], and only the final frame is taken from that project to launch a biased QM/MM
simulation. In all simulations, the Verlet integration algorithm [60] with a 1 fs timestep
is used. Non-bonded interactions are calculated using the Verlet [95] cutoff scheme with
a 12 A cutoff distance, 10 A switching, and 14 A pairlist distance. In addition, a constant
temperature of 310 K is maintained by the Langevin thermostat [63]. In the NPT
simulations, the Langevin piston barostat [67] is used with an oscillation period of 100
fs and a decay constant of 50 fs to maintain the pressure at 1.01325 atm. All QM /MM
simulations are performed in the NVT ensemble, except for the E-channel simulations,
which are in the NPT ensemble. QM region is treated with DF'T, with the hybrid BSLYP
XC functional [39, 40, 41, 42] and def2-SVP basis set [96]. Furthermore, to account for
the long-range dispersion effects, DFT-D3 dispersion correction [44] is employed. The

SCF energy tolerance is set to 10 x 107 au. The electrostatic interaction between the
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Develop Optimal Input Parameters
for Metadynamics/LinComb CV

Test the Resulting Parame-
ters on Different PT Pathways

Implement mCEC CV

Test the Validity of the Script by Um-
brella Sampling and Metadynamics

Use Metadynamics/mCEC CV
to study more PT pathways

-

Figure 4.1: Workflow of the results in this thesis.

QM and MM regions is treated using the additive electrostatic embedding [72]. For
the MM region, the CHARMMS36 force field [52] is used. The QM /MM simulation
is performed by coupling the NAMD software [80], which is responsible for the MM
part of the simulation, with the ORCA software [73], which is responsible for the QM

simulation. The Colvars module [79] is used to define the CV in all simulations.

4.2 Testing Metadynamics Parameters

The first goal of this thesis is to identify the optimal input parameters for MetaD to study
PT within the QM /MM framework. This necessitates comparing the results against an
existing PMF profile generated in prior work [37, 86]. This facilitates comparison of
results across different parameter sets, ensuring that results are qualitatively matching
and are quantitatively similar.

A PT pathway in the ND2 subunit of CI (from Lys211 (K211) to Tyr225 (Y225),
see Fig. 4.2) is chosen. This pathway is investigated by Djurabekova et al. [86], using
the QM /MM umbrella sampling enhanced sampling method. The PMF profile (see
Fig. 4.2) is obtained using the US/WHAM [97] and the errors are calculated using the
bootstrapping method [98]. Analyzing the PMF profile reveals three points. First, three

minima are seen in the PMF profile, which is an important qualitative feature. Next,
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Figure 4.2: (a) PT pathway between K211 and Y225. The dotted orange line represents the selected
PT pathway. (b) The corresponding PMF profile obtained by US/WHAM [86]. The shaded area is the
standard error calculated by the bootstrapping method.

the barrier heights for the first and second minima are about 1.0 and 3.5 kcal/mol,
respectively. Finally, the energy difference between the reactant and product states is
about 8.0 kcal/mol.

The parameters have three hill weights (Gaussian height) of 0.1, 0.3, and 0.5
kcal /mol, adhering to the recommendation that the height should be less than 1 kgT
as mentioned in Section 2.7. The Colvars module refers to the Gaussian functions as
hills, and this terminology will be used here as well.

To determine the hill width, a histogram of the CV trajectory is made, and a
Gaussian function is fitted to the histogram. The results are shown in Fig. 4.3. The
width of the fitted Gaussian function is about 0.73 A, and the deposited hills are chosen
to be 0.3 A wide. However, smaller widths of 0.2 and 0.1 A are also tested. From a
practical standpoint, a grid width is defined that determines the number of discrete
states of a CV, and the width of the deposited hills is a multiple of this width. This
number has to be chosen such that it does not exceed the standard deviation of the
CV trajectory in an unbiased run. The standard deviation of the selected CV is about
0.4 A, and therefore a grid width of 0.2 A is chosen. The finer the grid, the more
computationally expensive the simulation, and the coarser the grid, the fewer details
captured. Only in the case of 0.1 A hill width, the grid width is chosen to be 0.1 A
according to the recommendations from the Colvars module [99] that the multiplier of
the grid width (which determines the hill width) should be between 1.0 and 3.0.

Next, the deposition rate is determined by plotting the autocorrelation function
(see Section 2.7) of the CV trajectory from the unbiased run and identifying the time at
which it crosses 0. The plot is shown in Fig. 4.3. At a lag time of 219 fs, the function
is 0, so a longer time must be chosen. However, the autocorrelation approaches 0 at

a lag time of approximately 100 fs. This shows that the optimal deposition rate is
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Figure 4.3: (a) Normalized histogram of the LinComb CV for PT from K211 to Y226. The fitted
Gaussian function is plotted in red with a width of 0.73 A and a mean of -3.52 A represented by
the black dashed line. (b) Autocorrelation function of the LinComb CV values along the unbiased
trajectory for the PT from K211 to Y226. The function crosses 0 at lag time 219 fs.

system-dependent and smaller values can still be valid. In any case, high deposition
rates are not feasible for QM /MM simulations due to computational cost, underscoring
that the parameter choice recommendations in Section 2.7 are not suitable here. Two
deposition rates, 10 and 50 fs, are tested, representing the optimal and the slowest
possible choices, respectively. The tested parameters are listed in Table 4.1. The
constructed system is shown in the bottom, middle panel of Fig. 3.1. The results for
each test run are shown in Appendix A.

To properly estimate the errors of PMF calculations, the block-averaging tech-
nique [100] must be applied to the uncorrelated data points in the collected PMF dataset
after the CV has become diffusive and the filling phase is complete (biased simulation
has converged). Unfortunately, the MetaD method in QM /MM simulations is limited
to short time intervals relative to classical MD simulations. In this case, sampling
the reaction coordinate many times to obtain sufficient data points (as recommended
in [87]) is often infeasible. Therefore, for conventional metadynamics, the PMF profile is
constructed by collecting all the output PMF profiles within a specific range that starts
after the completion of the filling phase and ends after the CV has diffused back once,
and calculating the average and the standard deviation using the NumPy module [101] in
Python. For the well-tempered variant of metadynamics (see Section 2.7), determining
PMF convergence within the QM /MM framework is also challenging [102]. Therefore,
the converged PMF is extracted as the final result.

4.2.1 Conventional Metadynamics

A comparison of all the results is shown in Fig. 4.4. First, comparing conventional 1, 3,
and 5, as these differ only in the hill weight (Fig. 4.4 a, see also Table 4.1). Conventional
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Table 4.1: Test simulations with their corresponding parameters set. (R) stands for replica.

Test Simulation Hill Weight Hill Width  Deposition = Simulation AT
rate Time

(keal/mol)  (A) (fs) (ps) (K)
Conventional 1 0.1 0.3 50 46.54 -
Conventional 2 0.1 0.3 10 24.62 -
Conventional 3 0.3 0.3 50 29.03 -
Conventional 4 0.3 0.3 10 8.73 -
Conventional 5 0.5 0.3 50 28.52 -
Conventional 6 0.5 0.3 10 8.74 -
Conventional 7 0.3 0.2 50 23.26 -
Conventional 8 0.3 0.1 50 16.70 -
Well-Tempered 1 0.1 0.3 50 26.95 1860
Well-Tempered 2 0.1 0.3 10 18.85 1860
Well-Tempered 3 0.3 0.3 10 14.98 1860
Well-Tempered 3 (R) 0.3 0.3 10 13.85 1860

5 with the largest hill has the largest standard deviation and differs the most from the
US PMF (Fig. 4.2). Conventional 1 and 3 are quite similar, both reporting a barrier of
about 3.0 kcal/mol and an energy difference between the reactant and product minima
of about 7.5-8.5 kcal/mol. Importantly, conventional 3 produced the result in a shorter
time, 17.5 ps faster (see Table 4.1). Next, conventional 3, 7, and 8 are compared as these
only differ by the hill width, having the same 0.3 kcal/mol hill height (Fig. 4.4 b, see
also Table 4.1). The results show that as the width decreases, the PMF profile becomes
less smooth and the barriers diminish (the PMF profile becomes flatter). Smaller hill
widths yield stronger biasing forces, causing the minimum to be undersampled and the
barriers to be underestimated. In this case, although conventional 7 and 8 are faster,
conventional 3 yields the best accuracy. Now comparing conventional 2, 4, and 6 as the
only difference is the hill height, while having a 10 fs deposition rate (Fig. 4.4 ¢, see
also Table 4.1). At this deposition rate, conventional 6 exhibits a very large standard
deviation. Conventional 2 and 4 yield similar results for standard deviation and barrier
size. Conventional 4 is consequently superior in this case, as it yields results faster
(see Table 4.1). Finally, comparing conventional 3 and 4, as these are the best so
far, and only differ in deposition rate (Fig. 4.4 d, see also Table 4.1). The results are
similar, and conventional 3 has a smaller standard deviation. However, conventional 4
consumes fewer computational resources, making this parameter set favorable. So far,

the conventional 4 parameters are the most accurate and fastest.
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Figure 4.4: Comparison of all the test runs results. The PMF profile is obtained by averaging the

PMF, and the shaded area represents the standard deviation. (a) conventional 1 (blue), 3 (green),

and 5 (purple), (b) Comparison of the PMF generated from 3 test runs: conventional 3 (green), 7

(yellow), and 8 (red), (c) conventional 2 (cyan), 4 (purple), and 6 (olive), (d) conventional 3 (green)
and 4 (purple), (e) well-tempered 1 (blue), 2 (green), 3 (red), and a replica of 3 (3(R), orange), (f)

comparison of well-tempered 3 replica (orange) and conventional 4 (magenta). The setup parameters

are listed in Table 4.1.
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4.2.2 Well-Tempered Metadynamics

The next step is to test parameters using WTMetaD, an attractive choice for conducting
PMF investigations due to its convergence properties (see Section 2.7). Three sets of
parameters are also tested with WTMetaD. The results are shown in Fig. 4.4 e.f. Based
on the results, the PMF profile closest to the US one (see Fig. 4.2) is obtained from
the well-tempered 2 and 3(R) parameter sets, with 3(R) being faster (see Table 4.1).
In well-tempered 3, where the parameter set is the same as conventional 4 (besides
bias temperature, of course), the minimum has shifted, and the underlying PMF profile
is quite different. The reason is that a water molecule between Y225 and Y157 (see
Fig. 4.2) has rotated, and the PT pathway is reformed using the other O—H bond
of the water that is not part of the CV. This led to a substantially different PMF
profile, which otherwise should have been similar to well-tempered 2, as the only
difference is the hill height, which should not change the results to this degree. This
illustrates the shortcomings of the LinComb CV, which can be problematic in highly
dynamic PT pathways. As a result, another replica of the well-tempered 3 parameters
is relaunched from the same coordinates, with the only difference being the seed number
(Fig. 4.4 e, orange line). In this case, the results are comparable both quantitatively
and qualitatively to those of well-tempered 2 and conventional 4, with the added benefit
of being less computationally expensive than well-tempered 2 and exhibiting better
convergence properties than conventional 4.

Since the optimal parameters for a WTMetaD simulation to study PT have been
identified, another system is chosen to test their validity. This time, two PT pathways
in the ND5 subunit are analyzed (see Fig. 3.1, bottom panel, left system), where the
majority of the amino acids involved are basic residues. These PT pathways are part
of the Endres et al. study [94], and the convergence of PMF profiles is shown in
Appendix B. The same parameters as well-tempered 3 (Table 4.1) are chosen, with the
difference being the higher AT of 4808 K. The PT pathways and the corresponding
PMEF profiles are shown in Fig. 4.5. For the K305 to K342 pathway, the trajectory is 30
ps long, and the barrier is approximately 12 kcal/mol, with PT being favorable. The
product state is about 4 kcal/mol lower in energy. For PT between K229 and H254,
the simulation is 20 ps long, and the energy barrier is 12 kecal/mol, but the product
state is about 4 kcal/mol higher in energy.

So far, the optimal parameters for biased hybrid QM/MM simulations with both
the conventional and well-tempered metadynamics have been identified. Furthermore,
the WTMetaD parameters have been tested in other PT pathways. These parameters
enable accurate and efficient investigation of PT energetics. However, the results depend

on the choice of a reaction coordinate. In the following section, a new RC is investigated.
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Figure 4.5: (a) PT pathway between K305 and K342 in the ND5 subunit. (b) PT pathway between
K229 and H254 in the ND5 subunit. Orange dotted lines represent the selected PT pathway.

4.3 Modified Center of Excess Charge

The LinComb CV suffers from two shortcomings: (1) the PT pathway has to be strictly
decided before biasing the RC, which can pose a challenge in highly hydrated regions
where there could be multiple possible pathways for the PT, (2) during biasing, the PT
pathway could be unstable, and certain water molecules might undergo rotations where
the PT pathway is reformed by the other O—H covalent bond of the water that is not
selected initially. To circumvent these difficulties, mCEC CV (see Section 2.5.3) is used
to study long-range PT pathways, where these issues are more recurring. However,
as this RC is not implemented in the current release of the Colvars module (2025-04-
30) [79], it has been implemented in the framework of this thesis. The first step is to
derive the analytical expression for the derivative of mCEC CV with respect to (z,y, z),
which is given in Appendix C. The next step is to implement mCEC CV in a TCL
script and test it to ensure it functions as expected. The TCL script can be found in
https://github.com/TorabiM98/Center-of-Excess-Charge-CV.

To test the mCEC CV, the same PT pathway in the ND2 subunit of CI is
chosen (see Section 4.2), and two scenarios are considered. In the first, the same
water molecules as in Section 4.2 are selected, and in the second, three extra water
molecules in the proximity are also added to the CV (see Fig. 4.6, top panel). For

each, two bias simulations are performed, one using US and the other using WTMetaD.
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Figure 4.6: PMF profile of the PT between K211 and Y225 using mCEC as a reaction coordinate with
(a) only water molecules making the pathway are included in the reaction coordinate, (b) surrounding
water molecules from the QM region are added to the reaction coordinate. Blue curves represent
profiles obtained using the US/WHAM technique, with the shaded area representing the standard
error estimated by bootstrapping. Red curves are obtained by WTMetaD.

For the WTMetaD case, the same parameters as in well-tempered 3 are used (see
Table 4.1) with a trajectory length of 15 ps. In US simulations, 60 windows are used.
A harmonic potential with a force constant of 50 kcal/mol/A? is employed in each
window to restrain the CV near the reference CV value in that window. Each window
is simulated for 4 ps, and the last 2 ps are used to calculate the PMF using the WHAM
method. The errors are calculated using a bootstrapping procedure with a correlation
time of 50 fs and 1000 Monte Carlo trials. Larger correlation times can lower the
number of data points, and the results often does not converge. The results are shown
in Fig. 4.6. For US window distributions and metadynamics PMF convergence see
Appendix D. Comparing the PMF in Fig. 4.6, bottom left panel, to the PMF in Fig. 4.2,
it shows that both US/mCEC (blue curve) and WT'MetaD/mCEC (red curve) match
the US/LinComb qualitatively. All the results exhibit three minima in the PMF profile.
US/mCEC has a higher barrier of about 5 kcal/mol than the PMF from US/LinComb
(see Fig. 4.2) and a lower PMF difference between the reactant and product states
of about 6 kcal/mol. However, using WTMetaD/mCEC yields a barrier comparable
to that of US/mCEC and energetics comparable to those of US/LinComb shown in
Fig. 4.2. This highlights that, when using mCEC CV as the reaction coordinate, both
enhanced sampling methods yield similar barriers, whereas only WTMetaD yields the

more favorable energetics. Including additional water molecules in the QM region (see
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Figure 4.7: Top panel: (a) PT from ASP66 to GLU34, (b) PT from E202 to E192. The water
molecules linked by the orange dotted lines are used as part of the LinComb CV, while the surrounding
water molecules are only involved in the mCEC CV. Middle panel: the PMF profiles corresponding to
the top panel, obtained using the umbrella sampling and LinComb CV. The results are adapted from
Simsive et al. [36]. Bottom panel: the PMF profiles corresponding to the top panel, obtained using the
well-tempered metadynamics and mCEC CV.

Fig. 4.6, right side) has further changed both the energy barriers and the energetics.
The barriers are slightly higher, and the product state is comparatively less favorable.
However, the same pattern is observed: WTMetaD yields more favorable energetics
than US, which can be attributed to the absence of an exact, predetermined path in
the biased QM /MM simulation, allowing the exploration of low-energy regions first.
The results show that without an exact path to bias the CV, the system identifies a
more appropriate path in the free energy landscape. This can drive the PT energetics
into a more favorable direction.

Furthermore, to ensure the validity of the mCEC script and the WTMetaD
parameters set, two extra PT pathways are explored. These pathways are located in

the E channel of CI (see Fig. 3.1, bottom panel, right system), where the region is quite
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hydrated, and the participating residues are acidic. These are previously investigated
by Simsive et al. [36] using a LinComb CV and US enhanced sampling method. The
PT pathways and the corresponding PMF profiles are shown in Fig. 4.7, top, and the
middle panels, respectively. These pathways are re-investigated using mCEC CV with
the WTMetaD method. The biased QM/MM simulation had the same parameters
as well-tempered 3 (see Section 4.2) with a bias temperature equal to 4800 K. The
results are shown in Fig. 4.7, bottom panel. The WTMetaD/mCEC simulation for
the D66 and E34 PT pathway is 18.25 ps long and exhibits a barrier height similar to
the US/LinComb, with the major difference that both the reactant and product states
have the same PMF value, in contrast to previous results showing that the product
state is unfavorable. For E202 to E192 PT, the simulation is 17.15 ps long, and the
barrier obtained by mCEC is slightly higher, about 6.0 kcal/mol. However, the PMF
difference between the reactant and product states is about 12.0 kcal/mol, indicating
that the product state is favored. This result improved the energetics compared to the
US/LinComb CV (see Fig. 4.7), where the product state is unfavorable by about 2
kcal/mol, due to both changing the RC to mCEC, where extra water molecules could be
included in the RC and changing the enhanced sampling method to WTMetaD where
the system goes over the smallest PMF barrier during the biased QM /MM simulation.
In addition, a local minimum in the center is more pronounced with a small barrier of
about 3 kcal/mol.

In summary, adding extra water molecules can improve the energetics of PT
reactions in a particular PMF profile. The newly implemented reaction coordinate
(mCEC) has been shown to be a powerful reaction coordinate in both QM /MM umbrella
sampling and metadynamics enhanced sampling methods, and is more universal and
reliable for longer pathways.

Moreover, running all the simulations mentioned above has shown that MetaD is
at least one order of magnitude faster than US in CPU time for the same setup. This
means that employing MetaD for PT investigations constitutes a more appropriate

choice, especially if computational resources are limited.






5. Conclusions

Proton transfer (PT) is a complex chemical process that is challenging to track ex-
perimentally due to its fast nature and lack of direct measurements. In addition, the
complexity of side-chain dynamics makes PT reactions in proteins difficult to explore.
At the same time, computational methods provide important atomistic insights into
PT reactions and enable us to track their dynamics, thereby enhancing the value of
the experimental data. Specifically, hybrid quantum mechanics/molecular mechanics
(QM/MM) free energy calculations provide valuable insights by tracking the energetics
of individual proton pathways. However, the parameters for these methods are not
well-defined, where the choice of free energy method, the values of the imposed bias, and
the selection of a reaction coordinate remain ambiguous when exploring PT reactions.
A powerful enhanced sampling method is metadynamics, which, unlike other
methods, such as umbrella sampling, can substantially reduce the computational time
required to investigate a particular PT pathway. In addition, given the nature of
applied bias (Gaussian functions deposited at the immediate position of the collective
variable), the system can explore additional low-energy regions that remain unsampled
in the umbrella sampling simulations. However, the optimal input parameters for
PT reactions within the QM /MM framework remain challenging to identify. In this
thesis, different values of the Gaussian height, width, and deposition rate have been
tested and compared with the umbrella sampling method to assess energy barriers and
thermodynamic differences. Based on this research, the optimal parameters for both
conventional and well-tempered metadynamics have been determined. The results are
in good agreement with previous studies that used other enhanced sampling methods.
Furthermore, to study the dependence of the free energy profiles on the chosen
reaction coordinate (RC), the modified center of excess charge (mCEC) collective
variable (CV) has been implemented in the Colvars module. Testing it along various
PT pathways, it has been shown that using the mCEC CV as the RC can lower energy
barriers and yield more favorable PT energetics, leading to more reliable outcomes.
Overall, using the well-tempered metadynamics enhanced sampling method with
mCEC CV can streamline the study of PT reactions by providing an efficient and

accurate means of determining the PMF profile relevant to a particular PT pathway.
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Appendix A. Parameter Testing Results
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Figure A.1: (a) The linear combination CV trajectory during the biased simulation using the
conventional-1 parameters. The red vertical dashed lines (at 27590 and 46540 fs) represent the limits
for the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-1 parameters. A total of 1897 PMF profiles were used to calculate the average (blue

curve) and standard deviation (shaded light blue area).
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Figure A.2: (a) The linear combination CV trajectory during the biased simulation using the
conventional-2 parameters. The red dashed vertical lines (at 11610 and 24620 fs) mark the limits
of the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-2 parameters. A total of 1302 PMF profiles were used to calculate the average (blue

curve) and standard deviation (shaded light blue area).
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Figure A.3: (a) The linear combination CV trajectory during the biased simulation using the
conventional-3 parameters. The red dashed vertical lines (at 17440 and 29030 fs) mark the limits
of the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-3 parameters. A total of 1160 PMF profiles were used to calculate the average (blue

curve) and standard deviation (shaded light blue area).
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Figure A.4: (a) The linear combination CV trajectory during the biased simulation using the
conventional-4 parameters. The red dashed vertical lines (at 2940 and 8730 fs) mark the limits of
the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-4 parameters. A total of 580 PMF profiles were used to calculate the average (blue curve)

and standard deviation (shaded light blue area).
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Figure A.5: (a) The linear combination CV trajectory during the biased simulation using the
conventional-5 parameters. The red dashed vertical lines (at 14530 and 28520 fs) mark the limits
of the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-5 parameters. A total of 1258 PMF profiles were used to calculate the average (blue

curve) and standard deviation (shaded light blue area).
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Figure A.6: (a) The linear combination CV trajectory during the biased simulation using the

conventional-6 parameters. The red dashed vertical lines (at 2950 and 8740 fs) mark the limits of
the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the

conventional-6 parameters. A total of 580 PMF profiles were used to calculate the average (blue curve)

and standard deviation (shaded light blue area).
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Figure A.7: (a) The linear combination CV trajectory during the biased simulation using the
conventional-7 parameters. The red dashed vertical lines (at 13060 and 23260 fs) mark the limits
of the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-7 parameters. A total of 1022 PMF profiles were used to calculate the average (blue

curve) and standard deviation (shaded light blue area).
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Figure A.8: (a) The linear combination CV trajectory during the biased simulation using the
conventional-8 parameters. The red dashed vertical lines (at 7260 and 16700 fs) mark the limits
of the PMF calculation. (b) The resulting PMF profile for PT between K211 and Y225 using the
conventional-8 parameters. A total of 945 PMF profiles were used to calculate the average (blue curve)

and standard deviation (shaded light blue area).



69

=4
>3
< — 21.45 ps
-é) — 2245 ps \ ;‘/
:2 — 23.45 ps
— 2445 ps \
E ]- — 25.45 ps \ /
— 26.45 ps 4
0 Q
—4 —2 0 2 4

CV (A)

Figure A.9: The plot of convergence for the PMF profiles using the well-tempered 1 parameters.
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Figure A.10: The plot of convergence for the PMF profiles using the well-tempered 2 parameters.
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Figure A.11: The plot of convergence for the PMF profiles using the well-tempered 3 parameters.
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Appendix B. ND5 PMF Convergence Plots
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Figure B.1: The convergence plot for the PMF profiles of K305 to K342.
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Figure B.2: The convergence plot for the PMF profiles of K305 to K342.
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Appendix C. Derivative of mCEC (Jacobian Matrix)

fog. \TamTa)
||ra_rdH
:(g 5 f) (xa_xd7ya_ydyza_zd)

(% = 20)° + (Yo — v2)* + (20 — 2)°]/2
— §o(q — 2q) + &(Ya — Ya) + &(20 — 2a)
(20 = 2a)? + (Ya — Ya)? + (2a — 24)*]}/?

&o = (i — x4) ng xj—xg) =y > fdy) - (2 — )

i i G

+ 2 pw m(Xa, {H}) = m(Xg, {H})] - (5 — a)

pairs

&= (Yi — va) — ij(yj —ya) — > > fdy) - (i —yj)

i L

+ Z palr XOM {H}) (Xﬂ7 {H})] ’ (yﬂ - ya)

pairs

& => (2 —z) ij za) =Y > fldig) - (zi — )

i i g

+2 pw m(Xa, {H}) = m(Xg, {H})] - (25 = 2a)

pairs

Derivative with respect to z:

0 0
afﬁkg 83719 dad [ga:( Lo — :L'd) + gy(ya - yd) + gz(za - Zd)]
1

+ I@d 8fL’k [fx( Lq xd) + éy(ya - yd) + fz(za _ Zd)]

(C.2)

(C.5)

Where d,4 is the Euclidean norm between the acceptor and donor atom positions. &

is the index that goes through all the atoms involved in the collective variable, i.e.

kZO, 7(Natoms_1)'

Now, there are two derivatives to solve. The first one:
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01 -1 1
axk dad B 2 [(xa - xd)Q + (ya - yd)2 + (Za - Zd)2]3/2
0 0 0
2[(wa — xd)a k( —Tq) + (Yo — yd)aixk(ya —Ya) + (2a — Zd)aTjk(Za — 2q)]
-1 0
= (@020t (e — )P 1 (oo~ e (e ™ ) (2a =)l (C.6)
Where:
1 k=a
D amz) =11 k=
axk Tq Tg) = § — =
0 otherwise
The second one:
[53:( Lo — 24)+Ey(Ya — Ya) + &:(2a — 2a)] =
(%k
0 0 0
87%590(% —xq) + 87:;653’(% — Ya) + aT;kfz(Za Zd)
0 0
= 07:(7;@& (xa - xd) + & e (xa - xd)"’
0 0
B & Yo —va) + &y - B (Ya — Ya)+
0 0
axkfz (Za - Zd) +&. (‘Tftk(za - d)
0 0
= 87:@596 (g — xq) + & - B (g — xq)+
0 (=) + b (20 — 2) (©7)
aZL'k y Y Yd 81% z " \Za Zd
Now there are 3 derivatives to figure out:
0 8
Drr = 2 gy (i ) Zw] D i~ )
0
- Z )+ (wi = z5) + f(dij) - 87(%—%'))
k

i Jﬁéz

+ Y ( imm, () = (X, {HY)] - (2 = )

pairs

+ (X {HY) = m(Xa, {HY)] - 5 - m) ©s)

Where:
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1 k=1
i(x — ) — 1 k=d
8xk ! 4= N o
0 otherwise
1 k=7j,k#d
0 )
(‘37:;6(%_%): -1 k=dk#j
0 otherwise
1 k=p
0
GTck(q:ﬂ_ma): -1 k=«
0 otherwise
0 0 dij—B dij—B d;-B 1 O
— )= —11 R | —2 ———d;; .
G ) = 5[ )T = L R Ly ()
where:
9., _ 90 2 2 21172
Dy = axk[(xl zy) + (ys y]) + (2 Z]) ]
1 B 0
= 5[(% — 3"+ (i — )" + (2 — )] 72 (i — ) - @(xi — ;)]
1 0
— (N (e — 1
o) () (€10
where:
1 k=1
0
aTCk@i—xj): -1 k=
0 otherwise
Now, checking the other derivative:
n+1
5 5 2 (faldxm))
—m(X, {H}) = : mn
Oz Ot 37 (fowldxn)
0 n+1 1
= 5. fsw(dX,Hi) : n
8xk,’ i ( ) Z (fsw(dX,Hi)>
n+1 8 1
+Z fsw(dX,Hi) n (C]-]-)
i ( ) 8Ik Z (fsw(dX,Hi))
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Where:
8ik i (fsw(dX,Hi))TH_l = (n -+ 1) ; ((fsw(dX,H¢)>n : ;;ﬁfsw(dX,HJ) (C12)
and
) ) —1- (n) Z (fsw(dX,Hi)>n_1aifSW(dXvHi)
0 _ i ]; (C.13)
D> (fawldx.n) (Z ( fsw(dX,Hi))n>

so for %m(X, {H}):

> (fsw(dX,Hi)y%fsw(dX,Hi)

0 -
—m(X,{H}) =(n+1) - "
o, MG AHY) =(n + 1) 5 (foldon)
> (fsvv(dX,Hi))n+1 2 (fsw(dX,Hi))n1£€fsw(dX,Hi)
—(n)- i i
(Z (fsw(dX,Hi))n>
(C.14)

Now, going back to the previous terms:

=00 ;j%i(aif(dm) (= 05)+ ) 5= 1)
wsgliﬁr 0 0
+ Z 9 ([aka(XOm {H}) - aika(Xﬁ» {H})] : (yﬁ - ya)

+ [m(Xa, {H}) —m(Xg, {H})] - aik(yﬁ - ya))

=-> > ;Zkf(dij) (yi — vj)

i g
wpaie (0 4
by M ([akam, (H}) = 5 m(Xs, {H )] - (42— ya>> (C.15)
and
0 0
oa S = X /) )

woh [ 0 )
+> ([aka(Xaa {H}) - a—ka(Xg, {H})] (25 — za)) (C.16)

pairs 2
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Next is the derivative with respect to y:

0 0
Giykg 8yk dad [gcc( Lq, xd) + gy(ya - yd) + £z<za - Zd)]
b g lele = ) G- )+ G m)] (CAT)
ad Yk

There are two derivatives to solve:
The first one:

01 !
Oyy, dyq 2 [(xa — 2a)? + (Yo — Ya)? + (24 — 2a)?]?/?

2t = 20) 5~ = ) + o = 00500 = 9) + o = 25— )]

—1 0

T [@a — 202 + (Yo — y2)2 + (20 — 2) P2 (Yo — Ya)5— (Yo — ya)]  (C.18)

Where:

1 k=a
0

@(ya_yd): -1 k=d

0 otherwise

The second one:

[51’( CCd)—i_gy(ya - yd) + é.z(za - Zd)] -

Oy,
0 0 0
(‘Ty;ﬁx(% xd) + T%fy(ya - yd) + T%ﬁz(za Zd)
0 0
= 87%5 (g — xq) + & - I —(zq — q)
b (= ) & (v — )
ayk vy Ya Yd Yy ayk Ya, Yd
0 0
+ aiyké.z : (Za - Zd) + gz ayk; (Za - d)
0 0
—aiykfzv'(xa_xd)‘i‘aiykfy'(ya—yd)

0
+ &y Tm(ya —ya) + =& - (20 — 24) (C.19)

We have 3 derivatives to figure out:
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0 0 0
87yk§y = z;aiyk(yz — Ya) — ij%(yj — Yd)

- Zz; (= 15) + 1) (0= )
palr 0 0
+ Z 9 ( @m(XOm {H}) - @m(Xﬁ> {H})] ’ (yﬁ - ya)
(X {HY) = m(Xa (HY)] (o ya>) (C.20)
Where:
1 k=1
aayk(yz'—yd): -1 k=d

0 otherwise

1 k=jk#d

D mu) =1 k—dk 4
By, Wi~ Ya) == =d,k#j
0 otherwise
1 k=p
0 otherwise

and for %m(X, {H}):

Z (fsw(dX,Hi)>na(ZkaW(dX7Hi)

0 -
X, {H n+1). = -
5omlX {H) =(n-+ 1) S (i)
3 (faldxn)) ™+ 2 ()™ 5 ol
—(n)- - i —
(X (flaxn)’)
(C.21)
0 0 1) 401 o S S
T%f(dij):a—%[1+e ] —1[l+e 7 % Aaykd” (C.22)
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where:
0 0
T%dij B 87%[(1’1' — 3"+ (i — )" + (2 — )
1 B 0
= 5[(% — )+ (i —y)* + (2 — 2)°) 220y — ) - 8—(% —v5)]
Yk
1 0
= df(yz - yj) ) 873/;{(% - yj) (C-23)
ij
where:
1 k=1
i( R ) — 1 k=3
0 otherwise

Now, going back to the previous terms:

ZZ (i — )

( JJ#@
sai 0 X, {H 0 Xg, {H C.24
+pZ i@m( ar{ })_T%m( 5, {H})] - (25 — o) (C.24)
and
8
ZZ (2 — %)
i JJ#
+ Saﬁ 9 m(X {H})—i (Xg, {H})] - (25 — 2a) (C.25)
o~ 9 y as ayk m B zZB Za .

Now derivative with respect to the z component:

9 o 1
azk azk ad [,51( T xd) T fy(ya o yd) + £z<2a - Zd)]
1
T a—zk[&(% = 2a) + &(Ya — Ya) + &(20 — 2a)] (C.26)

Now, there are two derivatives to solve. The first one:

0 1 -1 1

Ozndag 2 [(Ta — 20)? + Yo — ya)? + (20 — 20)22/2

2 — ) (= 76) + o = 00) 50— ) + (20 = ) 320 = 20)
-1 0

— (2o — 24)2 + (Yo — Ya)? + (20 — 24)2]3/2 (za — Zd>8izk<za —zq)]  (C.27)
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Where:

1 k=a
i(z —2zq) =14 —1 k=d
8Zk a d) — \— =

0 otherwise

The second one:

0
g[fx(% — 2a)+&y (Yo — Ya) + (20 — 22)] =
%
0 0 0
(.Tzkﬁx(% —x4) + (.Tzkﬁy(ya — ya) + 87%&(2“ — Zq)
0 0
= aizkénx (Tq —1q) + & - aizk(% —xq)+

0
Tzkgy ) (ya - yd) + gy : @(y“ - yd)"‘

0 0
872%62 : (Za - Zd) + gz : aizk(za - Zd)
0 0
= ajké:x (T — Ta) + 87,6&"’ - (Yo — Ya)+
0
aizkfz (2a — 2a) + & - 37216(2@ — Zq) (C.28)

Now there are 3 derivatives to figure out:

15) 0 0
07,6& = ZZ: 87k<zi — 2q) — ;wj(%k% — zg4)

=X X () (i = 2) + ) 5 (i — )

i g,jF

wgfr 0 0
+ 5 ([azkm(X“’ {H}) — ajkm(Xm {H})] - (25 — 2a)

(X {H) = (X, (D] 5 (23— za>) (C29)
Where:
1 k=1
£k(zi—zd)= -1 k=d

0 otherwise
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1 k=4 k#d

a—%(zj—zd)z —1  k=dk#j
0 otherwise
1 k=7
0
TQC(ZB_ZQ): —1 k=«
0 otherwise

and for ;Z-m(X, {H}) we will have:

> (fsw(dX,Hi)yigfsw(dX,Hi)

0 ;
—m(X, {H})=(n+1) - B
5om(X,AH)) =0 + 1) S (i)
n n— a
3 (Fenlim)) ™ 3 (Fewl )" 5 Fowld )
_ (n) . 1 K3 - 5
(Z (fsw(dX,Hi>) )
(C.30)
0 0 d;;—B d;;—B ;-8B 1 O
a—Zkf(dij) = a—Zk[l e |Tt=—1[1+e 7 ]2 Z@izkdij (C.31)
where:
0 0
aizkdij - 072’;,3[(‘%1 — 2+ (i — )+ (2 — Z])2]1/2
1 0
= gl )2 + (i — 95)° + (2 — 2)*)722[(z = 2) - T%(zz %)]
1 0
= d—w(zl 2;) - a—zk(zl 2;) (C.32)
where:
1 k=1
(fzk(zi—zj): -1 k=3
0 otherwise

Now, going back to the previous terms:
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8
R o
f;fr 0 B
+ 2 ( 5 m(Xa, {H}) — afzkm(Xﬁ,{H})] (2 —xa)> (C.33)
and
Le=- 5 ) w)
( ]]752

Sai 0 o
+ ( m(Xa, {H}) — Tzkm(Xﬁ, {H})] - (ys — ya)) (C.34)

pairs 2



Appendix D. ND2/mCEC Results
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Figure D.1: The convergence plot for the PMF profiles of K211 to Y226. (a) No additional water
molecules included. (b) Additional water molecules included.
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Figure D.2: The counts of the value of mCEC CV in all the simulated windows. (a) No additional

water molecules included. (b) Additional water molecules included.



Appendix E. E-channel PMF Convergence Plots
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Figure E.1: (a) PMF convergence of D66 to E34 proton transfer pathway. (b) PMF convergence of

E202 to E192.
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