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Atomistic models provide a detailed representation of molecular systems, but
are sometimes inadequate for simulations of large systems over long timescales.
Coarse-grained models enable accelerated simulations by reducing the number
of degrees of freedom, at the cost of reduced accuracy. New optimisation pro-
cesses to parameterise these models could improve their quality and range of ap-
plicability. We present an automated approach for the optimisation of the SIRAH
coarse-grained protein force field. A full optimisation of the SIRAH water model
was performed using ForceBalance, based on experimental water properties. We
implemented hydration free energy gradients as a new target for force field op-
timisation and applied it successfully to optimise the uncharged side-chains and
the protein backbone. We managed to closely reproduce hydration free energies
of atomistic models and improve agreement with experiment. An attempt was
made for the optimisation of charged coarse-grained protein side-chains. Hydra-
tion free energies were improved, but at the expense of an over-fitted model,
which led to an over-estimation of protein interactions. Simulations of folded

proteins in water result in improved protein stabilities for the new model. We



compute the opening/closing event of a Glutamate receptor binding domain us-
ing umbrella sampling simulations, showing a clear improvement on the estima-
tion of the PMF with previously reported studies on atomistic systems, for the

ligand-free and glutamate-bound states.
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Introduction and Motivation

Chapter

0

Computational tools have become very importantinrevealing the driving forces in biomolec-

ular processes; in particular, molecular dynamics (MD) simulations provide a physically
motivated picture based on Newton's equations of motion coupled with empirical model
potentials (force fields). Classical atomistic (AT) models provide a detailed representa-
tion of the system with computational effort that scale as O(N log N) with the number

of atoms, but are inadequate for simulations of very large systems over long time-scales.

Coarse-grained (CG) models currently represent one of the most important approxima-
tions for the construction and simulation of larger systems [?]. By subsuming groups of
atoms into single interaction sites, much faster calculations can be realised. However, a
disadvantage of CG models is the loss of accuracy associated with reducing the number
of interacting particles. Moreover, coarse-graining typically smooths the energy land-
scape compared to classical atomistic models, diminishing the energy barriers between
different states and reducing trapping in energy minima. This can greatly affect calcu-
lated thermodynamic properties such as equilibrium structures and dynamic properties
such as the rates of conformational changes. Despite these drawbacks, CG models have
become a widely used approximation, allowing us to extend spatial and temporal scales

for the simulation of bigger and more complex systems [?]. Given this, new approaches
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for the optimisation of CG models are highly desirable.

Different coarse-grained protein models have been developed, which differ on the map-
ping and levels of resolution, secondary structure stabilisation, bead-types and MD en-
gines that support their use [?]. One of the main reasons for the development of this
type of model was to understand and perform simulations of biological processes at
time scales important for their function. In comparison with atomistic force fields, most
coarse-grained models smooth out the energy landscape, which accelerates the dynam-
ics [?2]. Designing these types of force field have followed, such as models derived from
proteins physics and models derived from the analysis of common structural properties
of proteins. The force field parameters are usually iterated "by hand", making this pro-
cess tedious and prone to errors [10]. Thus the use of automated procedures is an ad-
vantage and is animportant alternative to overcome these difficulties. ForceBalance [6]
is anew method that let us automatically derive and optimise force field parametersina
flexible manner, combining the use of experimental and/or simulation properties as tar-

gets.

The SIRAH coarse-grained protein force field looks like a promising alternative to con-
ventional atomistic force fields [5, 11]. Compared to MARTINI, the SIRAH force field
does not use of Elastic Networks to overcome the problem of secondary structure sta-
bility. The use of a higher resolution backbone produces hydrogen bond-like interac-
tion, which fully work to stabilise the systems. Moreover, long range electrostatic inter-
actions are modelled with a dielectric constant of unity, compared with the MARTINI
model where a dielectric constant of 15 is used [4]. Even so, the SIRAH force field has
not been tested for the reproduction of conformational changes in protein, which is the

main interest of our investigation.

Hydration free energies (HFEs) are an important property for aqueous systems such
as proteins. They help us to directly understand biological processes such as ligand

recognition and protein-protein interactions, and indirectly understand processes such



as folding and conformational changes. Moreover, hydration free energies have been
used for the validation of molecular force fields, and they are an integral part of the cal-
culation and estimation of solubilities, partition coefficients and solute-solvent interac-
tions [12]. For these reasons, use of hydration free energies as a parameterisation tar-
get for coarse-grained models may improve their performance. Moreover, it has been
recently stated that there is considerable interest in methods that can automatically
generate a coarse-grained model and are representative in terms of local structure and

free energy changes [13].

Here, we optimise the SIRAH CG protein force field [5] using atomistic hydration free
energy (HFE) data in ForceBalance [6], in which the gradient of the hydration free en-
ergy (with respect to the linear coupling parameter a, (AU)4) is optimized to match
the result from an all-atom simulation, with the goal of improving the CG solvation free
energies as a consequence. The approach of fitting atomistic HFE gradients has the
advantage of reducing the computational cost of the parameter optimisation because
it does not require full HFE calculations of the CG model at every optimisation step.
Optimisation of charged side-chains beads has also been performed, with the inclusion
of long-range electrostatic corrections to the calculated free energies [14, 15]. A full
HFE calculation is carried out after CG model optimisation to validate the approach
by comparison to atomistic and experimental HFEs. Different protein and peptide sys-
tems have been tested in terms of secondary structure stability and mean square devi-
ations, using the newly optimised SIRAH-OBAFE (Optimised Based on Atomistic Free

Energies) force field, to evaluate its advantages and limitations.
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1.1. Molecular Dynamics

Molecular dynamics (MD) is a deterministic technique, which obeys the laws of classical
mechanics and comprises the integration of Newton’s equations of motion in order to
follow the evolution of a set of interacting atoms [16]. As a basis, Newton's second law
states:

dzl’,'

F,’ = m;a; = ITI,‘TT-_2 (11)

where F; corresponds to the force, m; to the mass and a; to the acceleration (which
also corresponds to the second derivative of the position r; with respect to time) for

atom jin a system of N atoms.
MD is a method where the system is represented by a set of positions and momenta

for each particle, where the total energy of the system corresponds to the sum of the

kinetic and potential energies

E(p,r) = K(p) + U(r) (1.2)
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where K and U corresponds to the kinetic and potential energy, respectively, and p
corresponds to the momenta. This method calculates a trajectory in a 6N-dimensional

space (3N positions and 3N momenta). [10].

The potential energy is a function U(ry...ry) of the atom positions r; to ry, and is usu-
ally constructed based on the relative position of the atoms with respect to each other,
rather than using their absolute configuration. The force can be derived from the gradi-

ent of the potential energy:

F,‘ = —Vr,.U(ri...rN) (13)

If the potential energy and the coordinates of a system are known, the forces acting
on each atom can be calculated with equation 1.3, generating a new set of coordinates
through the use of different integrators (see section 1.4). New forces can be calculated

again, generating a trajectory that represents the time evolution of a particular system.

An important goal in MD simulations is to compare them with experimental data. In
an experiment, a specific value for a property Q is just the average (Q) over space and
time for a set of conformations. The property Q has to be weighted by a probability P

of a conformation to occur

(@) Z//Q(P, r)P(p, r)dpdr (1.4)

In order to get meaningful information from our MD simulations, we have to fulfil
the ergodic hypothesis. Ergodicity is important in MD, because it is not viable to visit all
possible states from finite sampled simulations, but it is possible to sample a relevant
property Q for a long enough simulation. If this is true, for an ergodic system the time

average of a property Q is equal to the ensemble averaged @

<Q> time — <Q>ensemble (1.5)

that is, if we manage to follow a property for a long enough period of time, we have
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to be able to get the same results as if we were looking to the same property from an

infinitely large ensemble of systems at a single time point.

1.2. Interaction Potentials

The potential energy U is usually written as sum over pair interactions of atoms / and J,

where each atom is considered only once:

U(I"l...l"/\/) :ZZ(D(“','—FJ'D (16)

ig>i
where ® corresponds to the potential, and r; and r; correspond to the position of

atoms iandj, respectively.

In order to model the interactions of the systems of interest, a functional form and a
set of parameters are necessary to compute the potential energy of the system. Each
term in this functional form accounts for a specific interaction type (non-bonded and
bonded terms). This set of potential functions and parameters form what is known as
aforce field (FF). These parameters are usually obtained based on experimental refer-
ence or high-order methods such as quantum mechanics [17]. Equation number 1.7
shows a typical expression of a force field, where molecules are defined as a group of

atoms restrained by harmonic forces:

U= Z %kb(r—ro)Z—k Z %ka(9—90)2+ Z %[1+cos(n¢—6)]

bonds angles torsion

gjj gjj qiq;
+>4e,lCH7 - (2o 4y A
L] ) l

clec U
The first three terms describe the bonded interactions (bonds, angles, and torsions).
r, ro, 8 and 6 correspond to the bond length, the reference bond length, the angle and
the reference angle length, respectively. k, and k, are the force constant for bonds and
angles, respectively. U, is the force constant for dihedral angles, @ is the dihedral an-

gle, nis the order constant, and ¢ is the reference dihedral angle. The last two terms
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in equation 1.7 describe the non-bonded interactions (Lennard-Jones and electrostatic
interactions), where g; and g; represent the charge of atoms i and j, rj; is the distance
between atomsiand j, g;; is the potential well-depth of the interaction between atoms i
and j, and o is the distance at which the potential between atoms i and j is zero, giving
a measure of how close the to atoms can get (also known as the van der Waals radius).
Common potentials used in MD are described in the following sections, along with im-

portant concepts for the development of this thesis.

1.2.1. The Lennard-Jones Potential

Van der Waals interactions modelled by the Lennard-Jones (LJ) potential, describe the

behaviour of the repulsion-dispersion interactions between atoms j and J:

L(r) = 4e;[(20)12 — (Ziye) (1.8)
rij rij

Repulsion effects due to overlap between atoms is modelled by the r—12 term (col-
lision diameter) and the attraction effect modelled by the r—¢ term. o;j corresponds
to the contact distance between atoms i and j and €;; the magnitude in the energy well
depth. Moreover, the LJ potential has aninfinite range that may be treated with a cut-off
radius R, leaving out interactions between atoms separated by more than this distance.
This simple truncation generates artefacts, where jumps in the energy are observed ev-
ery time a particle crosses the cut-off. As an example, the use of shifted potentials alle-

viate this by making the Lennard Jones potential O at the cut-off radius:

Gru(r) — dru(Re) ifr <Rec
u(r) =

0 ifr>Rc

1.2.2. Electrostatic Interactions

The electrostatic interaction energy term for a pair of atoms /j, with a specific charge

gj/j on each of them (atomic partial charge), is given by Coulomb's law:
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Ucou(r) = (4"”5065)71 Z Z 99 (1.9)

I
where €q and €5 correspond to the vacuum and the medium relative permittivity, and
rij is the distance between the pair of charges. The sum runs over all pairs of atoms i
and .
Different methods have been developed in order to reduce the computational time
in order to achieve near experimental conditions [18-20], such as cut-off truncation

methods and lattice summation schemes. A description for both is given below.

1.2.2.1. Cut-off Truncation Methods

In the cut-off truncation scheme (CT, or CM for molecular based cut-off truncation),
similar to the LJ potential, electrostatic interactions may be limited using a cut-off ra-
dius, where the electrostatic term shown in equation 1.9 is re-formulated as a truncated
sum, only including interactions between atoms j and j within a certain distance [21].
This can considerably reduce the computational cost. Even so, the cut-off noise pro-
duced by this is not negligible, given that Coulomb interactions decay as 1/r, with r
being the distance, having a significant long-range component. The following methods

have been developed in order to reduce these artefacts.

Straight Cut-off Scheme: Straight cut-off schemes (SC) [22,23] rely on preserving
the Coulombic form shown in equation 1.9, but truncating electrostatic interactions at

a certain cut-off R¢, as:

Uetec(r) = (4meoes) ™ > Y~ qiqiUsc (1.10)
i i
Usc(r) =r; " — R¢! (1.11)

where Rc corresponds to the cut-off distance. The main problemin this schemeis the

lack of contributions to the energy from atoms outside the cut-off, which are neglected.
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Reaction Field Scheme: The reaction field (RF, or BM for Barner-Watts molecular
based reaction field cut-off) scheme [18, 24-26] tries to overcome the big approxima-
tion made in SC methods, where atoms outside a certain cut-off distance are neglected

in the calculation of the energy. This is done by altering the functional form as:

Uerec(r) = (4meoes) ™" > > aiqiUrr (1.12)

>0

Urr(r) =r; '+ erp—1 " Serr 1
ij

— 1.13
2€RF+1R2 2err + 1 Rc ( )

This method includes the omitted electrostatics beyond the cut-off distance R, through
the assumption of a dielectric continuum surrounding the cut-off sphere of each parti-

cle, with a dielectric permittivity equal to egg, rather than vacuum as in SC methods.

1.2.2.2. Lattice Summation Scheme

In this scheme, the electrostatic term from equation 1.9 is reformulated as a lattice-sum
(LS), including pair interactions between all sites i and all site j within the computational
system, and with the possible periodic copies (see below section 1.3). This pair interac-

tion function is written, as:

(r) = @sr(r) + @gr(r) (1.14)

where s, (r) and @y, (r) represent the short and long range interactions. The first
term converges quickly in real-space as it decays fast and is negligible beyond a cut-off
distance, similar as short-ranged electrostatic interactions (see equation 1.9) [27]. The

second term converges quickly in reciprocal-space and it is written in the form of

Y (r) = Ar|L|~? Z k=2 exp [ik . r,-j] (1.15)
1140

where L corresponds to a 3x3 matrix containing the Cartesian components of the

10
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box-edge vectors inits columns, lis a vector with integer components (positive or nega-

tive), kis the associated reciprocal-lattice vector with value k = 27rL_1I, andrjj =r;—r,.

An excluded-sites term Uexc and a self-term Ug s are commonly introduced. The first
termis included to account for the fact that excluded sites (first and second neighbour
atoms) should only be excluded in their direct Coulombic interactions, but not in terms
of their intermolecular interactions across periodic boundaries, and the term Ugr ac-
counts for the interaction of a site i with its own periodic copies. For more detail on the

mathematical expression of this terms please refer to references [21,27].

The Particle Mesh Ewald method [28] (or PME) is one of the most widely used meth-
ods for the calculation of long-range electrostatic interactions, which reduce the com-
putational complexity from O(N?) to O(N log(N)). Point charges with their continuous
coordinates are replaced by a grid based charge density. Short range converged contri-
butions are calculated in real space, and the reciprocal-space term for long-range elec-
trostatic interactions is approximated by a discrete convolution on a grid using discrete

Fast Fourier transforms.

1.3. Boundary Conditions

The type of boundary condition employed in the systems of interest are closely related
with the previously mentioned electrostatic schemes. Approximations are needed to
overcome the computational limits in order to simulate systems that closely represent
reality, since it is not possible (at the moment) to simulate a macroscopic system (non-
periodic) that is capable of calculating direct Coulombic interactions for each existing
atomic pair. In the context of solvation free energies, the system has to be large enough

toinclude all the interactions that significantly contribute to the free energy.
Different representations of boundary conditions have been proposed, and most of

them are based on the fact that multiple replicas are added at the boundaries of the

"physical constructed system”, that is, the system that you can actually see in the vi-

11
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sualisation software (central box). Whenever a molecule (such as water molecule, or a
whole protein) crosses one of the system edges, a copy of this molecule will enter on the
opposite side. Graphical representation of the most widely used boundary conditions is

shownin figure 1.1.
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mations, in relation to a "real system" (top), are shown.
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(PBC/CT, bottom right). Water molecules are represented as red and white dots and ions are

represented as green dots.

1.4. Time Evolution

The basis of molecular dynamics is the integration of the Newton's equations of motion

for the particles involved in order to follow their trajectory. The integration algorithms
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1.4. Time Evolution

are based on finite difference methods where time is divided into discrete time-steps
At. Knowing the positions of the particles and their derivatives in time, the position at
time t + At can be known. From the potential energy term in equation 1.7, the force
can be calculated (equation 1.3), and with this the time evolution of the system can be

determined.

Different algorithms (known as integrators) are used to integrate the equations of mo-
tion based on finite differences, such as the Verlet [29], leapfrog [30] and Velocity Ver-
let [31] algorithms. As these methods are approximations, they have associated errors,
such as truncation errors related to the accuracy of the finite difference method and
round-off errors which are related to a particular implementation of the algorithm (e.g.

finite number of digits used in the computation) [10].

The well-known Verlet and leapfrog algorithms are simple numerical schemes that are
widely used in MD simulations, and they are completely equivalent algebraically. The
Verlet algorithm (also known as Stérmer method) is derived using a Taylor expansion
over time t of the coordinate of a particle r(t), as:

ri(t + At) = r(t)+Atv(t)+(Aztz)a(t)JrO(AtS) (1.16)

where v(t) and a(t) are the velocity and acceleration of the coordinates at time t. If

we subtract the corresponding expansion for r(t — At) and rearrange, we get:
ri(t+ At) = 2r(t) — r(t — At) + At?a(t) + O(At?) (1.17)

The previously mentioned truncation error is in the order of O(At*) because of the

cancellation of the At3 term.
Limitations of the Verlet algorithm, is that velocities are not directly generated (see

equation 1.17). Even though the velocities are not necessary to evaluate the time evo-

lution of the system, they are usually needed to compute the Kinetic energy, which is

13



1. General Theory

needed for the evaluation of the conservation of the total energy [10, 32]. An alterna-
tive is the Velocity Verlet scheme, where positions are computed in a half-step manner.

The Velocity Verlet goes as:

At?
ri(t + At) = r() + Atlv(t) + (55 )a(t)] (1.18)
1 1
Vit + 508) = v(t) + 5Ata(b)] (1.19)
ai(t+At) = —(%)VU(r(tJrAt)) (1.20)
1 1
vi(t+ At) :v(t+§At)+§Ata(t+At)] (1.21)

Another alternative, similar to Velocity Verlet, is the leapfrog method, where the calcu-

lation of positions and velocities leap between each other, and can be written as:

ri(t+ At) = r(t) + At[v(t) + (%)a(t)] + O(At?) (1.22)

The term multiplying At is v(t + At/2), which is then transform to:

ri(t+ At) :r(t)+Atv(t—|—%) (1.23)

Subtracting from v(t 4+ At/2) the corresponding expression for v(t — At/2), we ob-

tain:

v(t+%) :v(t—%HAta(t) (1.24)

The leap-frog algorithm evolves the positions r and velocities v in parallel but shifted

by a half time-step.
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1.5. Freeenergy

1.5. Free energy

Free energy can be related to the probability of finding a particular system in a spe-
cific state. Most important, the difference in free energy between two or more states
is a quantity of relevance in many biological and chemistry areas, such as the analysis
of receptor-ligand complex or for the in-silico analysis of drug molecules with their tar-
gets [33]. A good estimation of the free energy differences using molecular dynamics
simulations has been a challenge for many decades. The possibility to access macro-
molecular states inaccessible by experiments (e.g. alchemical transformations of a lig-
and inside a protein), and the capability to greatly reduce the measurement of thermo-
dynamic properties by experiment, has caused great interest in the area of computa-

tional free energy estimations [34, 35].
In the canonical ensemble, the Helmholtz free energy F of a systemis given as:

F(N,V,T) = —kBT|n[/\/!h—3N//e—ﬁU(”dr] (1.25)

where Vis the volume, T the absolute temperature, kg Boltzmann's constant, his the
Planck’s constant, 3 = 1/kgT, and U is the potential energy of the system, which is a

function of the system coordinatesr.

Some free energy methods receive the name of Alchemical transformations. This is
based on the old alchemists who believed that they could transform matter by changing
the property of atoms. As free energy is a state function, i.e. it does not depend on the
path that connects both ends, we can build a pathway with non-physical characteristics

that facilitate the calculation of the difference in free energy between two states.

Thermodynamic integration and the free energy perturbation are some of the most
well-known alchemical methods to compute the free energy difference between states
for a given system [33-35]. These two methods are based on the fact that the free en-

ergy difference of a system can be related to the configuration integral Z as:
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1. General Theory

F(N,V.T) = —kgTInZ (1.26)

The configuration integral can be described as a function that represents a measure
of the whole space accessible to the system of interest, and from which we can derive
different thermodynamic properties such as entropy, pressure and free energy [36].

The classical configuration integral is given as:

—(U(r)
Z= / / e T8 gr (1.27)

In order to get the free energy difference between a state X and Y, it is useful to in-

clude a coupling parameter to connect both ends. This coupling parameter, denomi-
nated a, changes from O to 1 and can be expressed as a linear function of the potential

energy by:

U(r;a) = alo(r) + Uy (r)(1 — a) (1.28)

where Up(r) corresponds to the potential energy of a denominated “reference sys-
tem” and U4 (r) corresponds to the potential energy of a system of interest. a connects

two or more states through a physical or non-physical pathway.

1.5.1. Free energy perturbation

Perturbation theory is one of the oldest mathematical techniques, and can be applied
to different areas such as chemistry, physics, economics and engineering. We start with
an initial system of interest, called the unperturbed or reference state, that is used to
solve a problem of interest, called the target state, based on perturbations of the ini-
tial problem (reference state). Small perturbation steps are made by the o parameter.
The initial steps and derivation of free energy perturbation theory can be found in ref-

erences [37-39]. Unlike other perturbation theories, this is exact.

A reference system can be described by the Hamiltonian H(p, r), which is a function

16



1.5. Freeenergy

of a 3N coordinates of r, and their momenta p

H(p.r) = K(p) + U(r) (1.29)
AN
H(p,r) = Zp,%—ku(rl,...r,\,) (1.30)

i=1 !

where K is the kinetic energy, U the potential energy and m, the mass of atom /. With
this, the free energy difference between two states can be expressed as the difference

in the Hamiltonian

AH(p,r) = Hi(p.r) — Ho(p. 1) (1.31)

Depending on the system of study, the Hamiltonian will describe different contribu-

tions or interactions.

As stated inequation 1.22, the free energy can be related to the partition function. With
this, the difference in free energy can be related to the ratio of the partition function for

both states:

z
AF(N,V,T) = —kgT In 71 (1.32)
0

Now, replacing the value for the partition function in equation 1.28:

1 ff e—ﬁ(Hl(r:P))drdp

AF(N,V,T) = 5 In [ [ e BER) drdp (1.33)
where 8 = (kgT)~!. Rearranging equation 1.29
—BAH(r.p) o—B(Ho(r.p))
AFNVT) = — s dLe © drdp (1.34)

f f e=B(Ho(r.P)) drdp

We can build a histogram of the different states that we are encountering during the
simulation, as function of the Hamiltonian. The probability of being in a particular state

across our simulation (in this case state O) is given by the probability density function:
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1. General Theory

e*ﬁ(HO(rrP)) drdp

Po(r.p) = [ e BHE») drdp (1.35)
Replacing this in equation 1.28
AF(N,V,T) = —éln//eﬁAH(r'p)Po(r, p)drdp (1.36)
which is equal to
1
AF(N,V,T) = 5 In(e PAH(rP)Y (1.37)

which is the fundamental formula for the free energy perturbation method. With
this, we obtain the free energy difference of two states based on the ensemble aver-
ages (represented by the angled brackets (...)) for simulations of the reference system

0.

1.5.2. Thermodynamic integration

We can differentiate the Helmholtz free energy with respect to the coupling parameter

a. First, replacing the value for the partition function in equation 1.22

—(U(r.o))
F(N,V,T) = —kBTIn/e kT dr (1.38)

Now, the derivative of F with respect to o, %, is given by

6/'_ kBT(* k,agaT )e kgT
da = —(U(r.a) (1.39)
fe ksT dr
oF ou(r, o
= <z(9a)>°‘d°‘ (1.40)

The change in the free energy, between a references state and a target state, can be
computed from the integral between values of O (un-perturbed) and a (perturbed) of
the ensemble average of the derivative of the potential energy with respect to the cou-

pling parameter a, assuming linear coupling,
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1.6. Bennett's acceptance ratio

1 N. 1
AF, = F, — FO — / <8U(arﬂ)>ada — / <AU>a (1.41)
0 o 0

where AU = Uy — Uy

Equation 1.37 is known as the thermodynamic integration, and is exact for the linear

form of the perturbation.

1.6. Bennett’s acceptance ratio

The Bennett acceptance ratio method (BAR) [40] can also be used to calculate free en-
ergy difference for transformations from a state A to a state B. BAR requires informa-
tion from the two states to estimate free energy differences (for example, two neigh-
bouring simulations at different o values), rather than just one as is the case of FEP
and T1. In the assumption that both states are in the same configuration, a pathway that
connects both energy potentials can be found, and a difference in the potentials. An
alternative to this method is the Multistate Bennett’s Acceptance Ratio (MBAR) [41],
combining data from multiple states and predicting the free energy at an un-sampled

state.

1.7. Enhanced-sampling methods

Often, free energy changes can be studied as a function of some inter or intra-molecular
coordinate, such as the distance between a group of atoms, a torsion angle, or the mean
square deviation with respect to a reference structure. The free energy surface with
respect to this chosen coordinate is known as the potential of mean force (PMF). In
the case of biological systems, it is usual to see potential energy surfaces with multi-
ple local minima, separated by high energy barriers. This is a limitation for classic MD
simulations, making it difficult to sample a significant proportion of the configurational
space, and leaving the system trapped in one or few minima. Important conformational
changes in proteins are key to their function in most biological processes, such as mem-

brane transport, enzyme catalysis and ligand recognition, so the correct study of these
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1. General Theory

changes is of great importance. A considerable number of enhanced-sampling methods
have been developed to overcome this issue of conformational sampling, allowing us to

accelerate dynamics in biological systems.

These methods are roughly divided in two types:

1. Deformation and smoothing of the potential energy surface by the identification
of important and slowly varying order parameters (collective variables), in order
to access a broad spectrum of the configurational space. Methods such as local

elevation [42], metadynamics [43] and umbrella sampling [44] fit in this class.

2. Scaling the conditions (and/or parameters) of a system, employing the use of mul-
tiple copies. Methods such a replica-exchange [45, 46] (temperature or Hamilto-
nian replicas [47]) can fit in this description, where copies of the system at dif-
ferent temperatures, or copies with different scaled force field parameters, are

used.

1.7.1. Metadynamics

This method, which belongs to the first class previously mentioned, is based on the in-
troduction of a bias potential acting on specific degrees of freedom, or collective vari-
ables (CV), discouraging the system to revisit configurations (memory-based biasing
methods [42]), and directing computational resources to a broader exploration of the
free energy landscape. Metadynamics defines variables which represent slow coordi-
nates of the system of interest, mentioned before as CV. An extra potential bias is used,
and it usually takes the form of a sum of Gaussians centred at a specific CV value. This

bias is a function of the CV, and the CV is a function of the system coordinatesr,

s(r) = (s1(r), ... sn(r)) (1.42)

where s corresponds to the CV, and can be a sum of a group of other CV, that in this

case gofrom 1 ton. At time t, the extra bias potential is written as,
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1.7. Enhanced-sampling methods

t n (si(r) — s (r(t))?
Ug(s, t) = /O dt'wexp —Z( -2 (1.43)
=1 1

where w is the energy rate, and ¢; is the Gaussian width. The energy rate is usually
expressed in terms of the Gaussian height W and the frequency 7 at which the Gaus-
sians are added:

(1.44)

W
w=—
TG

Metadynamics lets us accelerate the sampling of rare or high energy configurations,
and explore new reaction pathways. No previous knowledge of the energy landscape is
required, and the low-energy configurations are first explored [48, 49]. However, lim-
itation do exist for this method, such as the bias potential overfills the energy surface,
pushing the system towards high-energy regions of the CV space, and that the choice of
the CVis not trivial, and is key for the correct study of the system of interest. Solutions
to this issues have been developed, such as well-tempered metadynamics [50] where

the bias deposition rate decreases over time, as

W = Wy exp (— li:é?}) (1.45)

where W is the initial Gaussian height, and AT is an input parameter with the units of
temperature. With this, the bias potential smoothly converges in the long time limit [50],

the free energy surface can be estimated as

AT
T+ AT

U(s, t = o0) = F(s)+C (1.46)

where T is the system’s temperature. Thus, the CVs will sample an ensemble at atem-
perature T+AT, which is higher than the system’s temperature T. The term "bias factor"
is usually encountered, which expresses the ratio between the temperature of the CVs
(T+AT) and the system’s temperature T, and its value has to be carefully chosen in order
for the relevant free-energy barriers to be crossed efficiently in the time scale of the

simulation.
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1. General Theory
1.7.2. Umbrella sampling

Similar to metadynamics, the umbrella sampling method attempts to overcome the dif-
ficulties in the sampling of complex free energy surface with multiple minima, but in this
case, modifying the potential so un-favourable configurations are sampled sufficiently.
For this, the reaction coordinate, or CV, is usually split into windows, where eachis char-

acterised by an appropriate bias potential [33,44, 51].

Being the bias potential w; for a window i/, and that only depends on the reaction co-

ordinate &,

UP(€&) = U"(&) + wi(€) (1.47)

UP(r) and UY(r) correspond to the biased and unbiased potential energy, respec-

tively. w; usually takes the form of a quadratic form (harmonic potential):

wi(€) = kw(€ — €0)? (1.48)

with k,, being the force constant of the harmonic potential, £ the calculated coordi-

nate, and &y the reference coordinate.

Configurations generated that are far from the reference position & will have a large
weighted function, and the energy function UP(€) will be biased towards a relevant con-
formation, with a non-Boltzmanndistribution. The corresponding unbiased distribution
(A) can be extracted from the biased distribution by the method developed by Torrie

and Valleau, 1977 (see reference for full derivation), given by,

(A(&)explw;(&)/kaT])w

(expwi(©)/ka T w (149)

(A) =

where the subscript w indicated that the average is taken from a biased probability,
which is determined by the modified energy UP(€). It is important to notice that If the
forcing potential w;(£) is too large for the system of study, the denominator in equation

1.43 will be dominated by contribution from exp[w;(§)], and the averages will take too
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1.7. Enhanced-sampling methods

long to converge.

Our main goal is to obtain a full distribution function, which contains all the informa-
tion for the reaction coordinate of interest. The weighted histogram analysis method
(WHAM) [52, 53] is usually used to combine information from multiple simulations. As
mentioned before, a number of simulations are performed at different values of the
reaction coordinate, with an extra umbrella biased w;(§) for each simulation [33]. At
simulation 7, the unbiased probability distribution p;(£) can be reconstructed from the

biased probability distribution p/(§), and presented as a normalised histogram,

pi(€) = exp[(f; — wi(€))/ ks T]pj(§) (1.50)

where f; is the free energy difference between the biased state and the unbiased ref-
erence state. In order to construct an unbiased probability distribution po(€) from the
combination of all p;(£), and to obtain the free energy as a function of the reaction co-

ordinate &, we have,

_~~_ Niexp[=(fi —w)/ksT]
PO =2 S eenl(s — w) kaTI” (151)

n Ni
po(§) = ; > oiq Niexpl(fi — w;)/ kg T]

pi(€) (1.52)

where n correspond to the number of simulations and N; the number of configura-
tions collected for simulation /. As the free energy parameters f; are unknown in the
simulations, evaluation of equations 1.46 and 1.47 is needed [33]. This is done in a self-
consistent manner for all i=1 ... n,
- exp(—w;/kgT)

Cfi 1.53
exp(— 17 EZZiNkeXP[(Wk—fk)/kBT] Y
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1. General Theory

1.8. Summary

Molecular dynamics is an important and useful method to study the dynamics of a wide
range of research areas, such as liquids, drug design and biomolecules. The core of
molecular dynamics can be divided in two: 1) the existence of a energy potential, that
depends on the position of the particles, and from where we can obtain the forces in-
volved, and 2) a time-series of the these forces, in order to follow the dynamics of the
systems, which is given by an integrator. From here, we can calculate important infor-

mation such as thermodynamic properties and dynamics of the system of interest.
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2.1. Introduction

Many important and crucial biological and chemical processes occur at time-scales of
seconds to hours. Computational atomistic modelling of these processes is unable to
achieve these kinds of timescales [?]. The computation power to perform longer sim-
ulations has been growing exponentially, according to Moore’s Law [54]. Even so, the
need for new solutions to bypass this problem is needed. Coarse-grained models are a
widely adopted approach for improving the efficiency of computer modelling of biolog-
ical systems. By subsuming groups of atoms into single interaction sites, much faster

and longer calculations can be realised [9].

One of the first coarse-grained protein models developed 40 years ago was that of
Levitt and Warshel [55] where the backbone is represented as pseudo-atoms centred
inthe Ca position, and side-chains were replaced by united pseudo-atoms at centres of
their average conformations. The Lennard-Jones potential describes the interactions
between beads, and the model was mainly used for protein folding studies. Brown-
ian dynamics was used as the sampling scheme [2, 55]. In the original paper [55] they

managed to fold a linear protein sequence to an almost native-like conformation. After
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this, Levitt proposed another model which accounted for the variable orientation of the
united side chains [56]. Based on the statistical analysis of conformational properties of
representative di-peptides, Levit et al. managed to derive the torsional potentials for the
main chain degrees of freedom, making the model slightly more accurate than before.
Later models based on these were derived, with statistical potentials for reside-residue
interactions and used the Monte Carlo method for simulated annealing simulations of

the folding process [57].

Adifferent areawas developed, related to protein-like models, using cubic lattice chains
and their folding to unique three dimensional structures [58, 59]. These models were
based on two types of amino-acid side-chains (hydrophobic and polar). It was shown
that specific sequences are needed for the folding to unique structures, describing dy-
namics and thermodynamics of folding processes in these idealized systems. Lattice
models of intermediate resolution (i.e. between idealistic "protein-like" and crude pro-
teinmodels) such as the diamond lattice [60] or “chess-knight” models [61,62] were also
developed. These studies of low resolution models, independent of their crude repre-
sentation, compose the foundation for the development of contemporary CG protein
force fields, such as intermediate resolution models where one or two united atoms
are used to approximate the geometry of the main chain and side chains, respectively
(e.g. UNRES [1] and CABS [2] force fields) (see below). Other types of models use near
atomistic resolution, where only small simplifications are made to speed-up simulations
(e.g. PRIMO [3] and SIRAH [5] force fields) (see below), and they are designed to mainly

study protein interactions and structure prediction.

The representation of coarse-grained models and force fields needs to be carefully con-
structed and parameterised. Different coarse-grained protein models have been devel-
oped, which differ on the mapping and levels of resolution, secondary structure stabil-
isation, bead-types and MD engines that support their use [1-5, 2]. One of the main
reasons for the development of this type of model was to understand and perform sim-

ulations of biological processes at time scales important for their function. In compar-
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2.2. UNRES Force Field

ison with atomistic force fields, most coarse-grained models smooth out the energy
landscape, which accelerates the dynamics [?], but can also lead to a misinterpreta-
tion of the results. Designing these types of force field have followed two main ap-
proaches: i) based on molecular physics of proteins and ii) derived from the analysis
of structural regularities found in databases of experimental protein structures. This
data can come from experimental data (top-down coarse-graining) or from an underly-
ing atomistic model (bottom-up coarse-graining) [13]. The accuracy of these force fields
will depend on the empirical parameters in the model. These are usually iterated "by
hand", making this process tedious and prone to errors [10]. Two main problems have
been stated in the development of coarse-grained force fields: i) representability, which
is related to the ability of a CG model to represent and reproduce physical properties at
the state point it was parameterised, and ii) transferability, which is concerned with the
ability of the same model to reproduce properties at a different state point where the
parameterisation was not performed [13]. Here we briefly review some popular protein

coarse-grained force fields.

2.2. UNRES Force Field

In this model [1], where the name stands for united-residues, a polypeptide chainis rep-
resented by a sequence of Ca carbons (C%) linked by virtual bonds. United beads that
represent a peptide group (p;) are located between each pair of Ca carbons, and united
side-chains (SC), with an ellipsoidal shape and associated rotation that mimic side-chain
mobility, are directly linked to the Ca carbons (Fig. 2.1). Only the united SC and p;
beads work as interacting sites. dX and dC in figure 2.1 represent vectors that describe
the geometry of the side-chain, and 8 and <y represent the p-Ca-p angle and p-Ca-p-Ca
dihedral, respectively [1] (see Fig. 2.1). Most of the parameters in the UNRES force
field have been derived from the distribution and correlation functions from the Pro-
tein Data Bank and against free energies from atomistic polypeptide simulations in ex-
plicit water (see below) using a functional form that resembles atomistic force fields but
with additional terms [1,63-65]. Are-parameterisation was later made for most terms,

based on ab initio and semi-empirical energy surfaces [1]. Final reparameterisations of
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2. Coarse-Grain Modelling of Proteins

the model have been focused on TIP3P water and AMBER force field for models for
pairs of amino-acid side-chains and determining the respective PMF as functions of the

distance between centres [1,63-65].

The focus of the UNRES energy function is the potential of mean force (PMF) of the sys-
tem under study in water, in which some degrees of freedom not present in the coarse-
grained model have been averaged out, and it has been parameterised from PMF sur-
faces calculated for model systems by means of ab initio molecular quantum mechanics
or from all-atom MD simulations [65,66]. UNRES defines a restricted free energy func-
tion (RFE), which corresponds to averaging the energy over the degrees of freedom
that are neglected in the UNRES model. The UNRES force field can be defined as a free
energy of a given coarse-grain conformation given by the primary degrees of freedom
X (which describe the coarse- grained degrees of freedom), with integration over the
secondary degrees of freedom y (less important variables that are averaged out). The

RFE is expressed as,

F(X)=—=RTIn {Vi/ exp[—E(X;Y)/RT]dVy} (2.1)
Qv

where \§ = va dVy, E(XY) is the original atomistic energy function (which is ex-
pressed as a sum of component energies, see below), R is the universal gas constant,
T is the absolute temperature, Qy is the region of Y of variables over which the inte-
gration is carried out, and Vy is the volume of this region [1, 63-65]. Again, E(XY) is

expressed as a sum of component energy components,
n
EX:Y) =) & (X;z) (2.2)
i=1

where ¢g; (X; z;) is the ith component energy, z; contains the secondary degrees of
freedom on which €; depends, and n is the number of energy components. This RFE
is decomposed into factors, where each corresponds to a Kubo cluster-cumulant func-

tion (i.e. a Taylor expansion with respect to an abstract element X;, given a function

F — In <e>\1A1+>\2A2+...>), as,
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F(X) = Zf-(” 30+ Y R0+

i<j i<j<k

LD DR T

11<9...<lip

Here, the factors of the first order, f(1), correspond to the PMF of isolated units (iso-
lated amino-acid residues) or those between isolated pairs of units (pairs of interacting
side chains), while factors of order 2 and higher correspond to the multibody or corre-
lation terms. For more details on how the factors are expressed, and the explicit tem-

perature dependence in the UNRES force field, please refer to references [1,63-65].

Coarse-grained mapping scheme for the UNRES protein model. The interaction sites are the
Cacarbon (C%), the peptide group (p;) and the side-chain ellipsoids (SC;). dC and dX correspond
to the virtual bond vectors Ca-Ca and Ca-SC, respectively. Image taken from [1].

The UNRES energy function is given by:
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U=wscsc »_ Usc,sc, + wscp > Uscp,
i<j i)

+ werfo(T) Z Upip,
i<j—1

+ Wtor fZ(T) Z Utor('Yi)
li
+ Wtordf3(T) Z Utord(’Yiv rYH—l)
i

+ Wb Z Ub(el) + WI’Of Z UI’Ot(aSC,'iﬁSC,',Q,') (24)
i i

+ Whond Z Ubond(di)

fvcorr
+ 3 MWV + AW, UG,
m=2

+ (T Wi Ui

turn

+ wss > Uss;i + nssEss
disulfidebonds

where the term Usc,sc; correspond to the mean free energy of solvent-mediated inter-
actions between the side chains, Usc,p, correspond to the excluded-volume potential of
the side chain-peptide group interactions, Up,, correspond to the energy of mean-field
electrostatic interactions between backbone peptide groups, Utor and Uio,q are the
torsional and double-torsional potentials, for rotation about a given virtual bond or two
consecutive virtual bonds, respectively. U, and U, are the virtual bond angle-bending
and side-chain rotamer potentials, respectively, and Upong accounts for backbone and
side-chain virtual-bond stretching. Correlation terms, Ulm) and Uggl),, are used to re-
produce secondary structures, such as a-helices and 3-sheets. Uss; is the energy of
distortion of disulphide bonds from their equilibrium configuration, Ess is the energy of
formation of a disulphide bond in the chain (relative to the presence of two free cysteine
residues), and nss is the number of disulphide bonds. For a more detailed derivation of

the energy terms, please refer to [1]. Is important to note that the authors mention

that significant improvements to the UNRES force field have to be made, where they
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2.3. CABS Force Field

are still missing details of local interactions [65]. As an example, torsional potentials in-
volving the virtual Ca-SC bonds have been introduced [67]. Describing the effective
SC-SC interaction potentials has also been a matter of discussion, given the actual use
of Gay-Berne functional forms that imply axial symmetry, ignoring the fact that polar or

charged side chains have non-polar necks and polar or charged headgroups [1].

This forcefield has been used in different protein folding studies [68-71], protein struc-
ture prediction [72], protein-protein interactions [73], protein-DNA interactions [74],
replica exchange simulations [75] and the study of dynamics and interactions in larger

systems [74,76].

2.3. CABS Force Field

The name stands for Ca, B and side-chain, and has a similar resolution as UNRES, but
differs in the mapping scheme, where only one bead is used for the main chain centred
on the Ca position, and two beads are used for the side-chain, one centred on the C38
position and another centred on the rest of the side-chain, when possible (Fig. 2.2) [2].
The Ca bead is restricted to a high resolution cubic lattice (0.61 Aspacing) [2, 77, 78].
The authors mention that fluctuations between the Ca-Ca virtual bond distance leads
to up-to 800 different orientations [79]. The lattice representations accelerate the

computation of local transitions, compared to continuous models.

The CABS force field is knowledge-based, where the parameters have been derived
via Boltzmann inversion based on the statistical analysis of protein structures from the
PDB database [2,9,77,78]. Interactions are given by sequence-dependent short-range
conformational propensities, a model of main-chain hydrogen bonds, and context-dependent
potentials of pairwise interactions of side groups. Side-chain positions are based on the
local main chain Ca-Ca-Ca angle and the type of amino-acid. This force field is de-
fined as fully structural based, where the nature of the interactions will depend on the
context, taking into account complex multi body effects [2, 77]. The solvent is treated

implicitly. The present model does not work for simulations outside a "typical" pH, or in
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2. Coarse-Grain Modelling of Proteins

N /
WARNY_I< %

/ centers of the

= peptide bonds

Coarse-grained mapping scheme for the CABS protein model. Each large circle represents
the position of each coarse-grained bead. Image taken from [2].

simulation that evaluate ionic strength effects on protein structure and dynamics, mak-

ing this one its main limitations [78], and a possible limitation of CG force fields.

This force field has been used in template-based or ab initio protein structure predic-
tion [80], ab initio simulations of protein folding [78, 79, 81], modelling of protein flexi-
bility [82] and flexible protein-peptide docking [83].

2.4. PRIMO Force Field

The name stands for PRotein Intermediate MOdel [3, 84, 85]. The backbone is rep-
resented with near-atomistic representation using three beads, N, Ca and CO atoms.
This is a higher resolution model, compared with the UNRES and CABS models. The
side-chains are represented using from one to four beads, depending on the size and
shape (Fig. 2.3) [3]. The high resolution of the backbone ensures the preservation of
hydrogen bond-like interaction, which are crucial for the secondary structure in pro-

teins.
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2.4. PRIMO Force Field
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Coarse-grained mapping scheme for the PRIMO protein model side-chains. Size of each

sphere corresponds to vdW radii and colours reflect the charge for each bead. Image taken
from [3].

The potential energy function in PRIMO is represented with the standard force field-
like form, with additional spline-based bonded terms to maintain correct bond geome-

tries at the coarse-grained level:

U = Upond + Uangle + Utorsion + Ucmar (25)
where
Nbond Nbondfsp/ine
Ubona = Y, KPP (h—10)”+ > 5237 (2.6)
i=1 i=1
Nangle Nangle—sp/ine
Uang/e = Z Kiangle(ei - 9/,0)2 + Z SilD(ijl_S) (27)
i=1 i=1

which correspond to covalent bonds, such as 1-2 (bonds), and 1-3 (angles) interac-
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2. Coarse-Grain Modelling of Proteins

tions, that are described by standard harmonic potentials (eq. 2.4 and 2.5, respectively.
See equation 1.7 for similar term definitions). Virtual bonds are described primarily with
1D distance-based spline-interpolated potentials (Npond—sprine and Nangre—spline in €.
2.4 and 2.5) to capture non-harmonic potential shapes and the presence of multiple
minima. For some of the side-chains, these terms were not enough to maintain coher-
ent geometries, where additional virtual sites are added on the fly in order to maintain

correct geometries [3].

In PRIMO, 1-4 interactions are modelled by torsion terms (Uiorsion), ONe-dimensional
spline interpolated functions (UX5# ) and a reduced Lennard-Jones potential (U&j“) as

spline

follows:

Utorsion = Z K,-t;-orSjon(i + cos(n,-j¢,- — ¢/j,0)) (2.8)
=1 j=1

Ntorsionfspline

U e = st (2.9)
=1
Natoms_l Natom 1 4 1 4
Uit= 0 D e % —2(—— % )] (2.10)
i=1  j=i+1

where ¢ correspond to the torsion angle, 5,1D is the one-dimensional spline function,
e,lj_4 and 0/_1j—4 are the scaled well-depth and van der Waals radius used in 1-4 interac-
tions to avoid hard-sphere overlap (see equation 1.7 for similar term definitions). Also,
a spline-interpolated two-dimensional cross-correlation term (Ucpap in equation 2.3)
based in the CMAP methodology is used in PRIMO to couple the sampling of CO-N-

CA-CO and N-CA-CO-N torsions [3, 84, 85].
In relation to non-bonded interactions these are modelled by the classical Lennard-

Jones and Coulombic functions (similar to equations 1.8 and 1.9), plus an explicit func-

tion for angles and distance dependent hydrogen bonds, that works as a complement
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2.5. MARTINI Force Field
for the reduced partial charges:

NuBonD3

2D N—CO
Engonp = Z fssi” (cos®, 1! )
i=1
Nigonpa

+ Z f4s7P (cosQ,/,N_CO)
=1 (2.11)

Npgonp
+ > £557° (cos, INO)
=1

N HBoNDN
+ Z fas?P (cos @, IN7CO)
=1

where f5, fs, fs and fy correspond to scaling factors that will adjust the strength of the
interactions betweens residuesiand i +3,i£4, i £5, and i =N, respectively, where N >
5. These scaling factors were optimised conjointly with the partial charges by fitting to-
tal PRIMO internal energies to CHARMM atomistic energies, using a series of peptides

and two protein systems, until stable trajectories were obtained [3].

Parameters in PRIMO were optimised to match energy profiles and conformational sam-
pling from atomistic force fields (CHARMMZ22/CMAP [86] and CHARMM-36 [87]), us-
ing di-peptides, alanine polypeptides (AAXAA, where X corresponds to one of the 20
natural occurring amino-acids), proteins and protein complexes [3]. For the bonded
terms, angle, bonds and torsion PMFs from atomistic simulations were used with an
inverse-Boltzmann procedure. Non-bonded parameters were tuned from a starting

guess in order to reproduce conformational energies from CHARMM [88].

This force field has been used in studies of peptide and small protein structure predic-
tion [3], it has been extended to membrane environments [84] and has been recently

used in hybrid atomistic/coarse-grained simulations of proteins [85].

2.5. MARTINI Force Field

This is one of the main force field in the area of coarse-grained simulations, mainly be-

cause of its ease of use, support on well-known MD engines (GROMACS, DESMOND,
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2. Coarse-Grain Modelling of Proteins

NAMD and GROMOS) and diversity in relation to the type of available macromolecules
to model and the different applications, such as the support for lipids [89], water [20],

proteins [4], DNA [21, 92], RNA [23], small molecules [94], nano-tubes [95], among
many others [96].

The mapping in MARTINI (Fig. 2.4) is based on a four-to-one approximation, where
four heavy atoms are mapped as one CG bead. Aromatic amino-acids and molecules
are mapped with a higher resolution (up to two-to-one). Four main interaction sites are
defined: polar (P), non-polar (N), apolar (C) and charged(Q). For each of these types,
subtypes are defined according to its hydrogen bond capabilities (donors, acceptors,

both or none) or by a number indicating the degree of polarity (from 1 to 5).

Trp

Tyr

Val

coe
© ¢® CO C®
«0(’0
cocP gfcc

apolar intermediate polar charged

Coarse-grained mapping scheme for the MARTINI 1.0 model. Each colour represents a dif-
ferent particle type according to the bottom colour bar. Image taken from [4].

The MARTINI model is parametrised by matching the thermodynamic partitioning
free energy of amino-acid side-chains between polar and hydrophobic phases, similarly
to how the 53A5 and 53Aé6 versions of the GROMOS force field were developed [97].
Bonded interactions are modelled by the following potentials:

1
U

b= EKb(dij — dp)? (2.12)
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2.5. MARTINI Force Field

U, = %Ka[cos(qﬁ,jk) — cos(¢4)]? (2.13)
Ug = Ka[1+ cos(nijis — ¥a)] (2.14)
Uid = Kia(Wij — Yia)? (2.15)

where Uy, U,, Uy and Ujq correspond to bonds (dj; distance between atoms i and j),
angles (¢jjx angle between atoms i, j and k), proper and improper dihedral potentials
(ijk torsion between atoms i, j, k and |), respectively (see equation 1.7 for similar term
definitions). An elastic network model (based on the Ca positions) is used to improve
structural stability and secondary structure [4, 98]. With this, one of the main limita-
tions in MARTINI is the lack of dynamic secondary structure conformations, and hence

its inability to be used in protein folding studies [4, 98].

Non-bonded interactions are modelled using a Lennard-Jones 12-6 potential (see eq.
1.8). Charged beads interact via Coulombic interaction using a single dielectric con-
stant of 15 (see eq. 1.9). Parameters were optimised based on experimental hydration

free energies and vaporisation free energies [4].

Different optimisation have been performed to the MARTINI protein force field [99,
100]. In the case of the MARTINI 2 version [99], reparameterisation of phenylalanine,
tryptophan and proline side-chain parameters were performed, since they were too hy-
drophobic, as well as the reparameterisation of charged and polar interactions in a low
dielectric medium, where was founds that were too weak compared to the atomistic
models. The parameterisation involved the generation of new topologies for the men-
tioned side-chains to improve partitioning free energies, use of an off-centre charge
model for the description of contact pairs of oppositely charged residues, and optimisa-
tion of polar side-chains to improve dimerisationin apolar environments. The latest ver-

sion of the MARTINI force field (version 3) [100], have introduced bigger changes, espe-
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2. Coarse-Grain Modelling of Proteins

cially inthe fundamentals of the building blocks that characterise the force field. Briefly,
changes involved the introduction of small (S) and tiny (T) beads, to fully work with the
normal type beads (N). With this, aromatic rings are optimise in the way that stacking
are more realistically represented (as well as better densities and partitioning free en-
ergies). More beads with hydrogen-bond capabilities are introduced, and Q-beads to
model divalent ions (named Q2). The water model is improved to avoid freezing prob-
lems and to reproduce miscibility. Interactions are divided in organic, water and ions,
where each block has an independent parameterisation approach to improve partition-
ing free energies, densities and trends in solvation free energies. With this, different
interaction levels are introduced. Finally, an most importantly, backbone beads do not
depend of the secondary structure, where the use of small and tiny beads in side-chains

guarantees better packing and modelling of cavities [100].

This model was originally developed for lipids [89, 101] and subsequently extended to
proteins [4, 99]. Some of the studies have been related to membrane self-assembly
[102], slowly occurring processes like cholesterol flip-flop [103] and lipid desorption
[104], bending and deformation of asymmetric bilayers [105], fusion of lipid membranes
[106], organization of proteins and peptides into lipid bilayers [107, 108], protein-lipid
interactions [109], protein oligomerization [110], protein self-assembly [111] and con-

formational changes of tertiary protein structure [?], and many more.

2.6. SIRAH Force Field

SIRAH is a top-down generic force field derived to fit structural properties. The force
field contains parameters for explicit water, electrolytes, DNA and proteins. Molecular

interactions are evaluated using a classical Hamiltonian.

The SIRAH force field, developed by Pantano et al., is a coarse-grained force field built
based on a generic Hamiltonian, similar to the most common atomistic models (equa-
tion 2.14). SIRAH is based on a top-down approach where most of its characteristics

are derived to fit structural properties. At the moment, the SIRAH force field contains
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2.6. SIRAH Force Field

parameters for DNA, water, proteins and DMPC lipid.

The force field has the following form,

U
U= Z kb(l’,‘j - I’eq)2 + Z kg(@,-jk—Geq)Z + Z ?k[l + COS(I”Ik(D — ’qu)]

bonds angles dihedrals
N N
+ E ' § :g..[(ﬂ)ﬁ — (ﬂ)é] + /L
if
rij rij 4 rij
I i>m Y y E0ETj

(2.16)

where kj, is the force constant for bonds, rj; is the bond length for atoms i and j, req is
the reference bond length, kg is the angle force constant, 8 is the i-j-k angle, 84 is the
reference angle, Uy is the force constant for dihedral angles, @ is the dihedral angle, nk
is the order constant, and ;7 is the reference dihedral angle. Terms for Lennard-Jones

and electrostatic interactions have been previously defined (see eq. 1.8 and 1.9).

Water model: The water model from the SIRAH force field (known as WAT-FOUR,
or WT4) is based on the transient tetrahedral clusters that are formed in pure water
(Fig. 2.5). These clusters are formed of two positive and two negative beads, covalently
bound (with the use of harmonic restraints) to represent 11 water molecules [7] (each
bead has a total mass of 50 au. Four beads sum a total of 200 au, that if it is divided by
18 au, which is the mass of one water molecule, gives a total of 11 water molecules).

Each bead has a mass of 50 au, with a charge of +0.41e for positive beads and -0.41e
for negative beads (charges applied based on the SPC water model). The CG confor-
mation representing the tetrahedral clusters, contains an implicit water molecule inthe
centre. The distance between the oxygen of this central water molecule with respect to
any other oxygen atom of the cluster is 0.28 nm. Based on this assumption, a distance
of 0.45 nm between each bead of the CG representation is established in order to get
a perfect tetrahedron. A value of 5 kcal/mol-A? is used for the harmonic constant in
the bonds to obtain better agreement for some water properties, such as density and
diffusion coefficient. This also adds plasticity to the clusters, giving the option to adapt
to temperature changes and to changes in the environment. Van der Waals and elec-

trostatic interactions are based on the classical functional form for generic force fields

39



2. Coarse-Grain Modelling of Proteins

The WT4 water model. Schematic representation of the SIRAH water model WT4, composed
of 4 beads arranged in a tetrahedral shape. Two beads bear a negative charge of -O.41e (red
circles), and two beads with a positive charge of +0.41 (blue circles). Atomistic water molecules
are represented in the background.

(see equations 1.8 and 1.9).

Table 2.1 summarises a comparison of bulk water properties for the WT4 and experi-
mental data. As can be seen, most of the water properties do not agreed with the ex-
perimental data, except for the diffusion coefficient. Important properties such as the

isothermal compressibility and surface tension are poorly described [7].

Dielectric Diffusion Expansion Mass Isothermal
constant coefficient coefficient  density  compressibility
(¢) (10°cm™2s7 1)  (1074K=1) (gmL™1) (GPa—1)
WT4 110 2.23 11.6 1.01 243
Exp. 784 2.27 2.53 0.99 0.46

Bulk water properties for the WT4 model and experimental data at 300 K. Values obtained from
reference [7].

Advantages of the WT4 model are the existence of explicit short-range and long-
range electrostatic interactions, and the possibility to perform CG/MM hybrid simula-

tions, where regions of interest can be described in full atomistic resolution and coarser

40

G’z 94n3i4

1'C 3lqeL



2.6. SIRAH Force Field

resolution to less relevant regions [112, 113]. Moreover, the authors have developed
CG models for simple electrolytes such as Nat, CI~ and KT. They are represented by
a single CG bead, including its first solvation shell [5, 7] and they bear a single partial
charge of +1e or -1e. Comparison of the hydration structure of the WT4 model around
the ions, using radial distribution function plots (RDF), and profiles for their electro-
static potential, with respect to atomistic simulations were done to validate the models.
Darre et al., 2010 [7] managed to reproduce the position of the second solvation shell
using the WT4 mode, but not the position for the third solvation shell. Lack of first sol-

vation shell was seen in RDF plots, hence its introduction in the ion models [5, 7].

Protein model: For the SIRAH protein model [5, 11], the backbone is represented
with low granularity (i.e. higher resolution), with beads corresponding to the amino
(GN), alpha carbon (GC), and carbonyl oxygen (GO) atoms (Fig 2.6). This higher res-
olution (similar to the PRIMO force field, see section 2.4) is discussed as an advantage
over other CG force fields with lower resolution on the backbone, such as the MARTIN|
force field for proteins, where the backbone is represented as one CG bead for the Ca
carbon [4]. This level of approximation usually needs extra constraints or restraints to
maintain the secondary structure [4]. SIRAH is able to maintain the secondary struc-
ture of proteins without any extra bias. Partial charges are explicitly defined on each
CG backbone bead that accounts for the formation of hydrogen-bond-like interactions.
These were optimised to reproduce the electrostatic potential generated by an atom-
istic poly-glycine in an a-helical conformation using the GROMQOS96/45a3, and AM-
BER9?9 force fields. The bond and angle values for the bonds between CG beads in the
backbone where initially taken from their DNA model (with values of 41840 kJ/mol and
627.6 kJ/mol rad?, for bond and angle constants, respectively), and consequently opti-
mised based on atomistic simulations of glycine tri-peptides using the AMBER99 force
field. The SIRAH 1.0 force field was tested for single proteins in water, protein com-
plexes and protein aggregation, and estimations of structural stability were done based
on root mean square deviations, root mean square fluctuations and secondary struc-

ture time-series [5].
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2. Coarse-Grain Modelling of Proteins

GO

H
| GC

N
GN\Z k/ ié
H

Coarse-grained mapping scheme for the SIRAH protein backbone. Red circles indicate the
atoms used to defined the CG beads of the backbone (GN, GC and GO).

Dihedral angles define the secondary structure for the system. Three dihedral an-
gles exist: W for the GN-GC-GO-GN plane, ® for the GO-GN-GC-GO plane, and Q
for the GC-GO-GN-GC plane. The secondary structure is defined as helix (H) when
—180° < & < 10° and —120° < W < 45° B-sheets (E) when —180° < & < 0° or
@ > 135°and —180° < W < 120°or 45° < W < 180°. Only peptides in the trans
configuration are accepted for the actual version of the model, and that is why Q is de-
fined as a single cosine function with only one minimum at that conformation. Fourier
expansion are used for dihedrals, forcing the existence of a minimum for the most stable

conformations (a-helices and B-sheets).

For the side-chains, the mapping was followed based on their physicochemical char-
acteristics (Fig. 2.7). Hydrophobic residues are represented with one bead; aromatic
residues are mapped using three of five beads in a plane; and for polar and charged
residues, CG beads are placed on the charged groups (Fig. 2.7). The procedure for
bonds and angles was similar to the backbone, where the values were taken from the
AMBER?9 force field and forces were taken from the CG DNA model of SIRAH as an

initial estimation.

Charges are placed in an ad-hoc manner, according to the amount of hydrogen bond ac-

ceptors/donors. Hydrophobic residues carry a zero charge, polar and aromatic residues
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Coarse-grained mapping scheme for the SIRAH protein side-chains. Mapping of all the CG
side-chain with respect to atomistic systems (FG, for fine-grained) is shown. Bead’s names are
presented, as well as van der Waals and charge parameters for the SIRAH 1.0 force field. Image

taken from reference [5].

carrya=£0.1e, hydroxyl groups a +0.2e charge, amide groups a £0.4e charge and charged

groups carry a unitary charge spread through the whole side-chain. In the case of histi-

dine, epsilon and delta protonated forms are present, with similar parameters. Van der

Waals parameters for the backbone are taken from the AMBER®9 force field. For the

side-chains, van der Waals interactions are calculated using Lorentz-Berthelot rules, ex-

cept for some pairs of interaction where specific corrections to avoid over-stabilization

of hydrogen bond and salt-bridge interactions are introduced ad-hoc. AMBER scaling

factors SCNB (1-4 van der Waals interaction scaling factor) and SCEE (1-4 electro-

static interaction scaling factor) are used for 1-4 non-bonded interactions.
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2. Coarse-Grain Modelling of Proteins

A recent re-parameterisation of the SIRAH protein model has been done (SIRAH 2.0)
in an ad-hoc fashion, where changes were accepted based on the improvement of struc-
tural descriptors such as root mean square deviations (RMSD), solvent accessible sur-
face (SAS), radius of gyration (RGYR) and native contacts [11]. Improved backbones
were obtained in relation to the number of terms used in the Fourier expansions, that
went from three and four terms to describe U$® and US® torsion potentials (SIRAH
1.0) [5], respectively, to two and nine terms in SIRAH 2.0. The complexity of UgG was
increased to allow parallel and anti-parallel 8-sheets conformations, while the energy
landscape for U‘JC,G remained unaffected [5, 11]. Increased side-chain flexibility is also
discussed, where changes to angular force constants were made. Non-bonded inter-
actions were updated to improve the hydrophilicity/hydrophobicity for side-chains and
backbone [11].

The SIRAH force field has been used in the study of protein-DNA interactions [113],
multiscale simulations and lipid simulations of DMPC membranes [114]. Machado et al.
[11] have also recently presented a new supramolecular coarse-grained model for wa-
ter. The WLS (WatElse) model [115] corresponds to a larger version of the actual WT4
model, where 4 beads represent 5 WT4 molecules, or 55 fine-grained water molecules.
They have managed to use this in multi-scale simulations, mixing their supramolecu-
lar and coarse-grained model with finite-water molecules to study virus-like particles
[115]. A speed-up of 2 orders of magnitude has been stated, based on the comparison

with atomistic simulations with equivalent numbers of particles [5].

2.7. Summary

Here we have summarised a group of intermediate and higher resolution coarse-grained
force fields. Advantages can be found for higher resolution models (such as PRIMO and
SIRAH), where there is no need for external biases for the stabilisation of secondary
structure and its flexibility (which is the case of MARTINI) (see table 2.2). Their func-
tional forms have been shown, as well as their parameterisation and optimisation pro-

cedures. These go from an ad-hoc manner (SIRAH), to get stable trajectories, up to the
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use of functional forms similar to atomistic force field, with the purpose of reproducing
specific properties, such as side-chain PMFs and partition free energies (e.g. PRIMO
and MARTINI), among others. Some of the mentioned force field were parameterised
for specificapplications, such as folding of proteins (CABS and UNRES), or to make them
more transferable in order to include a wide range of applications (MARTINI). The main
limitations in the development of coarse-grained force fields are related to their rep-
resentability and transferability, which correspond to their ability to represent and re-
produce physical properties at the state point they were parameterised and to state
point outside the parameterisation protocol. Parameterisation procedures, such as ad-
hoc methodologies, are limited by time, and tend to be tedious and prone to errors. The
use of automated procedures can be an advantage and will show itself as an important
alternative to overcome these difficulties, which will be discussed in the following chap-

ters.
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2. Coarse-Grain Modelling of Proteins

Protein coarse-grained force fields. Advantages and disadvantages of the force fields sum-

Force Field

Advantage

Disadvantage

CABS

UNRES

MARTINI

PRIMO

SIRAH

Ab initio simulations of protein
folding, and considered a leading
approach in CASP competitions

Parameterised based on atom-
istic PMFs of protein side-
chains. Diverse applications
in protein folding and protein-
protein interactions

Well known force field, with
vast documentations and com-
munity support. Diverse support
for biomolecular models, such
as lipids, DNA, proteins, sugars,
etc. Classic functional form, sim-
ilar as the one used in atomistic
force fields

Higher resolution backbone,
with hydrogen bond-like inter-
actions. Does not need external
bias to maintain secondary
structure

Supported in well-known MD
engines, such as GROMACS and
AMBER. Support for different
types of biomolecules, such as
DNA, protein and lipids. Higher
resolution backbone, with hy-
drogen bond-like interactions.
Does not need external bias to
maintain secondary structure.
Classic functional form, similar
as the one used in atomistic
force fields

Limited applicabilities to protein
folding studies

Too complex functional form,
with many parameters to over-
come possible limitations

Does not support the study
of systems that compro-
mise  secondary  structure
re-arrangements

Too complex to use, lack of com-
munity support, as well as lack of
documentation. Limited to pep-
tide and small protein structure
prediction

Lack of studies that show appli-
cations outside plain MD simula-
tions. Ad-hoc optimisation, and
un-extensive parameter valida-
tion

marised in this chapter.
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3.1. Introduction

Chapter 2 summarised intermediate and high resolution coarse-grained protein force
fields. Force fields such as UNRES and PRIMO show themselves as carefully made
force fields, but at expenses of complex functional forms and a large number of force
field parameters. Given the advantage of near-atomistic representations of the back-
bone, the use of a common functional form compatible with well-known MD engines
(such as GROMACS and AMBER), the availability of tools to ease its use (i.e. mapping,
back-mapping and visualization) [116], the SIRAH force field looks like a promising al-
ternative to conventional force field. Simulations using this force field have shown sta-
ble protein systems in water, either for proteins alone or in complex with other proteins
or peptides [5]. Compared to MARTINI, the SIRAH force field does not need the use
of elastic networks to overcome the problem of secondary structure stability. The use
of higher resolution backbone and partial charges on each bead serves for the produc-
tion of hydrogen bond-like interaction, which fully work to stabilise protein systems.
Moreover, explicit short and long-range electrostatic interactions are modelled with a
dielectric constant of 1, compared with the MARTINI model where a dielectric constant

of 15isused [4]. The SIRAH force field has not been tested for conformational changes



3. Testing of the SIRAH Force Field

in proteins, whichis the main interest of our investigation. We believe this is achance to
evaluate the capabilities of SIRAH outside the area for what it has been optimised, and
to test how the parametrisation process has been elaborated and if there are any areas

of possible improvement.

In this chapter, we have tested the SIRAH 1.0 force field [5]. We have extended the sim-
ulation times from the original publication for the protein model, evaluating the overall
stability of the systems. We have tested the capability of SIRAH to reproduce protein
conformational changes, specifically for the S1S2 glutamate receptor binding domain

and the Abl kinase.

Hydration free energies (HFEs) are an important property for aqueous systems such
as proteins. They help us to understand biological processes such as ligand recognition,
protein-protein interactions, folding and conformational changes. Moreover, hydration
free energies have been used for the validation of molecular force fields, and they are
an integral part of the calculation and estimation of solubilities, partition coefficients
and solute-solvent interactions [12, 117, 118]. For these reasons, use of hydration free
energies as a parameterisation target for coarse-grained models may improve their per-
formance. Here, we have tested the prediction of hydration free energies by the SIRAH
1.0 force field, for both the side-chains and the backbone. We believe this can lead us
and give us insight of possible flaws in the parameterisation process and protein dynam-

ics using this model.

3.2. Methods

The potential energy of the system is linearly related to coupling parameter a (eq. 1.24
and 1.37). With this, the solvation free energies for the side-chain analogues, for the
atomistic and coarse-grained systems, were calculated based on a decoupling approxi-
mation, where the non-bonded interactions of the solute with the solvent are gradually
turned off. With this, our reference state will be our system in solution, and the final

state will be the solute in vacuum. The OPLS-AA force field [119] was used for the atom-
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istic calculations, while the SIRAH 1.0 force field [5] was used for the coarse-grained
calculations. Simulations with the SIRAH 2.0 force field are later tested in chapters 4, 5

and 6.

3.2.1. Topology generation

The side-chain analogue topologies where build with the Small molecule Topology GEn-
erator (STaGE) [120]. We use SMILES strings as input. Topologies were generated us-
ing ACPYPE [121] and ANTECHAMBER. Assignment of the atom types was based on
the OPLS-AA types. Default charges of the OPLS-AA force field were used. Figure 3.1
shows a work-flow of the topology construction. The reason for the use of the OPLS-AA
force field is based on the evaluation of solvation free energies for side-chain analogues,

which have shown similar results compared to experiments [8].

3.2.2. Solvation free energies

The term solvation involves a series of steps, with different consequences in terms of
changes in energy. As examples, the first step involves the creation of a cavity (that
would be occupied by the solute), and is enthalpically and entropically unfavourable,
since the solvent-solvent interactions are lost, and the solvent orderingincreases. When
the soluteisintroduce, the interactions with the solvent increase, resulting in a enthalpi-
cally favourable process. Finally, the solute mixes in the solvent and entropy is gained.
Overall, the sum of all these changed in energy, in terms of enthalpy and entropy, is
called solvation energy, and solvation free energy involves the free energy change asso-
ciated to transfer a molecule from the gas to the solvent phase.

The following protocol was used for both atomistic and coarse-grained simulations.
Decoupling hydration free energies were calculated; that is, we started from a system
with the solute-solvent interactions fully on, and we scaled them to zero. Electrostatic
interactions were first turned off. If we first turn off van de Waals interactions, atoms
of opposite charge will experience strong attraction, causing overlaps and consequently

spurious effects. After decoupling electrostatic interactions, van de Waals interactions
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Topology Generation

STaGE pipeline

;\

SMILES as input

Topology construction

Use of standard ACPYPE and
on charges fromthe | | ANTECHAMBER
R, corresponding
HO'

aminoacids

For the OPLS-AA FF, Solvation

the GROMACS OPLS-
AA default charges OPLS-AA
are used GROMACS

Topology generation. \Workflow used for the topology construction of the atomistic side-chain
analogues.

were turned off. Six discrete values of the coupling parameter o were used for the scal-
ing step of both potentials: 0.0,0.2,0.4,0.6,0.8 and 1.0 (with 0.0 being fully on and 1.0
fully off). The soft-core scaling method was used to smoothly vary the potential when
atoms are nearly disappeared. A shifted version of the regular soft-core potential is im-

plemented in GROMACS, with the form,
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Usc(r) = (1 = a)Uo (r0) + aly (ry)

ON=
W
=

n= <a”ar08P + r(’)
1

rn = (aparoﬁ(l - P+ ré)g

where Ug and U are the normal van der Waals or electrostatic potentials, at o values
of O and 1, respectively. aP?" corresponds to the soft-core parameter (set as scapna i
the GROMACS input file), P is the soft-core power (set as sCpower in the GROMACS in-
put file) and o is the radius of the interaction (set as scsjgma in the GROMACS input file).
Parameters for these were set as aP?"=0.5, P=1.0, and 0=0.3. Simulation were run for

1 ns, with a previous equilibration of 1 ns and the corresponding system minimisation.

The Multistate Bennett Acceptance Ratio (MBAR) [41] was used to compute the free
energy difference. This method is an extension of the well- known Bennett Acceptance
Ratio (BAR) [40], which needs information from two end states (in contrast to FEP or
Tl, which need information from only one state) to compute the free energy difference.

MBAR combines data from multiple states to obtain the statistically optimum result.

3.2.3. Coarse-grained system setup and molecular dynamics

Coarse-grained (CG) models of three protein systems were constructed based on the
crystal structure deposited in the Research Collaboratory for Structural Bioinformatics
Data Bank (PDB). The systems with PDB code 1QYO (GFP protein, 238 amino-acids,
X-ray resolution of 1.80 A), 1RA4 (L7Ae protein, 120 amino-acids, X-ray resolution of
1.86 A) and 1R69 (N-terminal domain of phage 434 repressor, 60 amino-acids, X-ray
resolution of 2.0 A) were selected form the original SIRAH 1.0 publication [5], in order
to choose systems of different sizes and that represent different types of secondary

structure such as a-helices and B-sheets.
Briefly, each structure was protonated at pH 7.0 using PDB2PQR [122]. Residue based

CG representations were built using the cgtools code mapping procedure based on the

SIRAH topology [5, 116]. Each of the three CG systems were solvated in an octahedral
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3. Testing of the SIRAH Force Field

water box using the WT4 water model of SIRAH, where each molecule broadly repre-
sents 11 atomistic water molecules, with a distance between the protein system and
the edge of the box of 1.5 nm in order to satisfy the minimum image convention. The
periodic box sizes were 90x90x90 A, 70x70x70 Aand 60x60x40 A, for the big, medium
and small system, respectively. All systems were neutralised by addition of sodium and

chloride ions to a total concentration of 150 mM.

Coarse-grained molecular dynamics (CGMD) simulations were performed using GRO-
MACS v5.0.4 [123] with the SIRAH 1.0 force field. An energy minimisation was car-
ried out using 10000 iterations of the steepest descent algorithm. This was followed
by an NPT equilibration dynamics procedure of 5 ns with positional restraints of 1000
kJ/mol nm? applied to all the protein beads. Production runs were performed for 3 us
for each system with an integration time-step of 20 fs. Electrostatic interactions were
calculated using the Particle Mesh Ewald (PME) procedure with a direct cut-off of 1.2
nm and a grid spacing of 0.2 nm. Non-bonded interactions were modelled using the
Lennard-Jones potential with a cut-off of 1.2 nm. All simulations were run at 1 bar with
the Parrinello-Rahman barostat [124]and at 300 K with the v-rescale thermostat [125].

The simulation conditions were consistent with the original SIRAH publication [5].

3.2.4. Atomistic system setup and molecular dynamics

The same three systems mentioned in the CG system setup were used for simulations
using an atomistic resolution. Simulations were carried out using GROMACS v.5.0.4
with the OPLS-AA force field [119]. Each system was solvated using the TIP3P water
model [88] in an octahedron box with a solute-box distance of 1.5 nm in order to satisfy
the minimum image convention. The periodic box sizes were 85x85x85 A, 70x70x70
Aand 55x55x55 A, for the systems with PDB code 1QYO (GFP protein), 1RA4 (L7Ae
Archeal ribosomal protein) and 1R69 (N-terminal domain of phage 434 repressor), re-
spectively. All systems were neutralised by addition of sodium and chloride ions to a

total concentration of 150 mM.
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3.2. Methods

Similar to the CG MD simulations, each system was minimised using the steepest de-
scent algorithm with 5000 iterations. This was followed with an NPT equilibration of
10 ns with positional restraints on protein heavy atoms of 1000 kJ/mol nm<. Produc-
tion runs were performed for 200 ns for each system. Electrostatics interactions were
calculated using the PME procedure with a grid spacing of 0.16 nm. Non-bonded in-
teractions were modelled using the classical Lennard-Jones potential and a Coulombic
energy function, with a cut-off of 1.2 nmeach. The LINCS algorithm was applied to con-
strain all h-bond lengths. All simulations were run at 1 bar with the Parrinello-Rahman

barostat [124] and at 300 K with the v-rescale thermostat [125].

3.2.5. Umbrella sampling simulations

As a conformational change test, the opening/closing process of the glutamate receptor
ligand binding domain was used [126,127]. A 1D reaction coordinate (§) was chosen as
the distance between the C-a carbons of residues G451 and S652 of the CG Glutamate
receptor ligand binding domain (PDB: 1FTJ, corresponding to the ligand-bound struc-
ture in its closed conformation, X-ray resolution of 1.90 A) (Fig. 3.5). This was done for
both the free-ligand (apo, by manually removing the ligand), and the glutamate-bound
states (holo). The simulation were run starting from the closed state. The pull code
in GROMACS was used to generate snapshots for the umbrella sampling (US) simula-
tions from a single pulling trajectory, generating 33 umbrella windows that spanned a
distance range between 0.45 to 2.0 nm, with a distance between each window of 0.05

2 was used. Each

nm. A value for the biasing harmonic potential of 2500 kJ/mol nm~™
window was simulated for 300 ns. The Weighted Histogram Analysis Method (WHAM)
implemented in GROMACS (g_wham) [123] was used to remove the biasing potential
and get the unbiased probabilities, to finally compute the potential of mean force (PMF).
The rest of the simulation settings were set exactly as in the previous CGMD section.

Convergence of the PMF and overlap between the umbrella windows are shown in fig-

ures A.5 and A.6, for the apo and holo simulations, respectively.
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3. Testing of the SIRAH Force Field
3.2.6. Metadynamics simulations

A metadynamics simulation of the CG Abl kinase (PDB: 2G1T, X-ray resolution of 1.80
A) was performed using the Plumed package [128] (v. 2.4.3) patched into GROMACS
[123]. Simulations were run at a temperature of 310 K and for 1 us, using the well-
tempered metadynamics algorithm [50]. Two CVs were used, that compromises two di-
hedralangles: CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381) and CV2: GN(A380)-
GC(A380)-GC(F382)-BCG(F382). Gaussians were deposited every 4 ps with a height
of 2.0 kJ/mol. A bias factor of 5 was used. The width of the Gaussians was set to 0.1 rad
for both dihedral CVs. Parameters for well-tempered metadynamics simulations were
based on previous studies of the Abl kinase using Plumed [129], and the selection of

CVs was based on a study from Roux et al., 2015 [130].

3.3. Results and discussion

3.3.1. Protein system stability and secondary structure

We have tested the SIRAH 1.0 force field for proteins in solution, with different system
sizes, in order to evaluate their stability. We chose three protein systems from the orig-
inal publication of SIRAH [5] to further extend the simulations, up to 3 us (compared to
1 us from the original publication): PDB code 1QYO (GFP protein, 238 amino-acids),
1RA4 (L7Ae protein, 120 amino-acids) and 1R69 (N-terminal domain of phage 434 re-

pressor, 60 amino-acids).

The root mean square deviations (RMSD) histograms and time series for the three sys-
tems are shownin Figure 3.2, calculated against the crystal structure. Overall, for all the
systems the average values are consistent with those on the original SIRAH publication:
0.60 nm for the big system 1QYO (0.50 nm reported in the original SIRAH publication),
0.40 nm for the medium system 1RA4 (0.36 nm reported in the original SIRAH publica-
tion) and 0.92 nm for the small system 1R69 (0.87 nm reported in the original SIRAH
publication). Anincrease in RMSD values at around 1 us is experienced by the small sys-

tem 1R69 (Fig. 3.2 1), which can also be observed as two peaks on the histogram for this
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system (Fig. 3.2 G). A possible explanation for this can be observed in the time series of
the secondary structure for the coarse-grained systems. It seems that the small system
experiences a rupture of an a-helix to a coil structure, and the formation of an alpha
helix from a beta sheet in residues 35 to 40 (Fig. 3.3, right panel). For the other two
systems, no important changes in secondary structure exist (Fig. 3.3, left and middle
panel). Root mean square fluctuations (RMSF) were also calculated against the crystal
structure, and they are summarised in figure 3.4. In the case of 1QYO RMSF plots, sim-
ilar peaks are observed compared to the atomistic RMSFs, but with a higher base line.
Moreover, the peak observed for the atomistic 1QYO system at around residue 160, is
not observed for the CG system. The smallest simulated systems 1RA4 and 1R69 are
less stable than the 1QYO system, given the observed residue fluctuations as can be
seen by the RMSF plots in figure 3.4B and 3.4C (left panel). In these cases, RMSF val-
ues go over an order of magnitude higher compared to atomistic RMSFs, with values of
1 nmaround residue 50 in the case of 1R69 system. It has to be mentioned that the loss
of degrees of freedom in CG models will account for fewer interactions, and can be (but

not necessarily) a cause of more flexible systems.

The RMSD histograms show that the overall RMSD values maintain a stable behaviour;
the RMSDs are around two times higher for 1QYO and 1RA4 systems, and one mag-
nitude higher for the 1R69, compared to the atomistic RMSD values calculated in this
work (Fig. 3.2). Usually higher RMSDs are expected for coarse-grained systems due
to longer simulation times, fewer degrees of freedom, and potential energy surface
smoothness, characteristics that are representative of a CG force field [?]. Calcula-
tions of RMSD values against the last frame of the trajectories can give us information
if the observed RMSD values come from the intrinsic system flexibility of given some
conformational changes towards other stable structures. Figure A.1 shows the RMSD
time-series against the last frame of the trajectories. In the case of the 1QYO system,
no sudden changes are observed (Fig. A.1 A). An important change is observed in the
1R69 system, with a possible conformational transition around 1 us. Finally, the 1RA4

system presents a mixture with possible small conformational transitions after the first
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RMSD histograms and times series. Root mean square deviation frequencies (A, D and G) and
time-series (B, C, E, F, H, I) at both levels of resolution, coarse-grained (red) and all-atom (green)
against the crystal structures are shown, for the big system (A,B,C) (1QYO, GFP-protein, 236
residues), the medium system (D,E,F) (1RA4, L7Ae Archeal ribosomal protein, 117 residues)
and the small system (G,H,1) (1R69, N-terminal domain of phage 434 repressor, 63 residues).
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Time evolution of the secondary structure. Evolution of the secondary structure by residue

for the coarse-grained models was calculated. PDB codes of the systems analysed (right side

of the figure) correspond to: the big system (1QYO, GFP-protein, 236 residues), the medium

system (1RA4, L7Ae Archeal ribosomal protein, 117 residues) and the small system (1R69, N-

terminal domain of phage 434 repressor, 63 residues). Panels in the left hand side correspond

to atomistic simulations, while panels on the right hand side correspond to coarse-grained sim-

ulations. Colours represent the evolution of a-helices (pink), B-sheets (yellow) and coil (white)

secondary structures. Other colours observed in the atomistic plots represent secondary struc-

tures such as 31p-helix and isolated bridge, but can not be represented by the SIRAH.
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Protein RMSF. Root mean square fluctuations for each system at both levels of resolution
against the crystal structure. The RMSF were calculated over the C-a carbons for the coarse-
grained model, as well as in the all-atom models for (A) the big system (1QYO, 236 residues), (B)
the medium system (1RA4, 117 residues) and (C) the small system (1R69, 63 residues).
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3.3. Results and discussion
3.3.2. Protein conformational change

We have attempted to reproduce the free energy landscape of a protein conformational
change using the original SIRAH 1.0 force field. We have studied two different pro-
cesses: the opening/closing event of a Glutamate Receptor Domain, and the DFG-flip

conformational transition in the Abl kinase.

3.3.2.1. Opening of the binding domain of the S1S2 glutamate receptor

We started with the opening/closing event of the ligand binding domain of the S152
glutamate receptor (Fig. 3.5), processes that have been extensively studied in differ-
ent scenarios, such as in its unbound and bound forms with different types of ligands
(e.g. glutamate, AMPA and a photo-switchable ligand) [126,127,131, 132]. Briefly, glu-
tamate receptors regulate synaptic transmissions in the central nervous system. They
are activated upon ligand binding, which translates to a transmembrane channel open-
ing. The ligand binding domain (LBD) has a clamshell-like structure, that experiences
a conformational change (open to closed) when an agonist binds. Even though it has
been suggested that a pure structural explanation based on this cleft movement is not
enough to describe the receptor mechanism [126], it has been shown that, for the case
of the S1S2 glutamate receptor, a ligand-free receptor (apo) prefers more open confor-

mations, while a glutamate-bound structure (holo) prefers a closed one [126, 127].

In order to describe the cleft movement, a one-dimensional order parameter was
used, described by the distance between the centre of mass of the C-a beads of residues
G451 and S652 of the ligand binding domain of the S1S2 glutamate receptor (Fig. 3.5),
which can be considered as equivalent to the 1D projection of a two-dimensional coor-
dinate used in similar studies [126, 127], that is calculated as CVj, = (CV4 + CVW,)/2
with CV4: distance between the centre-of-mass (COM) of residues 479-481 and residues
654-655, and CV,: distance between the COM of residues 401-403 and residues
686-687.

As previously mentioned, it has been reported that the apo structure of the receptor
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ATOMISTIC SIRAH

Coarse-grained mapping of glutamate receptor ligand binding domain. 3D representation
of the S152 glutamate receptor ligand binding domain. An atomistic representation is shown, as
well as the SIRAH mapping of the same structure. The residues used to represent the collective
variable are shown in magenta, and the direction of the pulling is shown as red arrows.

prefers more open conformations. For the crystal structure, the average distance be-
tween these residues is around 1.18 nm, and the global minimum of the free energy
profiles, of the apo state, from atomistic simulation lies at around the same value [126].
The original SIRAH 1.0 force field shows two shallow minima at around 1.15 nm and

1.35 nm, with a barrier between them no greater than 0.5 kcal/mol (Fig. 3.6).

Lau Y. et al,, 2007 [126], showed that, for the apo structure, energies of around 4.0
kcal/mol are needed in order to achieve conformations close to the glutamate-bound
state (i.e. averaged values of a distance around 0.89 nm). Energies of 1.0 kcal/mol are
seen for this closed state in the case of the SIRAH 1.0 force field (Fig. 3.6). It is known
that CG force fields tend to show smoother energy profiles given the fewer degrees of

freedom, compared to atomistic systems [126].

In the case of the free energy landscapes for the glutamate-bound state, or holo state, a

preference for a closed conformation is seen. The crystal structure for this state shows
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Free energy profile of the S152 glutamate receptor. PMF plot of the cleft opening/closing
process of the S1S2 glutamate receptor ligand binding domain in its apo state.

an average distance between the designated residues of 0.86 nm, while the predicted
minimum in atomistic simulations lies at around 0.89 nm [126]. In the case of the SIRAH
1.0, no preference for a closed state is seen, even showing a greater preference for a

more open state compared to the apo structure (Fig. 3.7).

15 T T T T
HOLO

3 10l ]
g 1)
E L
(&) L
S
Q9 ]

0.5 1.0 15 2.0 25

§ (nm)

Free energy profile of the S152 glutamate receptor. PMF plot of the cleft opening/closing pro-
cess of the S1S2 glutamate receptor ligand binding domain in its glutamate-bound state (holo)

using the SIRAH 1.0 force field.
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3. Testing of the SIRAH Force Field

3.3.2.2. DFG-flip of the Abl kinase

Protein tyrosine kinases regulate many cellular signalling processes such as cell-growth,
proliferation, metabolism, cellular differentiation and migration, hence their wide inter-
est as targets in diseases such as cancer. It is for this reason, that the regulation of
kinases has to be tightly controlled [130, 133]. Near the terminus of the "activation
loop", a motif known as DFG is located, which is composed by Asp381-Phe382-Gly383
(Abl numbering, Fig. 3.8) [130]. A conformational transition in this motif exists, that
can switch the enzyme from an active (DFG-in) to an inactive (DFG-out) state [130].
Phosphorylation of the activation loop is also a common mechanism for kinase activa-
tion. In the active conformation, the aspartate of the DFG motif points into an ATP-
binding site coordinating the binding to Mg2™ ions, and the aeC-helix is rotated inward
towards the active site [130, 133]. Opposite to this, experimental results have shown
that the inactive conformation is characterised by rotation of the aspartate to outside
the binding site, loosing coordination with the Mg?+ ions. Morover, in the inactive form,
the phenylalanine from the DFG motif occupies the binding site, disrupting ATP bind-
ing [130, 133].

Two dihedral angles have been used by Meng et al., 2015 [130] to describe the tran-
sition between the DFG-in and DFG-out conformations (in terms of the flip of aspar-
tate and phenylalanine residues): CB(Ala380)-Ca(Ala380)-Ca(Asp381)-Cy(Asp381)
and CB(Ala380)-Ca(Ala380)-Ca(Phe382)-Cy(Phe382). Afree energy equilibriumwas
showed, inthe case of the Abl kinase, with two clear minimalocated at around (60°, —100°)

and (—100°, 10°), corresponding to the DFG-in and DFG-out states, respectively.

The authors used US simulation to estimate the relative free energies of the two confor-
mational states, with atotal of 5184 windows that spanned the entire range (—180°, 180°)
for both dihedral angles [130]. As a straightforward and simple approach, and in or-
der to avoid 5000 simulations, we decided to use well-tempered metadynamics. We
used the same two collective variables previously mentioned, except for the case of

CB(Ala380). Given the lack of a C8 atom for alanine in SIRAH, we used atom GN(A380)
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3.3. Results and discussion

CG representation of the DFG motif. The DFG motif is shown in green, surrounded by the
phosphate-binding (P-loop, light blue), the aC-helix (dark blue) and the activation loop (A-loop,
purple).

(which is mapped on the N atom for the peptide bond between residues 379 and 380)
(Fig. 3.9). With this, the two dihedral angles were defined by the following atoms:
CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381) and CV2: GN(A380)-GC(A380)-
GC(F382)-BCG(F382) (see Fig. 2.6 for the side-chain mapping in SIRAH). Differences
will be expected between the choices of the CVs used in atomistic and coarse-grained
simulation, but we believe that the choice will still captured the rotation of aspartate
and phenylalanine residues, and to be able to fully predict two conformational states

(see chapter 6 for more results using this coarse-grained CV).

The 2D-PMF of the DFG transition, described using the SIRAH 1.0 force field, is
shown in figure 3.10. A clear minimum exists at around (60°, 30°). Another higher basin
is seen at (—150°, 60°), with relative energy values of 9-12 kcal/mol. Comparing our
results with atomistic simulations [130], no equilibrium is shown for the two structural
states, with an energy barrier of around 18 kcal/mol between both basins, and with a

preference of just one state that resembles a DFG-in conformation, based on the dihe-
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3. Testing of the SIRAH Force Field

GN (A380)
BCG (F382)

GC (A380

GC (F382)
GC (D381)

QCG (D381)

CG representation of the collective variables. Graphical representation of the two di-
hedral angles that were used to described the DFG transition, using the SIRAH 1.0 force
field: CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381) and CV2: GN(A380)-GC(A380)-
GC(F382)-BCG(F382). (see Fig. 2.6 for the side-chain mapping in SIRAH).

dral angle values.

3.3.3. Hydration free energies for the SIRAH 1.0 force field

One of the main approaches used to test the quality of different force field is the evalu-
ation of solvation free energies, for example in the case of the polarisable water model
in MARTINI [134]. With this in mind, and with the intention to find potential causes for
the inability of SIRAH to fully reproduce conformational changes, we decided to per-

form hydration free energies of protein side-chains, and the backbone beads.

As canbeseeninfigure 3.11, a critical discrepancy exists between the calculated values
and the experimental data for the hydration free energies using the SIRAH 1.0 force
field (R? of 0.104). OPLS-AA hydration free energies were also calculated and included
for comparisson. It is clear that something important is missing in the parameterisation

process of the SIRAH 1.0 force field, which can play an important role on the repre-
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kcal/mol
18

2D PMF of the DFG transition. All units are shown in kcal/mol. CV1 and CV2 correspond to
two dihedral angles given by: CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381), and CV2:
GN(A380)-GC(A380)-GC(F382)-BCG(F382).

sentation of side-chain interactions, and a source of error on the interaction with the

solvent model.
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Hydration free energies for the SIRAH 1.0 side-chain and backbone beads. Comparison of
the calculated hydration free energies for the OPLS-AA force field (blue) and the SIRAH 1.0

force field (red) (A Gsim) vs. experimental values (A Gexpt). Error bars reported as standard
errors calculated based on 3 replicas.

To further observe the discrepancies in the SIRAH force field, comparisons of the
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3. Testing of the SIRAH Force Field

electrostatic component (Fig. 3.12, right panel) and the van der Waals component (Fig.
3.12, left panel) were made. As can be seen, none of the side-chains for SIRAH 1.0 has
similar behaviour to that of the atomistic simulations. Some of them even gave values
of different sign in the van der Waals component (Phe, Tyr, His), while others presented
similarities for the same component (Ser, Thr, Asn and GIn). No similarities exist for
the electrostatic component. In terms of total free energies (Fig. 3.11), Ser, Thr, Cys,
Trp and backbone show energy values of different sign compared to atomistic and ex-
perimental values With this, it seems the main problem for the discrepancy between
atomistic and coarse-grained solvation free energies comes from the electrostatic com-
ponent. Alanine is the only amino-acid which behaves in a similar way compared to
atomistic simulations, with a hydration free energy of -1.47 kcal/mol, compared to-2.13
kcal/mol for the atomistic system. Even so, its electrostatic component is one order of
magnitude higher (0.81 kcal/mol vs. 0.08 kcal/mol). All the values for the solvation free

energies and for each of its components are summarised in table 3.1.
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Comparison on the components of the hydration free energies. The van der Waals (left) and
the electrostatic (right) contribution to the hydration free energy for the atomistic and coarse-
grained systems are shown.

3.4. Summary

The SIRAH 1.0 force field [5] has been tested. Protein simulations have been extended

to 3 us, compared to the 1 us time shown in the original publication of the SIRAH 1.0
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3.4. Summary

Expt. OPLS-AA SIRAH 1.0
Backbone (NMA) -10.1 -7.40+£0.04 (AMBER-14SB)  1.73+£0.07
Val (propane) 1.99 245+ 0.06 0.02+0.01
Leu (isobutane) 2.28 2.69+£0.10 0.02+001
lle (butane) 2.15 2.59+£0.08 0.02+£0.01
Ser (methanol) -5.06 -4.44 4+ 001 1.87 £0.04
Thr (ethanol) -4.88 -4.12+0.11 1.87+0.04
Cys (methanethiol) -1.24 -0.39+£0.02 1.78 £0.03
Met (methyl-ethylsulfide)  -1.48 -0.06 £0.01 0.03+£0.02
Asn (acetamide) -9.68 -8.46+£0.02 -2.87+0.07
GIn (propionamide) -9.38 -8.36 £0.04 -2.87+£0.07
Phe (toluene) -0.76 -0.40+0.04 -0.50+£0.05
Tyr (p-cresol) -6.11 -4.614+0.13 -0.70 £ 0.06
His (methyimidazole) -10.27 -7.70+£0.06 -1.474+£0.04
Trp (methylindole) -5.88 -5554+0.22 047 £0.09
MUE 1.04 5.03
MSE -1.04 -4.13
R? 0.98 0.10

Comparison of hydration free energies. Hydration free energies of neutral side-chains and
backbone using the OPLS-AA, AMBER-14SB and the SIRAH 1.0 force field. Mean unsigned er-
ror (MUE), mean signed error (MSE) and R? are shown, compared to experimental values (Expt.).
All values are in units of kcal/mol. Errors reported as standard errors calculated from 3 replicas.

force field [5]. We have tested the capability of reproducing protein conformational
changes and their corresponding free energy landscapes on two protein systems: the
S1S2 glutamate receptor binding domain and the Abl kinase. We further extend our
test to the estimation of hydration free energies using SIRAH 1.0, and compare them to

atomistic and experimental data.

Simulation of the SIRAH 1.0 force field have shown that:

e The SIRAH 1.0 behaves well for large proteins but it shows clear instabilities for

smaller protein systems.
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3. Testing of the SIRAH Force Field

e Thecapability of SIRAH to reproduce free energy profiles of conformational changes

is not good, showing a lack of consistency with respect to atomistic simulations.

e Hydration free energies of the SIRAH 1.0 side-chain and backbone beads showed

a clear discrepancy with atomistic and experimental values

With this, there are clear inadequacies in the parameterisation of the SIRAH 1.0 force
field. Based on our results, most of the differences came from the electrostatic compo-
nent of the calculated hydration free energies. Most of the parametersinthe SIRAH 1.0
force field were derived with an ad-hoc approach. We believe that the incorporation of
abetter set of parameters is key to yield better agreement with experiments, and thus a
better representation of the protein and solvent interactions. In the following chapters
we propose the reparameterisation of the SIRAH 1.0 force field. We developed an op-
timisation work-flow to overcome the differences observed in terms of hydration free
energies. This method has been applied for the optimisation of uncharged side-chains
and the protein backbone. Important discussions are shown for the reparameterisation

of charged side-chains.
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4.1. Introduction

The quality of a force field will depend on the reliability of the chosen approach to es-
timate the parameters that are going to be used to calculate the energies and forces
of molecules and systems. Usually, the selection of the target data (i.e. the informa-
tion that is used to fit our force field, which can be energies, structural information of
proteins, among others) comes from supermolecule calculations such as QM calcula-
tions of representative systems of interest (e.g. simulations of an alanine di-peptide for
parameterisation of a protein backbone torsion parameters). Parameterisation using
experimental data can also be done, but usually such data is not available for the sys-
tem of interest. Alternatives to this can be the use of implicit solvation methods, where
the solvent is represented as a continuous medium [135], offering significant computa-
tional savings. Different models have been designed, such as solvent-accessible surface
area models, Poisson-Boltzmann models and Generalised Born models [135]. Success-
ful applications of such continuum models have been shown in areas of protein mod-

elling design [136], and protein dynamics [137, 138]. Limitations have been shown for
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these types of models, and compared to explicit solvent models, in areas of binding free-

energies [139] and solvation free energies [140].

It is clear that force field optimisation is not a trivial procedure, given that the search
of paramaters is carried out based on chemical intuition to guide manual testing of pa-
rameters (ad-hoc), where some have classified this process as anart [141]. Other frame-
works and approximations to optimise parameters have been proposed, such as meth-
ods based on genetic algorithms, hill-climbing routines and force-energy matching [ 142].

Abasic protocol to develop a new force field includes the following four steps [17]:

1) Selection of the functional form. In order to model the system of interest, this is the
first crucial step. Selecting how are we going to describe the interaction between par-
ticles is needed, where the form of the force field strongly influences this. Simple force
fields (or also known as class 1) usually represent bond and angle interactions by har-
monic terms, and usually Lennard-Jones and Coulomb potentials for van der Waals and
electrostatic interactions. In this class, some "traditional" force field can be mentioned
suchas AMBER [143], CHARMM [87], OPLS-AA[119]and GROMOS [?7]. Other more
complex force fields (also known as class 2 and 3) use more complex functional forms
that are built based on the type of applications. An example is the AMOEBA force
field [144], where angles are decomposed, based on a Wilson-Decius-Cross decompo-
sition, into in-plane and out-of-plane components, a softer 14-7 van der Waals form is

used, and partial charges are replaced with polarisable atomic multipoles [144].

2) Selection of a particular data set. Choosing an interesting data set to derive the
force field parameters is needed for the chosen functional form. In this context, an ideal
target would be experimental data such as bond distances, angles, x-ray data, densities.
In most of the cases, this data is not available for the systems that we are interested to
optimise, where theoretical data such as QM calculations of energies and forces play
an important role [17, 32, 145]. Other types of data include the use of osmotic coef-

ficients for the re-parameterisation of protein force fields [146], as well as the use of
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4.1. Introduction

NMR data[147].

3) Parameter optimisation. Most of the parameters are mutually dependent, so changes
in one can substantially affect the other [17, 145] (i.e. the parameters are coupled).
Parameterisation will need an iterative process until you get stable and well behaved
simulations. For example, partial charges and LJ are highly correlated: a set of van der
Waals parameters determined for a specific set of charges will not work for another set
of charges obtained with a different method. Moreover, bonded parameters will be cor-
related to non-bonded parameters, where changes in the latter will affect the behaviour
of the former, for example, in the energy surface of a dihedral angle [17,32, 145].
Historically, bond and angle parameters have been taken from small-molecule crystal-
lography and vibrational spectroscopy [17, 32, 145]. Now, these force field parameters
are usually derived from QM calculations, using small molecule vibrational frequen-
cies [145]. In the case of dihnedral terms, as experimental information on torsional bar-
riers is often absent, quantum mechanical calculations again play an important role to
determine these torsion potentials [32,145]. The process of torsion parameterisation is
as follows: arepresentative molecular fragment of the torsion to be modelled is chosen,
where a series of configurations are generated by rotating the necessary bonds, and
the energy is calculated using a QM approach. Then, the torsional potential is fitted to
reproduce the energy curve [32, 145]. As mentioned before, complications in this area
are the coupling that exists between torsion and 1-4 interactions, where non-bonded
parameters are involved. A series of iterations have to be performed in order to repro-
duce the energy surface [32,145].

Optimisation of partial charges can be done through different methods. The supramolec-
ular approach is related to the adjustment of charges to reproduce QM interaction en-
ergies and geometries of the model compound with respect to individual water molecules,
which are placed at different locations and orientations around the molecule [148].
Atomic partial charges can also be parameterised based on QM Electrostatic Poten-
tials (ESP), which has the intention of reproducing the QM ESP mapped onto a grid

surrounding the model compound [17, 141, 148]. These two methods have the advan-
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

tage of being fairly quick in developing optimised parameters, but only when QM ESP
are available or can be determined. Some improvements have been made for the ESP
method, which now includes restraints during the fitting process (RESP) [17, 141]. This
is useful for the determination of charges on buried atoms. Both of these methods are
dependent on the conformation used in the optimisation process. To alleviate this, mul-
tiple conformations can be used.

Once partial charges are assigned, LJ parameters need to be optimised. Early studies of
Jorgensen showed the use of condensed-phase properties (using pure liquid systems)
as the target for the optimisation [149]. These parameters were adjusted to reproduce
experimental heat of vaporisation, densities, heat capacities, heats of sublimation and
solvation free energies [148]. Moreover, LJ parameters are optimised for atoms in a
series of classes of functional groups, and once this is done, these parameter can be
transferred, without any other optimisation, to other molecules that use the same class

of functional groups [32, 145, 148].

4) Parameter validation. Once the parameters have been determined, a proper valida-
tion needs to be considered, which relies on comparison of simulations with experimen-
taldata. Thiswill need to include properties for which the force field was parameterised.
For example, if a force field has been parameterised based on condensed-phase prop-
erties, testing the performance and the capability to reproduce density and enthalpy of
vaporisation would be a good choice. Moreover, the use of certain properties that were
not included in the parameterisation process is essential. The use of hydration free en-
ergies has also been used for force field validation [12, 150], as well as partition free
energies between water and different organic phases [4] and the stability of proteins

and peptides [5, 11].

4.2. Force field parameter optimisation

In this section, a brief summary is provided for some actual methods and approaches
related to the optimisation process. An explanation for force-matching, a well-known

parameter optimisation method, is given, as well as some automated pipelines that use
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it. An approach related to the use of NMR data as target is also explained, mainly be-
cause it differs from previous target data used in parameter derivation (see above). At
the end, the ForceBalance method is explained, which is a new method that follows a
hybrid approach where simulation and experimental data are used to derive new force

field parameters; this method is directly related to the development of this thesis.

4.2.1. Energy and force matching

Energy and force matching [151], is one of the most widely used methods for the op-
timisation of force field parameters, and it has been extensively integrated in some au-
tomated procedures [6, 152, 153] (see below). The aim of energy and force matching
is to minimise the difference between a reference system potential (U.f) and a simpler
potential (Ug;) (or forces), and to get the best possible representation of the energy sur-
face[151,154]. The fitting process is based on the minimisation of an objective function
%2, that includes the square difference for a given property A, in relation to the calcu-

lated (Aij) and reference (AﬁjL) values,

Nconf N
i 2
X =D Weons 2w (AT — A) (4.1)
i=1 A j=1

where Ngnf is the number of configurations, Wéomc and w,f} are the weight of the con-
figuration and that of the fitted property for the particular configuration, respectively.
LL and HL stand for low-level and high-level, which represent the type of models used
in the calculation of the data. For example, a low-level description model can represent
an atomistic system, while a high-level description can be given by QM calculations. In
this context, the property A will take the form of energies and/or forces. The use of dif-
ferent configurations and physical situations such as clusters, surfaces, bulk and liquid,
is encouraged with the idea of achieving a potential transferability [151]. In order to get
more data point contributions to the fitting of the energy surface, it has been suggested,
in conjunction with forces (which include 3N data points), the use of molecular torques,

dipoles and stress tensor [154].
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4.2.2. ForceFit

The ForceFit package has been developed by the group of Clark [152] in order to opti-
mise classical force fields based on the force matching approach. Here, forces from dif-
ferent QM configurations are used as targets in the optimisation procedure, where the

difference between these forces and those calculated by classical MD are minimised.

The ForceFit workflow is as follows: a series of physically representative QM config-
urations need to be collected, where standard electronic structure codes can be used
(Gaussian [155] and NWChem [156]). Next, the selection of the parameters to be op-
timised has to be performed. ForceFit support the optimisation of bonded parameters
only, including pairwise, bonding, angle, dihedral and improper potentials. In order to
obtain the classical force to be improved, ForceFit will run a single MD step, using DL-
POLY [157], AMBER [143] or LAMMPS [158]. The only implemented method in Forc-
eFit for the parameter optimisation is the Powell algorithm [159], which corresponds
to aleast square based method. The squared difference between the classical and QM

forces is given as:

U=> 1\ - Fl’w (4.2)

where the i subscript will run over all the QM geometries in the so-called database,
which is just the collection of all given available geometries and forces. f; and F; stands
for the classical and QM forces, respectively. X corresponds to the parameters to be
optimised in the classical force field. The weight w; determines where one particular

geometry is more physically represented in the fitting process.

4.2.3. ParamFit

ParamfFit corresponds to another automated optimisation protocol for classical force
fields [153]. It is based on the use of forces and energies from ab initio simulations or

experimental data as target for the optimisation of only bonded parameters in Amber.
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Inorder to fit energies, ParamFit will try to minimise the following expression:

N
F(N, Equ. K) = [(Emm(i) — Equ(i) + K)?] (4.3)
i=1

where Natoms and N are the number of atoms in the system and the number of config-
urations, respectively. Eqn and Eppn are the quantum energy and the calculated en-
ergy from classical simulations. K is a constant that accounts for different origins in the
guantum and classical energies, and allows minimisation to zero to be conducted. When
fitting to forces, a similar approach is followed, given as:

N Natoms
F(N, Natoms. Fom) =D Y IF(i, atom)mm — F(i, atom)oml®  (4.4)

i=1 atom=1

where Fgpn and Fuy are the quantum force and the calculated force from classical sim-

ulations. All the other terms are the same as previously defined.

In order to diminish the noise, forces errors are summed for all atoms in the molecules
orjust for the atoms directly involved in the parameters to be optimised. A combination
of a hybrid genetic algorithm approach is implemented, with a later refinement through
the use of a simplex algorithm, as the authors claim that this increased the convergence
speed compared to the use of a genetic algorithm alone. ParamFit has been used in the
development of the GAFF14 [160] and Lipid14 [161] force fields in AMBER, optimising

dihedral parameters in lipid tails.

4.2.4. Optimisation based on NMR data

Force matching is one of the most common approaches used in the optimisation of clas-
sical force fields, but other groups have focused attention on a new approach for the
type of target data. Li and Brischweiler have developed a strategy for the optimisa-
tion of protein force fields based on NMR chemical shifts and residual dipolar couplings

(RDCs) [147].
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The calculations of these properties is performed for each snapshot on the MD trajec-
tory, based on a parent force field defined as U,;4. Time and ensemble averaged chem-
ical shifts are calculated for each snapshot, using equal weights, poiq(i) = 1/N. These
are compared with the experimental values by means of RMSD. They reweight a parent
trajectory performed with the old force field U4 for a new test force field defined as

Unew, using the Boltzmann relationship:

Prew (i) = pojq(i)e”Uren/keT =Uora(i)/keT (4.5)

where U°? and U"Y are the energies for the it" snapshot, for the old and new force
field, respectively. pojg and ppew are the relative weights, kg is the Boltzmann constant
and T is the simulation temperature. The force field is iteratively optimised: for each
new trial force field U"Y the new weights ppew are used to calculate new NMR param-
eters. The optimised force field is the one that minimise the differences between the

calculated and reference properties [147].

This approximation has been used for the optimisation of the ¢ and 4 backbone dihedral
angles in the AMBER99 force field, validating it in around 20 proteins using chemical
shifts. The newly produced force field was better in the reproduction of RMSD values
against crystallographic structures and NMR data, and it was also tested in the study of
unfolded peptides and intrinsically disordered proteins using molecular dynamics sim-

ulations [147].

4.2.5. Machine learning force fields

In recent years, a data-driven approach has been in constant development, where new
force-fields have been optimised based on the use of machine learning (ML) methods.
This has lead to the creation of flexible and adaptive force fields, where energies or
forces may be learned by induction [162-164]. Different advantages of these ML force

fields have been stated, such as their accuracy and versatility compared to conventional
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inter-atomic potentials, the lesser computational cost and comparable accuracy when
compared to QM methods [162]. Deep learning neural networks [165, 166] and non-
linear regression processes [167] have been the methods of choice for models describ-

ing atomic interactions

A basic work-flow for the development or optimisation of a ML force field will involve:
i) a reference data set appropriate for the desired prediction (e.g forces computed us-
ing a QM method or atom configurations), ii) using a subset of the reference data set as
training set, so the learning process for algorithm of choice can be optimised, and en-
suring that this training set is representative of the diversity observed in the reference
data, and iii) evaluation of the force field with a test data set, that includes data outside
the training set, to see the predictive power and applicability of the new optimised force

field.

Recent advances have also shown that forces experienced by a particular atom can be
learned and predicted given a set of configurations of atoms. In contrast to the conven-
tional calculation of the potential energy, the use of the force is determined by its imme-
diate environment, and this is the only input that some material simulations need, such
as geometry optimisation and MD. AGNI force fields are an example of this type of force
field [162]. The authors have used a non-linear kernel ridge regression (KRR) method as
the learning algorithm, with a diverse reference data set of equilibrium configurations
(and their associated forces) that mimic the environments an atom could exist in, such
as defect free bulk, surfaces, point defects, and isolated clusters. The force field has
been tested in predicting structural, transport or vibrational properties of materials, as

well as more complex phenomena, such as surface melting and stress-strain behaviour.

Another example is the symmetric gradient domain machine learning (sGDML) model
[163, 164]. A reference data set of geometries with their corresponding total energy
and atomic-forces has been used. It has been stated that the sGDML model can achieve

spectroscopic accuracy in the calculation of energies for small molecules like toluene,
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it can calculate forces and energies 4 to 8 time faster than QM methods, is around
3 orders of magnitude slower compared to conventional atomistic force fields [164],
and it has been used to reproduce the potential energy surface and free energy sur-
faces (based on probability distributions) of small molecules such as aspirin, ethanol
and paracetamol [163]. A python package to reconstruct sGDML methods has been
recently published [164].

Most recent developments in this area have included the use of hybrid approaches,
were ML and classical potentials are mixed to predict energies and forces, and are the
first steps for the study of materials science problems such as phase nucleation and for-

est hardening [168].

4.2.6. ForceBalance

In ForceBalance [6,169,170] (Fig. 4.1), accurate force field parameters (\) are derived
based on the use of experimental and/or ab initio calculations (i.e QM data). An objec-
tive function, which is just a weighted sum of squared difference of simulated values
and the target data, is constructed. Multiple residuals X can be added to one objective
function X2, which will be integrated over the whole configuration space R using MD,
for a suitable measure P(r; \) that reflects the thermodynamic ensemble of interest. In
the early publications of the ForceBalance method [169], a forcefield optimisation was
automated based on QM energies and forces (force and energy matching), with an ob-

jective function of the form,

x2:/ P(r; M| X (r; \)[?dr (4.6)
R

(BE(A) —(BEN) | =W r p )T Cov(Fom) ™ AF(F; V]

. 2 _
(X (ri )7 = w( <E(2;>/\/I> — (Egqm)? ] 3Natoms
(4.7)

where
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AE = Eym — Eom (4.8)

AF = Fam — Foum (4.9)

AE and AF are the energy and force residuals, w weights the importance of the residu-
als and Cov(Fgp) is the covariance of the reference QM forces. This objective function
will be minimised through the used of different optimisation methods implemented in
ForceBalance, such as Newton-Rhapson, BFGS, genetic algorithm, simplex, powell and

conjugate gradient, among many others [6, 169, 170].

Physical values, which are the parameter values printed in the force field file, and the
ones that are going to be optimised, have to be rescaled. It is impractical to optimise
parameter values with different units at the same time (e.g. bonds and angles). The
physical parameters are going to be related to variables of order 1; the mathematical

parameters:

oPhys — Oghys + S(Omafh) (4.10)

Where OPhYS represents the physical parameter that is being printed to the force field
during the optimisation, Oghys is the original values that is read from the force field, S is
the scaling factor that transforms between physical and mathematical parameter, and

O™math is the mathematical parameter (mval) that is stored internally.

Then, simulations are performed, where calculations for each target property are made,
and calculation of the objective function is performed. Changes to the parameters are
made and new simulations are performed with an updated version of the parameters,

until convergence for the objective function is achieved.
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GROMACS
OpenMM

MD Energies, Forces,
Density etc.
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regularization

Force Field Objective
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Update
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method
Initial Optimized
parametcrs parametcrs

Minimise the objective function:
Trying to find your minima using
Gradient-based (good initial parameters)
Stochastic (lack of initial parameters, or non-linear objective function)

o

It's impractical to optimise these parameters directly
because their scales are so different

11 optimisation methods implemented:
Newton-Raphson
BFGS
Genetic algorithm
Schipy optimisation methods (Simplex, Powell, Anneal, etc.)

Sum of squared differences between
the simulated properties and the
reference data (residuals)

PLUS! a regularisation function
(penalty) to avoid overfitting

}

restrain parameters to
physically intuitive values

- Mathematical parameters

The ForceBalance workflow. The calculation starts with a set of parameters to optimise, based
on experimental and/or theoretical data. Simulations are made, and an objective function is built
based on the sum of the square difference of the simulation results and the targets. The opti-
misation method updates the parameters in order to minimise the objective function, until a
convergence criteria is achieved. Image taken from [6].

In order to relate condensed phase properties to the force field parameters, Force-
Balance uses a fluctuation formula similar to the Hamiltonian Gibbs-Duhem integra-
tion[171,172]. We can add a value X as a new thermodynamic value, where the change

in Gibbs free energy is given by

dG = =SdT +VdP + XgdX (4.11)
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4.2. Force field parameter optimisation

oG
X6 = (a)P,T (4.12)

In that sense, the expression for a property derivative is similar to Gibbs-Duhem inte-
gration because both give the estimate of a property at some other value of the force
field parameter. One can derive the ensemble average of a generic thermodynamic
property A with respect to the force field parameters A based on a previously men-
tioned study [169]. Assuming a generic thermodynamic property A, its ensemble av-

erage is given by

1 )
(A = > /A(r, V; A)e BUEN) gy (4.13)

where Z is the partition function, 8 = (kgT)~ " is the thermodynamic beta, U the po-
tential energy, and (A)y is the ensemble average of the property A in the thermody-

namic ensemble of the force field, parameterised by A.

In more detail (and omitting parameter dependence for clarity), to obtain the analyti-
cal derivative of the property with respect to the parameters (\), one can simply follow

the product rule for three terms given as:

dX oA
0A
1 [ ZeRE 4.14
+Z / o€ | drav (4.14)

d(A 8z 1
A _ / AePEdrdv

—BE
+ZI/A(866>\ )drdV

81



4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

d(A)S 1 dz7 _
=—— -~ [ Ae PEdrav
dx Zigxn ) ¢

+z71 / %‘555 drdV (4.15)
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From there,
1 dZ 1dz 1
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/ Ae PEdrdv (4.17)
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Tz
and now,
dZ _ d[f e PF] _ OF _p(E(rvn)
i Tdrdv = —5/ ae drdV (4.18)
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1 dz 1 [OE
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4.2. Force field parameter optimisation

This final expression can be followed for any thermodynamic property that has an ex-
plicit dependence on the force field parameters. As an example, the heat of vaporisation
depends directly on the energy (which depends on the parameters) in the liquid and gas
phase (as (0Ejiquid/OX — 0Eg4as/ON)), but in the case of density the term (0A/0\) dis-

appears, given that the parameters do not directly change the volume of the system.

The numerical derivatives of the potential energy with respect to the parameters are
calculated using finite differences, but in principle they could also be done by an ana-
lytical approach. The main reason for choosing a numerical method is that it is a less
time-consuming process and does not need to be directly included in the MD code, as
would be the case for an analytical approach. The process for numerical derivatives is

as follows,

1. ForceBalance starts an initial simulation with a specified prior for each parame-
ter and a finite difference step size in mathematical parameter space (of usually

0.001).

2. The energy for the initial simulations is stored, where no change has been made

to any parameter. The energy for each snapshot is stored as a variable called FO.

3. Afirst changeis attempted, for just one parameter, changing it by [h*prior], where
his the finite difference step, and prior corresponds to the prior width (or rescal-

ing factor) for an specific mval.

4. The energy is calculated again, after the previous change, and is stored as a vari-

able called F1.
5. Asecond change is attempted, now by [-h*prior].

6. The energy is calculated again, after the previous change, and is stored as a vari-

able called Fm1.

7. Now, the change of potential energy with respect to the parameter is done by:
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OE  F1-Fml

. 0 (4.21)

8. Steps 1to 7 are performed for each parameter that is to be optimised.

Another important concept to be aware of in the optimisation process is the possibility
of overfitting. Overfitting can occur when we try to fit a complex model (i.e. too many
parameters) with insufficient or poor data. With this, an over-fitted model will have poor
predictive performance. In ForceBalance, overfittingis treated by regularisation, where
parameters will be penalised if they go too far away from the original parameters. Math-
ematically speaking, we will add a "regularisation term" to our objective function in or-
der to prevent a perfect fitting. The ridge regression is used in ForceBalance, and in-
volves adding a quadratic penalty to the objective function that restrains parameters to
theirinitial values. The quadratic penalty function arises from imposing a Gaussian prior
distribution on the force field parameters. Gaussian widths for each parameter reflects
the intrinsic scale of that parameter and provides a form of dimensional rescaling that
is required to treat parameters with different physical units in the same context. For
each parameter, the centre of the prior is given by its initial value, and the prior width
is the rescaling factor specified at the start of the optimisation. The prior width needs
to be specified based on physical knowledge of the parameters, which affect the scaling
of parameters in the parameter space, and consequently, how much they are allowed to

vary.

Clear advantages are observed in ForceBalance with respect to the other mentioned
methods, such as the use of multiple properties in a single objective function. These
properties can be obtained from experiments and/or simulations, and they are used to
fully optimise different parameter types, such as non-bonded and bonded parameters
together. This can overcome problems such as the mutual dependence of force field pa-

rameters.

As mentioned in the previous chapters, hydration free energies are an important prop-
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erty for aqueous systems such as proteins, because they help us to understand im-
portant biological processes such as protein-protein interactions and conformational
changes. Hydration free energies have been used for the validation of molecular force
fields in the past [4, 12, 98], indicating that hydration free energies as a parameterisa-
tion target for coarse-grained models might improve their performance. It has been
recently stated that there is considerable interest in methods that can automatically
generate a coarse-grained model and are representative in terms of local structure and
free energy changes [13]. In this chapter, we show the optimisation of the SIRAH 1.0
force field with the use of the ForceBalance software. We have used experimental wa-
ter properties to optimise the WT4 model in SIRAH. Moreover, we present a new opti-
misation method using free energy gradients to improve hydration free energies of the
un-charged SIRAH protein side-chains, as well as the backbone beads. We compare our
results with atomistic simulations, SIRAH 1.0, the updated version of SIRAH 1.0 (SIRAH

2.0) and experimental data.

4.3. Methods

4.3.1. Optimisation of the WT4 water model.

For the WT4 model optimisation, three condensed-phase properties were optimized:
density, enthalpy of vaporization and dielectric constant. Experimental values (taken
from ref. [6]) for these properties were used as targets, at 298.15 K and 1 atm. The
trust-radius Newton-Raphson algorithm was used to minimize the objective function.
In trust region methods, there is a region of search space in which it is assumed the lo-
cal derivative information is a good approximation of the objective function being min-
imized. After each optimization step, the trust radius may be increased or decreased
based on the quality Q of the steps taken, i.e. the ratio of the objective function change
between steps i and i+1 and the expected change from the local derivative information
at stepi. The following formula is used to adjust the adaptive trust radius after the step

is taken:
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R.

R,‘+1 = MmaXx (Rmin, 1—|—Ia> Q < 0.25 (422)
Ri

Riz1=R; [1 + aexp [—b (R — 1>” Q> 0.75 (4.23)
0

Here R; is the current trust radius; R(j;1) the trust radius at the next iteration; Rg
the default trust radius, set to 0.1; and R, the minimum trust radius, set to 0.05. The
parameter a, called "adapt-fac” in ForceBalance, which is related to how much the step
sizeisincreased, is set to 1.0; b, called “adapt-damp” parameter that ties down the trust
radius, is set to 0.2. The exponential term biases the current trust radius toward the de-
fault value, i.e. the trust radius increases by larger factors if the current value is smaller

than the default, and vice versa if larger.

To prevent the optimisation from changing the parameters too much and to avoid over-
fitting, an additional penalty is applied to the objective function (regularization). For
this work, the optimisation was regularized using a Gaussian prior (L2 type, or ridge
regression) that is centred on the original SIRAH 1.0 parameters. Only non-bonded pa-
rameters were optimized, including van der Waals sigma (o) and epsilon (¢) values, and

partial charges.

100 optimisation cycle iterations were run, with the following simulation protocol: the
systemwas minimized for 5000 steps using a steepest descent algorithm followed by an
NPT equilibration time of 5 ns. Production runs were performed for 15 ns. A leap-frog
algorithm was used to integrate Newton's equations of motion with a time-step of 20
fs. Electrostatic interactions are calculated using the Particle mesh Ewald method [28]
with adirect cut-off of 1.2 nmand a grid spacing of 0.2 nm. A 1.2 nm cut-off was used for
van der Waals interactions. The V-rescale thermostat [125] and the Parrinello-Rahman
barostat [124] were used to maintain the temperature at 298.15 K and the pressure
at 1 atm. The simulation protocol was based on the original publication of the SIRAH

protein force field [5]. All simulations were run with GROMACS v. 2018.2 [123]. Sta-
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tistical fluctuations in the thermodynamic properties dominated the objective function
after 30 iterations, and the sets of parameters with the lowest objective function were

chosen as the best solution.

The above protocol was also tested for the optimisation of density, enthalpy of vapor-
ization and dielectric constant with a data set that included experimental liquid phase
measurements of water at different temperatures. In order to test the best combina-
tion for optimisation, simulationtimes of 1 ns, 5 ns and 15 ns were used. Table 4.1 shows
all the combination of targets, simulation times and temperatures used in the optimisa-

tion procedure. The new optimised model will be referred to as WT4-FB from now on.

Simulation Temperature Targets
time(ns) range (K)

Combination 1 1 261,269,281,289,298, Exp.water density

309,321,329,341, 349,

360
Combination 2 1 281,289,298,309,321 Exp. water density and

enthalpy of vaporisation

Combination 3 5 281,289,298,309,321  Exp. water density,

enthalpy of vaporisation
and dielectric constant
Combination 4 15 298 Exp. water density,
enthalpy of vaporisation
and dielectric constant

Combination of simulation times and targets for the optimisation of the WT4 parameters.
Tested protocols that were used in the attempt to optimise the CG water model in SIRAH. They
mainly vary in the simulation time used in the optimisation, as well as the temperature range.

4.3.2. Optimisation based on free energy gradients: overview

We have implemented a new mathematical expression for the optimisation of coarse-
grained force field parameters based on free energy gradients from atomistic simula-
tions and the thermodynamic integration theory (see section 1.5.2 and equation 1.37).

Starting with a set of simulations that evaluate (AU),, for AT systems at selected values
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

of a, we fit these values in our CG simulations by optimising the CG parameters, which
indirectly improves the hydration free energies (Fig. 4.2). The derivatives of the free
energy gradients with respect to the force field parameters are calculated and used to
build an objective function, which is the squared sum of the differences between the AT
and CG gradients. The analytical derivative of (AU)4 with respect to the force field pa-

rameters can be obtained based on equations 4.14 to 4.20 as:

AAU)q OAU oE OE

X = < X >oz _ﬁ(<AU5>a - <AU>a<a>a) (4.24)

where X corresponds to the force field parameter, (AU)4 is the ensemble average of
the energy difference between o = 0.0 and a = 1.0, simulated at a defined a value, AU
corresponds to the instantaneous energy difference for each snapshot between o = 0.0
and a = 1.0, and E is the potential energy of the system at the corresponding o value.
Rather than optimising the free energies directly, we optimise against the ensemble av-
erage of the free energy gradients at specific a values, (AU),. This choice was made
because it presents itself as a less time-consuming and complex approach, given that we
only use asmall group of a values rather than the whole range, based on the assumption
that there is a linear relationship, if one of the free energy gradients is correct, we ex-
pect a better performance across the whole range of a values, and that coarse-grained
and atomistic systems should have similar free energy gradient profiles. The derivative
of the free energy gradients (AU), with respect to the force field parameters X is com-
posed of ensemble averages of instantaneous AU values, and derivatives of AU and the
potential energy with respect to the FF parameters, at each a point used, where both
derivatives are obtained numerically by finite difference using snapshots from the cor-

responding trajectories.
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Optimisation based on free energy gradients. Free energy gradients are collected from spe-
cific a points (red dots) using atomistic simulations and used later as fitting for the same point
using coarse-grained simulations.

4.3.3. Optimisation of the SIRAH protein force field: uncharged

side-chains and backbone

Awork-flow showing the steps followed in this work, and separated into four main stages,
is presented in figure 4.3. Briefly, hydration free energies for atomistic systems are cal-
culated by decoupling both van der Waals and charge parameters. Then, atomistic free
energy gradients are collected as an average of AU values, at simulations with differ-
ent a values, (AU)4. These data are used to optimise the parameter of each specific
CG side-chain (or the backbone) with its corresponding (AU), value. Then, parameters
corresponding to the smallest objective function are collected. These parameters are

then used to re-calculate new hydration free energies of the CG side-chains.

Stage A: The interaction energy terms between the solute and solvent are linearly
related to the coupling parameter a.. With this, the solvation free energies for the side-
chain analogues, for the atomistic and coarse-grained systems, were calculated based
on adecoupling approximation. That is, interactions between the solute and the solvent
are gradually turned off. Our reference state will be our system in solution, and the fi-
nal state will be the solute in vacuum. The OPLS-AA[119] and the AMBER-14SB [173]

force fields were used for the atomistic side-chain analogues and the backbone, respec-
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Hydration free energy calculations
on atomistic side-chain analogues

l

Collection of average <AU>q
values for each selected Ol
simulation

ForceBalance optimisation of CG
parameters based on selected O

simulations

New set of CG FF parameters

O |

Re-calculation of hydration free
energies for CG side-chains

General workflow for the SIRAH force field optimisation. Free energy gradients are collected
from atomistic simulations and used as optimisation targets in ForceBalance. New parameters
are obtained and later used in the re-calculation of hydration free energies for CG beads (side-
chains and backbone). Letters from A to D correspond to each of the main stages in the optimi-
sation and validation process.

tively, where in all cases systems were solvated in a TIP3P water box. Since we are
comparing our calculations with previous studies, especially those that give closer re-
sults to experiments, we have tried to be consistent with the force fields and simulation
protocols used in those studies, hence the choice of different force fields and a values
in the optimisation process for side-chains and backbone. The SIRAH 1.0 protein force
field [5] was used for the CG side-chains and backbone beads, solvated ina WT4 [7] wa-

ter box. Electrostatic and van der Waals interactions were turned off together. Eleven
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discrete values of the coupling parameter oo were used for the scaling of both CG and AT
potentials: 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9 and 1.0, where 0.0 and 1.0 repre-
sent the fully on and fully off systems. In the case of N-methylacetamide (NMA), which
was used as a representation of the backbone beads, twenty-five values were used: 0.0,
0.5,0.1,0.15,0.2,0.25,0.3,0.350.4,0.45,0.5,0.55,0.6,0.65,0.7,0.75,0.8,0.85,0.87,
0.89,0.91,0.93,0.95,0.97 and 1.0. The soft-core scaling potential for Lennard-Jones
(with a-LJ = 0.5) and Coulombic interactions were used to smoothly vary the poten-
tials [174, 175]. A shifted version of the regular soft-core potential is implemented in

GROMACS (see equation 3.1 for details).

Simulations were run for 5 ns per window, with a previous equilibration of 1 ns and
the corresponding system minimization. All the simulations were run using the NPT en-
semble. The Multistate Bennett Acceptance Ratio (MBAR) [41] was used to compute

the free energy difference.

For the AT simulations, a leap-frog stochastic dynamics integrator was used for inte-
gration of Newton's equations of motion with a time-step of 2 fs. Electrostatics in-
teractions were calculated using the PME procedure with a real-space cut-off of 1.2
nm and a Fourier grid spacing of 0.12 nm. Van der Waals interactions were modelled
using the classical Lennard-Jones potential with a cut-off of 1.2 nm. The LINCS algo-
rithm [176] was applied to constrain all bond lengths. AT simulations were run at 1 atm
with the Parrinello-Rahman barostat [124] and at 298.15 K with the Berendsen ther-
mostat [177]. The choice of temperature was based on the temperature at which the
WT4 model was optimised, and as a matter of consistency with the studies that we are

using to compare our results. This applies as well for the choice of thermostat.

For the CG simulations, a leap-frog stochastic dynamics integrator was used for inte-
gration of Newton'’s equations of motion with a time-step of 20 fs. Electrostatic inter-
actions were calculated using the PME procedure with a grid spacing of 0.2 nm. Non-

bonded interactions were modelled using the classical Lennard-Jones potential and a
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Coulombic energy function, with a cut-off of 1.2 nm each. The LINCS algorithm was ap-
plied to constraint all bond lengths. All simulations were run at 1 atmwith the Parrinello-
Rahman barostat [124] and at 298.15 K with the v-rescale thermostat [125]. All simu-
lations were run with GROMACS v. 2018.2 [123].

Stage B: Collection of AT (AU),, values. (AU), were collected from the AT simulations
in stage A, at different a values. For most of the side-chains, a simulations at 0.0 were
not used due to the large magnitudes of (AU), values and differences between AA and
CG that could not be closely fitted. Val, Cys and Trp were the only exceptions where
these higher values were not found. Values were collected with an in-house Python
code created for this purpose, averaging AU values for each frame in the trajectories.
Table 4.2 summarise the a values used for each of the simulated side-chains in their

ForceBalance optimisation.

Stage C: Optimisation of SIRAH CG side-chains and backbone. The derivatives of the
free energy gradients ((AU) ) with respect to the force field parameters are calculated.
These are used to build an objective function, which is a squared sum of the differences
between the AA and CG (AU),, values. The optimisation was carried out using Force-
Balance using the same settings described in the WT4 model development, except the
adapt-fac and adapt-damp parameters were set to 0.2 and Q.5, respectively, for a more
variable step-size. Only 10 sets of parameters were optimised, 9 of them correspond-
ing to 13 uncharged amino acid side-chains, as some of the side-chains are described by
identical parameters, and 1 set corresponding to the backbone beads. In this case, the
targets were atomistic free energy gradients at 2 or 3 different a simulation values (ta-
ble 4.2). Proline is the only side-chain that has not been optimised given the lack of side-
chain analogues, keeping its previous parameter values. Only non-bonded parameters
were optimized, including van der Waals epsilon (e) values, and charges, mainly given
the parameter sensitivity observed (see results section for more details). All the opti-
misation simulations for the SIRAH beads were run with the optimized WT4-FB model

(this work). 100 optimization cycles were carried out, and the optimal parameters were
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taken fromthe lowest value of the objective function. Systems were minimized for 5000
steps using a steepest descent algorithm followed by a NPT equilibration time of 5 ns.
Production runs were performed for 10 ns. A leap-frog algorithm was used for integra-
tion of Newton's equations of motion with a time-step of 20 fs. Electrostatic interac-
tions are calculated using the Particle Mesh Ewald method with a direct cut-off of 1.2
nm and a grid spacing of 0.2 nm. A 1.2 nm cut-off was used for van der Waals interac-
tions. The V-rescale thermostat [125] and the Parrinello-Rahman barostat [124] were
used to maintain the temperature at 298.15 K and the pressure at 1 atm, respectively.
The simulation conditions were consistent with the original SIRAH publication [5]. All
simulations were run with GROMACS v. 2018.2. All specific non-bonded pairs, previ-
ously set to the original SIRAH 1.0 force field, between the backbone beads (GC, GN
and GO) and water beads (WT) have been removed, and we have set those interactions

using Lorentz-Berthelot combing rules.

Stage D: Re-calculation of CG hydration free energies. The new optimised SIRAH force
field was used for the re-calculation of the coarse-grained hydration free energies. The
same protocol in stage A was used, based on the original publication of the SIRAH 1.0
protein force field [5]. For all simulations, a leap-frog stochastic dynamics integrator
was used for integration of Newton’s equations of motion with a time-step of 20 fs.
Electrostatic interactions were calculated using the PME procedure with a grid spacing
of 0.2 nm. Non-bonded interactions were modelled using the classical Lennard-Jones
potential and a Coulombic energy function, with a cut-off of 1.2 nm each. All simula-
tions were run at 1 atm with the Parrinello-Rahman barostat and at 298.15 K with the
v-rescale thermostat. All simulations were run with GROMACS v. 2018.2. The new hy-
dration free energies with the set of optimized parameters are shown in table 4.4, and
they are compared with hydration free energies calculated from atomistic systems, with

the original SIRAH 1.0 protein force field and the updated SIRAH 2.0 version.
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Side-chain a values
Asn (acetamide) 0.1,0.2,0.5
Cys (methanethiol) 0.0,0.2,04
His (methylimidazole) 0.1,0.2,04
Met (methyl-ethylsulfide) 0.1,0.2,04
Phe (toluene) 0.5,0.6
Ser (methanol) 0.1,0.2,0.5
Trp (methylindole) 0.0,0.4,0.5
Tyr (p-cresol) 0.1,0.4,0.5
Val (propane) 0.0,0.5

Backbone (N-methylacetamide) 0.1,0.3

Gradient sets in the optimisation process. a simulation values used for the collection of (AU) 4
values, that correspond to the targets in the optimisation of the CG beads in ForceBalance.
Atomistic analogues used are shown in parenthesis.

4.4. Results and Discussion

4.4.1. Optimisation of the WT4 water model

We start our ForceBalance calculation with the optimisation of the WT4 water model,
where only non-bonded parameters were optimized (charges, sigma and epsilon val-
ues). Three condensed-phase properties for liquid water were used as reference data:
density, enthalpy of vaporization and dielectric constant. All these target properties
were used in different combination in relation to temperature range, and simulation
time, as stated in the methodology section. The original WT4 model is able to repro-
duce experimental thermodynamic properties such as the water density at 298 K, but it
is less satisfactory in the prediction of other properties (i.e. dielectric constant, expan-

sion coefficient, surface tension, etc.) [7].

In order to test the strength of ForceBalance, we started the optimisation using only
experimental data of densities for 11 temperature values between 260 K and 360 K
(see table 4.1), and running the simulations for 1 ns. As shown in figure 4.4, ForceBal-

ance is able to greatly improve the WT4 densities. Even so, and as expected, values for
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other thermodynamic parameters not included in the optimisation, such as the dielec-

tric constant, move far away from the experimental values (see Fig. A.3).

Water Density
1,030 . ‘
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260 280 300 320 340 360
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WT4 optimisation using density as target. Comparison on the performance of the optimised
WT4 model (WT4FB) with respect to the unoptimised force field (WT4) for simulations of 1 ns
and using only experimental data of water densities (exp.) at 11 temperatures [6].

Using fewer temperatures to fit multiple thermodynamic properties for the WT4 force
field does not change the outcome. Simulations of 1 ns at 5 different temperatures be-
tween 280 K and 320K (see table 4.1) are shown in figure 4.5. As can be seen, the den-
sity and the enthalpy of vaporisation get closer to the experimental values compared to
the unoptimised force field. Even so, the performance is not good for the whole range
of tested temperatures, particularly for the enthalpy of vaporisation where an increase
of the simulated values is seen, rather as the decreased observed in the experimental

data.

In ForceBalance, the objective functionis a sum of squared residuals between simula-
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

?IRS\H WT4 Optimisation Test (Density and H. vaporisation) (1 ns)

SIRAH WT4 Optimisation Test (Density and H. vaporisation) (1 ns)
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WT4 optimisation using density and enthalpy of vaporisation as target. Comparison on the
performance of the optimised WT4 model (WT4FB) with respect to the unoptimised force field
(WT4) for simulations of 1 ns and using experimental data of water densities and enthalpy of
vaporisation (exp.) at 5 temperatures.

tion results and/or experimental data. The simulation results are going to be ensemble
averages, which come from finite length simulations. With this, an amount of random
noise is going to be added to the estimation of these averages. With this said, the longer
the simulations, the smaller the noise is going to be and the more accurate the objective

function should be.

Given this observation, in order to continue the optimisation of multiple thermody-
namic properties, longer simulations were performed. The same temperature range be-
tween 280 K and 320 K was used (see table 4.1), but now extending the simulation time
to 5ns. Moreover, the dielectric constant was also added to the optimisation procedure.
Figure 4.6 summarises the performance results. As the simulation length increases in
this case, the agreement of the simulated properties with experiments improves for the
optimised WT4 model, showing that the values of density and enthalpy of vaporisation
are closer to the experimental values. The behaviour of the dielectric constant is bet-
ter for the optimised force field, but still with important deviations from experimental
values and far away from being perfect across the whole tested temperature range. A
possible solution to this problem is to extend further the simulation times in order to
reduce the noise. Either way, there is a chance that no further improvement can be

achieved given the number of force field parameters that are available, which is an im-
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4.4. Results and Discussion

portant limitation.

1030 SIRAH WT4 Optimisation Test (rho, hvap, eps0) (5 ns)
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WT4 optimisation using density, enthalpy of vaporisation and dielectric constant as tar-
get. Comparison of the performance of the optimised WT4 model (WT4FB) with respect to
the un-optimised force field (WT4) for simulations of 5 ns and using experimental data of water
densities (top), enthalpy of vaporisation (bottom left) and dielectric constant (bottom right) at 5

temperatures.

We therefore decided to stay with the last combination, i.e. a simulation time of 15 ns
for the optimisation and just one temperature at 298 K. This decision was made on the
basis that this is the temperature in which we are interested for future application on
protein systems. We have optimised the force field parameter of the WT4 model using
water density, enthalpy of vaporisation and dielectric constant. The new WT4 model
(now called WT4-FB) overcomes the previous issue with the dielectric constant in the

original model by accurately reproducing experimental values for the three properties
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

together (table 4.3). Calculations of the expansion coefficient yield similar results to
those of the original model (11.8x10~4 K=1 vs. 11.6x10~* K1) [7]. Thus, optimizing
WT4 with ForceBalance does not necessarily improve all properties; the level of accu-
racy obtainable will depend on the granularity of the CG representation, the choice of

force field functional form the number of parameters available to be optimised.

Property Expt. WT4 WT4-FB (this work)
p (kg/m3) 997.045 996.6+0.3 9954+ 1.5
AH,4p (kJ/mol)  43.989 398+0.2 43.7+0.2
€r 78409 1237 +£14.2 742 +12.3
a (1074 K1 2.572 11.6+24 118+ 2.7

Comparison of WT4 and WT4-FB models against experimental water properties at 298
K and 1 atm. The calculated properties correspond to density (p), enthalpy of vaporization
(AH,4p), dielectric constant (e,) and expansion coefficient (). Experimental properties were
obtained from reference [6]. Error bars are reported as standard errors.

4.4.2. Optimisation of the SIRAH protein force field: uncharged

side-chains and backbone.

Initially, a screening test was performed to evaluate the parameter dependence of (AU),
with respect to the force field parameters, i.e. to evaluate the changes in (AU),, based
on changes in the force field parameters. Only van der Waals o (VDWo) and van der
Waals € (VDWe) parameters were tested. As an example, figure 4.7 shows simulations
at avalue of =0 (fully charged), where different scaled parameters were tested to eval-
uate changes in the (AU)q. Based on the parameter dependence observed in figure 4.7
for the case of Val, the (AU)q values do not significantly change within a sensible range
of VDWo values (Fig. 4.7, left panel). On the contrary, an important parameter depen-
dence is shown with respect to VDWe values, with clear changes in the values of (AU)q
(Fig. 4.7, right panel). Infigure 4.7, the van der Waals parameters are plotted in the form
of internal optimisation variables in ForceBalance (“mathematical parameters”), which

are related to the physical parameters (i.e. the parameters that are actually printed in
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4.4. Results and Discussion

the force field file) as a shifted displacement form the original value:

Kphys = Kphyso + SF * Kmatn (4.25)

where Kpnys corresponds to the parameter that is used in the simulation after the
optimisation process, Kpnyso is the initial parameter before the optimisation, SF is the
scaling factor and Kath the mathematical value used in the optimisation process. The
following scaling factors were used: VDWo = 0.0529 and VDWe = 2.4789, which corre-
spond to the default values in ForceBalance. This can be translated to a physical value
range of 0.3770 nm to 0.4829 nm for VDWae, and a value range of -0.6850 kJ/mol to
1.7894 kJ/mol. Finally, and based on these observations, only VDWe values and charges
were optimised given the parameter sensitivity observed (see Fig. 4.7) and that the op-

timisation yields improvements in the side-chain hydration free energies using this pro-

tocol.
Val 25 ns (o; a = 0.0) Val 25 ns (g; a = 0.0)
e T T B B O B e 0 o o
e.o;— 3 6.0;
4.5:— ] 4.5%—
3.0?— B 30?

<AUs,
<AUs,

o0 075 050 -025 000 025 050 075 100 P00 075 -050 -0.25

mvals (vdWo) mvals (vdWe)

Parameter dependence for Val. Changes of (AU)q with respect to the vdW sigma and ep-
silon values are shown (left and right panel, respectively). Simulations were run at o = 0.0 (fully
charged) for 25 ns. The simulation conditions were the same as the ones used for the side-
chain optimisations (see stage A). Van der Waals parameters are plotted as mathematical values

(mvals).
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

Inrelation to the atomistic gradient choice, it is important to note that for most cases,
AT gradients at =0 were too high to be fitted by ForceBalance due to the large magni-
tude of the gradient and the large difference between AT and CG observed. Inclusion of
the =0.0 point would have introduced a very large contribution to the objective func-
tion and worsened the quality of fit of all the other o points. We are assuming that the
gradients should behave in a similar manner between the all-atom and coarse-grained
systems, but this might not be the case. Using the free energy gradients as a proxy for
the free energies, instead of the free energy itself, relies on the assumption that 1) if
one of the free energy gradients is correct, we expect a better performance across the
whole range of a values, and 2) coarse-grained and atomistic systems should have sim-

ilar free energy gradients. Neither of these is necessarily true.

One of the main points that encouraged the development and improvement of these
CG models, and also an important limitation of the SIRAH 1.0 force field (see chapter 3,
section 3.3), is the lack of accuracy for hydration free energies of amino acid side-chains
(section 3.3.3, Fig. 3.11), which could limit the force fields predictive power in protein
simulations. Calculations of the SIRAH 1.0 hydration free energies yield completely dif-
ferent results compared to all-atom OPLS-AA simulations, with mean unsigned errors
(MUE) of 5.03 kcal/mol vs. 1.04 kcal/mol, for SIRAH 1.0 and all-atom systems, respec-

tively, calculated against experimental values (Table 4.4).

10 sets of CG parameters were optimized representing 13 uncharged side-chains be-
cause of the shared mapping scheme and bead types for some groups of side chains;
e.g. Asn/GIn share the same mapping, as do Ser/Thr and Val/Leu/lle, and the backbone.
Figure 4.8 and table 4.4 summarise the performance of our new set of parameters for
uncharged side-chains and the backbone, now called SIRAH-OBAFE (Optimised Based
on Atomistic Free Energies), together with the new WT4-FB force field, against HFEs
from the atomistic force field OPLS-AA [119] (for side-chains), the AMBER14SB [143]
(for the backbone) the original SIRAH 1.0 force field [5], the updated SIRAH 2.0 force
field [11], and experimental data [6].
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Comparison of HFEs from the new set of optimised parameters (SIRAH-OBAFE) against
atomistic simulations, the original SIRAH 1.0 force field, the latest version SIRAH 2.0 and
experimental data. (A) Linear regression of predicted AG values for OPLS-AA (blue), SIRAH
1.0 (red), SIRAH 2.0 (orange) and SIRAH-OBAFE (green) against experimental data. Each point
represents a specific side-chain. The grey line shows a perfect fit (x=y), and R? values are given
inthe inset legends. (B) Bar plot comparison of predicted AG values for OPLS-AA (blue), SIRAH
1.0 (red), SIRAH 2.0 (orange) and SIRAH-OBAFE (green) against experimental data (yellow; y
axis) for all the neutral side-chains. Error estimates were calculated as standard errors based
on three repeat simulations. For some cases, red bars appear to be missing given they are too
small to be seen on the scale of the plot.

As can be seen, the original set of parameters in SIRAH 1.0 do not perform well for
the prediction of HFEs, with an R? of 0.104 against experimental values (Fig. 4.8A). A
similar case is observed for the latest version SIRAH 2.0, with an R? of 0.404 (Fig. 4.8A).
SIRAH-OBAFE is able to greatly improve the agreement with experimental HFEs to be
as good as OPLS-AA, with an R2 of 0.982 and 0.975, respectively. SIRAH-OBAFE repro-
duces the correct sign of several neutral side-chains where the previous SIRAH model
predicted the wrong sign, such as Ser, Thr, Cys and Trp (Fig. 4.8B). Significant improve-
ments have been made to the HFEs of hydrophobic residues such as Val, Leu, and lle;
these share the same representation in SIRAH using just one bead. The original SIRAH
1.0 and the updated SIRAH 2.0 models predict -0.02 £ 0.01 and -0.18 4+ 0.01 kcal/mol
for the HFE, respectively (table 2), whereas SIRAH-OBAFE achieves a value of -2.26 &
0.03 kcal/mol (table 2); the latter value is much closer to OPLS-AA simulations and ex-
periment which predict HFEs of (-2.45,-2.69, -2.59) and (-1.99, -2.28, -2.15) kcal/mol,
for Val, Leu, and lle, respectively (table 4.4). In the case of methionine, SIRAH-OBAFE

produced even more accurate HFE values than the OPLS-AA model that provided the
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

HFE gradients to which the CG model was fitted; we think this result is fortuitous and
the differences are within the residual errors of the CG model vs. the AT reference (see

below).

MET objective function surface obj. funct.

180
160
140
120

100

epsilon (kJ/mol)

04 041 042 043 044 045 046 047 048 0.49

sigma (nm)

Methionine objective function surface. 441 combinations (21 x 21) of vdW¢ and vdWe sim-
ulations were performed, and single calculations of the objective function were extracted and
plotted. The maximum and minimum values for the objective function are shown as blue and
red dots, respectively, and for each of these the parameter combination is shown. Simulations
were done at a=0 (fully charged).

The optimisation of methionine is an example where our method has worked finding
aminimum, i.e. the optimal set of parameters to minimise the objective function. Figure.
4.9 shows a manual search of 441 parameter combinations that led to similar results to
those obtained for the full optimisation of methionine in ForceBalance, with values of
vdWo = 0.49 nm, vdWe = 4.56 kJ/mol, and vdWo = 0.48 nm and vdWe = 4.22 kJ/mol,
for the manual search and the automated optimisation in ForceBalance, respectively.
However, the assumption that similar free energy gradient profiles between AT and CG
systems will lead to the correct hydration free energies is not met here, with the opti-
mised parameters giving a worse agreement with the calculated AT hydration free en-

ergy (see table 4.4). Figure 4.10 shows the free energy gradients for the atomistic and
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4.5. Summary

coarse-grained methionine side-chain. The overall shape of the profile is maintained,
but differences exists in the magnitude of the gradients. This may account for the dif-
ferences observed for the calculated HFEs. Fortuitously, the optimised parameters led

to better agreement with experimental hydration free energies.

In the case of phenylalanine, the optimised parameters simulated with the WT4-FB
model performed worse compared to the original SIRAH 1.0 force field parameters cal-
culated with the WT4-FB water model, with values of 1.96 £ 0.04 kcal/mol vs. 1.12 +
0.06 kcal/mol, respectively. We believe this is mainly due the complexity on the free en-
ergy gradient profile for this residue. Moreover, later optimisation runs of side-chains
that share the A2C bead-types with phenylalanine (such as His, Tyr, and Trp) were per-

formed using this parameter fixed.
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Free energy gradients for methionine. (A) atomistic free energy gradients and (B) coarse-
grained free energy gradients. The results represent 11 o simulations with average (AU)4 val-
ues for each of those simulations shown, at a=0 (fully charged).

4.5. Summary

In this chapter we have shown the optimisation of a coarse-grained water model based
on experimental data. Moreover, the optimisation of uncharged CG protein side-chains
and backbone, by incorporating atomistic free energy data into the target function, has

been successful, representing anew and promising approachinforce field development.
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4. Optimisation of the SIRAH Force Field: uncharged side-chains and backbone

Expt. OPLS-AA SIRAH 1.0 SIRAH2.0  SIRAH-OBAFE
Backbone  -10.1  -7.40+0.01(AMBER-14SB) 173+001 -0.16+£001 -10.91+£0.05
Val 1.99 2.45+£0.04 002+£001 0184007 226 £0.04
Leu 228 2.69£0.06 002£001 0184001 226 £0.04
lle 2.15 259+£0.08 002£001 0.18+£001 226+£0.03
Ser -5.06 -4.444+0.01 187+0.04 -0.10£0.09 -5.26 £0.10
Thr -4.88 -4.12+0.11 187£004 040%£001 -5.26 £0.10
Cys -1.24 -0.39 £0.02 1.78+003 0.71+£001 -0.92+£0.07
Met -1.48 -0.06 £001 003+£0.02 001+£0.03 -1.36 £0.02
Asn -9.68 -8.46 +£0.02 -287+£007 -285+004 -8.12+£0.05
GIn -9.38 -8.36 £0.04 -287+£007 -286+004 -8.12 £0.05
Phe -0.76 -0.40£0.04 -0.50£005 -0.574+0.05 -1.12 £ 0.06
Tyr -6.11 -4.61+0.13 -0.70£006 -0.67+0.02 -5.10+0.04
His -10.27 -7.70£0.06 -147£004 -1.244+002 -8.46 £0.08
Trp -5.88 -5.55+0.22 047£0.09 -152+£002 -4.51+0.04
MUE 1.04 5.03 4.45 0.68
MSE -1.04 -4.13 -3.61 -0.43
R? 0.98 0.10 0.40 0.97

Comparison of hydration free energies. Hydration free energies of neutral side-chains and
backbone using the OPLS-AA, AMBER-14SB, SIRAH 1.0, SIRAH 2.0 and the newly optimised
SIRAH-OBAFE force fields. Mean unsigned error (MUE), mean signed error (MSE) and R? are
shown, compared to experimental values (Expt.) obtained from reference [8]. All values are in
units of kcal/mol. Errors are shown as standard errors.

Our new approach for CG FF optimisation is based on using derivatives of the free en-
ergy gradients (i.e. (AU) at different values of the coupling parameter o) with respect
to the force field parameters. We choose to work with free energy gradients due to
their linear relationship with the easily computed “vertical energy gap’, (AU)4. In prac-
tice, the thermally averaged CG (AU),, is fitted to atomistic (AU)4, where one or more
selected values of the coupling parameter a are used to carry out the simulations. Our
implementation of this method into ForceBalance enables full automation of the com-
plex optimisation procedure and the incorporation of flexible choices of target data. The

results in this chapter show that:

e The new WT4-FB model presents a clear improvement in the target data, espe-

cially in the estimation of the dielectric constant at 298 Kand 1 atm.
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4.5. Summary

e The new set of parameters clearly improve the agreement between experimental
and simulated hydration free energies compared to the original SIRAH 1.0 and

the updated SIRAH 2.0

Non-bonded interaction parameters of uncharged side-chains and the backbone were
optimised against higher resolution models and experimental hydration free energies,
yielding a new parameter set called SIRAH-OBAFE. Comparative analyses of the newly
optimised parameters for the uncharged protein side-chains and the backbone repro-
duce well hydration free energies compared to the previous version of the SIRAH force
field, with increased R? values of 0.97 for the new SIRAH-OBAFE parameter set, com-
pared to values of 0.1 and 0.4 for the SIRAH 1.0 and SIRAH 2.0 sets, versus experimen-
tal values. The next step involves the evaluation of the new optimised SIRAH-OBAFE
force field to protein systems, and the calculation of free energy surfaces. These cal-
culations will be compared with the results found in chapter 3, related to the testing of
the SIRAH 1.0 force field, as well as with previously published atomistic studies. The
final set of parameters are summarised in chapter 6, table 6.1 for the side-chain and

backbone parameters, and table 6.2 for the WT4-FB model.
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5.1. Hydration free energies of charged systems.

The calculation of hydration free energies for charged systems is a more complex pro-
cess compared to uncharged systems. The standard raw hydration free energy (AG?yd)
for anionis calculated as the sum of three processes: charging (AG¢pg), cavitation (AGcay)

and a standard state correction term (AGS ,[14,178,179] (see below at the end of sec-

std

tion 5.2)), as:

AGp, g = DGehg + BGeay + DG, (5.1)

These calculations are especially sensitive to the chosen simulation methodology, and
different corrections have been introduced to alleviate this effect [14, 178, 179]. These
ion solvation free energies present different sources of errors, that come from approx-
imations in the charging component, and that are considered with respect to an ideal
system (i.e. anion in a macroscopic and non-periodic solution). With this, and until re-

cently, accurate calculations of ion solvation free energies were not possible due to the
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approximated treatment of electrostatics and boundary conditions, which differ from
an ideal macroscopic and non-periodic system with explicit treatment of electrostatic
interactions using Coulomb’s Law (see below points A to D, and more details in section
5.2) [14,178]. Accurate ex post correction terms can be included to solve the problems
mentioned, and have been shown by different publications from Kastenholz, Reif and
Hunenberger [14, 15, 178-180], to lead to methodological independence in the calcu-
lation of ion solvation free energies. The following corrections are applied (and is rec-
ommended that the reader refers to section 1.2.2 for abbreviations of the electrostatic

schemes mentioned in this chapter):

A Approximate representation of the electrostatic interactions (non-Coulombic) which
lead to a deviation of the solvent polarization around the ion relative to an ide-
alized Coulombic system, with also incomplete interactions of the ion with the
solvent beyond the cut-off. This type A correction is specific for the electrostatic
scheme used. This type of correction does not apply for lattice-summation schemes
(PME), which are Coulombic in the limit of infinite system sizes, but it does apply
for cut-off truncation (CT) or reaction field schemes (BM) (please refer to sec-
tion 1.2.2 for the abbreviations of the corresponding electrostatic schemes). The
type A correction is specific for the electrostatic potential used, and is evaluated
using the same potential, but in the idealized context of a macroscopic and non-
periodic system. Moreover, it can be sub-divided into corrections A1 and A, for
CT schemes, which apply beyond the cut-off sphere of the ion and within it, re-

spectively.

B Approximation of the size of the systems (finite), which do not follow a macro-
scopic regime. This leads to deviations on the solvent polarization, relative to the
polarisation of anideal system (macroscopic). A clear example is the use of a com-
putational box simulated under periodic boundary conditions. This type B cor-
rection is applied for the specific electrostatic scheme in the simulation (e.g., LS,
CT or BM scheme). Although this correction sounds similar to type-A, the main
difference is the source of the error (approximation of electrostatic schemes vs.

approximations of the size of the system).
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5.2. Correction terms

C Deviation of the solvent generated electrostatic potential at the ion site relative
to a “correct” electrostatic potential, which is a consequence of the use of an inap-
propriate summation scheme for the calculation of electrostatic interactions (i.e.
P scheme, which stands for summing over individual charges, and a M scheme,
which stands for summing over whole solvent molecules). This type C correction
is applied for a specific electrostatic scheme and choice of boundary conditions,

and can be subdivided in type Cq and C, corrections (see below for details).

D Approximate force-field representations, especially related to the wrong dielec-

tric constant for the solvent model used.

Based on the above description, these correction are writtenas AG3°", AGE®", AGE®"
and AGR". A graphic representation of the corrections applied are shown in figure 5.1.
As a brief explanation, and since most of the corrections cannot be calculated in the
context of atomistic simulations, continuum-electrostatic (CE) calculations are used for
their estimation (blue boxes in figure 5.1), which account for the estimation of the error
using simulation conditions in the CE calculations (right blue boxes in figure 5.1) and
the estimation of the proper quantity under full macroscopic and Coulombic conditions
(left blue boxes in figure 5.1). The difference between these two calculations represents

the deviation in the potential, and the value of the correction to be used.

5.2. Correction terms

5.2.1. Type A corrections

This type of correction accounts for the misinterpretation of the solvent polarisation
around the ion, and the lack of interactions between the ion with the polarised sol-
vent [21]. The main reason for this is the use of a non-Coulombic electrostatic scheme
for the whole range of interactions between the atoms in the simulation. This type of
correction can be evaluated in CE calculations, which are numerical and represent an
idealised non-periodic and infinite system, where the electrostatic interaction are rep-
resented by Coulomb’s Law. Then, these calculations can be compared to the calcula-

tions made using a cut-off truncation scheme [181, 182]. The corresponding perturba-
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Ideal system Simulated system Ideal system (CE) Simulated system (CE)

AGS"

AGEOF

(CB)
A G g or - o
(LS)
o))
[N
w @ > @ e
P-sum M-sum M-sum
Non CB CB Non CB

Correction terms for raw ionic solvation free energies. Schematic representation of the na-
ture of each correction applied to the calculation of ionic solvation free energies. The purpose
is to approximate the perturbation induced by each error by the corresponding perturbation
within anidealized model using continuum-electrostatic calculations (CE) (presented here as an
ion surrounded by a homogeneous dielectric medium in blue). The illustrated corrections are
Type A, Type B (for each specific electrostatic scheme: Coulombic (CB), Lattice-summation (LS)
and cut-off truncation (CT), and type C1).

tion can be added to the calculated raw hydration free energies as a correction term
AGG°", where "cor" corresponds to the implemented electrostatic potential (LS, BM,

CM, CT, etc,, please refer to section 1.2.2).

For a CB electrostatic scheme (Coulombic in the whole range of interactions in the sim-

ulation, see Fig. 1.1), there is no type-A correction,

AGSB =0 (5.2)
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In the case of a LS electrostatic scheme, that is formally non-Coulombic for a finite box
size, the LS interaction between two charges separated by a finite box size, becomes

Coulombic in the limit of an infinite box size [15,21,178-180],

AGES =0 (5.3)

Inthe case of a CT type scheme, atype-Al correction will include all the neglected inter-
actions that exist beyond the cut-off sphere, that are calculated on an idealised systems

(CE),

DG = —(8meo) 'Nag? (1 — e RS (5.4)

where € and e; correspond to the vacuum permittivity and the model solvent permit-
tivity, respectively, N4 is Avogadro’s number, g; is the ion charge and R¢ is the cut-off

radius.

Asecond type-A correction (A,) has to be applied for the error in the polarisation within
the cut-off sphere. This correction can be obtained by getting the contribution to the
charging free energy of the solvent within the cut-off sphere (interactions within the
cut-off distance), and comparing it to the idealised non-periodic and infinite system with
electrostatics interaction computed by Coulomb’s Law (Born model) [21]. An empirical
(parameterised) equation [178] can be use to describe the type-A, correction, which is
only applied to CT electrostatic schemes (i.e. SC, BM. See section 1.2.2 for more de-

tails), and is zero for all the others, and are given as,

NGRS = (8meo) " Nagf R 110 ay

-1
X [1 - agegl + 10a;3 (1 + as€s + 1Oa5eg2> ] (5.5)

x [1 —a (RgiR,ﬂ
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and,

AGE;N = (SWEO)_lNAquRgl {_10—1[51 [1 _ b2€/5_1 _ bgeg_z

+ s (2 (14107 boes + 107204¢2) ) ]
3 (5.6)
+ b7 (RMRy) (1= beels + boel 7 + 10 byoes )

(6/5 + bll)il}

The dimension-less optimised fitting coefficients, a;, withi=1, .., 6,and b;, withj =1, ..,
11, are listed on the work of Reif et al., 2011, table 1 [178], and were fitted, by trial and
error, with a data set of 59800 AG,, values, with an ion of charge le, cut-off between
0.8 and 2 nm, using an ion radius ranging from 0.1 to 0.8 nm, and € ranging from 2 to
100. The process was evaluated by successively fitting the dependence of AG4, on R,
(for a given R¢ and €%), fitting the dependence of the resulting coefficients on Re¢ (for a

given e), and fitting the dependence of the resulting coefficients on e, [178].

Type-A corrections depend on: 1) the type of CT electrostatic scheme used, 2) the cut-
off distance, 3) the ion radius, 4) the permittivity of the solvent model used, and 5) the

ion charge.

5.2.2. Type B corrections

Type-B corrections account for the error that arises from the use of a finite size system
in the simulations, and the use of periodic boundary conditions for the specific electro-
static scheme used. As for type-A corrections, this correctionis evaluated in CE calcula-
tions, and represents an idealised non-periodic and infinite system, where the electro-

static interactions are represented by Coulomb’s Law.
Inthe case of a cut-off truncation scheme, the electrostatic interactions are non-Coulombic

because they are range limited. One has to compare the outcome of a charging free

energy calculation with CT electrostatics within an infinite non-periodic system to an
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5.2. Correction terms

analogous calculation involving CT electrostatics in the context of a finite box size [21]
(see Fig. 5.1). The difference between these two charging free energies provides an es-

timate for the perturbation in the atomistic system,

ASGgT _ ASG(BCT,NPBC) B ASG“(BCT,PBC) (5.7)

where ASG,(BCT'NPBC) and ASG,(BCT’PBC) stand for the free energy in a non-periodic

and periodic system with a CT scheme, respectively.

Atype-B correction, inthe case of a system with fixed boundary conditions and Coulomb

interactions (i.e. a spherical droplet), is calculated as:

AGSE = — (8meo) "t Nag? (1 . e’s_1> 51 (5.8)

with S being the droplet radius. For a system with PBC and non-Coulombic interac-

tions such as a LS scheme, a type-B correction is calculated as:

DG = (8eo) ! Nagf (1-€51) L
aLsT 3\ L 45 \ L

where a; s = —2.837297, and corresponds to the LS self-term constant [14,21,178].

X

This correction has to be applied to the raw charging free energy excluding the contri-
bution of the LS self energy term, which accounts for interaction of a site i within the
system box with its own periodic copies (but not with itself), and with the homogeneous

neutralising background charge density [21].

Type-B corrections depend on: 1) the type of electrostatic scheme and boundary con-
ditions, 2) the cut-off distance, 3) the ion radius, 4) the droplet radius, 5) the box edge
length (for LS and CT schemes), 6) the permittivity of the solvent model used, and 7) the

ion charge.
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5.2.3. Type C corrections

Type-C corrections are aconsequence of the use of an inappropriate summation scheme
for the calculation of electrostatic interactions (i.e. P scheme, which stands for summing
over individual charges, and a M scheme, which stands for summing over whole solvent
molecules) (Fig. 5.1 and 5.2). Both electrostatic potentials will converge to specific val-
ues for large cut-off radii, but a difference between both is maintained, known as the
exclusion potential (€aTorcg, Which accounts for a AT or CG model) (see section 5.3.1
for details on the calculation of this term). The proper summation scheme to use would
involve the use of the potential generated by entire solvent molecules (M-scheme), as

has been stated previously in references [14,15,21,178,179].

Type-C corrections can be further divided in type C4, which stand for the error in the
evaluation of the electrostatic potential at the ion site, and C,, which accounts for the
possible presence of a constant offset in the potential at the cavity centre. Type-C, cor-
rections are small in the case of LS schemes, and they are usually neglected [15, 179].
Type-C, have also been neglected in this work, since most of the calculations have been

done using a LS scheme (PME), and will not be covered in detail.

Type-C4 corrections can be calculated as follow. For a system with fixed boundary con-
ditions with Coulombic interactions, whole solvent molecules are used in the calcula-

tion, then:

AsGEP =0 (5.10)

In the case of a system with PBC and a LS-scheme, type-C are calculated as:

4T RS
AsGEY = —Nag (1 — w’) €5 (5.11)

Here, the exclusion potential (£5, which can stand for an atomistic £a7, or coarse-
grained model £cg) comes in play. In the case of monatomic ions and solvent models

with a single Lennard-Jones site (e.g. TIP3P model) [15], this value can be calculated
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based on the quadrupole-moment trace of the solvent, as:

g5 = (6€5) "t NaMg ' p's Qs (5.12)

where Ms is the molar mass of the solvent model used in the simulations. Qg = Q%,
which is the quadrupole-moment trace of the solvent model relative to its molecular

centre M,

Ns
s =) aqr? (5.13)

where q; and r; are the partial charges and distances from M associated to the Ns

point charges within the solvent molecule [21].

P-summation M-summation

Cp=Cm+E&aTorca

Summation schemes. Schematic representation of the types of summation implemented in MD
simulations. P-summation stands for the sum of the Coulombic potential from the solvent based
on atoms within a cut-off, up-to a distance R (left panel). M-summation stands for the sum of the
Coulombic potential from the solvent based on whole molecules within a cut-off (usually based
on a molecular centre, such as the oxygen in water), up-to a distance R (right panel). The elec-
trostatic potential of both summations converges for large radii R, but they differ by a specific
amount known as the exclusion potential (€ aTorcG)-

Type-C corrections depend on: 1) the type of electrostatic scheme and boundary

condition, 2) the cut-off distance, 3) the ion radius, 4) the droplet radius, 5) the box edge
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length, 6) the solvent model used (via the exclusion potential and the quadrupole mo-

ment trace), and 7) the ion charge.

5.2.4. Type-D corrections

Last but not least, type-D corrections are needed for the possible inaccuracy of the rel-
ative dielectric permittivity of the solvent model used in the simulations (¢’), versus the
corresponding experimental dielectric permittivity (es). This correction does not de-
pend on the electrostatic scheme employed, being similar for all of them. It is easily
calculated by comparing the results of the Born equation applied with the two permit-

tivities, as,

AsGp = (8meo) " Nagf (€51 — €5 1) R}! (5.14)

This correction is usually small, and it tends to be calculated at the same time as cor-
rections A and B (see below). Type-D corrections depend on the 1) the solvent model

used, 2) the ion radius and 3) the ion charge.

5.2.5. Corrections for polyatomicions

Most of the previously mentioned corrections and expressions, have been derived for
monoatomic ions [14, 178]. In the case of polyatomic ions [179], numerical solutions
of the Poisson equation are needed to obtain an estimation of the charging free energy
in an idealised system that obeys a macroscopic regime (non-periodic with Coulombic
electrostaticinteractions) and based on the experimental solvent permittivity (AG4ZE).
Simulations of periodic systems with a specific electrostatic scheme and based on the

GPBC,ES*

chy for a periodic boundary condi-

model solvent permittivity are also needed (A
tion system using a specific electrostatic scheme (ES*)). The sum of corrections A, B and
D can be obtained based on these two continuum-electrostatic simulations, as:

AGaTh i p = DGYPC — AGLEE>" (5.15)
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where E Sx* corresponds to the corresponding electrostatic scheme (i.e. LS or BM). The
two terms on the right side of equation 5.1 are charging free energies obtained with the
Poisson equation solver from references [183-185], for non-periodic and periodic sys-

tems with Coulombic electrostatic interactions.

Finally, and summarising all the necessary methodology-dependent corrections, stan-

dard hydration free energies can be calculated as:

AGH 4 = (AGLY + AGeay) + AGarssp + AGe, + AG (5.16)

Results obtained from free energy simulations correspond to the transfer of an ion from
a fixed point in the gas phase to a fixed point in bulk water (or vice-versa), which is not
standard. Conversion of this non-standard hydration free energy (AGfg,d) to astandard
quantity that characterises transfer from a random location within the molar volume ac-
cessibletotheionintheideal gas at pressure P and temperature T, to a random location
within the molar volume accessible to the aqueous ion in anideal solution at pressure P,
molality b°, and temperature T (AGheyd) [21,178,179],is given as,

AGH 4 = DGy + AGS, (5.17)

where AGS,, = RT In (P) L RTb°p |, with p$ being the density of water and R the
ideal-gas constant. At a density p§, = 997kg/m® and P of 1 atm, the standard state
termisequalto 7.95 kJ/mol [21,178,179].

In this chapter we have attempted to mix our proposed optimisation method (section
4.3.2) with the necessary corrections for charged ions. We show again that our method
works, but with the consequence of parameters with unphysical values. PMFs were

computed for charged side-chain pairs and a manual optimisation of the parameters
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was made to fit to atomistic results.

5.3. Methods

5.3.1. Hydration free energies of charged side-chains

The calculation of hydration free energies for charged systems is a more complex pro-
cess compared to the classical use for uncharged systems. The standard hydration free
energy (AGheyd) for anion is calculated as the sum of three processes: charging (AGehg),
cavitation (AGeay) and a standard convention term (AG?td ,whichisequalto7.95kJ/mol,

considering a water density of 997 kg/m? at a pressure of 1 atm) [14,178,179], as:

AGheyd = AGChg + AGeay + Ang (5.18)

The calculation of raw charging free energies is especially sensitive to the chosen sim-
ulation methodology [15, 21, 178-180] where different corrections have been intro-

duces to alleviate these effects (see section 5.2).

Following these corrections [15,21, 178-180], raw hydration free energies and the en-
ergy components of these corrections (see section 5.2) were used to calculate the cor-

rected values for the different charged side-chains, as:

AGeng = AGEY + AGeor (5.19)

Theraw charging free energies (equation 5.1) have been calculated using a lattice-summation
scheme (PME) by decoupling the interactions (electrostatic and van der Waals together)
of the ion (side-chains) with the solvent (excluding intramolecular interactions). Eleven
lambda values have beenused (0.0,0.1, ...,0.9, 1.0) for all the charged side-chains, using
the GROMOQOS 54A8 [179, 186] for atomistic systems, and the original SIRAH 1.0 [5],
the updated SIRAH 2.0 force field [11], and SIRAH-OBAFE force fields in GROMACS
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v.2018.2. The choice of the atomistic force field was based on the study of Reif et
al. [179], where a parameter optimisation of the GROMOS force field was performed
to closely reproduce hydration free energies of charged side-chain analogues, includ-
ing the necessary corrections mentioned in section 5.2. This is similar to the choices
made in chapter 4, section 4.3.3, where we choose force fields that closely reproduce
hydration free energies for un-charged side-chains and the protein backbone. The sim-
ulation conditions and soft-core potential settings were identical to the ones used in the
calculation of hydration free energies for uncharged side-chains (Stage A from section
4.3.3). All the reported raw free energies exclude the self-interaction energy contribu-

tion, which is related to the interactions of the ion with its periodic copies.

The sumof corrections A, B and D can be obtained based on two continuum-electrostatic
simulations that correspond to idealised systems given by Coulomb'’s Law, and non-
periodic of infinite size, and the system with the approximated electrostatic scheme,
with periodic boundary conditions and finite size, as stated in equation 5.15. In this
work, the sum of corrections A, B and D was obtained using an LS scheme, and can be

calculated (based on equation 5.15) as,

AG,l&i—B—i—D = AGcNth;BC o AGEh%C'LS (5.20)

In this work, a relative permittivity of 78.4 for water has been used in the calculation of

AGPEC. Arelative permittivity of 63.84 for the optimised WT4-FB water model was

used, as calculated based on reference [15], in the calculations of AGZZC'LS. Briefly,
simulations of pure water were performed in a NVT ensemble at 298.15 K, and to a
density of approximately 997 kg/m®°. The simulations were run with a BM scheme
(reaction-field, molecule-based cut-off), with a reaction-field permittivity egr = 60. The

permittivity €% was calculated as,

2+ 1 <M2> — <M>2
L1 - 5.21
(s 1) (2€RF +e/5) 3eoL3kgT 521)
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where M corresponds to the total dipole moment, T is the temperature, kg is the Boltz-
man’s constant, ¢q is the dielectric permittivity of vacuum and angle brackets corre-
spond to ensemble averages. The dielectric permittivity calculated here differs with
the value previously reported in chapter 4 (with a value of 74.2 in table 4.3 using a LS
scheme), but is within the error. Moreover, it has been reported that dielectric per-
mittivities calculated using a reaction-field scheme are more sensitive to the choice of
simulation parameters such as the non-bonded cut-off [187]. Given this, the lack of
agreement is not unexpected, but as a matter of consistency with previous studies [15],
we decided to use the dielectric permittivity calculated in this section for the evalua-
tion of the exclusion potential. Moreover, the dielectric permittivity for the WT4 water
model calculated in this section is similar to the one calculated by Reif et.al [15] with a

reported value of 66.7 using the SPC model.

Continuum-electrostatic calculations were performed with the GROMOS++ pre-MD
and analysis software v.1.4.1 [188] and were based on a single structure taken as the
final configuration of the hydration free energy simulations of the charged side-chains.
The appropriate boundary conditions and electrostatic scheme were used for each case,
with a grid spacing of 0.02 nm and a threshold of 10~¢ kJ/mol for the convergence of
the electrostatic free energy, based on reference [179]. The box lengths used in the
simulations were 3.22 nm for Glu, 3.25 nm for Lys and 3.45 nm for Arg, and the number
of WT4 water molecules involved in the simulations were 99 for Glu, 111 for Lys and

125 for Arg.

A type C1 correction is required for LS and BM (reaction field) schemes, and cor-
rects the P-summation (atom-based cut-off) implied by these schemes to a proper M-
summation (molecule-based cut-off). For a LS scheme, this is given by equation 5.11. In
there, ¢ corresponds to the exclusion potential of the solvent model used (in this case,
the WT4-FB model). For fully rigid models with a single van der Waals interaction site,
this last term has been usually calculated based on the quadrupole moment trace of the

solvent model [14,21,178]. For more complex solvent models, different methods have
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been derived for the calculations of their exclusion potentials [15]. In this work, we have
employed method IV from the work of Reif and Hunenberger, 2016 [15], which relies
on the comparison of the raw potentials within a cavity using two different electrostatic
schemes, assuming that the corrected potentials are equal. For this, we have used a
cut-off truncation (CM) and reaction field schemes (BM). The difference in the raw po-

tentials are related to &5 as:
/ 2 <Ei8 — 1) ng
e e S
€s+1 R¢

where R is the effective ionic radius, R¢ is the cut-off, ¢* @M and ¢*raw.BM gre the

-1
(cb*,raW,CM _ q)*,fanBM) (522)

raw electrostatic potentials within an uncharged cavity of the size of a CG sodium ion,
and €’ corresponds to the dielectric permittivity of the solvent model, which has been
calculated as previously mentioned. Simulations of an uncharged sodium ion (similar as
the work of Reif and Hunenberger, 2016 [15]) solvated in the optimised WT4-FB model
were run for 1 ns using a BM scheme, with a reaction field permittivity er¢ equal to
80. Electrostatic potentials at the cavity were obtained for both CM and BM schemes
based on the electrostatic interaction of the cavity with the solvent within the cut-off
Rc of 1.4 nm, using a Python script created for this purpose. Simulation settings were

identical to the previous ones used in this work.

Type C2 corrections correct for the presence of an interfacial potential at the ion sur-
face. This term is proportional to the ratio of the ionic volume to the box volume. With
this, its magnitude is very small for the systems used in this work, and has been ne-

glected in the calculation of the corrected hydration free energies.

5.3.2. Optimisation of charged side-chains.

Optimisation for the charged side-chains were performed in a similar fashion as the
case for uncharged side-chain and the protein backbone (section 4.3.2), where free en-
ergy gradients from atomistic simulation were used as optimisation target for the CG

parameters (see equation 4.27). As this type of free energy calculations are method-
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5. Optimisation of the SIRAH Force Field: charged side-chains

ology dependent, the inclusion of corrections must be performed. Assuming that the
final free energies between the atomistic and coarse-grained models must be equal, the
sum between their free energy gradients and the necessary correction gradients must

be equal as well. Since the corrections are added ex post, the fitting data used is given as,

raw raw
a<AGChg>a¢,AT + 0 <AGcor>a,AT = ° <AGChg>a’CG + 8<AGcor>a,CG

o o\ o\ o\ (523)
and moving the property that we want to optimise to one side,
raw raw
0 <AGCh9>a,CG _ o <AGChg>a,AT n O{AGeor)qar  9(AGeor)a,co (5.24)

oA oA oA oA

8 AGI’aW 8 AGI’aW
where < g§’>“” and < gh§>“'CG correspond to the derivative of the raw hydration

free energy gradients of the charged side-chains with respect to the force field param-

eters (at a specific a value), for an atomistic and coarse-grained system, respectively.

B(AG B(AG - . .
< g’y‘*” and & 5‘;)““ are the derivatives of the free energy corrections with re-

spect to the force field parameters (at a specific a value), for an atomistic and coarse-
grained system, respectively. The derivatives of the corrections were calculated using
central finite differences, using a set of a values between 0.4 and 1.0, where the param-
eters were scaled accordingly (i.e. for a=0.9, parameters were scaled to 90% of their

original value).

All the optimisation simulations for the SIRAH beads were run with the optimized WT4-
FB model (this work). 100 optimisation cycle iterations were run for only charge and
van der Waals € values. Systems were minimised for 5000 steps using a steepest de-
scent algorithm followed by an NPT equilibration time of 5 ns. Production runs were
performed for 10 ns. A leap-frog algorithm was used for integration of Newton'’s equa-
tions of motion with a time-step of 20 fs. Electrostatic interactions are calculated using
the Particle Mesh Ewald method [28] with a direct cut-off of 1.2 nm and a grid spacing
of 0.2 nm. A 1.2 nm cutoff was used for van der Waals interactions. The V-rescale ther-

mostat [125] and the Parrinello-Rahman barostat [ 124] were used to maintain the tem-
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perature at 298.15 K and the pressure at 1 atm, respectively. The simulation conditions
were consistent with the original SIRAH publication [5]. All simulations were run with
GROMACS v. 2018.2 [123]. All specific heteronuclear non-bonded Lennard Jones pa-
rameters, previously set in the original SIRAH force field between charged beads have
been removed, and we have set those interactions using Lorentz-Berthelot combining

rules, which provide the non-bonded interaction energy between two particles i and j,

givenby o;; = 2% and ¢;; = /€€

In order to continue with the optimisation of charged side-chains, and to possibly im-
prove the optimised parameters with unphysical values, PMFs for charged side-chain
pairs were calculated, and parameters were manually changed to fit to atomistic PMFs
of the same side-chain pairs. For the PMF calculations, the distance between the cen-
tre of mass of the BCG bead of Glu™, and the BCE and BCZ bead of Lys* and Arg™,
respectively, were used as collective variables (see Fig. 2.6 for bead names). A total
of 78 windows have been used, with distance spanning from 0.38 nm to 1.8 nm, using
a spring force constant of 5000 kJ/mol nm?. Simulations settings were identical to the
previous ones used: a leap-frog stochastic dynamics integrator was used for integration
of Newton's equations of motion with a time-step of 20 fs. Electrostatic interactions
were calculated using the PME procedure with a grid spacing of 0.2 nm. Non-bonded
interactions were modelled using the classical Lennard-Jones potential and a Coulom-
bic energy function, with a cut-off of 1.2 nm each. All simulations were run with GRO-
MACSV. 2018.2 at 1 atm with the Parrinello-Rahman barostat and at 298.15 Kwith the
v-rescale thermostat, and were preceded by the corresponding minimisation and NPT

equilibration.

5.4. Results

5.4.1. Optimisation of the SIRAH protein force field: charged side-chains

Adifferent approach, compared to the optimisation of uncharged side-chains and back-

bone (chapter 4), was followed for the charged side-chains. We started with Force-
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5. Optimisation of the SIRAH Force Field: charged side-chains

Balance optimisation procedures as explained in the methodology section 5.3.2, where
the gradients of the raw charged free energies plus the gradient of the methodology-
dependent corrections were used. Most of the ForceBalance optimisation results yield
good agreement with experimental and AT hydration free energies (table 5.2, denoted
as HFE-fitted), but the parameters were driven to unphysical values (see Fig. 5.3 and
5.4, for charge and Lennard Jones parameters, respectively), with a clear over-estimation
of the side-chain interactions (Fig. 5.5 and 5.6, as HFE-fitted). Given this, we con-
clude that our optimisation procedure works, but given the existence of few param-
eters to represent charged side-chain in SIRAH, over-fitting might be an unavoidable
consequence in this case. Moreover, coarse-graining is an important simplification of
the physics, where the option to fully reproduce complex properties, such as the free

energy or charged entities, might not be possible.

0.6e 0.05e
LYS
0.4e 0.95e
0.35e 0.99¢

ARG 0.35¢ 0.99¢
0.3e -0.99%
-0.35e -0.99e

GLU/ASP -0.35¢ -0.99e
-0.3e 0.99¢

SIRAH 1.0 HFE-fitted

HFE-fitted charge values for the optimised charged side-chain. Schematic representation
of the three optimised charged side-chains (Lys, Arg and Glu/Asp). Parameter values for the
charges are shown for the corresponding beads (see Fig. 2.6 for details), for the original SIRAH
1.0 and the HFE-fitted parameter set (after the initial optimisation).

Giventhe size of the charges found in the initial optimisation process (Fig. 5.3), higher
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0.55 3.05
LYS
0.55 1.75
0.55 5.07
ARG 0.55 5.07

0.55 0.35 423 216

0.55 5.07
GLU/ASP 0.55 5.07
0.35 4.73
SIRAH 1.0 HFE-fitted

HFE-fitted VDWEe values for the optimised charged side-chain. Schematic representation of
the three optimised charged side-chains (Lys, Arg and Glu/Asp). VDWe parameters are shown
for the corresponding beads (see Fig. 2.6 for details), for the original SIRAH 1.0 and the HFE-
fitted parameter set (after the initial optimisation). All values are in units of kJ/mol.

values for Lennard-Jones € parameters were found as well (Fig. 5.4). We decided to fol-
low the optimisation process with a manual refinement of the parameters to reproduce
atomistic side-chain PMFs rather than solely hydration free energies, which could lead
to a reasonable representation of protein-protein interactions within the model, and
the balance of charge-charge and charge-solvent interactions [150]. For this, different
sets of parameters were manually generated, where only four of these sets are shown
to demonstrate the gradual improvement in the PMF plots (Fig. 5.5 and 5.6, as set 1 to
4). As a general observation, it seems that the scaling of Lennard Jones € parameters
improves the well-depth prediction on the PMFs for different side-chain pairs (see be-
low, and Fig. 5.5 and 5.6). Detailed explanations for this follow. Details related to the

parameters corresponding to each set are shown in table 5.1.

In the case of Glu=/Arg™ a well-depth between -4.0 kcal/mol and -5.3 kcal/mol has

been reported for atomistic simulation with explicit water using the TIP3P model [189]
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SIRAH bead name VDWo (nm) VDWe (kJ/mol) Charge (e)

Set1
Lys C1Ck Sao 1.75 0.95
C7Nk Sao 3.05 0.05
Arg C2Cr Sao 4.23 -0.99
C3Cr Sao 2.16 0.99
C5N Sa0o 5.07 0.99
Glu/Asp C4Ce/d Sa0 2.16 0.99
C60 Sa0o 5.07 -0.99

Set 2
Lys C1Ck Sao 1.75 0.95
C7Nk Sao 2.05 0.05
Arg C2Cr Sa0o 4.23 -0.99
C3Cr Sa0o 2.16 0.99
C5N Sa0o 4.07 0.99
Glu/Asp C4Ce/d Sa0 2.16 0.99
C60 Sa0 4.07 -0.99

Set 3
Lys C1Ck Sa0o 1.75 0.35
C7Nk Sa0o 1.75 0.65
Arg C2Cr Sa0o 2.23 -0.99
C3Cr Sa0o 2.16 0.99
C5N Sa0o 3.07 0.99
Glu/Asp C4Ce/d Sa0 2.16 0.99
C60 Sa0 207 -0.99

Set4
Lys C1Ck Sa0 1.75 0.35
C7Nk Sa0 1.75 0.65
Arg C2Cr Sa0o 2.23 -0.99
C3Cr Sa0 2.16 0.99
C5N Sa0 207 0.99
Glu/Asp C4Ce/d Sa0 2.16 0.99
C60 Sa0o 2.07 -0.99

Parameter sets used in the PMF fitting procedure. Parameters are shown for all the charged
side-chains used in the optimisation of the SIRAH force field. Bead types were taken from the
original SIRAH 1.0 publication. Parameters directly taken from the original SIRAH 1.0 force field
are mentioned as SaO (Same as Original, see section 4.4.2 and Fig. 4.7 for the rationalisation of
this).

126

1's 3lqeL



5.4. Results

and for implicit solvent simulations [150]. The SIRAH force field implements the use of
specific non-bonded pair interaction between the charged beads, which are unable to
represent a correct well-depth in the PMF plots (Fig. 5.5 as SIRAH 1.0). Just by remov-
ing these specific pair interactions, and rather using Lorentz-Berthelot combining-rules,
an improvement is observed with a well-depth of -2.3 kcal/mol (Fig. 5.5, shown as w/
Comb. rules, which stands for "with Combining rules"). The HFE-fitted results obtained
in the initial optimisation, with the parameters shown in figures 5.3 and 5.4, yield highly
attractive behaviour, with a well-depth of -16.94 kcal/mol (Fig 5.5). Scaling set 4 gives
the optimum result (table 5.1 for details), with a well-depth of -5.3 kcal/mol at around
0.59 nm (Fig. 5.5).

Glu - Arg*
10,
9
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3
- 2
6 1 LI
.E oF e e S
< -l
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> 3 —< SIRAH 1.0
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C-C distance (nm)

Potentials of mean force for charged side-chain pairs. PMF plot for the Glu-/Arg+ pair is
shown, using the original SIRAH 1.0 force field and for the set of optimised parameters, as well
as the SIRAH-OBAFE force field, and the HFE-fitted (i.e. the parameters set optimised with
ForceBalance).

For the case of LysT/Glu~, a well-depth between -2.2 kcal/mol and -2.4 kcal/mol has
been reported in the context of atomistic simulation with explicit water using the TIP3P

model [189] and for implicit solvent simulations [150]. Again, the use of specific non-
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5. Optimisation of the SIRAH Force Field: charged side-chains

bonded pairs for the charged side-chains in SIRAH 1.0 fails to reproduce this (Fig. 5.6).
The use of Lorentz-Berthelot combining rules again improves the well-depth (Fig. 5.6).
The HFE-fitted result is highly attractive with a well-depth of -4.5 kcal/mol, but the
scaling of non-bonded interactions rapidly solves this, with a well-depth now of -1.5
kcal/mol for set 3 (table 5.1 for details), at a distance of 0.56 nm (Fig. 5.6). Future force
field optimisation protocols would benefit from the inclusion of both PMF and free en-

ergy data together, to avoid the over-fitting behaviour observed in these cases.
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Potentials of mean force for charged side-chain pairs. PMF plot for the Lys+/Glu- pair is
shown, using the original SIRAH 1.0 force field and for the set of optimised parameters, as well
as the SIRAH-OBAFE force field, and the HFE-fitted (i.e. the parameters set optimised with
ForceBalance).

The re-calculation of standard state hydration free energies for the charged side-
chains using the new set of parameters, refined using the PMF calculations, was per-
formed. Table 5.2 summarises the results, where not much improvement is seen with
respect to the previously calculated hydration free energies using the SIRAH 1.0 force
field. In terms of the predicted hydration free energies, by the PMF-optimised parame-
ters, Arg™ and Glu™ shows a decrease of around 30 kJ/mol in both cases, compared to

the original SIRAH 1.0 force field, and the updated SIRAH 2.0 force field (table 5.2).
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5.4. Results

Even though the PMF fitting shows itself as a promising route for the optimisation of
the charged side-chains, some preliminary tests of protein simulations showed an over-
estimation of protein interactions, probably from higher charge values on the charge
side-chain beads (see Fig. 5.3, which are of the order of 1e), which translates to a higher
level of stiffness in the simulated systems. Figure 5.7 shows simulations of some pro-
teins in water (with simulation protocols similar to the ones mentioned in section 3.2.3
and section 3.2.5) using the SIRAH-OBAFE force field after PMF scaling. Even though
the average RMSD values are lower than the ones observed using the SIRAH 1.0 force
field (Fig. 5.7A and 5.7B), and that can be considered as an improvement on the sta-
bility of the systems, the overall variation and flexibility of the proteins systems must
play an important role in their dynamics, such as in conformational change processes.
Adding to this, the calculation of the free energy landscape for the ligand binding do-
main of the S1S2 gluatamate receptor (identical protocol to that mentioned in section
3.2.5), showed quantitative overestimation of the interactions (Fig. 5.7C), seen as a sin-
gle minimum focused on the closed conformation of this domain, where a preference

for open conformations has been previously established [126, 127].

As a matter of discussion, we have obtained PMFs for 3 uncharged side-chain pairs,
and 2 charged-polar side-chain pairs, using the parameters derived on chapter 4 (SIRAH-
OBAFE) for the uncharged side-chains (Fig. 5.8), the original parameters for the charged
side-chains (which are the ones that we have decided to keep, see below) and the WT4-
FB water model. These PMFs have also been compared with PMF plots of the same
side-chain pairs using the original SIRAH 1.0 force field and the original WT4 water

model.

In the case of hydrophobic side-chain models, such as Tyr/Val and Leu/Val, a PMF min-
ima with a depth of around -1 kcal/mol has been observed in atomistic simulations [66].
In the case of the Tyr/Val pair combination, SIRAH-OBAFE predicts a minimum with a
depth of around 2.5 kcal/mol, while the SIRAH 1.0 force field predicts a minimum with
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Overestimation of the interactions in the SIRAH-OBAFE force field after PMF scaling.
RMSD timeseries for two protein systems: A) L7Ae Archeal ribosomal protein and B) the CRO
repressor. C) PMF plot of the cleft opening/closing process of the S152 glutamate receptor lig-
and binding domain in its ligand free form (apo). Protocols as previously discussed in sections
3.2.3and 3.2.5.

a depth of 1.8 kcal/mol (Fig. 5.8A). For the Leu/Val combination, SIRAH-OBAFE pre-
dicts a minimum of depth 1.5 kcal/mol, while SIRAH 1.0 predicts a minimum of around

1 kcal/mol (Fig. 5.8B).

In the case of polar-polar side-chain combinations, such as Ser/Asn, a minimum with
depth between -0.5 kcal/mol and -1.0 kcal/mol has been predicted from atomistic simu-
lations [66]. In the case of SIRAH-OBAFE a minimum is found with a depth around 2.8
kcal/mol, while SIRAH 1.0 predicts a minimum of around 2 kcal/mol (Fig. 5.8C).

In the case of atomistic PMF plots for charged side-chains and polar amino-acids, for
positively charged side-chains such as the Arg™/Asn, a minimum of depth between -1.0
kcal/mol to -2.0 kcal/mol has been predicted, while a minimum of depth between -0.5

kcal/mol to -1.0 kcal/mol has been observed for negative pairs such as Glu=/Asn. In
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5.4. Results

our case, the pair Glu™/Asn presents a minima of depth around 1.5 kcal/mol using the
SIRAH-OBAFE force field, while a minimum of depth of 2.0 kcal/mol is predicted using
the SIRAH 1.0 force field (Fig. 5.8D). In the case of the Arg™/Asn combination, a mini-
mum with depth of 1.8 kcal/mol is observed using the SIRAH-OBAFE force field. while

aminimum of the same value is found using the SIRAH 1.0 force field (Fig. 5.8E).

It is clear that important discrepancies are presented, compared with atomistic simu-
lations, for the PMF of uncharged side-chains, as well as the combination of charged-
polar side-chains (Fig. 5.8), where most of the PMFs show a repulsion effect for the
tested pairs. Even though the parameters for the uncharged side-chains were suffi-
cient to predict correct hydration free energies using the SIRAH-OBAFE (see Fig. 4.8
and table 4.4), they are not capable of reproducing PMF plots, as was the case of the
charged-charged combinations tested in this chapter (see Fig. 5.5 and 5.6). We believe
that the simplification of the physics observed in coarse-grained force fields, such as the
SIRAH model, present a challenge for the reproduction of multiple properties. The few
parameters available in SIRAH are insufficient to fit our proposed target for the case
of charged side-chains (i.e. hydration free energy gradients from a higher resolution
model), where they become unphysical in terms of the size of the charge and Lennard-

Jones values, as well as estimate the interactions between the charged side-chains.

We have decided to continue with the original SIRAH 1.0 parameters for charged side-
chains, incombination with the optimised parameters for backbone and uncharged side-
chains. The scaled parameters presented animprovement in the estimation of the PMFs
for charged-charged side-chain pairs. Although, the interactions in the proteins systems
were still over-estimated, as was observed in figure 5.7, with really stiff RMSD values

and the incorrect prediction of a protein PMF.
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Force field Expt. AGHw +AGeay AGaysip  AGc AGS, AG,?yd
ARG
54A8 -276.50 -137.89+04 -58.63 -67.88 /.95 -256.46
SIRAH 1.0 -149.01+£0.6 -57.50 -7.25 7.95 -205.82
SIRAH 2.0 -149.85+0.6 -57.50 -7.25 7.95  -206.65
SIRAH-OBAFE -186.64+0.5 -57.50 -7.25 7.95 -24345
HFE-fitted -22370+£0.5 -54.81 -7.25 795 -27781
LYS
54A8 -289.50 -180.08 £0.6 -58.83 -67.88 795 -298.85
SIRAH 1.0 -134.49+0.6 -54.70 -7.49 7.95 -188.74
SIRAH 2.0 -130.90+ 0.5 -57.50 -7.25 7.95 -185.15
SIRAH-OBAFE -132.34+0.7 -57.50 -7.49 7.95 -186.58
HFE-fitted -178.60+ 0.6 -57.50 -7.49 7.95 -23584
GLU
54A8 -3154  -349.84+£05 -58.98 6788 7.95 -332.99
SIRAH 1.0 -156.38+04 -58.83 7.52 7.95  -199.25
SIRAH 2.0 -153.62+ 0.6 -57.50 -7.25 7.95 -196.49
SIRAH-OBAFE -181.77+0.6 -58.83 7.52 7.95 -224.64
HFE-fitted -252.75+0.6 -58.34 7.52 7.95 -295.62
ASP
54A8 -321.2 -349.38+£0.5 -58.98 6788 7.95 -33254
SIRAH 1.0 -156.38+ 0.4 -58.83 7.52 7.95 -199.25
SIRAH 2.0 -153.62+0.6 -57.50 -7.25 7.95 -19649
SIRAH-OBAFE -181.77+0.6 -58.83 7.52 7.95 -224.64
HFE-fitted -252.75+0.6 -58.34 7.52 7.95 -295.62

Hydration free energies for charged side-chains. Hydration free energy values of all the
charged side-chains optimised in this work, using the GROMOS 54A8, SIRAH and SIRAH-
OBAFE force fields. HFE-fitted values are also included with the sole intention of comparison
and discussion. All values are in the units of kJ/mol. Error bars were modelled as standard errors
across 3 repeat simulations.
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A Tyr/Val B Leu/Val c Ser/Asn
6 6 6
= — SIRAH-OBAFE = — SIRAH-OBAFE = — SIRAH-OBAFE
S 5 G 5 S 5
£ — SIRAH 1.0 £ — SIRAH 1.0 £ — SIRAH 1.0
T 4 T 4 3 4
Q Q Q
= = =
= = =
2 2 2 2 2 2
7 o 7
8 1 8 1 8 1
w w w
%306 08 10 12 14 16 04 06 08 10 12 14 16 %306 08 10 12 14 16
Distance (nm) Distance (nm) Distance (nm)
D Glu/Asn E Arg*/Asn
6 6y
= — SIRAH-OBAFE = — SIRAH-OBAFE
S 5 S 5
£ — SIRAH 1.0 £ — SIRAH 1.0
T 4 T 4
e 2
= =
22 2 2
o )
8 1 8 1
w w
%306 08 10 12 14 16 %306 08 10 12 14 16

Distance (nm) Distance (nm)

PMF for uncharged and charged side-chain pair combinations. PMF plots for a set of 3
uncharged side-chains pair combinations, and 2 charged-polar side-chains combinations, are
shown. (A) Tyr/Val, (B) Leu/Val, (C) Ser/Asn, (D) Glu=/Asn, and (E) Arg*/Asn.

5.5. Summary

In this chapter we have summarised the process to obtain hydration free energies of
charged molecules, and we have outlined the necessary corrections for the calculation
of these energies in charged protein side-chains. An optimisation procedure has been
followed, using gradients for the corresponding hydration free energies, as well as the

gradient of their corrections. The results of this chapter have shown that:

e Our optimisation method works for the improvement of charged hydration free
energies using a combination of free energy gradients, and the gradient of the

corrections with respect to the a values.

e Even though an important improvement has been made in the overall charged
hydration free energies for the SIRAH CG force field, compared to both experi-
mental and simulation data, an overestimation of the protein interaction has been
observed. This was represented by higher values in charge and Lennard-Jones

parameters, which directly influenced in the over-stabilisation of protein simula-
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5. Optimisation of the SIRAH Force Field: charged side-chains

tions inwater and in the calculation of a PMF for a protein conformational change.

e As asecond route, the fitting of the PMFs for charged-charged side-chain pairs

was achieved. The overall size of the charge parameters in the protein beads was
not changed, but scaled parameters for VDWe were enough to improve the esti-
mation of the side-chain PMFs. However, the overestimation of the interactions
was still present as it was shown in the calculation of protein RMSDs and a protein

PMF infigure 5.7.

The result of this overestimations must come from the use of a property as com-
plicated as the hydration free energy gradients, where the use of just a few pa-
rameters can lead to over-fitted models. Moreover, the WT4 model is too coarse,
where subtleties of the PMFs cannot be screened properly. The simplifications in
coarse-grained models take out details that are important for the physics of the
tested systems, and the full estimation of multiple properties such as hydration
free energies and PMFs for side-chain pairs, might not be possible, as was shown
by the results in this chapter related to charged molecules, and for the outlined

uncharged PMFs.

The next chapter summarises the optimised parameter set for the SIRAH-OBAFE

force field. Different tests have been performed: evaluation of protein stability, sim-

ulations of a protien complex, and the stability of a peptide. We finalise with the recal-

culation for the PMFs shown in chapter 3.
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6.1. Introduction

Inchapters 4 and 5, we have shown the application of a new optimisation method where
the hydration free energy of a lower resolution model can be improved by fitting of
the free energy gradients of higher resolution models, as in this case for a CG model
based on atomistic data. Our implementation of this method into ForceBalance enables
full automation of the complex optimisation procedure and the incorporation of flexible
choices of target data, which can be mixed with other experimental or modelled data

available, such as QM energies.

The full list of optimised parameters for the new SIRAH-OBAFE force field (which stands
for Optimised Based on Atomistic Free Energies) and the optimised WT4-FB water
model are shown in tables 6.1 and 6.2. All the changes were made for the un-charged
side-chain and the backbone. As described in chapter 5, charged side-chains remained

asinthe original SIRAH 1.0 force field. Bead names can be seen in figure 2.6.



6. Testing of the optimised force field: SIRAH-OBAFE

Beadtype VDWo (nm) VDWe(kJmol~1) Charge(e)
Asn/GlIn P3Cn/q SaO 3.5217E-01 0.00
P5N SaO 5.5453E-01 5.9527E-01
P40 SaO 5.547E-01 -5.9527E-01
Cys P1S Sa0 1.0547 -6.0817E-01
P2P Sa0 2.2622E-01 6.0817E-01
His (epsilon protonated) A2C Sa0O Sa0O 0.00
ASE Sa0 1.7084 5.0449E-01
A5D Sa0 1.7023 -5.0449E-01
His (delta protonated) A2C Sa0O Sa0O 0.00
AS5E Sa0 1.7084 -5.0449E-01
A5D Sa0 1.7023 5.0449E-01
Met Y3Sm Sa0O 47181 0.00
Phe A2C Sa0O Sa0 0.00
A1C Sa0O Sa0 0.00
Ser/Thr P10 Sa0O 4.4658E-01 -9.1874E-01
p2pP Sa0O 2.2622E-01 9.1874E-01
Trp A2C Sa0O Sa0O 0.00
A7N SaO 6.9916E-01 -3.5323E-01
A8P Sa0O 1.5469 3.5323E-01
AlCw Sa0O 3.1449 0.00
Tyr A2C Sa0O Sa0O 0.00
A40 SaO 2.0418 -3.5107E-01
A3P SaO 20491 3.5107E-01
Val/Leu/lle Y4Cv/Y1C SaO 5.0887E-01 0.00
Backbone GC SaO 5.5058E-01 42176E-01
GO SaO 5.2511E-01 -6.7336E-01
GN SaO 5.5058E-01 2.5161E-01
Arg C2Cr Sa0 Sa0 Sa0
C3Cr Sa0 Sa0O Sa0
C5N SaO Sa0O Sa0
Lys C1Ck Sa0 Sa0O Sa0
C7Nk Sa0 Sa0 Sa0
Asp/Glu C4Ce/d SaO Sa0O Sa0o
C60 Sa0O Sa0O Sa0

The optimised SIRAH-OBAFE protein force field. Optimised parameters for the SIRAH-
OBAFE protein force field, obtained in chapter 4. Bead types were taken from the original
SIRAH 1.0 publication [5] (Fig. 2.6). Parameters taken from the SIRAH 1.0 protein force field
publication are mentioned as SaO (Same as Original) [5].
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Beadtype VDWo (nm) VDWe(kJmol-1) Charge (e)

WN1 4.2474E-01 7.6717E-01 -2.6730E-01
WN2 4.2474E-01 7.6717E-01 -5.6223E-01
WP1 4.2474E-01 7.6717E-01 2.6730E-01
WP2 4.2474E-01 7.6717E-01 5.6223E-01

6.2. Methods

The optimised WT4-FB force field. Optimised parameters for the WT4-FB water model, ob-
tained in chapter 4, are shown. Bead types were taken from the original SIRAH 1.0 publica-
tion [5]..

In this chapter we summarise a series of test for the new optimised SIRAH-OBAFE
force field, ranging from protein stability in water, secondary structure and conforma-

tional changes.

6.2. Methods

6.2.1. Validation set of the new optimised SIRAH-OBAFE force field

A set of 6 protein systems chosen from the original SIRAH 1.0 publication [5], of sizes
ranging from 585 to 63 residues, have been tested in terms of protein stabilty: (A)
Serum albumin (PDB: 1E7I, 585 residues, X-ray resolution of 2.70 A), (B) GFP pro-
tein (PDB: 1QYO, 238 residues, X-ray resolution of 1.80 A), (C) Gamma-adaptin do-
main (PDB: 1GYV, 120 residues, X-ray resolution of 1.71 A), (D) L7Ae Archeal riboso-
mal protein (PDB: 1RA4, 120 residues, X-ray resolution of 1.86 A), (E) CRO repressor
(PDB: 10RC, 71 residues, X-ray resolution of 1.54 A) and (F) the N-terminal domain
of phage 434 repressor (PDB: 1R69, 63 residues, X-ray resolution of 2.0 A). RMSD
values were calculated based on the C-a carbons and compared against the crystal
structures, using GROMACS v.2018.2. Analysis of secondary structure stability has
been performed using the Calmodulin system, with (PDB: 3CLN) and without (PDB:
1LKJ) calcium. Proteins from the group previously analysed for protein stability were
also analysed in terms of secondary structure stability, comparing the updated version

SIRAH 2.0 and the optimised SIRAH-OBAFE force fields. Simulations of the small Trp-
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6. Testing of the optimised force field: SIRAH-OBAFE

Cage peptide (20 residues) in its folded form (PDB: 1L2Y) have been performed to fur-
ther push the limits of both the original SIRAH 1.0, SIRAH 2.0 and the optimised SIRAH-
OBAFE force fields, comparing the overall protein stability and secondary structure
variations. Finally, the same systems presented in chapter 3, section 3.3.2.1 and 3.3.2.2,
related to the calculation of the PMF for the S1S2 glutamate receptor binding domain,
and the Abl kinase, were evaluated again using the optimised SIRAH-OBAFE force field

(see below section 6.2.2 and 6.2.3 for simulation details).

6.2.2. Coarse-grained molecular dynamics simulations

For all the previously mentioned systems (except for the PMF calculations, see below),
simulations were performed as follows. Coarse-grained molecular dynamics simula-
tions were performed using the SIRAH1.0/WT4, SIRAH2.0/WT4 (when stated) and
SIRAH-OBAFE/WT4-FB force field combinations. An energy minimisation was car-
ried out with 10000 iterations of the steepest descent algorithm. This was followed
by an NPT equilibration dynamics procedure of 20 ns with positional restraints of 1000
kJmol~tnm=2 applied to all the protein beads. Production runs were performed for
3 us for each system with an integration time-step of 20 fs. Electrostatic interactions
were calculated using the Particle Mesh Ewald procedure [28] with a direct cut-off of
1.2 nm and a grid spacing of 0.2 nm. Non-bonded interactions were modelled using
the Lennard-Jones potential with a cut-off of 1.2 nm. All simulations were run at 1 bar
with the Parrinello-Rahman barostat [190] and at 298.15 K with the v-rescale ther-
mostat [191]. Simulations, RMSF and RMSD time series were calculated with GRO-
MACSV.2018.2[123]. Evolution of the secondary structure of our CG systems was also
tested, using the sirah-vmdtk.tcl script supplied in SIRAH tools with the original SIRAH
force field [116]. In SIRAH, the secondary structure is calculated as a function of di-
hedral angles along the backbone beads (see chapter 2, Fig. 2.5), which span between
—180° and +180°. From this definition, each residue is assigned to three of the cor-
responding categories: Helix (H), Extended (E) and Coil (C) (see reference [5], and the

description of the secondary structure in section 2.6).
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6.2.3. Atomistic molecular dynamics simulations

In the case of the Calmodulin systems, atomistic simulations were run for systems, with
(PDB: 3CLN, X-ray resolution of 2.2 A) and without (PDB: 1LKJ, obtained through NMR)
the presence of calcium. Simulations were carried out using GROMACS v.2018.2 with
the AMBER14SB force field [143]. Each system was solvated using the TIP3P water
model [88] in an octahedral box with a solute-box distance of 1.5 nm in order to sat-
isfy the minimum image convention. All systems were neutralised by addition of sodium
and chloride ions to a total concentration of 150 mM. Simulation were run with calcium

when mentioned, using the SIRAH model for that ion (see chapter 2 for details).

Each system was minimised using the steepest descent algorithm with 10000 itera-
tions. This was followed with an NPT equilibration of 10 ns with positional restraints
on protein heavy atoms of 1000 kJ/mol nmZ. Production runs were performed for 400
ns for each system. Electrostatics interactions were calculated using the PME proce-
dure with a grid spacing of 0.16 nm. Non-bonded interactions were modelled using the
classical Lennard-Jones potential and a Coulombic energy function, with a cut-off of 1.0
nm each. The LINCS algorithm was applied to constrain all h-bond lengths. All simula-
tions were run at 1 bar with the Parrinello-Rahman barostat [124] and at 300 K with

the v-rescale thermostat [125].

6.2.4. Umbrella sampling

As anew application of the optimised force-field, the reproduction of the opening/closing
event of a glutamate receptor binding domain was attempted, as in section 3.2.4. A 1D
order reaction coordinate (£) was chosen as the distance between the C-a carbons of
residues G451 and S652 of the Glutamate receptor ligand binding domain (PDB: 1FTJ,
bound form, X-ray resolution of 1.90 A). This was done for both the free-ligand (apo,
manually removing the ligand from the binding site from the structure with PDB code
1FTJ, based on the protocol of reference [126]), and the glutamate-bound states (holo).
The SIRAH representation for the glutamic acid side-chain was used as ligand. The pull

code in GROMACS was used to generate snapshots for the umbrella sampling simula-
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tions from a single pulling trajectory, generating 23 umbrella windows that spanned a
distance range between 0.45 to 2.0 nm, with a distance between each window of 0.05
nm. A value for the biasing harmonic potential of 2500 kJ/mol nm? was used. Each
window was simulated for 300 ns. The Weighted Histogram Analysis Method (WHAM)
implemented in GROMACS (g_wham) [123] was used to remove the biasing potential
and get the unbiased probabilities, to finally compute the potential of mean force (PMF).
The rest of the simulation settings were set exactly as in the validation process. The re-
sults were compared with our previous results using the SIRAH 1.0 force field (chapter
3, section 3.3.2.1), and with the SIRAH 2.0 force field. Convergence of the PMF and
overlap between the umbrella windows are shown in figures A.5 and A.6, for the apo

and holo conformations, respectively.

6.2.5. Metadynamics simulations

A metadynamics simulation of the Abl kinase (PDB: 2G1T, X-ray resolution of 1.80 A)
was performed using the Plumed package [128] (v. 2.4.3) patched into GROMACS [123].
Simulations were run at a temperature of 310 K and for 1 us, using the well-tempered
metadynamics algorithm [50]. Two CVs were used, that comprise two dihedral angles:
CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381) and CV2: GN(A380)-GC(A380)-
GC(F382)-BCG(F382). Gaussians were deposited every 4 ps with a height of 2.0 kJ/mol.
A bias factor of 5 was used. The width of the Gaussians was set to 0.1 rad for both di-
hedral CVs. Parameters for well-tempered metadynamics simulations were based on
previous studies of the Abl kinase using Plumed [129], and the selection of CVs was

based on a study from Roux et al., 2015 [130].

6.3. Results and Discussion

6.3.1. Protein stability

To test the performance of SIRAH-OBAFE in protein simulations, an RMSD analysis
was performed on 6 protein systems of different sizes. Simulations using the optimised

SIRAH-OBAFE with the optimised WT4-FB were run for 3 us. While the computed
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RMSDs are generally larger compared to atomistic simulations, all the simulations that
used the optimised SIRAH-OBAFE model show improvement in protein stability with
lower RMSD values throughout the whole trajectory with respect to the original SIRAH
1.0 and the updated SIRAH 2.0 (Fig. 6.1). Even though the overall behaviour of the op-
timised SIRAH-OBAFE FF does not yield exact results compared to atomistic RMSDs,
it shows an important improvement compared to the original SIRAH FF. As a simple
comparison, the three protein atomistic systems previously run for 200 ns in chapter
3, section 3.3.1, with PDB codes 1QYO (GFP-protein), 1RA4 (L7Ae Archeal ribosomal
protein) and 1R69 (N-terminal domain of phage 434 repressor) (Fig. 3.2, section 3.3.1),
showed average RMSD values (with respect to the crystal structure) of 0.270 nm, 0.06
nm and 0.148 nm, respectively. In this section, the original SIRAH 1.0 force field shows
averaged RMSD values (with respect to the crystal structure) of 0.723 nm, 0.755 nm
and 0.804 nm, for the same three systems, while our optimised SIRAH-OBAFE force
field shows averaged RMSD values (with respect to the crystal structure) of 0.453 nm,
0.491 nmand 0.635 nm, for the same three cases, 1QYO, 1RA4 and 1R69, respectively.
In the case of the updated SIRAH 2.0 force field, the overall behaviour of the RMSD
timeseries is similar to the optimised SIRAH-OBAFE, except for two biggest systems
with PDB codes 1E7I and 1QYO (Fig. 6.1A and 6.1B), with average RMSD values of
0.543 nmand 0.601 nm, respectively. Even though the new RMSD values are not close
to the atomistic RMSD (presented in section 3.3.1) and we would not necessarily expect
them to be, there is as an improvement in the stability of protein systems based on our

new optimisation approach.

Calculations of RMSDs against the last frame of the trajectories were also performed
using the updated SIRAH 2.0 and the optimised SIRAH-OBAFE force fields, allowing us
to tell whether the large RMSDs are due to a big number of fluctuations or a change in
conformation to a rigid conformer. Figure A.2 summarise the results. As can be seen
in the case of the 1E7I system, a big change of conformation is seen at around 1us,
which stabilise afterwards. In the other systems, it seems that the higher RMSD values

observed in figure 6.1 are due to different fluctuations across the simulation, with simi-
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RMSD time series comparison. RMSD trajectory analysis is shown as a time series comparison
with respect to the C-a carbons of the CG representation to the crystal structure for (A) Serum
albumin, (B) GFP protein, (C) Gamma-adaptin domain, (D) L7Ae Archeal ribosomal protein, (E)
CROrepressor and (F) the N-terminal domain of phage 434 repressor. PDB codes are shown in
the figure titles and running averaged RMSD values are shown in the figure legends. Simulations
were run using the SIRAH 1.0 (red), SIRAH 2.0 (black) and SIRAH-OBAFE (green) force fields.

lar behaviours for both the updated SIRAH 2.0 and the optimised SIRAH-OBAFE force
fields.

6.3.2. Secondary structure stability

Analysis of secondary structure stability was tested in CG simulations of Calmodulin, a
protein that has shown high levels of flexibility and which poses a challenge in CG simu-
lations. Calmodulinis a calcium dependent protein composed of two EF-hand domains
(Fig. 6.2), and acts as an important regulator in different biological processes, such as
the cell cycle and intracellular signalling. Moreover, different studies have described
Calmodulin in its apo (Ca?t free) and holo (Ca* bound) forms, and the importance in
the process for the exposure of different hydrophobic residues in both EF-hands for the
recognition of different targets, such as target peptides derived from protein kinases or

enzymes involved in metabolic processes [192,193].
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6.3. Results and Discussion

We started with the basic calculation of RMSD time series for both the apo and holo

Calmodulin 3D structure. Calmodulin structure in its Ca?t bound-state (Holo). The two do-
mains are coloured as N-term (green) and C-term (red), while the central linker is coloured in
white. Calcium is presented as a yellow VDW sphere bound to the EF-hand motifs, two for each
domain. Structure taken from PDB code 3CLN. The N-terminal domain is coloured in green,
C-terminal in red, and the linker in white.

forms of Calmodulin, using SIRAH 1.0 and the optimised SIRAH-OBAFE. Previous sim-
ulations of the same Calmodulin systems have been performed in the publication of the
SIRAH 2.0 force field [11]. In this section, SIRAH 1.0 shows averaged RMSD values of
1.479 nm and 1.05 nm, for the apo (PDB: 1LKJ) and holo (PDB: 3CLN) forms (Fig. 6.3A
and 6.3B). The presence of calcium ions might be a possible explanation of the reduc-
tion of movement in the holo form, even though, in the case of SIRAH-OBAFE no bigger
differences are observed for the apo and holo forms, with averaged RMSDs values of
1.277 nmand 1.339 nm, respectively (Fig. 6.3A and 6.3B). In the publication for the up-
dated SIRAH 2.0 force field, the authors showed RMSD values for the Calmodulin sys-
tem in its holo form (Ca2*-bound) of up-to 2 nm, for simulations of 1.5 us. Moreover,

they mention structural distortions on the EF-hands, but without further details. This

143

T'9 ansiy



6. Testing of the optimised force field: SIRAH-OBAFE

can be compared with structural distortions observed in the protein structures from
figure 6.4 and 6.5. In the case of Apo structure, important disruptions are observed at
1 us using the SIRAH 1.0 force field, followed by a collapse of the EF-hands towards
the central linker at 3 us (Fig. 6.4). This important disruptions are not observed in us-
ing the SIRAH-OBAFE force fields, where only torsions of the EF-hands are observed
(Fig. 6.4). On the other hand, the Holo structure are more stable using the SIRAH 1.0,
with small movements towards the central linker (Fig. 6.5). In the case of the SIRAH-
OBAFE simulations, rotations of the EF-hands are again observed (Fig. 6.5). Atomistic
systems are less flexible, compared to the CG models, with averaged RMSDs values of
0.984 nm and 0.948 nm for the apo and holo forms, respectively (Fig. 6.3C, calculated
in this work). Overall, there are no significant differences in the averaged RMSDs val-
ues between the SIRAH 1.0, SIRAH-OBAFE and atomistic systems, for both apo and
holo forms. High RMSD values were expected, since different studies have shown that
the linker between the two domains posses certain flexibility, probably related to the
peptide recognition process [193-196], and it has been shown further destabilisation

when Ca2t is removed [193, 194].

We also evaluate secondary structure stability, for all cases, throughout the whole tra-
jectory. Important things to notice are the bigger secondary structure changes ob-
served in the apo form. In the case of the SIRAH 1.0 system, bigger changes are ob-
served, for example after 1.4 us where the first a-helix (residues 6-18) experiences a
total disruption (Fig. 6.3D). This is also observed as an increase in the RMSD values
in figure 6.3A, at around the first microsecond. In the case of the SIRAH-OBAFE sys-
tem, this a-helix is partially observed, where the disruption possibly happened on the
equilibration stages. The holo form is presented as a more stable system in relation to
secondary structure. Still, the SIRAH 1.0 force field fails to maintain again the first a-
helix, with a disruption after the first 400 ns, which is then transformed to two separate
B-sheets, results that are inconsistent with any previous data. Qualitatively speaking,
the SIRAH-OBAFE and the atomistic system share a “frayed” behaviour, which can be

observed, for example, for the a-helices that span between residues 65-75 and 78-92
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(Fig 6.3D, holo form). Moreover, two of the four small B-sheets observed in the crys-
tal structure and noted in UNIPROT (Fig. 6.3E, B-sheets of residues 99-100 and 136-
137) are much more stable in the SIRAH-OBAFE runs, similar to the atomistic systems
(Fig 6.3D). Either way, both CG models do not present a perfect match compared to
the atomistic system results, but SIRAH-OBAFE shows more consistencies both quan-

titively and qualitatively.
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Calmodulin structural analysis. RMSD trajectory timeseries of Ca carbons for Calmodulin, in
its apo and holo forms, compared between (A) the original SIRAH force field, (B) the optimised
SIRAH-OBAFE force field and (C) atomistic systems. (D) Secondary structure timeseries for
the apo and holo forms for the same three cases. Each colour represents a specific secondary
structure: a-helix (pink), B-sheets (yellow) and coil (white). All other colours observed in the
atomistic system are not relevant for this case, since they cannot be described by SIRAH. (E)
Secondary structure based on the UNIPROT PODP29 notation.
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6. Testing of the optimised force field: SIRAH-OBAFE

SIRAH 1.0

1000 ns 3000 ns
t»\‘!a

Ons \ % —>

SIRAH-OBAFE

Calmodulin Apo conformations. Three-dimensional structures of Calmodulin in its apo con-
formation (PDB 1LKJ), using the SIRAH 1.0 (upper structures) and SIRAH-OBAFE (bottom
structures) force fields. Structures were taken at 1 us and 3 us for simulations using both force
fields. The N-terminal domain is coloured in green, C-terminal in red, and the linker in white.

SIRAH 1.0
By —> g’*&%
1000 ns 3000 ns
a A1 St l@t ,
—>
SIRAH-OBAFE

Calmodulin Holo conformations. Three-dimensional structures of Calmodulin in its holo con-
formation (PDB 3CLN), using the SIRAH 1.0 (upper structures) and SIRAH-OBAFE (bottom
structures) force fields. Structures were taken at 1 us and 3 us for simulations using both force
fields. The N-terminal domain is coloured in green, C-terminal in red, and the linker in white.
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6.3. Results and Discussion

Early studies of the Calmodulin system have shown a more flexible N-terminal do-
main (N-CaM), compared to the C-terminal domain (C-CaM), for the holo form (Ca?*-
bound) [192, 195-197], where an opposite trend in the apo form is mentioned (Ca?+-
free) [194]. Moreover, it has been reported that the N-CaM binding may need a more
flexible mechanism, with intermediate states to facilitate deep binding, compared to the
C-CaM binding which may be dominated by conformational selection [193]. To study
this, RMSD calculations were done for both domains (N-CaM and C-CaM), for both
forms, apo and holo. Table 6.3 summarises averaged RMSD values with respect to the
crystal structures. In the case of SIRAH 1.0, simulation showed a more flexible N-CaM
domain, in both states (apo and holo). Differences are observed for the N-CaM domain,
with much lower values in its holo state (apo: 1.273 nm, holo: 0.658 nm). In the case
of the SIRAH-OBAFE simulations, a more flexible C-CaM domain is observed for the
apo form, with values of 0.706 nm for the N-CaM domain, vs. 0.928 nm for the C-CaM
domain. An opposite behaviour is seen in the holo form, with a more flexible N-CaM
domain compared to the C-CaM domain, with values of 0.932 nm and 0.585 nm re-
spectively. This correlates with the trend observed in the previously mentioned atom-
istic studies [192, 195-197]. Interestingly, our atomistic simulations did not show this
trend, with no actual differences for any of the states (see table 6.3). Still, the SIRAH-
OBAFE force field correlates with the finding that a more flexible N-CaM domain may
be needed for ligand recognition in its active form (Cat-bound) [193], expressed as

higher RMSDs in the holo form for the N-CaM domain.

SIRAH1.0 SIRAH-OBAFE AMBER14SB

Apo N-term 1.273nm 0.706 nm 0.286 nm
C-term  0.537nm 0.928 nm 0.294 nm
Holo N-term  0.658 nm 0.932nm 0.238 nm
Cterm  0.535nm 0.585 nm 0.298 nm

RMSD values for the Calmodulin domains. Averaged RMSD values, calculated with respect to
the crystal structure, are shown for the N-CaM and C-CaM domains, in its apo and holo forms.
Simulations were done using the SIRAH 1.0, SIRAH-OBAFE and the AMBER14SB force field..

As a final test for the behaviour and stability of the secondary structure with the op-
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6. Testing of the optimised force field: SIRAH-OBAFE

timised SIRAH-OBAFE force field, secondary structure time-series were calculated for
the group of proteins previously used in section 6.3.1 (see section 6.2.1 for details on
the proteins used). These results were compared with the most updated version of the
SIRAH force field (i.e. SIRAH 2.0) [11]. Figures 6.6 and 6.7 show these results, and
were divided in two figures for clarity. As an overall picture, both force field behave
similarly, and some minor differences are observed in the smaller systems (i.e. 1RA4,
1GYV, 10RC and 1R6&9). In the case of 1GYV (corresponding to the Gamma-adaptin
domain), some a-helices are observed around residue 70 and towards the end of the
structure, using the SIRAH-OBAFE force field, while these a-helices are absent with
SIRAH 2.0 (Fig. 6.6). Comparing these results with the secondary structure informa-
tionin UniProtKB, code P16117, these small a-helices are reported, which match with
our finding using our optimised force field. In the case of 1R4A (corresponding to the
L7Ae Archeal ribosomal protein), the a-helix between around residues 30 to 40 is pre-
sented in SIRAH-OBAFE, while an important disruption is present in SIRAH 2.0 (Fig.
6.7). On the other hand, the small a-helix around residues 80 to 85 is disrupted in
SIRAH-OBAFE, but present in SIRAH 2.0 (Fig. 6.7). All these a-helices are reported in
UniProtKB, code P54066. The same "frayed" behaviour, previously observed in figure

6.3, is also present here.
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Protein secondary structure time-series. Evolution of the secondary structure thorughout
the simulation for Serum albumin (PDB: 1E71, 585 residues), GFP protein (PDB: 1QYO, 238
residues), and Gamma-adaptin domain (PDB: 1GYV, 120 residues), using the updated SIRAH
2.0 and the optimised SIRAH-OBAFE force fields. Each colour represents a specific secondary
structure: a-helix (pink), B-sheets (yellow) and coil (white).

6.3.3. SNARE complex

As in the original SIRAH 1.0 publication, the SNARE complex was used as a measure of
errors in the force field, where the authors mention that small errors in single protein
could be amplified in bigger and more complex systems [5]. 4 a-helical proteins form
the SNARE complex including the plasma-membrane-associated proteins syntaxin and

SNAP-25 (two copies), and the vesicular protein synaptobrevin, and they are an impor-
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Protein secondary structure time-series. Evolution of the secondary structure thorughout
the simulation for L7Ae Archeal ribosomal protein (PDB: 1RA4, 120 residues), CRO repressor
(PDB: 10RC, 71 residues) and the N-terminal domain of phage 434 repressor (PDB: 1R69, 63
residues), using the updated SIRAH 2.0 and the optimised SIRAH-OBAFE force fields. Each
colour represents a specific secondary structure: a-helix (pink), B-sheets (yellow) and coil
(white).

tant component inthe synaptic vesicle fusion process [198,199]. In the protein complex
core, these 4 helices form hydrophobic layers, numbered between -7 to 8, with respect
to acentral O layer, known as the zero ionic layer, that is composed of a central arginine
surrounded by 3 glutamine residues (Fig. 6.8F). This central layer is of great interest

given that is the only hydrophilic region in the SNARE complex, and that it is usually
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conserved in the SNARE superfamily [200].

C-acarbon RMSD time series were evaluated for each of the components of the SNARE
complex with respect to the crystal structure, where averaged values between 0.15 to
0.3 nm are observed using the SIRAH-OBAFE force field (Fig. 6.8A). Previous atomistic
studies of the SNARE complex in explicit and implicit solvents have reported RMSD val-
ues between 0.06 to 0.3 nm [199], while values of 0.3 nm have been reported in the
original SIRAH 1.0 publication [5]. The secondary structure stability is consistent with
the expected 4 a-helices (Fig. 6.8C). RMSF analyses show a great similarity with pre-
viously reported atomistic RMSFs, with values of around 0.1 nm (Fig 6.8D) [199, 201].
Moreover, these values are much lower compared to the ones reported on the origi-
nal SIRAH 1.0 publication [5]. The expected rigidity of the central part of the SNARE
complexis reproduced using the optimised force field, which is also consistent with the
B-factor values from the crystal structure; this was not reproduced with the original

SIRAH 1.0[5].

6.3.4. Trp-Cage peptide

We sought to evaluate the limits of these CG force fields in peptide simulations. We
used the Trp-Cage system, a 20-residue mini-protein (with sequence NLYIQWLKDG-
GPSSGRPPPS) that has been extensively used in folding studies [202-204]. A central
hydrophobic core exists around TRPé, that is surrounded by three prolines located to-

wards the C-terminal end.

We tested the stability of this mini-protein through the same analysis as the previous
protein cases in sections 6.3.1 and 6.3.2. Simulation were run starting from its folded
form. As can be seen in figure 6.9, secondary structure stability is improved using the
SIRAH-OBAFE force field, compared to the original SIRAH 1.0 (Fig 6.9A and 6.9B). For
the latter, the N-terminal a-helix is disrupted at around 7 s, which is then transformed

to two 3-sheets, and finally to coil (Fig. 6.9A). The overall secondary structure is main-
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Structural analysis of the SNARE complex. (A) RMSDs time series, based on C-a carbons, for
the SNARE complex and each component of the complex: Synaptobrevin (red), Syntaxin (blue),
SNAP25 N-terminal (dark green) and SNAP25 C-terminal (light green). (B) 3D structure of the
SNARE complex with the same colour code as figure A (PDB: 1KIL). (C) Secondary structure
stability of each component of the SNARE complex. (D) RMSF analysis, based on C-a carbons,
for each component of the SNARE complex. Residues are noted based on the ionic layer. (E)
B-factors for the crystal structure (PDB: 1KIL). Residues are noted based on the ionic layer. (F)
3D structure of the SNARE complex coloured based on the 15 hydrophobic layers (yellow) and
the central ionic layer (purple).

tained across the whole simulation for the SIRAH-OBAFE force field (Fig. 6.9B). This
stability can also be observed based on a contact map of the Trp-Cage protein, show-
ing the percentage of interaction time of certain protein regions, throughout the whole
simulation (Fig. 6.9C and 6.9D). The interactions around the N-terminal a-helix are
maintained for 40-60% of the simulation time in the case of the SIRAH 1.0 force field
(Fig. 6.9C), while these are maintained for most of the simulation time using the SIRAH-
OBAFE force field (Fig. 6.9D), compared to the insets shown in both figures, that de-

scribes the existing interactions in the crystal structure. Itis also clear that important in-
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teractions are lost in the 31p-helix domain for SIRAH 1.0, which are maintained for less
than 2 us (Fig. 6.9A and 6.9C). The last frame of the CG simulations using the SIRAH
1.0 and SIRAH-OBAFE force fields are shown in figure 6.9E and 6.9F, respectively, to
graphically represent how the observed disruptions that are affecting the overall struc-
ture and the well-known U-shape of Trp-Cage. Animprovement can also be seenfor the
secondary structure time series using the SIRAH 2.0 (Fig. 6.10A). Even so, a disruption
of the first portion of the a-helix happens before the first microsecond (Fig. 6.10A), and
some of the interactions between the 31-helix and the coil are lost (Fig. 6.10B). More-
over, the orientation of the coil with respect to the a-helix is shifted, losing its U-shape

(Fig. 6.10C and 6.10D).

SIRAH 1.0 Total Interaction Time
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R
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. y 20
¥ - O
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Structural analysis of the Trp-Cage miniprotein. Secondary structure time series for the Trp-
Cage mini-protein using (A) the SIRAH 1.0 force field, and (B) the optimised SIRAH-OBAFE
force field. Total interaction time using (C) the SIRAH 1.0 force field, and (D) the optimised
SIRAH-OBAFE force field. The same inset is shown in both figures, which represents the in-
teractions observed using the crystal structure (PDB: 1L2Y). Last frames in the CG simulations
of Trp-Cage using (E) the original SIRAH 1.0 force field and (F) the optimised SIRAH-OBAFE
force field are shown.

As a side note, we have attempted to reproduce folding studies of the TrpCage mini-
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Structural analysis of the Trp-Cage miniprotein using SIRAH 2.0. (A) Secondary structure
time series for the Trp-Cage mini-protein. (B) Contact map of the percentage of interaction
time throughout the whole simulation. The inset represents the interactions observed using
the crystal structure (PDB: 1L2Y). (C and D) Two views of the TrpCage structure, with a 90°
rotation. (E and F) Same rotations as previously shown, but for the crystal structure. The red
and blue dots are located on top of the a-helix and at the C-terminal end, respectively, and can
be used as a guide for the rotation of the structure.

protein in terms of plain MD, and replica-exchange simulations. For both cases, simula-
tions were started from a fully un-folded TrpCage structure, manually created in PyMol.
A folding time of 4 us has been measured, and reported as being the fastest protein
folding known [205]. Plain MD simulations were run for up to 10 us, with simulation
protocols identical to the ones shown in section 6.2.3. Unfortunately, we did not ob-
serve any folding within the simulated time-scale. With the intention to improve sam-
pling, replica-exchange simulations were run. Briefly, 36 replicas were run that span a
temperature range from 273 Kto 460 K, similarly as was performed in reference [206].
Simulations were run for 3 us for each replica. Again, the folding process of TrpCage
has not been observed. One reason could be the lack of agreement for the side-chain
PMFs seen in chapter 5, where the interactions are underestimated. We believe this is

a demonstration of a limitation of the newly optimised SIRAH-OBAFE force field, and

154

01’9 3a4n3i4



6.3. Results and Discussion

an important point of which other workers should be aware if they desire to use this

optimised force field in their personal studies.

6.3.5. Free energy landscapes

As a final test of the optimised SIRAH-OBAFE force field, we have attempted to repro-
duce the free energy landscape of a protein conformational change, as performed in
sections 3.3.2.1 and 3.3.2.2, for the S1S2 glutamate receptor [126, 127] and for the
DFG transition in the Abl kinase [130, 133].

To describe the cleft movement, a one-dimensional order parameter was used, defined
by the distance between the centre of mass of the Ca beads of residues G451 and S652
of the ligand binding domain of the S1S2 glutamate receptor (Fig. 6.9C), which can be
considered as an equivalent to the one dimensional projection of a two-dimensional co-
ordinates used in similar studies [126, 127]. This calculation was performed using the

original SIRAH 1.0, SIRAH 2.0, and the optimised SIRAH-OBAFE force fields.

As previously mentioned, it has been reported that the apo structure of the receptor
prefers more open conformations. For the apo crystal structure, the averaged distance
between these residues is around 1.18 nm, and the global minimum of the free energy
profiles from atomistic simulation lies at around the same value [126]. The original
SIRAH 1.0 force field shows two shallow minima at around 1.15 nm and 1.35 nm, with
a barrier between them no greater than 0.5 kcal/mol (Fig. 6.11A, top panel). No im-
provement is seen using the updated SIRAH 2.0 force field, where the minimum is now
located at 0.87 nm, resembling a closed conformation (Fig. 6.12A). In the case of the
SIRAH-OBAFE force field, a clear minimum is seen at 1.17 nm (Fig. 6.11B, top panel).
Even though both the SIRAH 1.0 and SIRAH-OBAFE force fields predict the right min-
ima for the apo structure, the SIRAH 1.0 force field presents a broader profile com-
pared to the optimised SIRAH-OBAFE. Lau VY. et al., 2007 [126], showed that, for the
apo structure, energies of around 4.0 kcal/mol are needed in order to achieve confor-

mations close to the glutamate-bound state (i.e. averaged values of around 0.89 nm).
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6. Testing of the optimised force field: SIRAH-OBAFE

Energies of 1.0 kcal/mol are seen towards this closed state in the case of the SIRAH 1.0
force field (Fig. 6.11A, top panel), while energies of around 3.0 kcal/mol are needed to
achieve this state using the SIRAH-OBAFE force field (Fig. 6.11B, top panel). It is known
that CG force fields tend to show smoother energy profiles given the fewer degrees of
freedom, compared to atomistic system [?]. However, the apo PMFs derived using the
SIRAH-OBAFE force field show great similarity with previous atomistic simulations of

opening/closing process in the S1S2 glutamate receptor inits apo state [126,127].

APO APO

AG (kcal/mol)
AG (kcal/mol)

05 1.0 15 2.0 25 05 10 15 20
£ (nm) & (nm)

HOLO HOLO

AG (kcal/mol)
AG (kcal/mol)

015 110 1:5 2:0 25 015 110 1 j5 2:0
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Free energy landscapes for the ligand binding domain of the $152 glutamate receptor. PMF
plots for the apo and glutamate-bound structures, using (A) the original SIRAH 1.0 force field
and (B) the optimised SIRAH-OBAFE force field. (C) Structural visualization of the S1S2 gluta-
mate receptor CG model (purple) showing both residues used in the description of the collective
variable £ (magenta). Both conformations for the closed (upper) and open (lower) structures are
shown, obtained from the closed structure with PDB code 1FTJ.

Inthe case of the free energy landscapes for the glutamate-bound state, or holo state,
a preference for a closed conformation has been seen. The crystal structure for this
state shows an average distance between the identified residues of 0.86 nm, while the

predicted minimum on atomistic simulations lies at around 0.89 nm [126]. In the case of
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6.3. Results and Discussion

the SIRAH 1.0, no preference for a closed state is seen, with a greater preference for a
more open state compared to the apo structure being shown (Fig. 6.11A, lower panel).
This behaviour is repeated using the SIRAH 2.0 force field (Fig. 6.12B). In the case of
the optimised SIRAH-OBAFE force field, a clear minimum is seen at around 0.7 nm (Fig.
6.11B, lower panel). Even though the energy minimum is not located where the pre-
dicted minimum has been shown in atomistic simulations, the new optimised force field

is able to fully predict a preference for a closed state in the glutamate-bound structure.
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Free energy landscapes for the ligand binding domain of the S1S2 glutamate receptor using
the SIRAH 2.0 FF. (A) the apo and (B) holo structures.

As asecond case, the DFG-flip transition was simulated. Please refer to section 3.3.2.2
for an explanation on the DFG transition, and the activation of this type of protein ki-

nase.

In the case of the Abl kinase metadynamics simulations, similarly to the simulation per-
formed in section 3.3.2.2, the DFG-flip transition was re-computed, now using the op-
timised SIRAH-OBAFE force field. Two dihedral angles were used by Meng Y. et. al,
2015 [130] to describe the transition between the DFG-in and DFG-out conforma-
tions: CB(AIa380)-Ca(Ala380)-Ca(Asp381)-Cy(Asp381) and CB(AIa380)-Ca(Ala380)-
Ca(Phe382)-Cy(Phe382). A free energy equilibrium was shown, in the case of the Abl
kinase, with two clear minima located at around (60°, —100°) and (—100°, 10°), cor-

responding to the DFG-in and DFG-out states, respectively [130]. In our case, similar
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6. Testing of the optimised force field: SIRAH-OBAFE

CVswere used, given the lack of the C-G atom of Ala380, that we believe will capture the

DFG transition: CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381),and CV2: GN(A380)-

GC(A380)-GC(F382)-BCG(F382).

kcal/mol

Ccv2

Ccvl

2D PMF of the DFG transition. All units are shown in kcal/mol. CV1 and CV2 correspond to
two dihedral angles given by: CV1: GN(A380)-GC(A380)-GC(D381)-BCG(D381), and CV2:
GN(A380)-GC(A380)-GC(F382)-BCG(F382). Simulation snapshot are shown for both basins,
showing the DFG-out (top) and DFG-in (bottom) conformations. The original CVs were calcu-
lated using representative backmapped structures of the two minima found (labelled as 1 and
2),and are shown as red circles for comparison with previous atomistic results.

Figure 6.13 shows the new 2D PMF of the DFG transition. As can be seen, two
large minima exist which are located at around (80°, —70°) and (—150°, 40°) degrees
(labelled as 1 and 2). As an approximation, and with the intention to make a closer
comparison with previous atomistic studies [130], representative structures located
at the centre of both CG minima were back-mapped to their atomistic representation
using SIRAH tools [116] (Fig. 6.14 and 6.16). Briefly, atom positions are generated
on a per-residue basis from the location of CG beads, while bond distances and an-

gles are derived from rough organic chemistry considerations stored in backmapping
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6.3. Results and Discussion

D381
F382
D381 D381
F382
F382

Minimum 1 Minimum 2 DFG-in (PDB: 2G1T)

SIRAH-OBAFE backmapped structures. Atomistic backmapped structures calculated from
representative structures from the two main minima shown in figure 6.11: (A) minimum 1 and
(B) minimum 2. (C) Crystal structure shown for comparison. Helices are shown in magenta, G-
sheets in yellow and coils in green-cyan. Close-ups to the DFG motif are shown (with the active
site on their left-hand side) for (D) minimum 1, (E) minimum 2 and (F) the crystal structure.

libraries [116]. The current implementation of SIRAH tools runs 100 steps of steepest-
descent followed by 50 steps of conjugated gradient minimisation in vacuum using the
sander module of AmberTools [143] to correct for poor stereochemistry conforma-
tions [116]. With this, dihedral angle calculations were performed using the 2 collective
variables previously mentioned for atomistic systems [130]: CB8(Ala380)-Ca(Ala380)-
Ca(Asp381)-Cy(Asp381) and CB(AIa380)-Ca(Ala380)-Ca(Phe382)-Cy(Phe382). With
this, the back-mapped angles translate to (68°, —64°) degrees for the DFG-in confor-
mation, and (—168°, 45°) degrees for the DFG-out conformation. This corresponds
to differences, with respect to the study from Meng et al., 2015 [130], of (8°, —36°)
and (—68°, 35°) degrees for the DFG-in and DFG-out conformations, respectively (see

Fig. 6.13 for the location of the back-mapped angles). Even though the two minima are
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6. Testing of the optimised force field: SIRAH-OBAFE

not exactly in the place predicted in atomistic simulations [130], they resemble struc-
tures similar to the DFG-in and DFG-out conformations (Fig. 6.13). This is partially
confirmed by 3D structures shown in figures 6.14, 6.15D and 6.15E, where residue
F382 is seen outside and inside the active site, movement that has been previously
described and that is involved in the disruption of ATP binding [130]. Also, a transi-
tion barrier is observed between the two basins, that goes to values of around 12-14
kcal/mol (Fig. 6.13). Atransition was also described in atomistic simulations, with values
of around 7 kcal/mol [130]. Given the lack of CG carbon on alanine in SIRAH, we used
atom GN(A380) for alanine, which could also play and important role in the difference
observed in the position of the minima and the barrier height. Moreover, the movement
of residue D381 is not totally captured with the use of our CVs, which can also be a fac-
tor in the observed differences. Either way, we believe this is a notable and important
improvement from the previous attempt using the SIRAH 1.0 (Fig. 3.10), where only
one big minimum was found and that was considerably shifted from the predicted min-

ima in atomistic studies [130].

Simulations were also performed using the SIRAH 2.0 force field based on the same sim-
ulation protocols. Figure 6.15 shows the PMF plots, based on the same collective vari-
ables previously used for the CG metadynamics simulations. Compared to the results
using the SIRAH 1.0 force field (section 3.3.2.2), two main minima (labelled as 1 and 2)
are now observed located at (—50°, —130°) and (—150°, 40°) degrees. The latter, is lo-
cated in the same position as predicted by SIRAH-OBAFE, suggesting the approximate
location of a DFG-out conformation (Fig. 6.12 and 6.14). Although, backmapped struc-
tures confirm something different, showing a wrongly located DFG-inlike conformation
atminima 1 (Fig. 6.14D). Minima 2 at (—50°, —130°) degrees is completely shifted (Fig.
6.15) compared to atomistic studies and the prediction by SIRAH-OBAFE (Fig. 6.13),
with no clear orientation for residue F382 (i.e. neither inside or outside the active site)
(Fig. 6.14E). Moreover, a third minima is observed at around (100°, 50°) degrees (Fig.

6.15), where no comparison can be made since this has not been previously predicted.
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kcal/mol
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2D PMF of the DFG transition using SIRAH 2.0. All units are shown in kcal/mol. CV1
and CV2 correspond to two dihedral angles given by: CV1: GN(A380)-GC(A380)-GC(D381)-
BCG(D381),and CV2: GN(A380)-GC(A380)-GC(F382)-BCG(F382). The two main minima are
labelled as 1 and 2.

6.4. Summary

Inthis chapter we have evaluated the capabilities of the newly optimised SIRAH-OBAFE
force field. We have compared our results with the previous SIRAH 1.0 and SIRAH 2.0
force fields, and with previously published atomistic studies and experimental findings.

The main conclusions from this chapter are:

e The SIRAH coarse-grained force field is an alternative to conventional atomistic
force fields, especially in the study of protein systems. An updated version of the
original 1.0 version of the SIRAH force field [5], called SIRAH 2.0, has been devel-
oped by Machadoetal., 2019 [11],inan ad-hoc manner, as was the case for SIRAH
1.0 where most of the parameters were based on previously published atomistic
force fields (such as AMBER99) and physical intuition (e.g. partial charges based

on the amount of hydrogen acceptors/donors) [5]. In this chapter, our newly op-
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6. Testing of the optimised force field: SIRAH-OBAFE

Minimum 1 Minimum 2 DFG-in (PDB: 2G1T)

SIRAH 2.0 backmapped structures. Atomistic backmapped structures calculated from repre-
sentative structures from the two main minima shown infigure 6.13: (A) minimum 1 and (B) min-
imum 2. (C) Crystal structure shown for comparison. Helices are shown in magenta, 3-sheets
in yellow and coils in green-cyan. Close-ups to the DFG motif are shown (with the active site on
their left-hand side) for (D) minimum 1, (E) minimum 2 and (F) the crystal structure.

timised SIRAH-OBAFE force field has shown improvement in protein stabilities.
RMSD values were reduced by an average of 0.25 nm across the protein sys-
tems tested, compared to the original SIRAH 1.0 force field. No important differ-
ences were observed between the optimised SIRAH-OBAFE force field and the
updated SIRAH 2.0 force field in terms of RMSD, except for the big systems (i.e.
1E7I: Serum albumin, and 1QYO: GFP protein). In these cases, reduced values of

0.15-0.20 nm were found in the SIRAH-OBAFE simulations.

e Secondary structure stability has been evaluated. The stability of secondary struc-
ture has not been affected and similarities with atomistic studies have been found.

In the case of Calmodulin, the SIRAH-OBAFE and the atomistic system share
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6.4. Summary

a “frayed” behaviour in the secondary structure time-series plots, while SIRAH
1.0 shows a "smooth" behaviour (i.e. much less variability in secondary struc-
ture). This frayed behaviour was seen again for simulation using the SIRAH 2.0
and SIRAH-OBAFE, for the same group of 6 proteins tested in terms of RMSD
values (section 6.3.1). Small differences were found, especially in the stability of
a-helices in smaller systems (i.e. 1GYV: Gamma-adaptin domain and 1RA4: L7Ae

Archeal ribosomal protein).

Simulations of the SNARE protein complex system were stable, and showed simi-
larities with previous atomistic studies. RMSD values were observed with values
between 0.15-0.30 nm, which is comparable to RMSD values previously reported
in the original SIRAH 1.0 publication of 0.3 nm [5], while atomistic studies have
reported values of 0.06 to 0.3 nm. The RMSF values were consistent with the
expected rigidity of the central section of the SNARE protein complex and the re-
ported RMSF values were inthe range of 0.1 to 0.4 nm, consistent with previously

reported values of 0.1 nm for atomistic studies.

The structural stability of the small Trp-Cage peptide was evaluated using the op-
timised SIRAH-OBAFE force field, and compared with simulations using the orig-
inal SIRAH 1.0, and the updated SIRAH 2.0 force fields. After 10 us using SIRAH-
OBAFE, Trp-Cage maintains its characteristic U-shape and its corresponding sec-
ondary structure, which was not achieved by SIRAH 1.0 and 2.0, where important
disruptions were observed, such as unfolding and disruption in the coil section,
with respect to the N-terminal a-helix. Attempts were made to study the folding
process of TrpCage, using plain MD and replica exchange simulations. Unfortu-
nately, this could not be achieved and we believe that animportant factor in this is
the underestimation of side-chain interactions, observed in chapter 5 in the PMF

of side-chain pairs.

The calculation of free energy landscapes has been considerably improved using
the SIRAH-OBAFE force field, versus the SIRAH 1.0 and 2.0. Test cases for a Glu-

tamate Receptor and the Abl Kinase showed important improvements on finding
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6. Testing of the optimised force field: SIRAH-OBAFE

the correct position of predicted minima compared to atomistic simulations, as
well as the size of the barriers. However, our results do not show a perfect fit, but

this is a significant step in the optimisation of CG force fields of this kind.
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Conclusions and outlook

Coarse-grained (CG) models currently represent one of the most important approxima-
tions for the construction and simulation of larger systems, where much faster calcula-
tions can be realised, and allowing us to extend spatial and temporal scales for the sim-
ulation of bigger and more complex systems, such as proteins. Different coarse-grained
protein models have been developed throughout the years, with differences in terms
of mapping, type of functional forms employed, and MD engines where they are sup-
ported (see chapter 2, sections 2.2 to 2.6). Intermediate resolution models have been
developed, such as UNRES and CABS force field, and have been created for specific
tasks such as protein folding. More complex force fields, with a near atomistic mapping
representation have also been developed, such as PRIMO and SIRAH. These type of
force fields extend the application in areas such as membrane protein simulations and

hybrid atomistic/coarse-grained simulations of protein systems.

The SIRAH force field (section 2.6) is a promising alternative compared to other CG
protein force fields: no external bias is needed to maintain secondary structures given
its higher resolution backbone, long range electrostatic interactions are modelled with
a dielectric constant of unity, and it is supported by well-known MD engines such as

GROMACS and AMBER. A recent publication of an updated version of SIRAH (named
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SIRAH 2.0) has been released, where an ad-hoc optimisation was performed for bonded
and non-bonded interactions, improving protein stability. With this, in chapter 3 we
have tested the original SIRAH 1.0, and the updated SIRAH 2.0 force fields, extending
protein simulations in water, similar to the ones seen in the original publications. Based
onour results, we observed that simulations of larger proteins (over 100 residues) were
more stable than smaller systems, where clear instabilities were seen, such as sudden
changes in the the RMSD values given by the rupture of secondary structure segments
and unfolding. The capability of SIRAH to reproduce conformational changes was also
tested for the case of the opening/closing process in the S152 glutamate receptor ligand
binding domain and the DFG transition in the Abl kinase. In the case of the S152 gluta-
mate receptor, some of the minima were found but not all in the right place. The overall
shape of the PMF showed what is usually expected for CG force field: a smoother en-
ergy landscape. Simulation of the ligand binding domain with glutamate did not show
similarities with previous atomistic results. In the case of the DFG transition in the
Abl kinase, only one minimum was found, compared to two minima observed in previ-
ous atomistic studies. Hydration free energies of the CG side-chain were calculated,
where important discrepancies were found compared to atomistic and experimental
data. We believe this is the main source of error for the interpretation of protein en-
ergy landscapes, given the possible misinterpretation of protein interactions between

side-chains and side-chains with the solvent.

Generally, force fields are built to reproduce experimental thermodynamic properties
and/or ab initio calculations, where the parameters are usually iterated "by hand" mak-
ing this process tedious. Different automated approaches have been developed, such as
force matching where parameters are optimised to fit QM energies, machine learning
force fields, a data-driven approach where algorithms can be trained to optimise param-
etersbased onaspecific training set, and ForceBalance, a hybrid approach where exper-
imental and theoretical data can be combined (see chapter 4, section 4.2). It has been
recently stated that there is considerable interest in methods that can automatically

generate a coarse-grained model and are representative in terms of local structure and
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free energy changes [13]. Given this, a new optimisation method was proposed, where
hydration free energies of the CG model can be optimised based on hydration free en-
ergy gradients from higher resolution models (in this case, atomistic models). This op-
timisation method was implemented in ForceBalance, enabling a full automation in the
optimisation process. Hydration free energy gradients of the CG model were fitted to
the atomistic gradients, and parameters were optimised to minimise an objective func-

tion that includes square differences between the CG and atomistic gradients.

In chapter 4, we started with the optimisation of the WT4 model, which corresponds
to the CG water model implemented in SIRAH. The optimisation was performed us-
ing experimental data for water, with the use of properties such as density, enthalpy of
vaporisation and dielectric constant, and it was focused on optimising non-bonded pa-
rameters only. Initial attempts were made for the optimisation of density for a range
of 11 temperatures, between 261 K and 360 K. An improvement was observed, but
other properties not included in the optimisation process behaved worse than before.
A smaller temperature range was used, now including the three previously mentioned
thermodynamic properties. Different ranges of simulation times were used, in order to
minimise the noise in the optimisation. However, the optimised parameters did not be-
have accordingly for the whole temperature range. As 298 K is the temperature where
our protein simulations will be run, we decided to proceed with the optimisation at just

this temperature. All these properties were successfully improved at 298 K.

Following this, in chapter 4 we continue with the optimisation of the protein side-chains.
We started with evaluation of the parameter dependence of the hydration free ener-
gies, in order to evaluate how much this property varies upon changes in the force field
parameters. Only non-bonded parameters were tested, where we observed no param-
eter dependence for the free energy gradients with respect to van der Waals o parame-
ters. Based on this, we proceed with the optimisation of van der Waals € and charge pa-
rameters. Comparative analyses of the newly optimised parameters for the uncharged

protein side-chains and the backbone excel in the prediction of hydration free energies
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compared to the previous versions of the SIRAH force field, with increased R? values
(against experimental data) of 0.97 for the new SIRAH-OBAFE parameter set, com-
pared with values of 0.1 and 0.4 for the SIRAH 1.0 and SIRAH 2.0 sets. To validate
our method, a manual parameter search (using 441 parameter combinations) was per-
formed. We achieve a similar minimum in our manual search, compared with the param-

eters found in ForceBalance.

In chapter 5, an extensive discussion was given of the complications in the calculation
of hydration free energies for charged entities, and how this property varies with re-
spect to the simulation methodology. The necessary corrections that need to be intro-
duced to obtain methodological-independent hydration free energies were explained.
Attempts were made for the optimisation of charged side-chains, using free energy gra-
dients (similar to chapter 4), but now adding the necessary correction (in the form of
gradients of the corrections themselves). lon-ion PMFs were calculated to evaluate and
possibly improve the force field parameters. Animprovement on the CG hydration free
energies were obtained using this method, but at the expense of exaggerated (and pos-
sibly overfitted) parameters. Partial charges, of the order of 1e, for the charged side-
chain beads were obtained. To alleviate possible artefacts with the charge sizes, pa-
rameters were manually scaled to fit atomistic PMFs of charged side-chain pairs. Even
though the PMF fitting was achieved, an over-estimation of the protein interactions was
obtained, expressed as stiffer protein systems and over-estimated PMFs of protein con-
formational changes. One of the main explanations for this kind of behaviour can be that
the fewer parameters presented in the SIRAH CG protein force field are not enough to
improve the hydration free energies by themselves, and possibly the improvement of
both PMFs and free energies is not possible because there is not enough granularity to
capture the physics. Given the complexity presented in this process, and to avoid the
use of unphysical parameters, the original charged parameters from SIRAH 1.0 were
maintained. Either way, a new perspective on the performance of these charged param-
eters in the estimation of important properties, such as the interaction between them

and the solvent, has been shown.
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In chapter 6 we tested our newly optimised SIRAH-OBAFE force field. Validations were
made on protein systems, of different size, in water. The stability of the secondary struc-
ture of flexible and small systems was evaluated. Improvements using the new parame-
ter set have been found, showing better agreement with higher resolution studiesinre-
lation to RMSD and RMSF values, as well as the secondary structure stability through-
out the simulations. RMSD values were reduced by an average of 0.25 nm across the
protein systems tested. The secondary structure stability was improved in small pep-
tide simulations, compared to the original SIRAH 1.0 force field. The stability of protein
complexes was also improved, where we also achieved results that correlate with pre-
vious atomistic studies on the same systems. The approximate reproduction of free en-
ergy landscapes for the conformational change of a soluble protein was achieved, show-
ing great similarities with previous atomistic studies, such as finding the correct position
of predicted minima compared to atomistic simulations, as well as the size of the barri-

ers.

As afinal summary, the results in this work show that the SIRAH 1.0 force field is highly
promising for protein coarse-grained simulations, but further improvements in param-
eterisation and more extensive validation studies were needed to study the structural
and dynamical behaviour of these systems. It has been stated that there is considerable
interest in methods that can automatically generate a coarse-grained model, and that
are representative in terms of local structure and free energy changes. Our method
paves the way to new optimisation procedures that rely on the use of free energy data
as a target. The structural stability of proteins has been improved with the use of the
new SIRAH-OBAFE force field, as well as the agreement with higher resolutions studies
of systems such as single proteins in water, protein complexes and small peptides. The
new optimised SIRAH-OBAFE force field is able to approximately reproduce atomistic
PMFs for different protein systems, and by using different methods to estimate the free
energy profiles such as umbrella sampling and metadynamics. This improves the possi-

ble application of the force field in the study of conformational changes in proteins using
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a much cheaper approach, which is one of the main advantages of a CG force field. The
lack of agreement in the side-chain PMFs observed in chapter 5 is worrying. We believe
that limitations in the optimisation methodology are the main cause of this, and is mainly
given by the size of the parameter set that is available to optimise the property of inter-
est, where there is not enough granularity to capture the physics involved in the calcu-
lation of hydration free energies and side-chain PMFs. The few parameters available
in CG models will likely limit the applicability of our proposed optimisation method. To
better understand the implications, future studies could be related to the use of more
complex CG protein force fields (near an atomistic resolution) in the optimisation pro-
cess, testing if a more complex set of parameters, or a different functional form, might
bring improvements to this limitation. Significant and more validation is needed. The
study of the new optimised force field in the area of membrane proteins is of great inter-
est. For this, testing of the lipid force field supported by SIRAH could be performed for
simple cases, in order to check protein stabilities and the balance between hydropho-
bic/hydrophilicinteractions. This will greatly increase the applicabilities and areas of re-
search for the SIRAH-OBAFE force field. Furthermore, the parameterisation approach
opens a new path to developing CG force fields for other classes of biomolecules such
as carbohydrates, nucleic acids, lipids and metabolites, where experimental data is not
as readily available, and we look forward to the development and application of such

models in the near future.
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A.1. CGRMSDs: conformation and flexibility

In order to evaluate if the observed high CG RMSD values throughout this thesis cor-
respond to system flexibility or change of conformations to other stable structures,
RMSD values were calculated against the last frame of the trajectories. Sudden changes
in the RMSD time-series followed by a plateau will mean changes in the protein confor-
mation, while constant higher values will reflect that the observed values are related to

system flexibility.

Figure A.1 shows RMSD values corresponding to the structures used in chapter 3,
section 3.3.1 and figure A.2 shows RMSD values corresponding to the structures used

in chapter 6, section 6.3.1.
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RMSD times series against the last frame. Root mean square deviation time-series against the

last frame of the trajectories are shown for the CG system, using the SIRAH 1.0 force field. (A)

(1QYO, GFP-protein, 236 residues), (B) (1RA4, L7Ae Archeal ribosomal protein, 117 residues)

and (C) (1R69, N-terminal domain of phage 434 repressor, 63 residues).
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comparison with respect to the C-a carbons of the CG representation to the last frame of the

trajectory for (A) Serum albumin, (B) GFP protein, (C) Gamma-adaptin domain, (D) L7Ae Archeal

ribosomal protein, (E) CRO repressor and (F) the N-terminal domain of phage 434 repressor.

PDB codes are shown in the figure titles. Simulations were run using the SIRAH 2.0 (black) and

SIRAH-OBAFE (green) force fields.
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A.2. WT4: Estimation of properties outside the optimisation set

A.2. WT4: Estimation of properties outside the optimisation

set

In chapter 4, section 4.4.1, the optimisation of the WT4 model was started with the use
of density only, in a temperature range between 260 K and 360 K. As mentioned, values
for other thermodynamic parameters not included in the optimisation move far away
from the experimental values. Figure A.3 shows the behaviour of the dielectric con-

stant based on the parameters derived using combination 1 shown in table 4.1.

0 " " " "
260 280 300 320 340 360
Temperature (K)

Behaviour of the dielectric constant. Performance of the dielectric constant using combina-
tion 1 (table 4.1). The optimisation was performed using density only as target, in a temperature

range between 260 K and 360 K.

A.3. 3D protein structures

In order to give the reader a 3D point of view of some the protein structures used in
the analysis of protein stability, fluctuations and secondary structure time-series, figure
A.4 shows protein structures corresponding to chapter 3, section 3.3.1, and chapter 6,

section 6.3.1.
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10RC 1R69

3D protein structures. Protein structures are shown, coloured by secondary structure (Helix:
pink, Sheets: yellow, and Coil: white). Proteins are shown with their corresponding PDB code,
which corresponds to: 1E71: Serum albumin, 1QYO: GFP protein, 1GYV: Gamma-adaptin do-
main, 1RA4: L7Ae Archeal ribosomal protein, 1O0RC: CRO repressor, and 1R69: the N-terminal

domain of phage 434 repressor.

A.4. Umbrella sampling: convergence

The correct interpretation of the PMFs shown in figures 3.6, 3.7, 6.9 and 6.10 was mea-
sured in terms of US window overlap, and convergence in the PMF in terms of calcula-

tion at different simulation times. Figure A.5 summarises these results using the SIRAH

1.0, SIRAH 2.0 and SIRAH-OBAFE force fields.
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Umbrella sampling convergence. Analyses of the overlap between the simulated US windows
are shown in the upper plots, while convergence of the PMFs, calculated at different simula-
tion times, are shown in the bottom plots. Simulations were performed for the apo (ligand-free)

conformation, using the SIRAH 1.0, SIRAH 2.0 and SIRAH-OBAFE force fields.
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Umbrella sampling convergence. Analyses of the overlap between the simulated US windows
are shown in the upper plots, while convergence of the PMFs, calculated at different simula-

tion times, are shown in the bottom plots. Simulations were performed for the holo (glutamate-

bound) conformation, using the SIRAH 1.0, SIRAH 2.0 and SIRAH-OBAFE force fields.
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