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Abstract(English)

Most free energy simulations using a multiscale quantum mechanics (QM)/molecular
mechanics (MM) Hamiltonian use an indirect thermodynamic cycle to avoid perform-
ing so-called ”alchemical” transformations at the high (QM/MM) level of theory.
Nonequilibrium work (NEW)-based free energy calculations have been shown to be
a reliable method for computing the correction free energy between the MM and
QM /MM description of the intra- and intermolecular interactions in these cycles.
However, the protocols utilized in previous proof-of-concept studies are too expensive
for most real-world applications.

The goal of the thesis is to reduce the cost of the NEW switching simulations,
aiming to find an optimal balance between the number of switches and the length of
a single switch. The correction steps for the gas phase and aqueous solution were
optimized separately. The overall best protocol for the gas phase is almost 40 times
more efficient than the ones used previously.

However, directly using this protocol to NEW switches in aqueous solution may
lead to incorrect results. The reasons for the convergence problems were analyzed
and mitigated by inserting a hybrid-charge intermediate state. In this approach, the
region of interest is still described by the regular force field (hence, calculations are
fast), but the partial charges are modified to resemble the charge distribution of the
QM /MM level of theory. Specifically, for the semi-empirical QM /MM description
used in this work, these modified charges are averaged Mulliken charges. When
utilizing this intermediate state, the optimized gas phase protocol also works for
solvated systems.

In the third main chapter, we apply the optimized protocols to calculate absolute
solvation free energies at a semi-empirical QM /MM level of theory. The model
systems are compounds for which poor results were obtained using traditional force
field-based free energy simulations. While the results are mixed, the applicability of
our protocols to large-scale problems is clearly demonstrated. The thesis concludes
with a summary of the findings, a critical discussion of the challenges and problems
encountered, and an outlook on potential next steps.
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Abstract(Deutsch)

Die meisten Simulationen der Freien Energie, die einen multiskalen quantenmechanis-
chen (QM)/molekularmechanischen (MM) Hamilton-Operator verwenden, benutzen
einen indirekten thermodynamischen Zyklus, um sogenannte ’alchemische’ Trans-
formationen auf dem hohen (QM/MM)-Niveau der Theorie zu vermeiden. Es hat
sich gezeigt, dass Berechnungen, die auf Nichtgleichgewichtsarbeit (NEW) basieren,
eine zuverlassige Methode zur Kalkulation der Freien Korrektur-Energie zwischen
MM und QM /MM-Beschreibung der intra- und intermolekularen Wechselwirkungen
in solchen Zyklen sind. Allerdings sind die in fritheren Proof-of-Concept-Studien
verwendeten Protokolle fiir die meisten realen Anwendungen zu teuer. Das Ziel
dieser Arbeit ist es, den Aufwand der NEW Switching-Simulationen zu reduzieren,
indem ein optimales Gleichgewicht zwischen der Anzahl der Switche und ihrer Lange
hergestellt wird. Die Korrekturschritte fiir die Gasphase und die wassrige Losung
wurden separat optimiert. Das insgesamt beste Protokoll fiir die Gasphase ist in
etwa 40-mal effizienter als die bisher verwendeten. Die direkte Verwendung dieses
Protokolls fiir NEW-Switche in wassriger Losung kann jedoch zu falschen Ergebnis-
sen fithren. Die Griinde fiir die Konvergenzprobleme wurden analysiert und durch
Einfiithren eines Hybridladungs-Zwischenzustandes gemildert. Bei diesem Ansatz
wird der interessante Bereich immer noch durch das regulare Kraftfeld beschrieben
(daher sind die Berechnungen trotzdem sehr schnell). Die Teilladungen werden so
modifiziert, dass sie der Ladungsverteilung des QM /MM-Theorieniveaus &hnlicher
sind. Im Speziellen sind die Ladungen, die in dieser Arbeit verwendet und fir die
semi-empirische QM /MM-Beschreibung modifiziert wurden, gemittelte Mulliken-
Ladungen. Unter Nutzung dieses Zwischenzustandes funktioniert auch das optimierte
Gasphasen-Protokoll bei solvatisierten Systemen. Im dritten Hauptkapitel wenden
wir die optimierten Protokolle zur Berechnung von absoluten Freien Solvatationsen-
ergien auf semi-empirischer QM/MM-Theorieebene an. Die Modell Systeme sind
Verbindungen, bei denen mit traditionellen Freien Energie Berechnungen, die auf
Kraftfeldern basieren, schlechte Ergebnisse erzielt wurden. Obwohl die Ergebnisse
gemischt sind, konnten wir die Anwendbarkeit unserer Protokolle fiir Berechnungen
im groflien Maflstab deutlich demonstrieren. Die Arbeit endet mit einer Zusam-
menfassung der Ergebnisse, einer kritischen Auseinandersetzung der aufgetretenen
Herausforderungen und Probleme, sowie einem Ausblick auf zukiinftig mogliche
Forschungsschritte.

Schlagworter

Nicht-Gleichgewichtsarbeit, SQM /MM, Optimierung, indirekte Freie Energie Simula-
tionen
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1. Introduction

1.1 Molecular dynamics and free energy simula-
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Figure 1.1: Blue: number of published manuscripts on molecular dynamics per
year (MD) from 1975 to 2020; green: number of published manuscripts per year on
QM/MM in the context of molecular dynamics from 1990 (first appearance) to 2020.
Source: Google Scholar

Since the first reported application to a protein in 1977[1] molecular dynam-
ics (MD) simulations have become a versatile tool for studying the properties of
biomolecules, complementing experimental techniques [2]. This success is evident
from the number of manuscripts published in the field over the last 45 years. Since
1977, the interest of scientists around the world has grown almost continuously,
reaching its peak of more than 40,000 published manuscripts in 2020 (see Fig. ﬂ
The central idea of MD simulations is the numerical solution of Newton’s equations
of motion, which describe the motion of interacting atoms or molecules in a time-
dependent manner. To describe the forces between the atoms or molecules, which are
needed to solve these equations, the realistic behavior of the system during the simu-
lation is realized by a molecular mechanical (MM) force field (FF). This FF applies
rules to the moving particles that are consistent with experimental observations [3].

Since 1977, several molecular mechanical FFs have been introduced and continuously

"https://scholar.google.com/
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improved: AMBER[4], CHARMM][5], GROMOS[6], or OPLS[7] to name a few.

Despite the increasing acceptance and use of MD by the community and the
continuing development of techniques, intrinsic shortcomings of the methodology
have become apparent: a classical FFs operate with fixed point charges and therefore
cannot properly describe the electronic structure of a system[8]. In addition, the study
of reactions involving the breaking and formation of bonds cannot be performed
relying solely on FFs[0]. Other electronic phenomena such as polarizability or
charge transfer are not accessible by a classical FF alone, although efforts are being
made to include such effects[10), 11}, T2]. The comparison of results obtained with
the various MM FFs makes clear that their predictive power is strongly limited
by their parameterization, leading to strengths and weaknesses of particular FFs
to describe particular properties depending on the generation of parameters[I3].
These realizations eventually led to the inclusion of quantum mechanics not only in
parameter generation but also in simulation.

In 2013, Martin Karplus, Michael Levitt and Arieh Warshel were awarded with
the Nobel Prize in Chemistry for the development of the QM/MM method [14].
This methodology allows the combination of quantum mechanics and molecular
mechanics in a single simulation. As a kind of parallel evolution, this field also grew
steadily, leading to about 3000 publications in the year of 2020 as shown in Figure
[1.1] As promising and powerful the application of QM/MM may be, it also has
some drawbacks due to its high computational cost and the non-trivial inclusion
and treatment of the boundary region between QM and MM[I5]. It nevertheless has
become a highly used method with increasing popularity over the course of the last
decades, which is on its way to become a routinely used method in the simulation of
complex biomolecular applications [16].

One potentially extremely useful application of MD is free energy simulations
(FES), which allow the calculation of the central quantity of thermodynamics, the free
energy[17]. Although the first applications of the methodology were reported around
1990 [18], interest in the methodology in industry was moderate until 2015, when the
potential of the method was demonstrated on a comprehensive set of compounds in a
case study[19]. Since then, FES has become an increasingly important application of
MD and the use of MM FFs. Free energies determine the spontaneity of chemical or
biochemical processes and also explain which conformations are thermally accessible.
This information is valuable because it allows us to predict whether and how often a
biochemical process will occur. It also allows us to determine which reactant is most
likely to participate in a reaction when several are present. For this reason, relative

free energy differences, which provide a practical way to compare different molecules
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Figure 1.2: Typical examples for the use of thermodynamic cycles in free energy
simulations; a) Relative solvation free energy; b) Relative binding free energy; in

both cases the identity AAG = AGy, — AG1; = AG4 — AG3 holds

regarding this essential property, are of particular interest [20]. Various methods to
compute free energy differences between two states have been developed, such as free
energy perturbation (FEP)[21], thermodynamic integration (TI)[22], and Bennett
acceptance ratio (BAR)[23].

However, the successful calculation of the free energy difference between two
molecules is only possible if the two molecules are very similar in size and chemical
properties. If they are not, the obtained free energy difference will most likely not be
converged. The problem is exacerbated when trying to compare not two, but several
molecules with different properties. This problem can be overcome by introducing
non-physical intermediate states, which are constructed in such a way that the initial
state is gradually morphed into the final one. Such a series of mutations avoids the
convergence problems one would encounter when trying to compute the free energy
difference between the end states in one step [24], 25].

The power of alchemical FES results not only from being able to calculate the
free energy difference between two molecules, but from the combination with suitable
thermodynamic cycles [20]. Figures and illustrate two widely used examples,
the calculation of relative solvation free energy differences and the calculation of
relative binding free energy differences. Because of its state-function property, the free
energy for going around the cycle has to be zero. Therefore, the relative solvation free

solv

energy difference AAGHY; = AGy — AG between a compound A and a compound



B as shown in can also be obtained by calculating AG 4,5 (AG3), mutating A
to B in a simulation without water, and AG 4,,-5,, (AG4), the same transformation
but with water present. The same is true for the calculation of relative binding free
energies, as shown in [I.2b} The relative binding free energy difference of two ligands,
A and B, to a protein P AAGY"%; = AGy — AG; can also be obtained by calculating
AGH M (AG,) minus AGY®und (AG3). If constructed wisely, such cycles allow for
a significant reduction in computation.

As mentioned above, the use of an MM FF is sometimes not sufficient to capture all
the relevant interactions in the system of interest. For this reason, there is considerable
interest in carrying out FES based on QM /MM simulations [27]. An obvious drawback
of QM/MM is its high computational cost; therefore, direct calculations of free energy
differences at the QM /MM level of theory using the thermodynamic cycles shown in
Figure is impractical. A less obvious complication is the fact that some tricks
to achieve alchemical mutations are not possible with QM /MM [28] 29]. One way
around this problem is to construct another thermodynamic circle that allows the

desired free energy to be calculated indirectly.

Iqhilg;< ....... A low —_— B low >Bhigh

Figure 1.3: Applying end point corrections to a traditional thermodynamic cycle
(relative solvation free energy difference) from a low to a high level of theory.

An example of such an indirect thermodynamic cycle is shown in Figure [I.3] In
the example, the goal is to refine the relative solvation free energy difference between
A and B calculated at the low level of theory, AAGS 0¥ = AGy — AGY, to the



high level of theory, AAG" " — AG1y — AGy. The cycle in the middle is the
same as in Figure here all simulations are done at the low level of theory,
i.e., with an MM FF. In contrast to the earlier discussion of thermodynamic cycles,
the calculation of the absolute solvation free energies, AG; (AGE™ ) and AG,
(AG™ o) is assumed to be straightforward. In fact, tools like transformato make
the computation of solvation free energies routine [30]. Taking advantage of the fact
that the free energy is a state function and considering the leftmost thermodynamic
cycle in Figure , we see that AGy (AG*™ ") can be calculated from AG; by
determining the free energy for the two endpoint corrections, A% to A"9" (AGs, gas
phase) and A% to AM9" (AG~, aqueous solution). The solvation free energy of A at
the high level of theory, AGy, therefore becomes AGyg = AG; + (AG; — AG5). The
same steps must be performed for B, i.e., AGyy = AG‘EM high — NGy + (AGs — AGg).
Putting it all together, the relative solvation free energy difference between A and
B at the high level of theory, AAG™ " = AG1y — AGy can be calculated as
AGy + (AGs — AGg) — [AG: + (AG; — AGSs)].

The derivation outlined above based on Figure [1.3 shows how to refine a relative
solvation free energy difference from a low (e.g., MM) to a high (e.g., QM/MM) level
of theory. The steps to refine a relative binding free energy (see Figure are
analogous. By using the thermodynamic cycle(s) of Figure , one can, at least
in principle, avoid sampling at the high level of theory. The crucial step in such
calculations is the accurate calculation of the free energy differences between the two
levels of theory (dotted arrows in Figur. The reliable and efficient calculation
of free energy differences between levels of theory is the focus of this thesis. The
detailed analysis of the practical challenges of calculating the low to high corrections

is given in Section [1.3.1}



1.2 Calculation of intra- and intermolecular forces

Before proceeding with a more detailed description of how to perform indirect
QM/MM FES, we provide an overview of how interactions are calculated at the low

and high levels of theory in this work.

1.2.1 Molecular Mechanics (MM)

Today, most biomolecular MD simulations and applications based on them, such as
the FES described in the previous chapter, use an additive molecular mechanical
FF. The potential energy function includes both intramolecular and intermolecular
interactions. The intramolecular contributions to the potential energy consist of terms
for bonds, angles, dihedral and improper dihedral angles, and the intramolecular non-
bonded interactions. The intermolecular contributions consist of only the non-bonded

Interactions.

U= kb—b)?+ Y ko(0—00)*+ > ko[l +cos(ng — )]

bonds angles dihedrals
2 2
+ E ko(w—wo)” + E Ey(u — ug) (11)
impropers Urey—Bradley ’

12 6
Tij Tij Tij
Equation [I.1|represents the potential energy function of the additive CHARMMS36

force field[31], which is used in all of our studies. It is the sum of the individual

+ ) {eij

nonbonded

contributions to the total potential energy of the system. Each term represents
a property that contributes to the potential energy. The first term in Equation
describes the bond stretching between atoms, where b is the actual length of a
given bond at a given time and bg is its equilibrium distance. The square of the
difference, which represents the deviation from the equilibrium length, is multiplied
by a force constant kj, which determines the steepness of the potential well. The
second term describes the angle between three atoms, including the actual angle 6,
its reference angle 6y and the angular force constant ky. The third term, the dihedral
energy term, describes the torsional energy around the central bond between four
atoms as a function of the dihedral (or torsional) angle ¢. Here, k, is the dihedral
force constant, n is the multiplicity, and ¢ is the phase shift. The fourth term is
the so-called improper dihedral energy, which characterizes the out-of-plane angle

w of a fourth atom relative to the plane formed by the first three atoms. As in



the analogous harmonic bond stretching and angle bending terms, k, is the force
constant and wy is the reference angle. The so-called Urey-Bradley term (fifth term
in Equation modifies the bending angle between three atoms with respect to the
distance u between the end atoms 1 and 3.

The non-bonded interactions are described by the terms in the third row of
Equation (1.1} The first two terms of the sum describe the van der Waals interactions
between the particles using the Lennard-Jones function. Here r;; is the interparticle
distance between atoms ¢ and j, €;; and R,y i; are the Lennard-Jones well-depth
and the distance of minimum energy for the atom types to which the two particles
belong. The last term describes Coulomb interactions between two particles ¢ and j
in terms of their partial charges q. Depending on the FF used, additional terms may
be present, often describing a specific aspect of the potential. E.g., the CHARMM
protein force field uses the CMAP correction potential, which improves the sampling
of the protein backbone angles by a 2D dihedral energy grid correction[32].

The calculation of energies and forces using Equation [1.1] is very efficient, or-
ders of magnitude faster than a quantum chemical description of the interactions.
Furthermore, force field terms can be improved incrementally and, at least to some
extent, individually. The force field parameters (ky, bo, ko, - . . , €5, etc.) are obtained
by careful parameterization, based either on experimental data, quantum mechanical
calculations, or empirical factors that better reproduce the experiment[33]. If one
needs to describe molecules that are not part of the standard force fields, then this
non-trivial step must be performed by the user.

Despite their advantages, FFs have several limitations. Obviously, they cannot
be used to study chemical reactions, as bonds cannot be formed or broken. Even
for seemingly simple applications, the neglect of induced electronic polarization
can result in incorrect relative free energies of hydration of mono- or bivalent ions
[34, 35]. FFs typically omit higher-order terms and important couplings, leading to
significant deviations from quantum mechanical representations in geometry (bond
lengths, bond angles, and improper dihedral angles), torsional profiles, or vibrational
frequencies[36]. In particular, problems are likely for small molecules with multiple

chemical moieties, as well as structures including metal ions.



1.2.2 Semi-empirical Quantum Mechanics (SQM) — the SCC-
DFTB method

While the title of this thesis might suggest that ab initio QM methods were used as
the high level of theory, full quantum chemical calculations (Hartree-Fock, DFT, or
better) would have been by far too costly. Instead, we employed a semi-empirical
quantum mechanical (SQM) method, self-consistent charge density functional tight
binding (SCC-DFTB), which we briefly describe in this section. In fact, many
QM/MM studies utilize an SQM rather than a full ab initio QM methods for
performance reasons [37]. The reduced computational cost of SCC-DFTB compared
to, e.g., full DF'T methods made it a reasonable choice to study free energy differences
between levels of theory.

SCC-DFTB is a well known and widely used SQM method that delivers reasonable
descriptions of systems at the fraction of the cost compared to full density functional
tight binding (DFT) methods [38], B9, [40]. For a detailed description of the method,
we refer the reader to the original publication and its application to biological
systems[41], 42]. After its implementation in CHARMM [43], it was constantly
used and improved, resulting in the current third order expansion [44] that was
used in all of our studies, combined with the 30b-3-1 parameters[45, [46], 47, 48].
Recently, strategies were developed that facilitate heterogeneous calculation, where
both CPUs and GPUs can be used simultaneously [49, 50]. These developments

show the continued and increasing interest in using this SQM method.

E'SCC*DFTB = Z Z Z nicmcyng,, + % Z AquQbfYab + é Z AQZAQbFab + Erep
a,b a,b

i,a,b p€a vEb

(1.2)
The total potential energy when using third order SCC-DFTB (DFTB3) is given
by Equation [I.2] This functional form is the result of an iterative development
that started with the non-self-consistent density functional tight binding (DFTB)
approach[51], 52]. In DFTB, the total energy of the system is approximated as

EPTTE =3NNS " nicuicyiHy, + Epep. (1.3)

i,a,b p€a vEb

The first term in Equation is the sum over all occupied valance orbitals ¢ obtained
from the Kohn-Sham equations. H, is the Hamiltonian operator resulting from
an input density py as a superposition of atomic charge densities. The n; are the

occupation numbers, i.e., 1 or 2, and the ¢,; are the expansion coefficients of the



molecular orbitals in the LCAO approximation. The core-core repulsions E,., are
the sum of one- or two-body potentials and are pairwise and short-ranged.

EDFTB

Taking as a starting point, Elstner and coworkers expanded the approach

into a self-consistent variant:

ZZCW —€5,) =0 Va,pu € a,i (1.4)

veb

Here, S, are the overlap integrals of the atomic basis functions. The coefficients
¢,; are optimized self-consistently until Equation [1.4] is fulfilled. The approach of
Elstner and coworkers also added a second order expansion term Fs,4. It is based

on an interaction function ~,:

Vab = Tiab — S (rap, Ug, Up) (1.5)
which takes chemical hardness (i.e., the Hubbard parameters U,, U,) into account,
allowing for delocalization and charge transfer between different atoms. v, is based
on the interaction of free atomic charges that are truncated after the monopole term
during multipole-expansion resulting in spherically shaped densities and restrains
the interaction between atom types a and b according to their reciprocal equilibrium
distance rq, and their chemical hardness. With v, the second order expansion term
is given by FEa,q = %Zmb AgaAgsyap- It accounts for the mutual induction of the
charges Aq, and Aqy,, where Aq, = g, — ¢°.

In the implementation of DF'TB3, the interaction functional v,, was revisited by
making the Hubbard parameter (chemical hardness U,) charge dependent, which
makes it possible to have different chemical hardness parameters for anions, neutral
molecules, and cations [44]. The extension of Fo,q to Es,.4 is mediated by the set of
Equations (1.5}

a")/ab af}/ab a[]a .
Ty = = with a £ b
’ aqa qg aUa aqa qO 7&
0Vap 0Yap OUy .
Iy, = = —| witha #b 1.6
’ oqp e oU, Oqp 0 7 ( )
. — 8’yaa o 1 a’}/aa aUa
o 04, 40 20U, 0q, 0

Using the definition of I' (Equation [1.6)) and applying analogous approximations as
for the second order integrals, one finds Egrd ~ F' = 3 DO b AGAGT p [44]. Thus,
Equation [1.2] is the combination of the original DF'TB expression, Equation [1.3] and

the second (FEs,4) and third order expansion terms (F3,.q). The matrix elements of



the full Hamiltonian of DFTB3 are given by

1 1
H/W = HSV + SW Z AQC<§(7M + 7b0) + E(A%Fac + AQbeC)
c 1.7
Aa, (1.7)

7

(Tea + Fcb)) Va,b,pu € a,v € b.

What is missing from the overview just given is the connection between the
coefficients ¢,; and the charge fluctuations Ag,. As shown in Ref. [41], this can be
achieved by Mulliken charge analysis[53] [54], (55]:

occ N
Go = % Z n; Z Z (czicmsw, + CiicmS’W) ) (1.8)
7 uea v
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1.2.3 Multiscale Modeling (SQM/MM)

MM ]

interaction

sQM/MM (1, 11)

Figure 1.4: Regions of interest when coupling SQM and MM to a SQM/MM system.

Multiscale modeling generally refers to the combination of different theoretical
models within a single simulation. The methodology, as already mentioned in the
Introduction, which was rewarded with the Nobel Prize in chemistry, combines
the accuracy of quantum mechanics with the speed of molecular mechanics and

was originally published by Karplus and coworkers [56]. The combination of the

theoretical models introduced in Sections|1.2.1}and [1.2.2results in an implementation

of both theoretical models (SQM/MM), which is locally divided into two regions.
Figure illustrates the situation: Region I consists of the sub-system described

with SQM, region II consists of the sub-system described with MM. This inevitably

raises the question of how to treat the interactions between the sub-systems. There-

fore, one has to account for the interactions between the two regions I and II. As
a result of dividing the system into two different regions, the potential energy of
the full system is the sum of the potential energies of each sub-system, plus the
interaction between them (LII). Usually, the (S)QM region (I) is relatively small
and only contains atoms considered relevant for the calculation, while the rest of
the system is described by MM (II). There are generally two approaches to calculate

the total energy of a multiscale modeled system, either a subtractive or an additive

11



scheme.

The subtractive scheme consists of one evaluation on the SQM level of theory
(E7%M) and two evaluations on the MM level of theory E}MY (the entire system)
and EMM (the SQM region):

SQM/MM SQM MM MM
Eg3MM = BFM 4 EMY — B (1.9)
The total energy E;%M/ MM is obtained as the sum of the quantum mechanical sub-

system evaluated at the SQM level of theory and the whole system being described
with MM minus the sub-system evaluated at the MM level of theory, hence the label
"subtractive”. Note, that the interaction between the sub-systems is described purely
at the MM level of theory.

In contrast to Equation [I.9] the additive scheme, which we used in all our studies,
requires the following evaluations[57]:

SQM/MM SQM SQM /MM
EAde / = EIQ +E%M+EI,?I / (1-10)

E}O’ @M i5 the potential energy of sub-system I at the SQM level of theory, EM#M

is the potential energy of sub-system II, and Ei?IM/ MM is the interaction between the
SQM (I) and MM (II) regions. All systems studied in this thesis are small molecules

that can be completely described by SQM, for further details on the treatment of

Here,

this situation we refer the reader to [I5]. Special care must be taken when I and II
share one or more chemical bonds, for example when the SQM region represents only
a small part of a larger molecule, as it is usually the case for proteins. In this case,
one has to use more elaborate techniques to handle the interface region properly [58].

In most QM /MM multiscale approaches, the van der Waals interactions between
regions | and II are described by the classical mechanical FF, i.e., by Lennard-Jones
interactions. The Coulomb interactions between the two regions, on the other hand,
should take into account the influence exerted by the point charges of the MM FF
directly on the SQM electronic density and vice versa. Such treatments are commonly
referred to as electrostatic embedding[59].

The general scheme of any (S)QM /MM coupling in CHARMM is given by[43], [56]:

EsQMMM _ g frAOM o @MM gy QUMM pMM (1.11)

Equation is general and applies to SQM/MM as well as ab initio QM /MM.
In the special case of SCC-DFTB, the Coulomb interaction between the two regions
can be approximated by [43]:

12



ASQM/MMN Z Z Qg (1.12)

aeEMM beSQM |R Rb
The fluctuating Mulliken charges of the SQM atoms interact with the MM nuclear

point charges @) (c.f. previous Chapter [1.2.2) _ Agq). The interaction of the two regions

is handled self-consistently; cf. Equation [I.4] and is linked via the Mulliken charge
analysis procedure-.
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1.3 Indirect cycle (S) QM /MM FES

1.3.1 Challenges when computing free energy differences

between levels of theory

SQM/MM
AA X solv
SQM SQM/MM
), QTSRS > Xl
MM ->SQM MM ->SQM/MM
AA g AA 4
MM MM
X > X
MM
AA X solv

Figure 1.5: Indirect cycle to calculate the solvation free energy AAiQSA%MM of a

solute X at the SQM /MM level of theory (dashed arrow).

Figure is an enlarged version of the corrections from a low to a high level of
theory outlined in [I.3] The notation has been adapted to better reflect the work
done in this thesis. (1) Since we focus on a single solute, this compound is referred
to as X, rather than A, B. (2) The low and high levels used are indicated explicitly,
i.e., MM for the low and SQM(/MM) for the target high level of theory. (3) Since
most of our work has been done at constant volume (in the NVT ensemble), we
write AA instead of AG. Since the free energy is a state function, the solvation free
energy AAiQﬁQMM at the SQM/MM level of theory (dashed arrow in Figure

can be calculated from the other three legs of the cycle according to

AASIM = NAY M SQMIMM N ANMZSOM A MM (1.13)

The advantage of this stepwise approach is that any extensive sampling can
be done at the MM level of theory. The MM solvation free energy AAYM —can
be computed by any of the standard force-field methods/programs, e.g., by using
transformato [60) [61]. This is not only (much) faster, but also allows the use of the

various tricks needed to perform alchemical transformations [28]. The free energy
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AMM=SQM 4 A AMM—SQM/MM

differences corresponding to the vertical arrows, AAy gas Xag ,

can be calculated, at least in principle, by Zwanzig’s equation [21]

VSO _AUMM—SQM
AA = —kpT'In( exp (1.14)
MM

kT

Here, kg and T have the usual meaning of the Boltzmann constant and (absolute)
temperature. The energy differences AUMM=5@M are computed from configurations
saved during trajectories at the MM level of theory, both in the gas phase and in
aqueous solution. The energies of these coordinate frames are re-evaluated at both
levels of theory. While this requires a certain number of SQM(/MM) calculations,
all sampling is done at the MM level of theory.

The thermodynamic cycle shown in Figure 1.5 and its associated Equation (1.13
suggest that by following the indirect path, free energy differences can be computed
efficiently at a high level of theory. However, Heimdal and Ryde[37] demonstrated
that in practice it is almost impossible to obtain converged results for the corrections,
AA%;\({: SOM and AA%Z[ —SQM/ MM, when using Zwanzig’s equation (Equation |1.13]),

unless a ”frozen” QM region is used. Essex and coworkers[62] identified one source

for the poor convergence. Most of the bond lengths and angles sampled at the low
level of theory are subtly "wrong” at the high level of theory. Therefore, the resulting

distribution of the energy differences AUMM=5QM

becomes very broad, and the
exponential mean in Equation fails to converge.

Uni-directional methods, such as Zwanzig’s equation, are known to converge only
when the two end states are similar, see, e.g., Ref. [24]. Two-sided methods, such
as Bennett’s Acceptance Ratio method (BAR)[23], are known to converge even for
larger differences between the two end states [63]. Adapted to the specific use case

of connecting two levels of theory, the central equation of BAR is

(1.15)

AAMMHSQM — ]{?BT (ln <f(AUSQM_>MM + O)>SQM) i 8.

In Equation [1.15] f(z) = = is the Fermi function, and C' a constant to be
determined. In practice, C' is iteratively refined until the numerator and denominator
in the argument of the logarithm in Equation become identical, and hence the

logarithm vanishes. Once C' has been determined in this manner, the free energy

difference becomes

N
AAMMESQM Ty ijjj +C (1.16)

Here Ny and Nggar denote the number of samples at the MM and SQM levels of

theory, respectively.
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An obvious disadvantage of using BAR is that one now needs to sample also
at the high, i.e., in our case, the SQM(/MM) level of theory, as indicated by the
ensemble mean ( )son in Equation Successful applications of BAR have been
reported [64, [65]. However, there are also several documented failures, e.g., [66] 67].
The subtle "mismatches” between bond lengths and angles at the two levels of
theory (see above) make the distributions of both the forward and backward energy
differences very broad, and often there is no overlap. When this is the case, BAR
is not guaranteed to give correct results[23, 24]. As described earlier, in regular,
force field-based FES one introduces alchemical intermediate states whenever the
two endpoints are too dissimilar [24]. However, in the context of calculating free
energy differences between levels of theory, this is not practical as the computational

cost would be too high.
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1.3.2 Nonequilibrium Work Switching Simulations (NEW)

c Puv  (AU) S Pum (W)
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Figure 1.6: Comparison of the calculation of the free energy difference between MM

and SQM via FEP(left) and via NEW((right).

As just described in Section [1.3.1, a major challenge when calculating free

AMM—)SQM and AAMM—»SQM/MM

energy differences between levels of theory, i.e., AAy Xag

in Figure[1.5] is the lack of overlap between the distributions of forward and backward
energy differences. The situation for BAR is shown on the left side of Figure[L.6l Not
only are the two distributions very broad, but there is virtually no overlap between
the forward (red) and backward (blue) densities.

Nonequilibrium work (NEW) methods are an alternative to equilibrium techniques
for calculating free energy differences. In 1997, Jarzynski showed that Zwanzig’s

equation can be extended to the nonequilibrium case [68].

_ W MM—SQM
B MM

Equation[I.17] hereafter abbreviated as JAR, is completely analogous to Equation
(Zwanzig’s equation), but the energy differences AUMM=5QM are replaced by the
work W of switching the system from an MM to a SQM(/MM) description of the

interactions. The nonequilibrium generalization of BAR was derived by Crooks[69]:

WSQM—MM
samesen g (YIS Ol o

As in the case of JAR vs. Zwanzig’s equation, Equation [1.18] is analogous to Equa-

17



tion forward and backward energy differences are replaced by the corresponding
work values W. The use of Equation will henceforth be abbreviated as CRO.

Nreplicate

Non — equilibrium

Equilibrium I] MM

simulation time

Figure 1.7: Illustration of the calculation of AAMM=SCM vig NEW.

The workflow for computing NEW values for the transition from MM to SQM is
illustrated in Figure see also Ref. [70]. One starts with an equilibrium simulation
at the MM level of theory (thick, solid arrow) and saves coordinates and velocities
at regular intervals; in practice, restart files were written. Then, one selects a
sufficient number of restart files, which ideally are statistically independent (i.e., not
correlated) and uses them to start (very) short simulations during which the energy
function is gradually changed from the MM to the SQM(/MM) level of theory. This
is indicated by the vertical arrows, resulting in work values Wy through Wy, _.....-
The simulation length N0 for each switch is represented by the small horizontal
"bend” in the arrows.

The mixing of the MM and SQM(/MM) Hamiltonians is done with the MSCALE
functionality of CHARMM [71]. The mixing is controlled by a time-dependent

coupling parameter A\, = A(?):
U(N\) = (1 = X\)UMM 1 \,usoM/MM (1.19)
As usual, 0 < \; <1 and the increment follows
At = M (7) = 1/ Nswitch, 1= 1, 2,..., Newiteh (1.20)

where Ngyiten, is the number of MD steps of a single switching simulation. The
number of steps, Ngwitcn, 1S typically between 200 and 10,000, i.e., for a time step
of 1 fs, this corresponds to a simulation length or each switch of 200 fs to 10 ps.
During each switch, the work W is accumulated with CHARMM’s PERT module[5]
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in slow-growth mode according to
W(t + 5t) = W(t) + U(It+§t, /\t+5t) - U(I‘t+5t, )\t> (121)

The work values obtained from the switching simulations are the input needed

for JAR, which we rewrite here to make the averaging process explicit:

" SQM 1 Nreplicate _WMM—MSQM
— _ 7
repiicate i=1

Comparing Equation (or|1.17) with Equation [1.14} it is clear that using JAR

is more expensive. Instead of just recomputing a few hundred (or a few thousand)
energies at the SQM(/MM) level of theory, one now has to perform N,cpjicate NEW
switches, each consisting of Ngien steps. Thus, the total cost of calculating a low to
high correction is Nyepiicate X Nswitcn MD steps, each of which requires the calculation
of energies and forces at both the MM and SQM(/MM) levels of theory. It should be
noted, however, that the switching simulations are independent, i.e., they can be run
in parallel. To use CRO, one also needs work values in the high to low direction. In
principle, these can be obtained by reversing the scheme shown in Figure The
most expensive part is the need to run sufficiently long equilibrium simulations at
the high level of theory to obtain the starting points for the NEW switches from the
high to the low level of theory.

The use of JAR and CRO to calculate free energy differences between levels of
theory has been extensively tested in several studies[72, [73], 66} [74, [67]. The results
are encouraging and prove that NEW-based approaches are reliable methods for
calculating the end state corrections, AAMY=59M and AAYM = SQM /MM
Eq.[1.13] In these studies, CRO was used as the gold standard to validate the results

obtained with JAR. However, even with JAR, the protocols used were very extensive,

, required for

up to several thousand picosecond switches. The focus of these initial studies was to
demonstrate correctness and reliability. For most practical applications, however,
these extensive protocols would be too expensive in terms of computer time. To be
useful in practice, the protocols of Refs. [72] [73] 66, [74], [67] need to be optimized

while maintaining their reliability.

19



1.4 Overview of the thesis

Therefore, the overarching goal of this work was to streamline the previously used

NEW protocols so that JAR can be employed to calculate end state corrections in real-

MM—SQM /MM
AMM—>SQM AAaq )

gas ) and solution steps (

world problems. The gas phase (A
were optimized separately; this work is presented in Chapter [2| and Chapter
respectively. Since the results of these chapters have been published in peer-reviewed
journals, Chapters [2] and [3] are concise summaries of the publications. The full
text of the journal articles is reproduced in Chapters [[] and [[T of [Publications] The
supporting information for the two articles is provided in Chapters [A] and [B] of
Append

The third project reported here is a first application of the optimized protocols
to the calculation of absolute solvation free energies, combining NEW switching
simulations with the existing transformato framework[60), [61] for MM-based free
energy simulations. The results are described in Chapter 4] The thesis concludes
with a discussion of the results and problems encountered, as well as an outlook on

future work (Chapter [5)).
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2. Summary of Publication I —

Optimizing the gas phase

Note: The full text of the manuscript summarized here can be found in Chapter [l of
Part [Publicationsl

During the last decade, the accurate calculation of free energy differences between
levels of theory has been the subject of intense research [75], 29, [76], [77, [78, [79] 64].
Approaches based on nonequilibrium work (NEW) switching simulations were intro-
duced and shown to be reliable [72] [73, [66, [74], [67]. The focus of these early studies
was on proving correctness; the protocols used were too expensive for practical appli-
cations. In addition, even a very short series of NEW switching simulations requires
significantly more computational resources than approaches based on equilibrium
methods. The high computational cost prevented the method from being used by a
wider audience.

Therefore, the central goal of my thesis was to optimize the previously used NEW
protocols to make them applicable to real-world problems. This chapter focuses
on gas phase transformations, trying to find the optimal balance of resources while
keeping the computational cost constant. As model compounds for this study, we
chose a subset of the so-called HiPen data set.[67] HiPen stands for “high penalty”
and refers to the penalty scores reported by CGenFF when FF parameters are
assigned by analogy [80, BT, [82]. All molecules in the set have such high penalties,
so calculating the free energy difference between levels of theory is expected to be
challenging. Since we want to optimize protocols, not to solve convergence problems,
we chose mostly the so-called “good” compounds, i.e., those molecules for which
converged results were obtained with JAR (See Figure [[.1] of Publication [[). As we
try to avoid sampling at the high level of theory, our focus was primarily on the
forward switching direction (from MM to SQM). As in previous work, bidirectional
calculations employing CRO were only used to obtain reference results.

Recalling the workflow how to use NEW switching simulations and JAR to
calculate a free energy difference (cf. leads to an immediate question concern-
ing resource allocation: One can either carry out many short switches, or fewer,
correspondingly longer switches. This is illustrated in Figure 2.1} To answer this
question, we evaluated several combinations of switching length (Ngyisen) and number
of switches (Nyeplicate) that result in the same cumulative simulation length (¢;ota1)
and thus the same computational cost when computed on a single CPU. For example,
8,000 200 fs switches result in the same t;;,; = 1.6 ns as 1,600 1,000 fs switches.
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simulation time simulation time

Figure 2.1: The main question addressed by Publication [83]: Is it better to use
more, shorter (left) or fewer, longer switches (right)?

Specifically, we compared four combinations, namely 8, 000 x 200 fs, 3,200 x 500 fs,
1,600 x 1,000 fs, and 800 x 2,000 fs switches. Analyzing the initial set of results,
we noted unexpected convergence problems for some compounds. To investigate
these, we developed several tools to trace the origin of this problem, which will be
described in more detail below. Specifically, we discovered that in some cases the
starting points for the NEW switches which were not sufficiently equilibrated. As
expected, the results obtained repeating the full series of calculations were much

more consistent.

0.2 —%
cal ol . H
cal/mo 0.0+ —5 -
MAD | RMSE g | mElkpad PR
NSWI200 027 | 0.31 g ¢+, " - et
NSWI500 0.08 | 0.09 =027 .
NSWI1000 0.08 | 0.09 3 ¢
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i . ° = NSWI1000
+ NSWI2000
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Compound ID

Figure 2.2: Final results obtained in Publication [83]: MAD (Mean Absolute
Deviation) and RMSE (Root Mean Square Error) of results obtained from forward
switches and Jarzynski’s equation compared to Reference result (CRO).

The corrected free energy differences also clearly answer the central question: The
longer the switching length, the better the results. Thus, the NSWI2000 protocol
using 800 x 2,000 fs switches gave by far the best overall result, i.e., had the lowest
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deviation from the CRO reference results; cf. Figure 2.2l The corresponding lower
number of switches seemed to have no effect on the quality and convergence of the
results. We, therefore, reduced the number of 2,000 fs switches from 800 to 200. While
there was some deterioration, the quality of this reduced protocol (NSWI2000%?)
was still better than that of the four times more expensive 1,600 x 1,000 fs one
(NSWI1000). When we attempted to reduce the number of switches even further,
the deviations from the CRO reference results increased considerably, at least for
some test systems.

To trace the convergence problems mentioned above, we developed and used two
novel ways to analyze the raw data. When free energy differences are computed by
JAR or CRO, the ordering of the work values is irrelevant. Nevertheless, the starting
points for the switching simulations are generated in a deterministic, temporal order.
Specifically, in this work, the snapshots were saved during eight MD simulations
initialized with different random velocities. Plotting the work values according to
the temporal order of their starting points, and concatenating the eight data sets
from the independent MD simulations as if they were one long simulation, not only
makes it easy to identify “outliers,” but also where in the sequence of switches they
occur. For an illustrative example, see Figure 2.3] We use the word “outlier” loosely
to refer to work values which do not lie within three standard deviations of the mean
W. Looking at the work values of the initial set of results in this manner, which we
refer to as “quasi time series analysis”, revealed that most of the unusual work values
clustered at the beginning of the eight individual simulations. With this information,

it was easy to find the source of the problem, an insufficient amount of equilibration.

25067 1 @) b)
25068
S -25069 -
£ 50701
] |
2 -25071 -
= -25072
25073 W -
n n
25074 1 =30 =30
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
switch number switch number

Figure 2.3: Illustrative example of a use case of ”Quasi time series” analysis for
compound 21 of Publication [[[83]. The first and the sixth bin of a) clearly shows
a suspect behavior at the beginning of the respective bin. The corrected protocol
(longer equilibration) led to the work values shown in b).

Applying our quasi time series analysis to the corrected second set of results,
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Figure 2.4: Illustrative example of a use case of PCA analysis to connect negative
outliers to the dihedral angles of compound 2 from Publication [[[83]. a) shows a
scaled PCA including the work values. b) shows an unscaled PCA, including only
the dihedral angles prior and after the switch. Outliers are identified automatically
and are the same in both cases.

we still found occasional work values that deviated from W by more than three
standard deviations toward more negative values. Such rare, negative work values
can lead to systematic deviations of the free energy differences calculated by JAR,
since they receive a high weight in the exponential averaging (cf. Equation . To
associate these unusual work values with the sampled conformations, we performed
a Principal Component Analysis (PCA) using the work values and two relevant
dihedral angles before and after the switch raw data. Automatic color coding of
outliers in the resulting plots made it possible to associate highly negative work
values with unusual behavior of these dihedral degrees of freedom. For an illustrative
example, see Figure[2.4] For two systems studied in detail, we found that the negative
outliers were caused by a discrepancy in conformational sampling between MM and
SQM. Specifically, we were able to show that the terminal dihedral angle of an oxime
group, which involves the rotation of a hydrogen atom into a hydroxyl group, is
sampled exclusively in the trans configuration in MM, but can occur in both cis and

trans configurations in SQM.
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3. Summary of Publication II —

Optimizing the solvated phase

The NSWI2000™¢ protocol of Chapter [2| (Publication [[) should be sufficiently efficient
for real-world application, but it was tested in the gas phase only. In earlier studies,
there were clear indications that convergence in aqueous solution may be more
difficult to achieve [66]. We, therefore, tested the optimized protocol on eight pairs
of tautomers without freely rotatable dihedral angles. We deliberately chose rigid
solutes to explicitly exclude sampling problems resulting from different conformational
preferences between the MM and SQM/MM levels of theory. In addition, we also
included alanine and serine dipeptide, which had been used as model compounds in
Ref. [66] (see Figure of Publication [[I]). Specifically, we studied the convergence
of the free energy difference between a full MM description of the system (all molecules
solvated in a water box with side-length of ~ 26 A and the SQM /MM representation
of the system. At the target high-level of theory, the solute was described by SCC-
DFTB, expanded to third order [44] using the 30b-3-1 parameters [45] 46| 47, 48],
whereas solvent waters continued to be modeled by the TIP3P model [84]. For the
full description of the computational details, see Section of Publication [}

When using the NSWI2000™¢ protocol (the results labeled MM=JAR(2ps)
in Figure , the AA%&ESQM/ MM correction free energy deviated significantly
(> 1 kcal/mol) from the CROggp results for two of the model compounds (5-t2,
6-t2; these are indicated by red arrows). Even using switching lengths of 5 ps
(MM=JAR(5ps)) rather than 2 ps did not lead to satisfactory results for one solute
(6-t2); the deviation to the reference result remained high (red circle in Figure |3.2)).
When using electrostatic embedding, Lennard-Jones interactions between the solute
and the solvent are identical at the two levels of theory; the only relevant change
is the charge distribution of the solute (the SQM region). We, therefore, explored
two approaches to facilitate convergence of AA%J;/IOZSQM/ MM ohile keeping the com-
putational cost low. First, similarly to the work by Ito and Cui [65], we inserted
an intermediate state, still completely described at the force-field level, with partial
charges resembling the charge distribution at the high level of theory. Second, instead
of switching linearly from the low to the high-level of theory, we attempted to use
stepwise linear paths with two or three switching rates. Despite testing numerous
protocols, we did not find one which gave consistent improvements in all cases. For
the detailed description of these ultimately fruitless attempts, see Section of
Publication [
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Figure 3.1: Introduction of a hybrid charge intermediate state (MULL) to reduce
convergence problems when computing the free energy difference between MM and
SQM/MM levels of theory.

The central idea of introducing a hybrid charge intermediate state is shown in
Figure 3.1} Since SCC-DFTB uses Mulliken charges internally, average Mulliken
charges were used in this work. If different quantum chemical methods are used as the
high level of theory, other charge assignment schemes could (and should) be explored.
We tested three ways how to obtain a representative sample of configurations for
which average Mulliken charges were computed. (i) Clearly, the most exact method
is to use simulations at the high level of theory (the solute treated by SCC-DFTB,
surrounded by MM waters) to obtain configurations from which the Mulliken charges
are calculated and then averaged. Results using this intermediate state are labeled
MULL(solv*). Our goal, however, is to avoid extended simulations at the high level
of theory as much as possible. Therefore, we also used configurations sampled at the
MM level of theory to derive Mulliken charges for the intermediate representation.
Specifically, we used (ii) the Mulliken charges obtained from snapshots of the MM
gas phase simulation of the solute (labeled as MULL(qgas)), and (iii) snapshots
from the corresponding MM simulations in water to obtain Mulliken charges for the
solute (labeled as MULL(solv)). When using an intermediate state as illustrated
in Figure , one also has to compute the free energy difference AAYM:MULL,
however, this is a free energy calculation at the MM level, the computational cost of
which is small. For the full details of the averaging procedure, see Section of
Publication [
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Figure 3.2: Summary of main results obtained in Publication : MAD (Mean
Absolute Deviation) and RMSE (Root Mean Square Error) of results obtained from
forward switches and Jarzynski’s equation compared to Reference result (CRO(5ps)).
All results obtained with hybrid charge intermediates (MULL(gas), MULL(solv) and
MULL(solv*)) used a switching length of 2 ps.

The results obtained with the three hybrid intermediate charge states are shown
in Figure [3.2] and contrasted with the results of the direct 2 and 5 ps switches.
One sees that the use of either of the three MULL intermediates leads to better
results than using 5 ps switching lengths without intermediate state (MM=JAR(5ps)
results in Figure , red circles). All AA??ISJO%HSQM/ MM osults were computed with
the efficient NSWI2000™? protocol (200 switches of 2 ps length). Not surprisingly,
the MULL(solv*) intermediate state gave overall the best results. However, the
performance of the MULL (solv) intermediate state, for which no sampling at the high
level of theory is required, was also adequate. When using this intermediate state,
which has, in fact, no computational overhead, all results are within +0.25 kcal /mol
of the respective CROggp value. By introducing a suitable intermediate charge
state, we could make the optimized gas phase protocol NSWI2000™¢ also work for
solute-solvent systems. Thus, we have a validated, efficient protocol to obtain the
end point corrections needed for indirect (S)QM/MM FES in the gas phase and in
solution, paving the way for real-world applications.

In addition to finding a reliable protocol to calculate AA??J;{)ZSQM/ MM accurately
at acceptable computational cost, we carried out detailed analyses to understand the
source of the slow convergence of direct computations without intermediate state.

Obviously, the charge representation of the solute by fixed partial charges will differ
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Table 3.1: MAD (Mean Absolute Deviation) of all compounds for RMSD,, the
magnitude of the differential dipole moment Ay, the angle ©gqy between the dipole
moment vector of the respective charge distribution and that of the MULL(solv*)
charge distribution, and ANy 4ers, the difference in average number of waters in the
first solvation shell compared to a SQM/MM trajectory.

Pathway | MAD RMSD,[¢] | MAD Ay [D] | MAD Gsou[°] | MAD ANyarers
MM 0.14 3.38 29.8 0.90
MULL(gas) 0.06 2.44 7.6 1.14
MULL(solv) 0.04 1.81 16.0 0.47
MULL (solv*) / / / 0.14

2) MAD ANyyaters Was not reported in the original publication but was calculated
from the absolute values shown in Figure of Publication [}

from that of the fluctuating charges at the SQM/MM level of theory. This suggests
that the three sets of averaged Mulliken-like charges we have used as the intermediate
states are more likely to resemble the SQM /MM charge distribution than the original
FF charges. To support this assumption, we computed and analyzed three partial
charge related quantities for all our model compounds relative to our best model, the
MULL(solv*) charges. Specifically, we looked at a “root-mean-square-deviation of
charges” (RMSD,), the difference in magnitude of the dipole moments Ay, and the
difference in angles between the dipole moments of the two charge distributions 6ggas.
The mean average deviations of these three characteristics of the MM, MULL(gas),
and MULL(solv) charges using MULL(solv*) as the reference charge distribution are
summarized in Table 3.1, The MAD of both the RMSD, and Ay decreases in the
order MM, MULL(gas), and MULL(solv), in line with the overall performance of the
approaches (cf. Figure . The smallest angle deviation between dipole moments
(MAD 6ggn) was obtained for MULL(gas). This suggests that the orientation of
the dipole moment resulting from a charge distribution is less important than its
magnitude.

The obvious next question was how the differences in charge distribution of the
solute affect the surrounding solvent. First, we calculated the average number of water
molecules in the first solvation shell around each solute, counting all water molecules
< 3 A away from the solute for the MM and all three MULL charge representations.
Here, we could directly compare with the average number of waters found in the
high-level SQM/MM simulations. As for the solute properties, we compared the
MAD of the number of water molecules for all model compounds. This data was
not given in the original publication but is easily calculated from the absolute values
listed in Figure of Publication [l Not surprisingly, the MULL(solv*) simulations
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behaved very similarly to the high-level SQM /MM simulations, with a MAD in the
average number of waters in the first shell of only 0.14. Depending on the functional
group present in the molecule, when using MM charges the first solvation shell of
the solutes contained on average one water too many or too few; the MAD was 0.90.
Regarding this criterion, the MULL(gas) charge distribution performed worst, the
MAD was 1.14. The MAD for the MULL(solv) charge distribution, on the other
hand, was 0.47, a considerable improvement over the MM value.

Our second analysis probing solute-solvent interactions was motivated by solvation
spectroscopy; we wanted to determine the average time it takes for the water
molecules to reorient in response to the change in solute charge. We ran a series of
10 ps simulations starting from configurations equilibrated with one of the charge
representations we studied (MM or MULL(solv)) and instantaneously changing the
description of the solute to the SQM /MM level of theory. At each time step, we
recorded the energy difference AU (t) = USQM/MM (4) _ gymethod(t) where the method
was either MM or MULL(solv), assuming that AU(t) captures the energetic cost of
the reorientation process of water. As t — 10 ps, the individual energy differences
approach a constant value (AUj,s). Averaging over all 800 such simulations and
subtracting the average AUy resulted in a decay of the energy difference, which
we fit to a single exponential function. For both the MM and MULL(solv) starting
points, we found that TIP3P waters reoriented to the change in charge distribution
of the solute with a relaxation time constant of approximately 1 ps. This value is
in accord with experimental data from solvation spectroscopy [85], 86]. While the
relaxation constants are very similar in both cases, the time AU (t) needs to approach
AUy,s depends strongly on AU(t = 0), i.e., the difference in charge distributions
between the initial and final state. If AU(t = 0) is large, as is the case for FF charges
(MM) vs. the SQM /MM representation of the system, then the complete relaxation of
the solvent requires at least 5 ps. If, on the other hand, the starting point is suitably
modified charges which resemble the end state, e.g., MULL(solv), then 2 ps switches
are sufficient. This analysis confirms conjectures made previously [66]. It makes clear
why attempts to compute AAMM=>S@M/MM {irectly require switching lengths of at
least 5 ps, whereas suitable hybrid charge intermediates, such as MULL(solv), reduce
this time to 2 ps. The resulting saving more than compensates the computational

overhead of having to extract and average Mulliken charges and of having to calculate
A AMM M ULL‘
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4. Application of end state
corrections to the calculation of
absolute solvation free energies

4.1 Introduction

Indirect schemes are an elegant approach for the computation of alchemical free energy
differences using quantum mechanical molecular mechanical (QM/MM) Hamiltonians
[28, [15]; these are also referred to as end state corrections or bookending schemes
[64, 87, [88]. The preceding two chapters were concerned with developing optimized
protocols to compute the needed free energy differences between the low level of
theory, e.g., MM, and the target high level of theory, e.g., QM/MM [83, 89]. As in
the other chapters of this thesis, MM indicates the use of a classical mechanical force
field. The abbreviation QM refers to ab initio quantum chemical methods, SQM to
semi-empirical quantum chemical methods, and (S)QM indicates the use of either.
Here we present the initial results of applying the complete indirect scheme to the
calculation of absolute solvation free energy differences (ASFE).

Recently, transformato, an open-source tool written in Python to help set up
large-scale calculations of relative binding and solvation free energy differences [60, [61],
was extended to the calculation of ASFEs [30]. Therefore, we can compute ASFEs
at the force field (MM) level quickly and reliably. Here, we investigate whether end
state corrections to an SQM /MM level of theory can improve the agreement with
experiment. The thermodynamic cycles used for this purpose are shown in Figure 4.1
The lower half of the plot (black rectangle) pertains to transformato. Rather
than computing the ASFE, AAy ., directly, one computes the two free energy

differences along the two black, vertical arrows. All nonbonded interactions of the

AMM ) and in solution (AA¥M ),

solute X are turned off in the gas phase (A XXy .gas X5 Xy.aq

respectively. The ASFE is obtained from these two annihilation steps according to

AAXJOZU = AA%%Xg,gas - AA)]\(J%XU,aq'
The green and red arrows in Figure indicate the end state corrections in
MM —SQM : MM —SQM : :
the gas phase (AAy . ) and aqueous solution (AAy .- ). Their efficient

calculation by nonequilibrium work (NEW) switching simulations and Jarzynski’s
equation (JAR) [68] was the subject of Chapters [2[ [83] and [3| [89], respectively. The
ASFE at the SQM/MM level of theory, AA}S;?S]%MM can be calculated according to
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Figure 4.1: Indirect scheme used to refine absolute solvation free energies AAy ),
calculated at the force field level using transformato [60, 61] to an SQM/MM level
of theory.

the indirect scheme as

AA?(?SZZII{)MM = _AA]\X/[,]\;a?SQM + A"4X,solv + AA?(C?(ZI/MM (41)

The systematic comparison of computed ASFEs to experimental data as available,
e.g., in the FreeSolv database [90, O1] can be used to investigate the quality of small
molecule MM force fields [30]. Here, we focus on the calculation of the ASFE at
the SQM/MM level of theory for two groups of molecules. The first one (Set 1)
comprises small linear and cyclic alkanes. Until today, the calculation of ASFEs
for this compound class remains challenging [92, 93]. The phenomenon of better
solubility of cyclic alkanes compared to normal alkanes is still not fully understood
[94]. ASFEs obtained with force fields barely reflect this trend [90, 30].

The second set of molecules (Set 2) was motivated by the results obtained in

the recent systematic calculation of ASFEs for the full FreeSolv database with
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the CHARMM general force field (CGenFF) [80, 81, 82] using transformato [30].
We selected compounds for which the agreement with experiment was particularly
poor. Among them are several amines, a chemical functionality for which the
CGenFF results are noticeably worse compared to results obtained with the AMBER
generalized force field (GAFF)[90] 91].
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4.2 Material and Methods

4.2.1 Choice of model systems

Set 1: Linear vs. cyclic alkanes The first set of compounds consists of linear
alkanes and their cyclic counterparts, specifically propane to hexane; see Figure
Overall, the agreement between computed and experimental ASFEs for these com-
pounds is acceptable, both for the GAFF (RMSE 0.76 kcal/mol) [90, 91] and the
CGenFF force fields (RMSE 0.72 keal/mol) [30]; see also Table 4.4 However, as
already mentioned in the Introduction, the computed ASFEs do not fully capture the
differences between the linear and cyclic form of an alkane. Experimentally, the linear

form is always more hydrophobic; this is particularly pronounced for cyclopropane.

PRPA BUTA PENT HEXA
cPRPA cBUTA CPENT CcHEXA

Figure 4.2: Set 1: Linear and cyclic alkanes used in this study.
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Set 2: Challenging compounds from FreeSolv The second set of compounds
consists of 13 molecules from the FreeSolv database[90, 91], for which the ASFEs
computed with transformato and the CGenFF force field deviated considerably
from the experimental values. As one sees in Figure 4.3] several of them are amines,
a chemical functionality for which CGenFF performed poorly [30]. Other molecules
with large differences between computed and experimental ASFEs were also included.
In particular, the transformato/CGenFF result for (13) was considered unreliable
[30] since the force field parameters suggested by the cgenff tool were inconsistent

(identical parameters for the two sulfurs, which clearly are chemically different).

NH
N\, N PN /\u/\
mobley_2410897 mobley_9185328 mobley_7142697 mobley_8426916
@ @ (©)) 4
o] NH, (e}

)\ o HN)KNH X% .
' N )\ /g

y
o N o o/
mobley_1963873 mobley_6917738 mobley_6239320 mobley_1728386 mobley_2782339
®) 6) ) ®) 9
N N s
N AN ~_— N |N s //
| N . Il _o
. T e
Y HN o\
cl Y 0
OH
mobley_9534740 mobley_8207196 mobley_3047364 mobley_2518989
(10) (11) (12) (13)

Figure 4.3: Set 2: 13 molecules from the FreeSolv database [90] for which the ASFEs
computed with transformato/CGenFF were in poor agreement with experiment.
The figure indicates the original FreeSolv identifiers as well as the simple numbering
schemed used in the remainder of this chapter.
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4.2.2 Simulation details

ASFEs calculated with transformato: For each molecule in Set 1 and Set 2, we
used an automated workflow based on macha,ﬂ a standalone utility written in Python
that automatizes the setup procedure of solvating molecules by using CHARMM-
GUI[95, 96] generated inputs as templates, for the generation of gas phase and TIP3P
solvated systems. Afterward, transformato was used to generate all the needed
intermediate states for the calculation of the annihilation processes as described by
Karwounopoulos et al.[30] Simulations for each intermediate were carried out with
OpenMM(v.7.7)[07]. As the intention of this project was to apply our end state
corrections to results of the regular transformato workflow, the ASFEs reported in
Ref. [30] were used as is. However, to avoid ambiguities, we used the transformato
raw results without applying the Lennard-Jones long-range correction (LRC). For
further details on the calculation of absolute free energies with transformato we

refer the reader to Karwounopoulos et al.[30]

Calculation of end state corrections by NEW simulations The following

paragraphs are structured analogously to [Simulation Detaild of Publication [T and

provide a summary overview of the simulations/calculations carried out. For ad-
ditional details concerning the simulation setup, equilibration procedures, restart
mechanics, etc. we refer the reader to[[1.4.4, The choice of protocols is based on the

optimization carried out in Publication [[}

Preparation and initial equilibration: For all molecules in Set 1 (Figure
except cHEXA, starting coordinates were generated directly by CHARMM using
the internal coordinate information provided in the CGenFF topology file of model
compounds. The initial coordinates were optimized by 10 steps of steepest descent
and 500 steps of adopted basis Newton-Raphson (ABNR) minimization. Placement
of the solutes in water boxes was carried out as described in under

land Initial Fquilibration, The resulting box sizes and number of TIP3P waters are

summarized in Table A1

All molecules in Set 2 (Figure and cHEXA were solvated using the "Solution
Builder’ functionality of CHARMM-GUI[95, 06]. Missing force field parameters were
generated using cgenff version 2.5.1 [0, 8T, 82] as invoked by CHARMM-GUI.
The resulting box sizes and number of TIP3P waters can be found in Table [4.2]
Tables and also list the number of atoms in each molecule, as well as the

offset in kcal/mol which is subtracted from the respective end state corrections.

"https://github.com/akaupang/macha
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Force field-based equilibrium simulations: Completely analogous to the work-
flow in [[1.4.4] we carried out 8 Langevin dynamics (LD) simulations (time step 1 fs,
friction coefficient 5 ps™!) in the gas phase and in solution. Each of these simulations
was started from different random velocities. In each gas phase run, 5 ns of simulation
time were discarded as equilibration, followed by 10 ns of production, during which
restart files were saved every 1,000" step. In the analogous solution simulations at
constant volume, 0.5 ns were discarded as equilibration. During the subsequent 1 ns
production phase, restart files were saved every 1,000"" step. Thus, restart files were
saved at regular intervals during a cumulative simulation length of 80 ns in the gas
phase and of 8 ns in solution. These served as the statistically independent starting
points for the NEW switching simulations. For additional information, see
of Publication [[I| under [Force Field-Based Equilibrium Simulationd

SQM(/MM) equilibrium simulations: To compute the end-state corrections
via Crook’s equation (CRO) [69], we also carried out equilibrium simulations at
the SQM(/MM) level of theory. Specifically, the solute was treated with the self-
consistent-charge density-functional tight-binding (SCC-DFTB) method as imple-
mented in CHARMM [43], using the 30b-3-1 [45] [46), [47), 48] parameter setﬂ In the
solution calculations, all waters were treated classically. The cumulative simulation
length in the gas phase and in aqueous solution was 8 ns. The NEW switches were

started from restart files saved during these calculations. Full details can be found
in [I.4.4) under ([SQM(/MM) Equilibrium Simulations,

Nonequilibrium work simulations: All end-state corrections, both the unidirec-
tional ones using JAR and the bidirectional ones using CRO, were calculated from
NEW values obtained from switching simulations of 2 ps length, using a 1 fs time
step. In all cases, 200 forward (MM — SQM(/MM)) and backward (SQM(/MM)

—MM) switches were carried out.

Calculation of AAYM ¢ MULL,  We only tested the calculation via hybrid charge
intermediates in one case. Details for the calculation and generation of intermediate
states can be found in [[I.4.4| under (Calculation of AAYM < MULE

https://www.dftb.org/parameters/ download/30b/30b-3-1-cc/
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Table 4.1: Properties and simulation details of Set 1: simple alkanes and their
cyclic derivatives: Compounds, their ID, the number of total and heavy atoms
(Ntot/ Nheavy), the number of waters used in the simulations (N gters), box length
(Lpos) and the offset for computing free energy differences via NEW in kcal /mol.

Compound ID Niot/ Nheavy | Nwaters | LBox [A] Offset [kcal /mol]
Propane PRPA 11/3 572 25.64 5100
Cyclopropane | cPRPA 9/3 572 25.67 4800
Butane BUTA 14/4 572 25.60 6600
Cyclobutane | cBUTA 12/4 572 25.61 6200
Pentane PENT 17/5 572 25.62 8200
Cyclopentane | cPENT 15/5 572 25.64 7700
Hexane HEXA 20/6 572 25.57 9700
Cyclohexane | cHEXA 18/6 562 26.00 9300

Table 4.2: Properties and simulation details of Set 2: challenging example compounds:
Compounds, their ID, the number of total and heavy atoms (Nyot/ Nheavy), the number
of waters used in the simulations (Nygpers), box length (Lp,,) and the offset for
computing free energy differences via NEW in kcal /mol.

Compound ID | Niot/Nneavy | Nwaters | Loz[A] | Offset[kcal /mol]
mobley_2410897 | (1) 10/3 671 28 5000
mobley 9185328 | (2) 13/4 669 28 6000
mobley 7142697 | (3) 19/6 668 28 9000
mobley 8426916 | (4) 16/5 668 28 8000
mobley_ 1963873 | (5) 12/5 669 28 8000
mobley 6917738 | (6) 14/5 668 28 8000
mobley 6239320 | (7) 12/9 665 28 14000
mobley_ 1728386 | (8) 16/9 666 28 12000
mobley 2782339 | (9) 16/11 665 28 15000
mobley 9534740 | (10) 24/12 664 28 21000
mobley 8207196 | (11) 25/13 837 30 19000
mobley 3047364 | (12) 32/15 906 31 22000
mobley 2518989 | (13) 40/23 991 32 35000
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4.3 Results

4.3.1 Set 1: Absolute solvation free energies of linear vs.

cyclic alkanes

Table 4.3: Absolute solvation free energies of linear alkanes and their cyclic derivatives:
All free energies are in kcal /mol.

| ASFE | AAYMos@My) [ AANMSQMo) | pigt) | ASFE,,,” | Exp? | Ref
D | AG 0AG:i| AA oAA, | AA A4 | 0AA | AG | AG | AG
PRPA | 242 0.02 | 3058 0.02 |-3097 002 | 001 | 203 & 0.04 | 2.00 | 2.50
cPRPA | 225 007 |-4635 0.03 |-4665 003 | 001 | 195+ 004 | 0.75 | 2.48
BUTA | 257 005 |-81.95 003 |-8244 003 | 002 | 2084005 | 210 | 2.59
cBUTA | 1.83 0.07 |-3864 005 |-3896 0.07 | -0.01 | 151+ 0.07
PENT |274 007 |-33.30 004 |-33.87 004 | -0.01 | 217 +0.07 | 2.30 | 2.67
CPENT | 160 0.07 |-59.07 001 |-59.43 0.02 | 0.01 | 1.25 %004 120 | 165
HEXA | 292 007 |-8393 003 |-8462 0.04 | -0.04 | 2.24 £ 005 | 248 | 2.85
CcHEXA | 192 0.01 | -7.08 126 | -780 093 | -159 | 121 +0.93 | 1.23 | 1.50
CHEXA' [ 1.92 001 | -494 001 | -544 003 | 001 | 142 £0.05 | 1.23 | 1.50

® Solvation free energy AAYY " from transformato (cf. the black box in

Figure without any long-range corrections|30]; b) gas phase correction (green
arrow of Figure , the offset applied is listed in Table C) solvation correction
(red arrow of Figure , the offset applied is listed in Table ; 9 Difference
between solvation correction computed with JAR and CRO; © solvation free en
1

difference AASCM/MM ot the target level of theory, computed according to Eq. 4.
X ,solv g

f) experimental value as listed in the FreeSolv database; ® computed values as

reported in Refs. [90, 91]; “calculated with C-C-C-C dihedral angles restrained to
the chair configuration.

Detailed results of the performance of transformato, the end state corrections in
the gas and aqueous phase, the corrected ASFEs, the experimental values, and results
from the Mobley group for comparison can be found in Table [£.3] Several statistical
descriptors, RMSE, R?, the Pearson, Spearman and Kendall correlation coefficients,
are given in Table Although the results obtained with transformato already are
in good overall agreement with the experimental data (within +1 kcal/mol), there is
certainly room for improvement. We note in passing that no experimental ASFE is
known for cBUTA. The results from transformato also are very similar to those
reported by Mobley and co-workers using GAFF [90} O1]. ASFEs using CGenFF
for HEXA and cHEXA have been reported by Konig et al.[98]; their values agree

well with the results obtained with transformato. All results are also visualized in

Figures and [4.4b|
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Figure 4.4: ASFEs of alkanes and their cyclic derivatives; a) absolute values; b)
correlation between computed and experimental values. Data shown includes the
correction of cHEXA*.

We assessed the convergence of the end state corrections by the deviation to
the CRORg.s reference result, A A, as well as the other convergence criteria used in
Publications [ and [T} i.e., hysteresis, block standard deviation, broadness of the work
distribution oW, the II criterion suggested by Wu and Kofke [99], as well as the
overlap of the forward and backward work distributions. In Table we only report

0AA for the correction in solution (AA%%;SQM). The full listing of all convergence

criteria can be found under [Supplementary Material in 4.5 We only encountered

convergence problems for cHEXA; see below.

The results that include the end state corrections (ASFE,,,.) are shifted towards
more negative values, which, in most cases, brings the computed ASFE closer to the
experimental value; see Table [£.3] The larger the solute, the larger the absolute value
of the end state correction, e.g., 0.19 (PRPA) < 0.49 (BUTA) < 0.57 (PENT)
< 0.68 kcal/mol (HEXA). The overall improved agreement with the experiment is
reflected in the lower RMSE, 0.47 kcal/mol for the end state corrected results vs.
0.72 kcal/mol for the transformato results. However, even the corrected results fail
to reproduce the large solvation free energy difference between PRPA and cPRPA.
Therefore, the correlation between computed and experimental date is not great
(see Figure ; also, the Pearson correlation coefficient for the end state corrected
results is lower than for the transformato results).

An entirely different problem arose for cHEXA. As one can see in Table
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Table 4.4: Statistical descriptors for the ASFEs of simple alkanes and their cyclic
derivatives: Root Mean Square Error (RMSE) in kcal/mol, Pearson correlation
coefficient, Spearman correlation coefficient, Kendall rank correlation coefficient and
the R? value of the linear regression analysis.

RMSE [kcal/mol] | Pearson | Spearman | Kendall | R?
transformato 0.72 0.80 0.89 0.81 0.64
Corrected 0.47 0.69 0.89 0.81 0.41
Mobley 0.76 0.65 0.86 0.71 0.43

this is the only system for which 0 AA; is quite high and for which we observed
a sizable 0AA deviation between JAR and CROggr results. A quick analysis of
configurations saved during equilibrium simulations at the MM and SQM/MM levels
of theory revealed that the chair conformation is adopted with different frequencies.
In most of the switches, no conformational change of cHEXA occurs; the switching
length of 2 ps is too short. In other words, almost all switches staring from the
chair conformation end in the same conformation, and vice versa. The different
prevalence of conformations at the two levels of theory is not reflected. We also
calculated the endpoint correction for cHEXA restrained to the chair conformation;
see the entry cHEXA* in Table The uncertainty of the end state corrections is
gone; similarly, 0A A is also very low. We did not compute a solvation free energy
difference for this restrained molecule with transformato; the results for cHEXA*,

therefore, are incomplete.
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Table 4.5: Results for absolute solvation free energies of challenging example com-
pounds: All results are in kecal/mol.

| AsEEY | AAYMoSQMY) | AANMESQVO | i) | ASFE,,,S | Exp | Re
ID AG  oAA; | AA  oAA | AA  oAA; | IAA AG AG AG

(1) | -1.20 0.02 |-301.75 0.06 |-299.51 0.10 | -0.03 1.04 £0.12 | -4.50 | -3.16
(2) | -1.05 0.03 |-869.50 0.10 |-867.22 0.13 | -0.03 123 £0.25 | -4.39 | -3.05
(3) | -0.76  0.05 |-966.64 0.14 |-964.54 0.22 | -0.07 1.34 £0.33 | -4.09 | -2.83
(4) 029  0.10 | -401.66 0.72 |-399.74 045 | 0.18 220 £0.64 | -4.07 | -2.99
(5) | -6.16 0.08 |-438.68 0.04 |-446.04 0.16 | 0.13 |-13.53 + 0.31 | -10.00 | -8.28
(6) | -3.15 0.08 |-936.23 0.28 |-934.40 0.18 |-0.14 | -1.32 +0.35 | -6.55 | -5.03
(7) | -29.65 0.08 |-637.96 0.05 |-634.04 0.33 | -0.10 | -25.73 &+ 0.40 | -18.06 | -21.76
(8) | -6.09 0.02 |-740.95 0.03 |-748.19 0.57 | -0.04 | -13.33 + 0.46 | -11.00 | -10.41
(9) | -18.54 0.12 |-388.19 0.02 |-381.27 0.83 | 0.20 |-11.62 & 0.59 | -9.61 |-11.82
(10) | -14.92 0.40 |-825.15 0.46 |-824.54 0.81 | -0.32 | -14.31 + 0.73 | -25.47 | -18.09
(11) | -0.31  0.07 |-671.16 0.09 |-673.06 0.20 | -0.10 | -2.21 £ 0.33 | -10.22 | -10.91
(12) | -2.73  0.17 |-539.12 0.27 |-538.80 0.25 | -0.14 | -2.41 4+ 0.44 | -7.65 | -10.55
(13) | -22.60 0.60 | -98.15 0.88 | -96.91 1.88 | 2.50 |-21.36 £ 1.05 | -5.74 | -16.52

%) Solvation free energy AAYY,, from transformato (cf. the black box in

Figure without any long-range corrections[30]; ) gas phase correction (green
arrow of Figure , the offset applied is listed in Table C) solvation correction
(red arrow of Figure , the offset applied is listed in Table ; 4 Difference
between solvation correction computed with JAR and CRO; © solvation free energ
difference AAf(?SAfléMM at the target level of theory, computed according to Eq.

f) experimental value as listed in the FreeSolv database; ® computed values as
reported in Refs. [90, 91].

4.3.2 Set 2: Absolute solvation free energies of challenging

FreeSolv compounds

Results for Set 2 are summarized in Table and visualized in Figures [4.5a] and
The statistical descriptors of the results (RMSE, correlation coefficients, etc.)
can be found in Table (4.6l

Compounds (1) to (4) are simple alkyl amines (three primary amines, one
secondary amine). Experimentally, the overall trend for these four compounds is
an increase in hydrophobicity with longer chain lengths. This trend is reproduced
by transformato/CGenFF, but the computed solvation free energies are far too
hydrophobic. Compounds (5) to (9) are either more complex amines or amides. The
force field results obtained with transformato deviate in both directions from the
experimental value. Compound (7) has the largest negative deviation to experiment
(—11.59 kcal/mol). Compounds (10) to (13) are larger molecules, which are either
quite flexible or contain unusual moieties. E.g., (10) is a carbohydrate where
transformato/CGenFF underestimates the ASFE by +10.55 kcal/mol. Finally,
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(13), an organophosphorodithioate, is an example of an unusual moiety. As described
in Ref. [30], the force field parameters for the P-S bonds look dubious.

Looking at the quality criteria reported in Table (0AA, 0AA;), the reliability
of the results for (13) is doubtful (JAA =2.5 kcal/mol). We, therefore, recomputed
the end state correction in solution using a hybrid charge intermediate as described
in [Hybrid Charge Intermediated in Section While the block standard deviation
oAA; (for the definition, see Appendix [A]) remained high, dAA decreased to -
0.64 kcal/mol. On the one hand, this underlines the utility of using a suitable

intermediate state to mitigate convergence problems; on the other hand, the resulting
corrected solvation free energy is in poorer agreement with experiment. Several other
compounds have somewhat larger block standard deviations 0 AA;, but these seem
to have little effect on dAA.
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m + Correcte
10 -&obﬁay o ‘
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Figure 4.5: Results for absolute solvation free energies of challenging example
compounds; a) absolute values; b) correlation between computed and experimental
results.

The end state corrections only improved results for (5), (7)-(9), and (11),
with (9) being the only sizeable change in the right direction. Compounds (7)
and (9) have some resemblance to the model systems of Chapter [3| as both contain
a lactam functionality. Overall, applying the end state corrections decreased the
RMSE from 8.01 to 7.33 kcal/mol; the other correlation metrics were improved
slightly as well (see Table This improvement, however, is mainly driven by the
large correction for (9) from -18.54 to -11.62 kcal/mol, with the experimental value

being —9.61 kcal/mol. Considering the computational effort and the remaining high
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Table 4.6: Statistics for absolute solvation free energies of challenging example
compounds: Root Mean Square Error in kcal/mol, Pearson correlation coefficient,

Spearman correlation coefficient, Kendall rank correlation coefficient and R? of linear
regression.

RMSE [kcal/mol] | Pearson | Spearman | Kendall | R?

transformato 8.01 0.56 0.60 0.49 0.31
Corrected 7.33 0.62 0.79 0.69 | 0.38
Mobley 4.02 0.78 0.69 0.64 0.61

deviation to the experimental values, end state corrections to the SCC-DFTB level
of theory did not result in a significant improvement for Set 2.
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4.4 Concluding Discussion

To put the results just presented, in particular those for Set 2, into perspective,
one should remember that the starting point was poor. The solvation free energies
of all compounds in Set 2 computed with CGenFF deviated significantly from the
experimental values. Adding the end state correction to the SCC-DFTB/MM level
of theory improved the overall results slightly; see the statistical descriptors (RMSE,
Pearson correlation coefficient, etc.) in Table . Nevertheless, the correction pointed
in the wrong direction in numerous instances. Possibly, the most disappointing or
unexpected result was the failure to obtain improvements for the amines (1)-(4).
However, one should also consider that SCC-DFTB was never optimized regarding
predicting ASFEs, so it may well be an inadequate high-level of theory. Finding
an optimal high-level of theory for the calculation of solvation free energies is a
challenging question in itself; see, e.g., Ref. [100]

An important aspect of the present results which should not be overlooked is the
fact that we could compute them in a de facto routine manner. The optimizations
reported in Refs. [83] and [89] were the prerequisite to make such calculations
practical with acceptable computational effort. The equilibrium simulations at the
MM level of theory to obtain starting structures for the switches when computed
on GPUs are so fast as to be negligible (if they are not already available from the
MM alchemical transformations). In solution, a 2 ps switch from the MM to the
SCC-DFTB/MM level of theory requires on average 1 hour and three CPU cores.
Assuming the availability of 100 cores, 200 such switches take approximately 6 hours
in total.

By switching from model systems to a real application, we encountered some
problems which indicate room for further enhancements. One system of interest
is cHEXA , where there are different conformational preferences for the chair con-
formation at the force field and at the SCC-DFTB level of theory. The challenge
here seems twofold: First, are our equilibrium simulations long enough to achieve
representative sampling at the end states? Second, 2 ps switches are (far) too short
so that starting from one level of theory a sufficiently large fraction of switches ends
in conformations which are representative of the other level of theory, leading to
the pronounced bimodal distributions of work values shown in Figure Another,
rather different example is (13) of Set 2. As presented in Table , the end state
corrected result seems to be in slightly better agreement with the experimental
data than the transformato result. As discussed in Results, however, this is the
one system where the deviation 0AA between the JAR and the CROggp results is
sizable (0AA = 2.5 kcal/mol); i.e., the JAR result has a systematic error. Applying
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the accurate end state corrections, either the value obtained with a hybrid charge
intermediate state or using the CROggr results, makes the result point slightly in
the wrong direction. Thus, while the result for (13) of Set 2 is unsatisfactory, it
contains the lesson that one has to ensure correct methodology before searching for
improvements.

Errors resulting from conformational sampling may be an issue for some molecules,
e.g., 13 or cHEXA  but seem unlikely in others, e.g., 1-5. In these cases, either
the SCC-DFTB level of theory is insufficient, and/or some waters must also be
included in the high-level region. Frameworks for such calculations exist [35], but
would require adaptation and extensive testing for such use cases. Thus, different
high levels of theory, such as other SQM methods, computationally affordable QM
methods, or even ML potentials, as well as the use of larger high-level regions all

need to be explored in the quest for more accurately predicted free energy differences.

4.5 Supplementary Material
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CYHE NEW Overlap = 31.31 %

CYHE_572 NEW Overlap = 23.89 %
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Figure 4.6: Work distributions of cHEXA for switching forward and backward, a)

in the gas phase, b) in solution
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Figure 4.7: Work distributions of cHEXA™ for switching forward and backward
when constraining all dihedral angles to remain in the chair configuration, a) in the

gas phase, b) in solution
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5. Summary & Outlook

Work in the groups of Lee Woodcock and Stefan Boresch established the combination
of NEW simulations and JAR as a reliable method for calculating free energy
differences between levels of theory. However, the protocols used, e.g., in Ref. [67],
are too expensive for many applications. The focus and central result of this thesis
is to streamline the existing protocols. It turns out that 200 NEW switches of 2 ps
length each (NSW12000™?) are sufficient to achieve converged results in most cases.
This amounts to a speedup by a factor of forty compared to the work of [67].

In the gas phase, the optimized NSWI2000™? protocol can be used directly. In
aqueous solution, attempting to go directly from the MM to the SQM /MM level
of theory may lead to erroneous results. Prolonging the switching length from 2 to
5 ps, a non-negligible increase in computational cost, did not always help. Previous
results obtained by Kearns [66] suggested that the source of the poor convergence
was the dissimilarity of the solute charge distributions at the two levels of theory.
This hypothesis was supported by the work reported in [65]. We, therefore, inserted
an intermediate state, described by the regular force field terms, but with averaged
Mulliken-like partial charges. Three such approaches were tested; the so-called
MULL(solv) hybrid intermediate charge state had the best “price/performance”
ratio. In this approach, 200 snapshots stored during the MM simulation of the
solvated system, a calculation which is needed anyway, are re-evaluated at the
SQM/MM level of theory and the extracted Mulliken charges are averaged. Starting
from the MULL(solv) hybrid charge intermediate state, the SQM /MM final state
can be reached without convergence problems using the NSWI2000" protocol. In
other words, switches of 2 ps length are sufficient. The savings in computation time
compared to, e.g., having to use 5 ps switches more than compensates for the need
to also compute AAMMGMULL “the free energy difference between the initial force
field description and the hybrid charge intermediate state.

The search for the optimized NSWI2000"“ protocol was accompanied by anal-
yses aimed at understanding the sources of slow and/or poor convergence. Using
techniques motivated by computational spectroscopy [101], we could show that a
minimum switching length of 5 ps is required when trying to go directly from the
MM to the SQM/MM level of theory. The same analysis indicated that 2 ps is
sufficient when the starting point is a suitable hybrid charge intermediate, such as
the MULL(solv) state. These findings justify the conclusions drawn in Ref. [60],
which were mostly conjectures at that time. We also developed methods to quickly

locate work values in the raw data that deviated significantly from the average, and
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in some cases we could associate unusual work values with particular combinations
of conformational degrees of freedom. This type of analysis proved extremely helpful
in recent work when calculating free energy differences between a system described
by MM and its description by a neural net potential [102].

The NEW switches with the NSWI2000™¢ protocol provide an efficient way to
calculate free energy differences between levels of theory, so it is a good point to
summarize what obstacles have been overcome and what challenges remain. After
Heimdal and Ryde alerted the community that the computation of AAlw—high
was far from trivial [37], Essex and co-workers pointed out that small differences
in average bond lengths and bond angles when describing a system by, e.g., MM
and QM, result in large fluctuations of the energy differences between the two
levels of theory. Such broad distributions of energy differences make it practically
impossible to obtain converged free energy differences by equilibrium methods. [70]
This complication is easily overcome using NEW switching [72), [73, 66, [74], 67, [83], 89].
The NSWI2000™¢ protocol suggested here should be certainly robust enough to
handle any such mismatches, even for relatively large high-level regions.

When using a (S)QM/MM Hamiltonian as the target level of theory, the region
of interest is at the initial state treated by MM and by (S)QM at the final state.
This may lead to a considerable change of the charge distribution which is seen by
the surrounding environment. If, as in the present work, the environment is solvent
water, then it takes a finite amount of time for reorientation to occur. The use of
intermediate charge states, whether these are averaged Mulliken-derived charges or
point charges obtained by some other charge assignment method, provides an efficient
way to accelerate such processes. For the TIP3P water model used in this work, we
could show that 5 ps are needed if one switches directly from the MM level; this time
span can be reduced to 2 ps by using a hybrid intermediate state. These timings may
not hold in all cases, but should provide a reasonable guideline whenever there are
changes in charge distributions in the region of interest of a multiscale Hamiltonian.

The third cause of slow convergence is different conformational preferences at
the two levels of theory. Consider a torsional degree of freedom like the central
dihedral angle in butane. Suppose that because of substituents the relative well
depths of the trans and gauche conformation are shifted. Specifically, let’s assume
that at the MM level, the trans state is the minimum energy conformation, but that
at the target QM level the gauche conformations are actually lower in energy. A
simulation at the MM level of theory will preferentially sample trans conformations;
at the QM level of theory, gauche conformations will be more frequent. Ideally,

when switching from MM — QM, a sufficient number of trans conformers will flip
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into one of the gauche conformations preferred at the QM end state. If, however,
there are high barriers between the trans and gauche minima, very few switching
simulations will result in such a conformational change. Thus, in our hypothetical
example, most endpoints of MM — QM switches will remain stuck in the trans
conformation, i.e., the conformation that is typical for the low level, but rare at
the high level of theory. Work values obtained during such a series of switching
simulations are likely to result in wrong free energy differences. To overcome such
conformational preferences may require very long switching lengths, which will be
impractical because of computational cost for the foreseeable future.

In this work, the model systems were mostly chosen to avoid this third conver-
gence difficulty; nevertheless, we did encounter some instances of conformational
mismatches. For example, for compounds 2 and 7 of the HiPen set, we obtained a
few unusual negative work values. As described in [[.3.3] of Publication [[} there is one
dihedral angle in both of these molecules which is exclusively trans at the MM level
of theory, whereas at the SQM level of theory the cis conformation is possible. The
few switches where a change from trans to cis occurred resulted in the most negative
work values. Given the exponential averaging in Jarzynski’s equation (Equation ,
isolated very negative work values may have a disproportionately large effect on
the result. It is quite interesting to note that similar effects for exactly these two
compounds were also observed when switching from MM to a neural net potential
[102]. In this case, different conformational substates are responsible, but the same
“pattern” was present in both NEW switching calculations.

Another example illustrating convergence problems caused by soft degrees of
freedom is the unrestrained correction simulations for cyclohexane (cHEXA) reported
in[4 First, adequate sampling of all accessible conformations would have required
significantly longer equilibrium simulations at the two levels of theory than were
carried out in Chapter [4] Second, the prevalence of, e.g., the chair conformation
turned out to be distinctly different at the MM and SQM levels of theory. It
is not clear what switching lengths would be required for a sufficient number of
conformational changes to be observed when switching from MM to SQM; 2 ps
switches were clearly far too short. cHEXA, in fact, may prove a challenging test
case for any technique that may help overcome convergence problems caused by
different conformational preferences at the two levels of theory.

To address such sampling difficulties, two principal approaches may be taken: (1)
Ensure adequate sampling both when generating starting configurations for switches,
possibly by using enhanced sampling techniques. Obviously, one has to ensure that

the snapshots to be used as the starting points for the switches are sampled from
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the correct Boltzmann distribution. However, whenever different conformational
substates are preferred at the two levels of theory, then this is not sufficient. In this
case, one also has to “force” an adequate number of conformational changes during
the switches. Relying on such events to “occur by itself” will likely take too much
time. At present, it is not clear whether there exist enhanced sampling methods that
can be applied during NEW switches and how one can reweigh work values obtained
from such biased switches.

The second (2) approach is to also use suitable intermediate states which resemble
the target state regarding conformational preferences. The systems we investigated
in detail [83] 102] differed at most in two dihedral degrees of freedom. In hindsight,
the force field could be easily tweaked to resemble the high level of theory. Such
an approach is very similar to the use of intermediate charge states, and was also
explored in [65]. The challenge, of course, is what to do for systems with more
than two conformational degrees of freedom which may prove problematic and how
to locate potential difficulties before starting the calculations. One possibility is
to systematically modify the force field by an ad-hoc refinement toward the target
level of theory. One such approach, force matching, is explored by the group of Lee
Woodcock [103], 104}, [105].

The results of chapter [4] attempting to improve the computational prediction
of solvation free energies by correcting to an SCC-DFTB description of the solute,
were at best mixed. In some cases, conformational mismatches as just discussed
may have been responsible. In others, e.g., the simple amines (1)-(4), insufficient
conformational sampling seems unlikely to be the reason for the poor results. As all
convergence criteria we usually monitor gave no indications of convergence problems
for these calculations, the only remaining explanation is that SCC-DFTB/MM may
not be a good high level of theory, at least for calculating solvation free energies.
Given the semi-empirical nature of SCC-DFTB, this may not be too surprising. On
the other hand, it has been demonstrated that SCC-DFTB is one of the better SQM
approaches regarding reproducing structures and relative energies compared to DFT
[38, B9, 40]. Since because of the optimized protocols developed here, correcting
free energy differences computed by MM to the SCC-DFTB/MM level of theory is
quite efficient, one might add another correction step to a true DFT level of theory.
This could be done in one step using Zwanzig’s equation or by very short NEW
switches. Nevertheless, further research into which (S)QM/MM methods describe,

e.g., solute-solvent interactions accurately will be needed.
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Abbreviations

AMBER
ASFE
BAR
CHARMM
CRO
DFT
DFTB
FEP

FES

FF
GROMOS
JAR
MAD

MD

MM
NEW
OPLS
PCA

QM

QM /MM
SCC-DFTB
SQM
SQM /MM

TI

Assisted Model Building and Energy Refinement
Absolute solvation free energies

Bennett acceptance ratio

Chemistry at Harvard Macromolecular Mechanics
Crook’s Equation

Density-functional theory

Density-functional tight-binding

Free energy perturbation

Free energy simulation

Force field

GROningen MOlecular Simulation

Jarzynski’s Equation

Mean absolute deviation

Molecular Dynamics

Molecular Mechanics

Nonequilibrium work methods

Optimized Potentials for Liquid Simulations
Principal component analysis

Quantum Mechanics

Quantum Mechanical/ Molecular

Self consistent charge density functional tight binding

Semi-empirical-Quantum Mechanics
Semi-empirical-Quantum Mechanical/ Molecular
Mechanical hybrid methods

Thermodynamic integration
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Abstract

A key step during indirect alchemical free
energy simulations using quantum mechani-
cal /molecular mechanical (QM/MM) hybrid
potential energy functions is the calculation
of the free energy difference AAw=high he-
tween the low level (e.g., pure MM) and the
high level of theory (QM/MM). A reliable
approach uses non-equilibrium work (NEW)
switching simulations in combination with
Jarzynski’s equation; however, it is compu-
tationally expensive. In this study we, in-
vestigate whether it is more efficient to use

more, shorter switches or fewer, but longer

switches. We compare results obtained with various protocols to reference free energy
differences calculated with Crooks’ equation. The central finding is that fewer, longer
switches give better converged results. As few as 200 sufficiently long switches lead
to AAlew=high yalues in good agreement with the reference results. This optimized
protocol reduces the computational cost by a factor of 40 compared to earlier work.
We also describe two tools / ways of analyzing the raw data to detect sources of poor
convergence. Specifically, we find it helpful to analyze the raw data (work values
from the NEW switching simulations) in a quasi-time series like manner. Principal

component analysis helps to detect cases where one or more conformational degrees
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1.1 Introduction

One of the major challenges in chemistry and biochemistry is elucidating thermody-
namics and kinetics of enzyme-substrate interactions at the Angstrém level. Force
field based methods, in particular molecular dynamics (MD) simulations, have be-
come an essential method in this area. They yield coordinates and velocities of
each atom in the system as a function of simulation time and, through statistical
mechanics these raw data, can be connected to macroscopic properties at microscopic
resolution [1I, 2]. One application of particular interest is the calculation of free
energy differences (AA), the principal determinant whether or not a chemical or
biological process will proceed spontaneously [3], 4, [5]. Areas in which free energy
simulations are used routinely include the computation of relative binding affinities
in drug development [6] as well as the calculation of absolute binding affinities [7].
These methods do not only provide predictions of relative or absolute binding free
energy differences, but help to better understand the mechanisms of protein-ligand
[8, 9] as well as protein—protein interactions [10} 11, [12]. Whenever a chemical process
of interest requires electronic scale details that molecular mechanics (MM) force
field cannot provide, the tool of choice is hybrid quantum mechanical/molecular
mechanical (QM/MM) calculations [13], [14], [15] [16], for which the Nobel prize was
awarded in 2013[17]. The need for QM /MM methods arises in many circumstances,
e.g., prediction of pK, values in complex environments, accurate description of metal
ions, and many more [I8, 19, 20, 21]. While free energy simulations (FES) with
MM force fields has become routine, QM /MM calculations remain computationally
demanding, which limits the applicability of QM/MM FES [22, 23]. Furthermore,
several technical tricks routinely used in MM calculations of AA cease to work at the
QM/MM level [24]. Therefore, FES at the QM/MM level of theory at acceptable
cost[25] remains an elusive goal.

One common strategy to circumvent these problems is to employ an indirect
thermodynamic cycle, which takes advantage of the inherent characteristic of free
energy being a state function [24]. Suppose we want to compute a (relative) binding
free energy difference (A)AAx_,y for two ligands X and Y. Instead of computing
the required alchemical free energy differences AA})?ng directly at a high level of
theory, e.g., QM/MM, the alchemical transformation is carried out at a low(er)
level of theory, e.g., MM. The cycle is closed by the calculation of the free energy
differences between the low and high level of theory at the endpoints. So in order to

calculate AA};ﬁby, the direct transformation AAYY,,. and the two correction steps

AA T and AALYT9M need to be computed. While calculating the difficult to

obtain quantity AAQ?%‘Y by means of three simpler and cheaper steps seems enticing,
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the accurate calculation of the correction steps is crucial and often a cause of failure
due to convergence problems and the need for extensive conformational sampling
[26, 27]. Further, the need for QM /MM energy /force evaluation during the correction
steps makes them per se an expensive task.

Alow=high reliably, sometimes

Various approaches to compute the corrections A
referred to as “bookending” corrections, have been suggested [28] 29, 30, [31]. We
showed in previous work that the use of non-equilibrium work simulations (NEW)[32]
leads to converged values for the correction free energies AAYY="i9" where other
approaches fail [33], 34, [35]. Since NEW calculations connecting two levels of theory
can easily become computationally impractical, it is imperative to keep the cost of such
calculations manageable to make real world applications feasible. A related challenge
is to find reliable indicators whether a particular NEW switching protocol has
resulted in converged results.[27]. In the context of classical mechanical interactions,
a large body of work[36] 37, [38], 9] is concerned with optimizing calculations using
Jarzinsky’s and Crooks’[40] relations. Some studies have attempted to tune switching
protocols in NEW simulations [41], 42] [43]. For example, by varying how the coupling
parameter, A, changes during the alchemical FES (rate, as well as shape of the
switching protocol) the average work could be minimized, though the effect on
statistical error and computational cost of the optimized protocols was less clear [43].

In the present context, i.e., when attempting to compute AAY 9" the most
crucial factor is the computational cost of the force/energy evaluations during the
switches since these require calculations at the high level of theory. The overall
mitigating factor is that one needs multiple switches, which are completely inde-
pendent calculations. In other words, the computational cost of NEW switching
simulations is a trivially parallelizable task. This brings up the immediate question:
is it more efficient to carry out a large number of short switches, or does one achieve

Alow=high wwith fewer switches of longer simulation length?

better convergence of A
To formulate a concrete example, which protocol leads to the best converged and
most accurate results: 10,000 switches of 100 MD steps each, 1,000 switches of 1,000
MD steps each, or 100 switches of 10,000 MD steps each? On a single processor, the
computational cost of the three approaches is identical. If one has a large number of
processors/machines available, the first protocol will be computationally the most
efficient; however, it may not give the most accurate/precise result. For classical force
fields, e.g., Hummer showed early on that fewer, longer switching simulations lead to
better convergence and, hence, more accurate results [36]. Recently, Aldeghi et al.
carried out an analysis into this question to optimize protocols for the calculation of

absolute binding free energies when using classical force fields and suggested switching
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lengths of 80 ps.[44] Such switching lengths, however, would be prohibitively costly
when employing QM /MM Hamiltonians; ideally, we would want to carry out NEW
switches of less than a few thousand MD steps. Since switching lengths over fractions
of a picosecond or just a few picoseconds most likely result in endpoints far away from
equilibrium, we wanted to ascertain that the findings of, e.g., Hummer[36] hold when
computing AAPw=high ysing — by necessity — very short switching simulations.
Therefore, finding a good balance between computational efficiency and accuracy of
the results is the primary goal of this study.

In recent work [35] we introduced the “HiPen” test set, a collection of 22 molecules
for which we analyzed the convergence of AAw=hi9h The compounds were selected
from the Maybridge Hitfinder library of drug-like compounds [45] based on several
criteria. In particular, we picked molecules based on the penalty score when assigning
CGenFF 3.0 parameters [46, [47]. Parameter assignment by CGenFF (in particular
dihedral angle parameters, partial charges) relies on molecular similarity. A high
penalty score indicates that no close model compound could be found in CGenFF’s
database; therefore, the resulting parameters should be understood as an ’educated
guess’ only. In the present context, we expected that such “high penalty” force
field parameters, at least for some of these compounds, would make it challenging
to compute the correction AAY=high even with NEW based switching methods.
Based on the convergence and agreement with reference results, the compounds were
classified as “good”, “bad,” or “ugly”. In Ref. [35] a single switching length was used,
based on previous experience with model compounds. Similarly, a large number of
switches (10,000 per AAlow*high) were carried out in an attempt to ensure convergence.
Thus, our starting point is to see whether this protocol can be optimized, in particular
whether comparable results can be achieved at significantly lower computational
cost by varying switching length, number of switching simulations, or both. As in
Ref. [35] we only compute AAw=high for the individual test molecules in the gas
phase.

When initially using the simulation protocols described in Ref. [35], we observed
a few discrepancies to our earlier results. This prompted us to search for ways to
discern and understand factors hindering convergence. In particular, we devised
two approaches / tools which not only helped us resolve the deviations from the
earlier results, but which are generally useful to spot problems when attempting to
compute free energy differences between two levels of theory. First, the raw data
needed for Jarzynski’s equation [32] are the work values of changing the Hamiltonian
from the low to the high level of theory (cf. Theory and Methods). A priori, there

is no temporal ordering in these work values. However, the switching simulations
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are started from restart files generated from equilibrium simulations at the low of
level theory; thus, there is temporal ordering how the starting points were generated.
Plotting the work values as if they formed a time series helped us detect that in
some cases our equilibration simulations had been too short.

Second, even after repeating the affected calculations with a longer equilibration,
for some systems we still observed a (very) small number of switches with outlying
work values (i.e., work values deviating significantly from the mean). When we
analyzed convergence problems in earlier work [33] B34], we always found strong
indications that these were caused from different preferred conformational substates
at the two levels of theory. Investigating such effects systematically quickly becomes
difficult once multiple dihedral angles are involved. A possibly helpful tool is principal
component analysis (PCA) [48], widely used in multivariate data analysis, which not
only detects correlations between multiple independent variables, but also displays
the relative contribution to the variance for each variable (loadings) in a predictive
way. We, therefore, explored whether PCA makes it possible to identify problematic
conformational degrees of freedom, e.g., dihedral angles, in a semi-automatic manner.

The remainder of the manuscript is organized as follows. In Theory and Methods
we first summarize the theoretical background and introduce the model systems used
for validation. Next, we present the technical details of all simulations carried out.
Then, we describe the quasi-time series approach to analyze work values from NEW
simulations, as well as our use of principal component analysis (PCA). In Results we
begin by first showing data obtained based on the protocols from the original HiPen
study [35] and analyze cases where convergence was unexpectedly poor using the
quasi-time series approach. This led to the use of extended equilibration simulations
and the final optimized protocols. We conclude by presenting illustrative results

obtained by PCA.

1.2 Theory and methods

1.2.1 Theoretical background

The focus of this study is the free energy difference between two levels of theory,
as needed in indirect cycle QM /MM FES. As in our previous work [33] [34, [35], we
chose MM as the low level, and the semi empirical (SQM) SCC-DFTB method [49]
as implemented in CHARMMI50] as the high level of theory. Our aim is to compute
AAMM=SQM aq accurately as possible while keeping the computational cost low.
To obtain these free energy differences, we employed non-equilibrium work (NEW)

simulations, using primarily Jarzynski’s equation [32]:
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_WMM—=SQM
b MM

In Eq. ky is Boltzmann’s constant, T the temperature, and W is the work
required to change the Hamiltonian from MM to SQM, obtained from, as we call
them, “switching simulations”, often only referred to as “switches”. As required by
the theory behind Eq. switches were started from restart files written at regular
intervals during an equilibrium simulation at the MM level of theory at constant
temperature and volume, hence the subscript MM. The averaging, indicated by the
angular brackets (), was carried out over the work values obtained from N,.cpiicate
switches. This was one of the parameters we varied systematically, the other being
Nywiten, the number of MD steps used per switch (cf. below).

In Ref. [35] results calculated with Eq. [[.1] were not always converged. Thus, as in
previous work [33], 34], 35], we used Crooks’ equation[40] to obtain reference results.
The superiority of Crooks’ relation to reliably compute free energy differences when
there is low overlap between distributions of forward and backward work values,
i.e., situations when Jarzinsky’s equation is expected to converge poorly, is well
documented in the literature.[39, [37, 38, B6] To use Crooks’ relation, equilibrium
simulations at the high level of theory, as well as switches from the high to the
low level of theory (W"¥h=w) are needed. While this is too expensive for most
practical applications, it is relatively affordable when using SQM as the high level of
theory, permitting us to get reliable reference values for AAMM=5QM Fyrthermore,
several convergence criteria permitting one to estimate the quality of results obtained
by Jarzynski’s equation require the knowledge of the distribution of forward and
backward work values (see also |A)) [27, 135, 511, 37].

1.2.2 Choice of model systems

We already described the HiPen test set in the Introduction. The classification of
a molecule as “good”, “bad” or “ugly” in Ref. [35] meant that use of Jarzynski’s
equation was sufficient to obtain converged results for AAMM=SQM (“g60d"), was not
sufficient, i.e., only Crooks’ equation worked (“bad”), and even use of Crooks’ equation
did not work (“ugly”). As it seemed futile to attempt optimizing calculations where
we encountered convergence problems even when using a very elaborate protocol, in
this study we focused primarily on the “good” compounds from Ref. [35]. Therefore,
all “good” compounds plus one “bad” compound 21 from the full HiPen set were
picked as the test pool for this study.

These compounds are shown in Figure To ease comparison with Ref. [35]
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Figure I.1: Subset of HiPen Dataset considered in this work. Dihedral angles, which
were candidates for randomization and analysis, are labeled.

we keep the compound IDs used there. The figure also indicates and labels some
dihedral angles which we considered to have an influence on the results. Where
possible, the dihedral angle labels used in Ref. [35] were kept. Some additional details
about the compounds, such as total number of atoms and number of heavy atoms,

as well as the respective offset which was subtracted from all AAw=hi9" yegults, can
be found in Table [A.T] of [Al

1.2.3 Simulation details

All simulations were carried out with CHARMM (developmental Version 44a2) [52].
All simulations were carried out in the absence of solvent, neither implicit, nor

explicit (i.e., gas phase simulations).

Generation of starting points for non-equilibrium switches

Preparation and initial equilibration: Geometry optimized starting coordi-
nates, molecular topologies files and force field parameters were taken from the freely
available repository of the HiPen Dataset!] For each molecule shown in Figure

'DOI:10.5281 /zenodo.2328952
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eight starting coordinates were generated as follows: Rotatable bonds were ran-
domized, then the coordinates were minimized for 1,000 steps using the adopted
basis set Newton Raphson method [53, [54] while restraining the dihedral angles to
the respective random values (harmonic dihedral restraints with a force constant of
100 kcal mol*rad?). After removing the restraints, Langevin dynamics (LD) was
carried out to equilibrate the system at both the MM and SQM levels of theory. A

! was applied to all atoms and random velocities were

friction coefficient of 5 ps™
assigned at each step corresponding to a temperature bath of 300 K. Following the
initial protocol from Ref. [35] the length of this equilibration simulation was 10 ps.

For five compounds, 2, 7, 10, 12 and 21, all simulations described below were
repeated using a more elaborate equilibration protocol. First, the length of the
equilibration simulation was extended to 5 ns in the MM case and 500 ps in the SQM
case. Second, for compound 7, the randomization of dihedral angles was modified
compared to Ref. [35]. In Figure of , we show the dihedrals and their labels
considered by Kearns et al. and compare them with the present work. As one can
see, choosing ¢ Figure ) simply was an oversight; there is no point in
randomizing a dihedral angle in a heterocycle. Similarly, randomizing Xgld can lead
to an isomerization around the C=N double bond (cis <+ trans), which for oximes
does not occur under the simulation conditions [55]. Thus, we chose not to randomize
these two dihedrals in the modified equilibration, prompting the change in labeling
for the dihedrals (cf. Figure of . For 7, this left a single dihedral angle (i.e.,

x93 in the old, x; in the new labeling scheme) as a candidate for randomization. To

understand the implications of randomizing x; (x3'¢), we calculated potential energy
scans at the MM and 30B levels of theory (see Figure of . The global minimum
for dihedral y; is at +180°, with a secondary, local minimum at 0°. Given that there
are two minima, randomizing y; is an option. However, as the potential energy scans
(see Figure of [A]) show, the barriers separating the two minima are high, and it
seems unlikely that adequate sampling according to their Boltzmann weight would
occur during the simulations. For this reason, we decided not to randomize y; it’s
initial value was set to 180°. Note: the dihedral angle x5 indicated in Figure |[.1]| for
compounds 2 and 7 was never considered for randomization; it is included in the

figure because it turned out to be relevant for analysis.

MM simulations: 8 LD simulations were carried out, starting from the eight
coordinate sets obtained by the preparation and initial equilibration procedure just
described. On top of the different coordinates, random initial velocities were assigned

in each of the simulations. The simulation length was 10 ns, i.e., 10 million LD steps
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with a time step of 1 fs. Restart files were written at every 1,000th step. Thus, during
a cumulative simulation length of 80 ns, 80,000 restart files were saved, serving as
the pool to carry out non-equilibrium switching simulations to the high (SQM) level
of theory. The molecules were fully flexible, and nonbonded interactions were not

truncated (“infinite” cutoff radius).

SQM simulations: For each of the eight starting structures equilibrated at the
SQM level of theory, a LD simulation of 1 ns (1 million steps with a time step of
1 fs) was carried out. Restart files were written every 100th step, thus resulting in a
total of 80,000 restart files generated during a cumulative simulation length of 8 ns.
The self-consistent-charge density-functional tight-binding method as implemented
in CHARMM [50] with the 30b-3-1 parameter set [}| [56, 57, 58, 59] was used.

Non-equilibrium work simulations:

Using the restart files written during equilibrium simulations at the MM and SQM
levels of theory, non-equilibrium switches MM—SQM and SQM—MM were carried
out. As described in detail in earlier work [33], the mixing of Hamiltonians was done
with the MSCALE functionality of CHARMM [60] and the work value W during
the switch was accumulated with CHARMM’s PERT module[52] in slow-growth
mode. The time step during the switching simulations was 1 fs. The Hamiltonian
was changed linearly from MM to SQM (“forward”) and SQM to MM (“backward”)
during a period of 200 fs (200 steps, NSWI200), 500 fs (500 steps, NSWI500), 1000 fs
(1,000 steps, NSWI1000) and 2000 fs (2,000 steps, NSWI2000); cf. Table [.1 A
“reduced” protocol, in which we used only a quarter of the switches generated for
NSWI2000, is referred to as NSWI2000r.

Depending on the switching length, Ngen, the non-equilibrium simulations were
launched only from every 10" (NSWI1200), 25" (NSWI500), 50" (NSWI1000) and
100" (NSWI12000) restart file saved during the equilibrium simulations. This results
in the number of switches summarized in Table [LIl Switches were carried out in
both the forward and backward direction. While the focus of this work is on the
forward (MM to SQM) direction using Jarzynski’s equation (Eq. [[.1)), the backward
work values were needed for histograms and densities of work distributions in the
two directions, as well as to compute reference values using Crooks’ equation. The
densities, as shown, e.g., in Figure[[.2] were calculated with R (version 3.4.4) [61] using
the built-in density () function based on kernel density estimation, without adjusting

the bandwidth manually or giving any additional parameters (density.default) [62]

Zhttps:/ /www.dftb.org/parameters/download/30ob/30b-3-1-cc/
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Table I.1: Combinations of switching length Ny, in fs and number of switches
(Nyepticate) studied. Except for NSWI2000¢, in which a reduced subset of the
NSWI2000 data was used, the cumulative length of all switching steps tipa is
identical in all cases to keep computational cost constant. The column 'Blocksize’
indicates the number of switches started from restart files saved during each of the
eight equilibrium simulations carried out for each system.

Nswitch [fS] Nreplicate Blocksize tt‘otal [HS]
NSWI200 200 8000 1000 1.6
NSWI500 500 3200 400 1.6
NSWI1000 1000 1600 200 1.6
NSWI12000 2000 800 100 1.6
NSWI20007¢ 2000 200 25 0.4

63, 64, [65], 66].

The major goal of this study is to search for an optimal combination of switching
length Ngyier, and number of switches Nyepiicate, O, phrased differently, to answer the
question whether it is better to use many short switches or fewer longer switches.
The combinations of Ngyiter, and Nyepricate listed in Table make possible such a
comparison as the cumulative number of simulation steps is identical for each of the
four cases; i.e., on a single processor the computational effort would be identical.
In the following, the shorthands NSWI200, NSWI500, etc. will not only be used to
indicate switching lengths of 200 fs, 500 fs, etc., but to denote the respective protocols
(combination of switching length and number of switches) shown in Table [L.1]

I.2.4 “Quasi time series” analysis

The distribution of work values obtained from forward and backward switches is
often far from Gaussian; quite frequently it is even multimodal. A prototypical
example is shown in the top plot of Figure [[.2} the data are for molecule 2 using the
10 ps equilibration simulation. The red circles indicate two clusters of work values
which are noticeably more negative from the mean W (green line). The red line
indicates W — 30; consequently, more negative work values are expected to occur
rarely. Since highly negative work values have a significant weight in Jarzynski’s
equation Eq. [[.1 they might be responsible for systematic deviations between results
obtained by Jarzynski’s and Crooks’ equation, respectively, or be the reason for slow
convergence.

From a distribution of work values, details about outliers leading to additional

modes and/or shoulders in the main mode are difficult to discern. Ideally, the work
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values one uses are statistically independent. In the present work, the NSWI200
switches were started from restart files written in 10 ps intervals, for the NSWI2000
switches the interval was 100 ps (cf. above). When computing the average in
Jarzynski’s equation the ordering of the work values is irrelevant. Nevertheless, the
generation of the restart files introduces a partial temporal ordering. The eight
simulations during which the restart files were written are indeed statistically inde-
pendent (different initial velocities and coordinates). Within each of the simulations,
however, restart files were written out in order and statistical independence cannot
be guaranteed. We, therefore, decided to treat and plot our data (work values) as if
they formed a time series.

This is shown in the bottom plot of Figure [.2] The eight “sections” separated
by thin gray lines correspond to the eight independent simulations during which
restart files were written, we refer to these as “blocks”. Within such a section/block
the work values are plotted in the temporal order in which the restart files were
saved. The example shown in the figure is for the NSWI2000 data, i.e., 100 switches
were started from the full set of restart files saved during the respective equilibrium
simulation. Rather than resetting the counter between independent simulations, we
number the switches from 1-100 for the first simulation, 101-200 for the second
simulation etc., as shown on the x-axis of the plot. We refer to this representation of
the work values as a “quasi time series”. As in the density plot (top of Figure ,
W is indicated as a green and W — 3¢ as a red line. Plotting the data in such a
manner automatically leads to a simple labelling scheme for the individual switches;
e.g., switch 341 is the 41th NSWI2000 switch started from restart files saved during
the fourth out of the eight independent equilibration simulations.

A plot as shown at the bottom of Figure now makes it straightforward to
pinpoint the switches leading to the effects reflected in the corresponding density plot.
In particular, one can easily identify four work values (highlighted by green circles),
which deviate from W by more than 3¢. In the following, we will often refer to work
values with W < W — 3¢ as ‘outliers’. The threshold W — 3¢ is somewhat arbitrary,
but it is an easily applied criterion to automatically detect and flag highly negative
work values. The occurrence of such ‘outliers” does not indicate that something
is wrong; given a sufficiently large number of NEW switches, such negative work
values are to be expected. Nevertheless, it may be insightful to understand why
a particular switch (switching path) results in a significantly more negative work
value. In the quasi time series in Figure one further sees two regions with work
values somewhat more negative than W; these are responsible for the slight shoulder

towards more negative work values in the main peak of the distribution of work
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Figure 1.2: Top: example of a non-Gaussian distribution of MM — SQM work
values W. Additional modes of more negative work values are circled in red. The
average work value W is indicated by a green line, W — 3¢ by a red line. Bottom:
the same data displayed as a “quasi” time series, green and red lines indicate W and
W — 30 as before. Individual switches with work values deviating by more than 3¢
are highlighted by green circles. All work values are in kcal/mol.

values.

I.2.5 Principal component analysis (PCA):

To investigate the factors resulting in outliers, we used principal component analysis
(PCA). As raw data we used the work values and selected values of dihedral angles
(cf. Figure [[.1)) before (x?"®) and after the switch (x?**"). PCA was carried out with
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R (version 3.4.4) [61] using the built-in pcrcomp() function, which calculates the
principal components via singular value decomposition, either on the unscaled or the
scaled data matrix [62] 67, [66]. Scaled PCA was employed for collective variables with
different value-regimes (e.g., work values W and dihedral angles x;); the unscaled
version was used when including dihedral angles only. To gauge consistency, the
cumulative sum of the principal components’ variance quantity was always calculated.
Generating the input for the PCA is trivial and the computational effort is negligible.
The work values are available anyways, and the CHARMM input scripts for carrying
out the switching simulations were modified to save selected dihedrals before and

after the non-equilibrium molecular dynamics run.

1.3 Results

I.3.1 Optimization of switching simulations
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Figure 1.3: 6AA (Eq. for the results of the forward switching simulations (MM
— SQM) using the original equilibration protocol as a function of switching length.
Some values are off-scale; Figure in @ shows the same data including all values.

Figure shows the results of the NEW-switching simulations in the forward
(MM — SQM) direction obtained with the original short equilibration protocol. Each
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data point represents the difference

SAAMM=SQM _ AAJJ\QA}{?SQM _ AA]\C/[]%ﬁSQM (1.2)

between the free energy difference obtained by Jarzynski’s equation AAJMA%_)SQM

for a particular switching length and the best reference result obtained by Crooks’
equation AA]g %ﬁSQM. Figure in |Alis identical to Figure |[.3| but also includes
error estimates. For detailed results of all conducted switching lengths, including
convergence metrics, see supplementary material Tables IA.6. These tables also
list the results obtained by Crooks’ relation for the switching protocols of different
length; as one can see, there is almost no variation with switching length, indicating
that these results are well converged. Some results are not included in Figure as
they are off-scale (specifically the NSWI1000 result for 7 (0AA = —1.6 keal/mol, and
all results for 21 (0AA = -6.1 kcal/mol, -4.6 kcal /mol, -3.3 kcal/mol and -1.0 kcal /mol
for NSWI200, NSWI500, NSWI1000 and NSWI2000, respectively); these will be
discussed shortly.

One can clearly see that in most cases the longest switching protocol (NSWI2000,
green diamond) is closest to the respective reference result. Illustrative examples
are, e.g., 3 and 4, where in terms of 0AA, NSWI2000 < NSWI1000 < NSWI500
< NSWI200; i.e., using 800 switches of 2000 fs leads to better results than 1600
switches of 1000 fs etc. The ordering is not always perfect; e.g., for 11 the NSWI500
result is slightly better than NSWI1000; nevertheless, the lowest-magnitude A A is
obtained with the NSWI2000 protocol. While there are exceptions (2, 7, 10 and 21),
which will be analyzed next, Figure strongly suggests that it is more efficient to
conduct fewer longer switches than many short ones. In most cases, 800 2ps switches
delivered a more reliable result than 8,000 200fs switches while requiring the same
computational effort.

To better understand the problematic cases, we present more detailed plots of
dAA as a function of switching length. In Figurdl.4] we plot dAA vs. Ngiten for
compound 12, our reference which has ideal behavior, as well as for three of the four
outliers 2, 10 and 21. These represent different “types” of deviation. The fourth
outlier, 7, behaved somewhat similarly to 2. Both 2 (Figure [[.4b) and 7 do not obey
the general trend that increasing switching length reduces dAA. For 2 NSWI1000
gives an almost perfect result whereas the longer NSWI2000 protocol deviates from
the reference result by almost as much as NSWI1200 and NSWI500. In the case of 7
NSWI500 and NSWI2000 perform well, but NSWI1000 deviates significantly from
the reference result. Compound 10 exhibits the curious behavior of a systematic

offset compared to the reference result, which does not become noticeably smaller
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Figure 1.4: Detailed dependence of dAA on switching length for a) compounds 12
b) 2 and 7, ¢)10 and d) 21.

as the switching length increases and remains at 0.4 kcal/mol even for NSWI2000
(Figure [[L.4). Finally, at first glance 21 behaves as expected (Figure [.44); i.e., JAA
becomes smaller as the switching length increases, but even when using switching
lengths of 2 ps, the deviation to the reference result remains unacceptably high
(=~ —1 kecal/mol). In principle, the result for 21 was not surprising as it was classified

as a bad compound.

I.3.2 ”Quasi time series” analysis of switching simulations

Our starting point to understand why the results for compounds 2, 7, 10 and 21 failed
to improve when increasing Ngyitern Was to scrutinize their forward and backward
work distributions. For all of them, the distributions were far from Gaussian, and
in all cases there was a non-negligible number of switches with distinctively more
negative work values. An illustrative example is shown in Figure [[.2] Since these
outliers have high weight in Jarzynski’s equation, these were likely responsible for
the systematic deviations of the forward results from the reference values obtained
using Crooks’ equation.

An obvious question to ask is whether these outliers occur at random, or whether
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there is some correlation to the order in which the starting coordinates (restart files)
for the switches were generated. Therefore, as described in the subsection “Quasi
time series” Analysis, we plotted the work values as a quasi time series. Illustrative
examples for the initial simulation protocols (Ngyitern, = 2000) are shown in Figure
for 10 and Figure for 21. The eight blocks of data (restart files) are marked by

the vertical gray lines.
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Figure 1.5: Quasi time series of Compound 10 plotted as W [keal /mol] for the 2000 fs

switches vs. switch index, concatenating the underlying equilibrium simulations for
a) the original protocol and b) for the modified protocol.
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Figure 1.6: Quasi time series of Compound 21 plotted as W [kcal/mol] for the 2000 fs
switches vs. switch index, concatenating the underlying equilibrium simulations for
a) the original protocol and for b) the modified protocol.

Focusing on negative outliers, work values W; < W — 3oy (see the —30 line in
red in Figures and , one notices that they occur often at the beginning of a
replica, i.e., at the beginning of one of the eight independent sets of starting points.
E.g., for 10 there are outliers near switch number 400, 500 and 700 (see Figure ),
and for 21 there is a sizeable number of switches with significantly more negative

work values starting at switching number 0, as well as few values near switching
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number 500 (see Figure ) In other words, several switches started from restart
files generated early during the respective equilibrium simulation at the MM level
of theory led to unusually negative work values. Note that this is not always the
case, e.g., for 10 several switches after switch number 560 also give low work values
(see Figure ) This observation prompted us to scrutinize our protocol for system
preparation and equilibration (cf. Generation of starting points for non-equilibrium
switches), and we repeated the full sequence of simulations for 2, 7, 10 and 21 with
the (much) longer equilibration simulations following the random dihedral angle
assignment. To ensure that this did not affect the unproblematic cases, the longer

protocol was also applied to 12.

Table .2: MAD (Mean Absolute Deviation) and RMSE (Root Mean Square Error)
of results obtained from forward switches and Jarzynski’s equation compared to
Reference result (CRO) including corrected results for 2, 7, 10 and 21.

MAD [kcal/mol] | RMSE [kcal /mol]
NSWI200 0.27 0.31
NSWI500 0.08 0.09
NSWI1000 0.08 0.09
NSWI2000 0.04 0.05
NSWI2000%d 0.06 0.08

The effect on the quasi time series of the work values is displayed for 10 and
21 in Figs. and [[.6p, respectively. For 21 all negative outliers have effectively
disappeared, for 10 their occurrence is much rarer. While we do not show the plots
for 2 and 7 (see Figs. , in , the overall picture is very similar. Occasional
negative outliers, work values with W; < W — 3oy, remain, but their frequency
is reduced. The modified protocol has a dramatic quality of the overall results,
as can be seen in Figure and Table [.2] Now, the longest switching protocol
NSWI2000 leads to the lowest deviation dAA from the reference in almost all cases;
any deviations, such as for 7, where AA(NSWI1000) < dAA(NSWI2000), are so
small as to be irrelevant in practice. Most surprisingly, 21 for which we had obtained
large 0AA values for all switching lengths, in line with its initial classification as
“bad”, is now “perfectly behaved”. Full results for all compounds repeated with the
longer equilibration protocol can be found in Tables of [A] and Figure
in [A] shows the data in Figure [[.7] with error bars. Figure of [A] displays the
convergence behavior as a function of switching length, analogously to Figure [[.4]
above, for 12, 2, 10 and 21.

Having identified the NSWI2000 protocol as the most reliable method to compute
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Figure [.7: A A calculated as the difference between two sided method CRO and
one sided method JAR for switching forward(M M — SQM) after correcting the
equilibration period for 2, 7, 10, 12 and 21 from 10 ps to 5 ns for MM and from 10
ps to 0.5 ns for SQM after random dihedral assignment procedure.

free energy differences A Alow=high

using Jarzynski’s equation, we attempted to reduce
the computational effort further. Specifically, we lowered the number of switches
per block from 100 to 25, i.e., using Nyepiicate = 200 instead of 800. These results
are labeled NSWI2000™? and are included in Figure [I.7| (green stars) and Table .
While the MAD of NSWI2000™¢ is slightly larger than for NSWI2000, it is still
smaller than MAD(NSWI1000) at one quarter of the computational cost. As can be
seen in Figure [[.7, most JAA values remain almost unchanged though, e.g., for 2
there is already some deterioration.

The use of quasi time series analysis suggested corrections to our simulation
protocol and dramatically improved the convergence of the computed AAMM—=SQM
values. Nevertheless, as one sees, e.g., in Figure [[.5p, even when employing the longer
equilibration protocol some work values remain outliers, based on our criterion of
deviations by more than three standard deviations from W. In principle, consid-
erably more negative work values could bias the free energy difference computed
by Jarzynski’s equation. To check whether this is the case here, we recomputed

A Alew=high ysing Jarzynski’s equation for 2, 7, 10, and 21. The results for the work
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values from the NSWI2000 and NSWI2000" switching protocols with the outliers
present or removed are shown in Table

Table 1.3:  Outlier Impact on JAR(fw) for 2, 7, 10 and 21 for NSWI2000 and
NSWI2000*¢ with and without outliers. The results are displayed as dAA in
kcal/mol, similarly to Figure [[.3 and Figure [[.71 Noytiers is the number of outliers
identified in the time series like analysis in the NSWI2000 and NSWI12000"¢ raw
data. A * denotes results obtained with all outliers excluded from the calculation.

NOutliers 0AA
NSWI2000 NSWI2000™¢ | NSWI2000 NSWI2000* NSWI2000* NSWI2000"*
2 4 0 -0.14 0.26 0.24 0.24
7 4 1 -0.07 0.10 0.08 0.10
10 4 1 -0.06 0.12 -0.06 0.09
21 ) 1 0.01 0.04 -0.05 0.01

For 7, 10, and 21, the difference in A A with and without the outliers is less
than 0.2 kcal/mol, which is negligible in practice. The free energy difference is shifted
slightly to more positive values, as expected. For each of these three compounds,
the reduced set of work values NSWI12000%? still contains one of the outliers. For 2,
the difference between the NSWI2000 (outliers included) and NSWI2000* (outliers
excluded) results is 0.4 kcal/mol. While not negligible anymore, this is most likely
still acceptable. More importantly, however, for 2 the reduced NSWI2000*¢ set does
not contain a single outlier. As seen in Figure [[.7, 2 is the single case where using
just 200 work values affected the result noticeably; this is the result of the reduced

data set incidentally not containing any of the 'outliers’.

1.3.3 PCA of switching simulations

In earlier work [34], B5] we showed that different conformational preferences at the two
levels of theory had a noticeable impact on convergence. It, therefore, seemed likely
that the outliers in terms of more negative work values were somehow correlated with
dihedral degrees of freedom. We used PCA to investigate this question systematically
and to identify the specific degree(s) of freedom responsible. As described in Principal
Component Analysis, our input variables are the dihedral angles considered relevant
before and after the switching simulations (see Figure , as well as the work values
themselves. In the following we focus on compounds 2 and 7. For both systems,
even using the extended equilibration protocol, we obtained isolated outliers in the
work values (deviating by more than 3o from W).

Results of the PCA analysis for 2 are summarized in Figure |[.8 The data shown
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Figure 1.8: PCA of compound 2 plotted as PC1 vs. PC2 for the longer equilibration
protocol as a) scaled version and b) unscaled version. Outliers are labelled explicitly
and marked by red triangles (rather than green dots) according to the predefined
outlier criteria (deviations less than W — 3¢ for a), and |x5**"| — 3¢ for b), cf. Quasi
time series analysis).

are for the final, long equilibration protocol; the plots for the original protocol can
be found in [Af (Figure . The corresponding quasi time series analysis is shown
in Figure of [A] Figure is the scaled PCA, in which dihedral values xi,
x2 and work W were used as inputs. For the dihedral angles we distinguish the
values before (denoted as xP™¢) and after (x?°**) the switch. Highlighting of outliers,
colored in red rather than green, and with explicit labels added, was done in an
automated manner during the calculation/plotting of the PCA results according to
the predefined criteria with respect to deviation from W or |x5°*|; cf. Quasi Time
Series Analysis. The arrows in the plot are the loading vectors describing which
feature of the input data correlates with the calculated principal component and in
which way (positive/negative).

We start with the scaled PCA plot for 2 shown in Figure [[.8a. Four switches
(322, 605, 653, and 668) behave very differently; based on outlier criterion W — 3o
they were colored in red automatically. These are exactly the switches which can be
easily discerned in the quasi time series analysis; see Figure ) in . The four
switches are located in the opposite direction of the loading vector for W indicating

post

an unusual negative deviation of the feature W. Besides W, x5~ has the largest

loadings vector among all the variables, suggesting that this conformational degree
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of freedom may be of relevance as it accounts for a large proportion of the variance.
In the unscaled PCA, shown in Figure , we used |x5”"| — 3¢ as the criterion for
outlier detection (cf. Quasi Time Series Analysis). The only switches highlighted by
the automated coloring are 322, 605, 653, and 668. This demonstrates that the four
negative values in W are correlated and, possibly caused, by their x5 value.
Practically all switches from MM to SQM result in a 5> values around +180°
(green dots), meaning that the dihedral angle about the N-O bond is in the trans
configuration. By contrast, the four outliers (colored in red) have x5°* values of
approximately 0°. In other words, these switches end in a cis configuration around
the N-O bond. Thus, for compound 2 PCA not only detects the outliers, but

immediately makes clear how these switches differ from the rest.

-0.04

740/‘.
-0.04 0.00 0.04 -0.04 0.00 0.04
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Figure 1.9: PCA of compound 7 plotted as PC1 vs. PC2 for the longer equilibration
protocol as a) scaled version and b) unscaled version. Outliers are labelled explicitly

and marked by red triangles (rather than green dots) according to the predefined

outlier criteria (deviations less than W — 3¢ for a), and |x5**'| — 30 for b), cf. Quasi

time series analysis).

Plots for the PCA of compound 7 when using the modified protocol are shown
in Figure [.9. The corresponding quasi time series and the PCA for the switches
obtained with the original protocol can be found in Figs. and of [A] Some
similarities to 2 are expected as both molecules have an oxime moiety in close
proximity to a hydrogen bond acceptor. Figure shows the plot of the first two
principal components for the scaled PCA. Labelling and coloring in red switches
based on the W — 3¢ criterion identifies the four outliers which can also be discerned
in the quasi time series plot (Figure in . As for 2, these four switches are
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located in the opposite direction of the loading vector for W. In this case, the loading
vector W has the smallest magnitude of all the variables, thus contributing the least
to the variance. On the other hand, the correlation with x5 is even more obvious
because the corresponding loading vector points almost in the same direction as for
W, indicating, that both variables contribute in the same way to the variance (both
variables contribute positively to PC1 and PC2). However, the magnitudes of the
loading vectors for xi, both pre and post, as well as x5 are quite similar, indicating
that all angles contribute equally to the variance. Two of the outliers, which were
colored automatically in red, are reasonably well separated (253 and 740), whereas
152 is located in a cluster of “normal” switches and 484 is in close proximity to one.
Studying the quasi time series (Figure ) of , one sees that 152 barely triggers
the outlier criterion, which may explain the overlap with other switches. Overall,
however, in the case of 7 the outliers are not as well separated as for 2; the ability
to color them automatically is needed.

Figure shows the first two principle components of the unscaled PCA.
Applying the |¥5”*| — 3¢ criterion identifies all four switches already discerned in
Figure [.9h. Analogous to what was observed for 2, all switches start with x5

around £180°, and the four switches ending with x5 values around 0° result

in unusually negative work values. While the outliers (with respect to x5 are
somewhat separated from most of the other switches, they would be difficult to
discern without the automatic coloring. Nevertheless, PCA facilitated the task
considerably. In the scaled PCA, outliers are flagged, i.e., colored in red, based
on the W < W — 30 criterion, and consideration of the loading vectors strongly
indicated to analyze the role of 5. Moreover, it is straightforward to exclude
other possibilities by applying the |y| < |x| — 30 criterion to the remaining dihedral
degrees of freedom. If one does this; very different switches, with work values close
to W, get flagged. This shows that these degrees of freedom are not related to the
occurrence of a highly negative work value. Since we use PCA as implemented in R
(cf. Methods), these analyses can be carried out interactively and can be automated,
at least to some degree. In this manner, such an analysis can be carried out in a
short amount of time, even if more than two dihedral degrees of freedom need to be
considered.

The analysis of both 2 and 7 indicates a strong correlation between the dihedral
angle about the N-O bond after the switch and negative work values (W < W —3ay).
As pointed out in earlier work [34] 35], even when using NEW methods configurational
mismatches between the different levels of theory are a possible reason for convergence

problems. While in this specific case the convergence of the result was not affected
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significantly (see Table , the PCA analysis suggests that there are different
conformational preferences at the low and high level of theory. A more detailed
analysis of configurational sampling about y, at the two levels of theory, i.e., of the
production simulations during which restart files were generated, shows that at the
MM level of theory the cis-configuration about the N-O bond of the oxime moiety
present in 2 and 7 is never sampled. By contrast, at the SCC-DFTB level of theory
values of |x5 | < 53° were observed = 13% of the time.

The rare forward switches, during which a trans — cis configurational change for
X2 occurs, lead to untypically negative work values. As just said, ys values around
0° are sampled at the SQM level of theory; therefore, such conformational changes
during the switch are not artifacts. The remaining question is why they result in
more negative work values. In Figure of [A] we show a potential energy scan as
a function of the x; and x, angles for 7 at the MM level of theory (A = 0), the
midpoint between MM and SQM (A = 0.5) and the SQM level of theory (A = 1).
At the SQM endpoint, ys values of +£180° and 0° are quite close energetically,
although yo = £180° is the global minimum conformation. The comparison of the
three energy surfaces shown in Figure of [A] suggests the following explanation:
As the potential energy surface changes from MM to SQM, a shallow minimum
around x; = £180°/x2 = 0° develops, which is already clearly discernible in the
plot for A = 0.5 (Figure [A.2pf [A] middle). At A = 0.5 the barrier separating the
minima at x; = +£180°/£x, = 180° and x; = £180°/x2 = 0° is lower by about
2kcal /mol than at the SQM endpoint (= 4 instead of > 6 kcal/mol). Therefore,
conformational changes from o = £180° to 0° can certainly occur, although given
the short switching length of 2 ps, it is not surprising that they are rare. As one
sees from Figure (left) in at the MM level of theory the minimum energy
basin about x;/x2 = £180°/ £ 180° is quite wide, particularly in the yo direction.
Thus, xo values of £100° or even £90° are quite accessible and are sampled at the
MM level of theory. In other words, starting configurations |xz| < 100° are close to
the top of the barrier at A = 0.5 and if their starting velocities point in the right
direction, the barrier can be overcome. Indeed, all four switches that ended in the
x1 = £180°/x2 = 0° minimum started from such configurations. As the switch
progresses, the system then slides down towards the local energy minimum at y, = 0°
at the SQM endpoint, resulting in a more negative work value compared to systems

which remain around xi/xs = £180°/ £ 180° throughout the switching simulation.
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I.4 Discussion/Conclusions

We systematically investigated the convergence of Jarzynski’s equation applied
to computing AAMM=SCM a5 o function of switching length and number of non-
equilibrium work values used for averaging. The data clearly indicate that using
fewer, but longer switches leads to better converged and, hence, more accurate results.
This is in line with earlier results [36], but it was important to ascertain that this does
hold even in the regime of very short switching lengths, given that all the protocols
which are computationally feasible, including NSWI2000, are far from equilibrium.
Our findings lead to immediate practical benefits. Using the best protocol (800
switches of 2 ps length, NSWI2000) reduces the computational cost compared to the
naive protocol of the original “HiPen” study [35] by almost a factor of 10. Having
identified the NSWI2000 protocol as a reliable way to compute AAw=high e
optimized it even further, 200 rather than 800 switches (NSW12000™4). With this
final protocol we obtained as good if not better results compared to Ref. [35] at one
fortieth of the cost. At the same time, the present protocol remains trivially parallel
and if multiple computers and/or CPU cores are available, one can compute the
corrections AAMM=SCM officiently.

When attempting to understand possible sources of poor or slow convergence,
two tools proved very helpful. (i) Plotting the work values not only as a histogram,
but as a quasi time series, and (ii) employing PCA to detect correlations between
outliers with respect to work values and conformational degrees of freedom before
and after the switch. It should be stressed that these tools/utilities require as input
either quantities one needs to compute anyways, such as the non-equilibrium work
values, or quantities which can be calculated extremely fast, such as dihedral angles.
In other words, very useful insights can be obtained at little or no cost. We employed
both methods using the statistical software system R, which provides a convenient
interface for plotting and carrying out the PCA. This facilitated detecting and
understanding the source of outliers considerably. However, once the raw data are
available, various programs could be used for these analyses.

In all cases which we analyzed in detail, the cause of outlying work values
could be traced to a conformational degree of freedom, which, for these relatively
simple systems, was always a dihedral angle. In many applications of computational
chemistry, rotamers need to be enumerated and/or the corresponding dihedral angles
identified. Our experience suggests that such degrees of freedom should be routinely
analyzed, e.g. by PCA, to detect and understand possible convergence problems.

In this study we deliberately focused on the “good” compounds from the full

“HiPen” data set. More efficient protocols to obtain the work values needed for
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Jarzynski’s equation may not be enough for the “bad” and “ugly” cases. Here,
techniques like force matching [68] to make the low level of theory more high
level like or the judicious use of intermediate stages to carry out the low to high
transformation [31] may be needed. Further, better equilibration and sampling
strategies, such as self-guided Langevin dynamics (SGLD) [69, [70], in preparation
for the equilibrium simulations during which the staring points for the switching
step are written, should prove helpful. The combination with optimized protocols to
obtain the non-equilibrium work values needed will make it possible to compute the

correction AAMM=S@M reliably and with sufficient efficiency.

1.5 Abbreviations

MD Molecular Dynamics

MM Molecular Mechanics

(S) QM (Semi-empirical-)Quantum Mechanics

(S) QM /MM (Semi-empirical-)Quantum Mechanical /Molecular
Mechanical hybrid methods

FES Free energy simulation

NEW Non-equilibrium work methods

JAR Jarzynski’s Equation

CRO Crooks’ Equation

Supporting Information

The following can be found in supporting information. Table[A.T} additional details
of model compounds; Table summary statistics for simulations with the short
equilibration protocol, Tables[A.3HA.6} detailed results for data plotted in Figures
and [[.7] as well as Figures [A.3HA.5 Figure change in dihedral angle labelling
for compound 7; Figure [A.2} Potential energy scan about dihedral angles y; and
X2 for 7; Figures [A.3}HA 5} alternative plots of results; Figures [A.6] [A.7} quasi time
series analysis for 2 and 7; Figure convergence of the results as a function of
the switching length for 12, 2, 7, 10 and 21 when using the extended equilibration
protocol; Figures and [A.I0} PCA of data for 2 and 7 generated with the initial,

short equilibration protocol.

92



Acknowledgement

The work was supported by grants NIH 1R01GM129519-01 (HLW) and FWF P-31024
(SB). The authors thank Phillip Hudson for technical help and critical comments on

an early draft of the manuscript.

93



Bibliography

1]

E. H. Lee, J. Hsin, M. Sotomayor, G. Comellas, and K. Schulten, “Discovery
through the computational microscope,” Structure, vol. 17, no. 10, pp. 12951306,
20009.

J. R. Perilla, B. C. Goh, C. K. Cassidy, B. Liu, R. C. Bernardi, T. Rudack,
H. Yu, Z. Wu, and K. Schulten, “Molecular dynamics simulations of large

macromolecular complexes,” Curr. Opin. Struct. Biol., vol. 31, pp. 64-74, 2015.

Y. Miao and J. A. McCammon, “Unconstrained enhanced sampling for free
energy calculations of biomolecules: a review,” Mol. Simul., vol. 42, no. 13,
pp. 1046-1055, 2016.

C. D. Christ, A. E. Mark, and W. F. Van Gunsteren, “Basic ingredients of free
energy calculations: a review,” J. Comput. Chem., vol. 31, no. 8, pp. 15691582,
2010.

E. Vanden-Eijnden, “Some recent techniques for free energy calculations,” J.
Comput. Chem., vol. 30, no. 11, pp. 17371747, 20009.

Z. Cournia, B. Allen, and W. Sherman, “Relative binding free energy calculations
in drug discovery: Recent advances and practical considerations,” J. Chem. Inf.
Model., vol. 57, pp. 2911-2937, dec 2017.

M. Aldeghi, J. P. Bluck, and P. C. Biggin, “Absolute alchemical free energy
calculations for ligand binding: A beginner’s guide,” in Methods in Molecular
Biology, pp. 199-232, Springer New York, 2018.

R. Abel, L. Wang, D. L. Mobley, and R. A. Friesner, “A critical review of
validation, blind testing, and real- world use of alchemical protein-ligand binding

free energy calculations,” Curr. Top. Med. Chem., vol. 17, aug 2017.

Y. Wang, C. Peng, G. Wang, Z. Xu, Y. Luo, J. Wang, and W. Zhu, “Exploring
binding mechanisms of VEGFR2 with three drugs lenvatinib, sorafenib, and
sunitinib by molecular dynamics simulation and free energy calculation,” Chem.
Biol. Drug Des., vol. 93, no. 5, pp. 934-948, 2019.

L. C. James and D. S. Tawfik, “Conformational diversity and protein evolution—a
60-year-old hypothesis revisited,” Trends Biochem. Sci., vol. 28, no. 7, pp. 361—
368, 2003.

94



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[20]

Q. Li, L. Xiong, J. Gao, and H.-Y. Zhang, “Molecular mechanisms of the
protein-protein interaction-regulated binding specificity of basic-region leucine

zipper transcription factors,” J. Mol. Model., vol. 25, no. 8, pp. 1-11, 2019.

A. C. Pan, D. Jacobson, K. Yatsenko, D. Sritharan, T. M. Weinreich, and D. E.
Shaw, “Atomic-level characterization of protein—protein association,” Proc. Nat.
Acad. Se., vol. 116, no. 10, pp. 42444249, 2019.

A. Warshel and M. Levitt, “Theoretical studies of enzymic reactions: Dielectric,
electrostatic and steric stabilization of the carbonium ion in the reaction of
lysozyme,” J. Mol. Biol., vol. 103, no. 2, pp. 227-249, 1976.

U. C. Singh and P. A. Kollman, “A combined ab initio quantum mechanical
and molecular mechanical method for carrying out simulations on complex
molecular systems: Applications to the ch3cl+ cl- exchange reaction and gas
phase protonation of polyethers,” J. Comput. Chem., vol. 7, no. 6, pp. 718730,
1986.

M. J. Field, P. A. Bash, and M. Karplus, “A combined quantum mechanical
and molecular mechanical potential for molecular dynamics simulations,” J.
Comput. Chem., vol. 11, no. 6, pp. 700-733, 1990.

F. Maseras and K. Morokuma, “IMOMM: A new integrated ab initio+ molecular
mechanics geometry optimization scheme of equilibrium structures and transition
states,” J. Comput. Chem., vol. 16, no. 9, pp. 1170-1179, 1995.

J. C. Smith and B. Roux, “Eppur si muove! The 2013 Nobel Prize in Chemistry,”
Structure, vol. 21, no. 12, pp. 2102-2105, 2013.

D. Berta, P. J. Buigues, M. Badaoui, and E. Rosta, “Cations in motion: QM /MM
studies of the dynamic and electrostatic roles of H4 and Mg2+ ions in enzyme
reactions,” Curr. Opin. Struct. Biol., vol. 61, pp. 198-206, 2020.

H. J. Kulik, “Large-scale QM /MM free energy simulations of enzyme catalysis
reveal the influence of charge transfer,” Phys. Chem. Chem. Phys., vol. 20,
no. 31, pp. 20650-20660, 2018.

V. Vennelakanti, A. Nazemi, R. Mehmood, A. H. Steeves, and H. J. Kulik,
“Harder, better, faster, stronger: Large-scale QM and QM /MM for predictive
modeling in enzymes and proteins,” Curr. Opin. Struct. Biol., vol. 72, pp. 9-17,
2022.

95



[21]

[22]

[23]

[24]

[25]

[26]

[29]

[31]

H. S. Fernandes, M. J. Ramos, and N. M. Cerqueira, “Catalytic mechanism of
the serine hydroxymethyltransferase: a computational ONIOM QM/MM study,”
ACS Catal., vol. 8, no. 11, pp. 10096-10110, 2018.

M. Liu, Y. Wang, Y. Chen, M. J. Field, and J. Gao, “QM /MM through the
1990s: The first twenty years of method development and applications,” Isr. J.
Chem., vol. 54, no. 8-9, pp. 1250-1263, 2014.

Q. Cui, T. Pal, and L. Xie, “Biomolecular qm/mm simulations: What are some
of the “burning issues”?,” J. Phys. Chem. B, vol. 125, no. 3, pp. 689-702, 2021.

W. Yang, Q. Cui, D. Min, and H. Li, “QM/MM Alchemical Free Energy
Simulations: Challenges and Recent Developments,” Annu. Rep. Comput. Chem.,
vol. 6, pp. 51-62, 2010.

X. Lu, D. Fang, S. Ito, Y. Okamoto, V. Ovchinnikov, and Q. Cui, “QM/MM
Free Energy Simulations: Recent Progress and Challenges,” Mol. Simul., vol. 42,
no. 13, pp. 1056-1078, 2016.

J. Heimdal and U. Ryde, “Convergence of QM/MM free-energy perturbations
based on molecular-mechanics or semiempirical simulations,” Phys. Chem. Chem.
Phys., vol. 14, no. 36, pp. 12592-12604, 2012.

S. Boresch and H. L. Woodcock, “Convergence of single-step free energy pertur-
bation,” Mol. Phys., vol. 115, no. 9-12, pp. 1200-1213, 2017.

G. Konig, P. S. Hudson, S. Boresch, and H. L. Woodcock, “Multiscale free energy
simulations: An efficient method for connecting classical MD simulations to QM
or QM /MM free energies using non-boltzmann bennett reweighting schemes,” J
Chem Theory Comput, vol. 10, pp. 1406-1419, mar 2014.

G. Konig, B. R. Brooks, W. Thiel, and D. M. York, “On the convergence of
multi-scale free energy simulations,” Mol Simulat, vol. 44, pp. 1062-1081, may
2018.

T. J. Giese and D. M. York, “Development of a robust indirect approach for
MM — QM free energy calculations that combines force-matched reference
potential and bennett’s acceptance ratio methods,” J Chem Theory Comput,
vol. 15, pp. 5543-5562, sep 2019.

S. Ito and Q. Cui, “Multi-level free energy simulation with a staged transforma-
tion approach,” J. Chem. Phys., vol. 153, p. 044115, jul 2020.

96



[32]

[33]

[34]

[35]

[42]

[43]

C. Jarzynski, “Nonequilibrium equality for free energy differences,” Phys. Rev.
Lett., vol. 78, no. 14, p. 2690, 1997.

P. S. Hudson, H. L. Woodcock, and S. Boresch, “Use of Nonequilibrium Work
Methods to Compute Free Energy Differences Between Molecular Mechanical
and Quantum Mechanical Representations of Molecular Systems,” J. Phys.
Chem. Lett., vol. 6, no. 23, pp. 4850-4856, 2015.

F. L. Kearns, P. S. Hudson, H. L. Woodcock, and S. Boresch, “Computing
Converged Free Energy Differences Between Levels of Theory via Nonequilibrium
Work Methods: Challenges and Opportunities,” J. Comput. Chem., vol. 38,
no. 16, pp. 13761388, 2017.

F. L. Kearns, L. Warrensford, S. Boresch, and H. L. Woodcock, “The Good, the
Bad, and the Ugly: “HiPen”, a New Dataset for Validating (S)QM/MM Free
Energy Simulations,” Molecules, vol. 24, no. 4, p. 681, 2019.

G. Hummer, “Fast-growth thermodynamic integration: Error and efficiency
analysis,” J. Chem. Phys., vol. 114, pp. 7330-7337, may 2001.

D. Wu and D. A. Kofke, “Asymmetric bias in free-energy perturbation measure-
ments using two hamiltonian-based models,” Phys Rev FE, vol. 70, p. 066702,
dec 2004.

A. Pohorille, C. Jarzynski, and C. Chipot, “Good practices in free-energy
calculations,” J. Phys. Chem. B, vol. 114, pp. 10235-10253, jul 2010.

C. Dellago and G. Hummer, “Computing Equilibrium Free Energies Using
Non-Equilibrium Molecular Dynamics,” Entropy, vol. 16, no. 1, pp. 41-61, 2013.

G. E. Crooks, “Path-ensemble averages in systems driven far from equilibrium,”
Phys. Rev. E, vol. 61, no. 3, p. 2361, 2000.

T. Schmiedl and U. Seifert, “Optimal finite-time processes in stochastic thermo-
dynamics,” Phys. Rev. Lett., vol. 98, no. 10, p. 108301, 2007.

H. Then and A. Engel, “Computing the optimal protocol for finite-time processes
in stochastic thermodynamics,” Phys. Rev. F, vol. 77, no. 4, p. 041105, 2008.

P. Geiger and C. Dellago, “Optimum protocol for fast-switching free-energy
calculations,” Phys. Rev. E, vol. 81, no. 2, p. 021127, 2010.

97



[44]

[45]

[46]

[47]

[53]

M. Aldeghi, V. Gapsys, and B. L. de Groot, “Accurate estimation of ligand
binding affinity changes upon protein mutation,” ACS Cent. Sci., vol. 4, pp. 1708
1718, dec 2018.

Maybridge HitFinder™ (14.400 compounds). https://www.maybridge.com/
portal/alias_Rainbow/lang_en/tabID_229/DesktopDefault.aspx, 2020.
Accessed: 2020-09-11.

K. Vanommeslaeghe and A. D. MacKerell Jr, “Automation of the charmm
general force field (cgenff) i: bond perception and atom typing,” J. Chem. Inf.
Model., vol. 52, no. 12, pp. 3144-3154, 2012.

K. Vanommeslaeghe, E. P. Raman, and A. D. MacKerell Jr, “Automation
of the CHARMM General Force Field (CGenFF) II: Assignment of Bonded
Parameters and Partial Atomic Charges,” J. Chem. Inf. Model., vol. 52, no. 12,
pp. 3155-3168, 2012.

I. T. Jolliffe and J. Cadima, “Principal component analysis: a review and recent
developments,” Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, vol. 374, no. 2065, p. 20150202, 2016.

M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk, T. Frauenheim,
S. Suhai, and G. Seifert, “Self-consistent-charge density-functional tight-binding
method for simulations of complex materials properties,” Phys. Rev. B, vol. 58,
no. 11, p. 7260, 1998.

Q. Cui, M. Elstner, E. Kaxiras, T. Frauenheim, and M. Karplus, “A QM/MM
implementation of the self-consistent charge density functional tight binding
(sce-dftb) method,” J. Phys. Chem. B, vol. 105, no. 2, pp. 569-585, 2001.

M. A. Olsson and U. Ryde, “Comparison of QM /MM Methods to Obtain Ligand-
Binding Free Energies,” J. Chem. Theory Comput., vol. 13, pp. 2245-2253, Mar.
2017.

B. R. Brooks, C. L. Brooks III, A. D. Mackerell Jr, L. Nilsson, R. J. Petrella,
B. Roux, Y. Won, G. Archontis, C. Bartels, S. Boresch, et al., “CHARMM:
the biomolecular simulation program,” J. Comput. Chem., vol. 30, no. 10,
pp- 1545-1614, 2009.

B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swaminathan, and
M. Karplus, “CHARMM: A program for macromolecular energy, minimization,

and dynamics calculations,” J. Comput. Chem., vol. 4, no. 2, pp. 187-217, 1983.

98


https://www.maybridge.com/portal/alias_Rainbow/lang_en/tabID_229/DesktopDefault.aspx
https://www.maybridge.com/portal/alias_Rainbow/lang_en/tabID_229/DesktopDefault.aspx

[54]

[55]

[56]

[57]

[58]

[59]

[65]

J.-W. Chu, B. L. Trout, and B. R. Brooks, “A super-linear minimization scheme
for the nudged elastic band method,” J. Chem. Phys., vol. 119, no. 24, pp. 12708~
12717, 2003.

S. Nsikabaka, W. Harb, and M. Ruiz-Lépez, “The role of water on the acid-
promoted E/Z isomerization of oximes in aqueous solution,” J. Mol. Struct.
THEOCHEM, vol. 764, no. 1-3, pp. 161-166, 2006.

M. Gaus, A. Goez, and M. Elstner, “Parametrization and Benchmark of DFTB3
for Organic Molecules,” J. Chem. Theory Comput., vol. 9, no. 1, pp. 338-354,
2013. PMID: 26589037.

M. Gaus, X. Lu, M. Elstner, and Q. Cui, “Parameterization of DFTB3/30B
for Sulfur and Phosphorus for Chemical and Biological Applications,” J. Chem.
Theory Comput., vol. 10, no. 4, pp. 1518-1537, 2014. PMID: 24803865.

X. Lu, M. Gaus, M. Elstner, and Q. Cui, “Parametrization of DFTB3/30B for
Magnesium and Zinc for Chemical and Biological Applications,” J. Phys. Chem.
B, vol. 119, no. 3, pp. 1062-1082, 2015. PMID: 25178644.

M. Kubillus, T. Kubaf, M. Gaus, J. Reza¢, and M. Elstner, “Parameterization
of the DFTB3 Method for Br, Ca, CI, F, I, K, and Na in Organic and Biological
Systems,” J. Chem. Theory Comput., vol. 11, no. 1, pp. 332-342, 2015.

H. L. Woodcock, B. T. Miller, M. Hodoscek, A. Okur, J. D. Larkin, J. W.
Ponder, and B. R. Brooks, “Mscale: a general utility for multiscale modeling,”
J. Chem. Theory Comput., vol. 7, no. 4, pp. 1208-1219, 2011.

R Core Team, R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, 2018.

R. Becker, J. Chambers, and A. Wilks, “The new s language. wadsworth and

brooks/cole computer science series,” Pacific Grove, 1988.

D. W. Scott, Multivariate Density Estimation: Theory, Practice, and Visualiza-
tion. John Wiley & Sons, 2015.

S. J. Sheather and M. C. Jones, “A reliable data-based bandwidth selection
method for kernel density estimation,” J. R. Stat. Soc., B: Stat. Methodol.,
vol. 53, no. 3, pp. 683—690, 1991.

B. W. Silverman, Density estimation for statistics and data analysis. Routledge,

2018.

99



[66]

[67]

[68]

[69]

[70]

[72]

W. Venables and B. Ripley, “Modern applied statistics with s springer verlag,”
New York, 2002.

K. V. Mardia, J. Kent, and J. Bibby, Multivariate analysis. London: Academic
Press, 1979.

P. S. Hudson, S. Boresch, D. M. Rogers, and H. L. Woodcock, “Accelerating
QM/MM Free Energy Computations via Intramolecular Force Matching,” J.
Chem. Theory Comput., vol. 14, no. 12, pp. 6327-6335, 2018.

X. Wu and B. R. Brooks, “Self-guided langevin dynamics simulation method,”
Chem. Phys. Lett., vol. 381, no. 3-4, pp. 512-518, 2003.

G. Konig, B. T. Miller, S. Boresch, X. Wu, and B. R. Brooks, “Enhanced sam-
pling in free energy calculations: Combining sgld with the bennett’s acceptance
ratio and enveloping distribution sampling methods,” J. Chem. Theory Comput.,

vol. 8, no. 10, pp. 3650-3662, 2012. PMID: 26593010.

J. J. Irwin, T. Sterling, M. M. Mysinger, E. S. Bolstad, and R. G. Coleman,
“ZINC: A Free Tool to Discover Chemistry for Biology,” J. Chem. Inf. Model.,
vol. 52, no. 7, pp. 1757-1768, 2012. PMID: 22587354.

R. H. Wood, W. C. F. Muhlbauer, and P. T. Thompson, “Systematic errors
in free energy perturbation calculations due to a finite sample of configuration
space: sample-size hysteresis,” J. Phys. Chem., vol. 95, no. 17, pp. 6670—6675,
1991.

D. Wu and D. A. Kofke, “Model for small-sample bias of free-energy calculations
applied to gaussian-distributed nonequilibrium work measurements,” J. Chem.
Phys., vol. 121, no. 18, pp. 8742-8747, 2004.

100



II. Exploring Routes to Enhance
the Calculation of Free Energy
Differences via Nonequilibrium
Work SQM /MM Switching
Simulations Using Hybrid Charge
Intermediates between MM and

SQM Levels of Theory or

Non-Linear Switching Schemes

Contents
MLI TIntroductionl . . . . . . . . . . . 104
M2 Resultd. . . . . o o oo 107

[[I.2.1 Overview of Calculated Free Energy Differences and Paths| . . 107

[[1.2.2  Performances of 2 and 5 ps Linear Switching Protocols in

Solution . . . . . ..o 108

I[I1.2.3  Performances of Hybrid Charge Intermediates . . . . . . . .. 110

[[I1.2.4  Performances of Modified Switching Protocols| . . . . . . . .. 112

[[I.2.5 A Detailed Analysis of the Factors Aftecting Convergence | . . 113

IL3 Discussion] . . . . . . . . o oo 120

L4 Materials and Methodsl . . . . . . . . .. ..o 122
[[I.4.1 Computing Free Energy Differences between the Levels of

| Theory Using NEW Methods| . . . ... ... ... ... ... 122

[[I1.4.2  Choice of Model Systems| . . . . . . ... ... ... ... ... 123

[[I1.4.3  Strategies to Improve the Convergences of NEW Simulations| . 125

UL.4.4 Overview of Simulations Carried Outl . . . . . .. .. ... .. 130

[I.Lb Conclusions . . . ... ... ... ... 133

L6 Abbreviations . . . . . . . . . ... 133

Bibliography| . . . . . . . .. e e 135



Bibliographic Information

Scholler, A. Woodcock,H. L., Boresch, S. Exploring Routes to Enhance the Calcu-
lation of Free Energy Differences via Nonequilibrium Work SQM/MM Switching
Simulations Using Hybrid Charge Intermediates between MM and SQM Levels of
Theory or Non-Linear Switching Schemes Molecules 2023 28, 4006. MDPI. DOI:
10.3390/molecules28104006.

Author’s contribution

Conceptualization, A.S., H.L.W. and S.B.; methodology, H.LLW. and S.B.; vali-
dation, A.S. and S.B.; formal analysis, A.S.; investigation, A.S.; resources, S.B.;
writing—original draft preparation, A.S.; writing—review and editing, H.L. W. and
S.B.; visualization, A.S.; supervision, S.B.; project administration, S.B.; funding
acquisition, H.L.W. and S.B. All authors have read and agreed to the published

version of the manuscript.

Copyright Notice

(©2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https:// creativecommons.org/licenses/by/ 4.0/).

102


https://doi.org/10.3390/molecules28104006
https://doi.org/10.3390/molecules28104006

Abstract

Non-equilibrium work switching simulations

and Jarzynski’s equation are a reliable

method for computing free energy differences, *\

AAlw—=high —hetween two levels of theory, g J o . s
such as a pure molecular mechanical (MM) N ( \

and a quantum mechanical /molecular me- “o

chanical (QM/MM) description of a system

MM — SQM
X solv

AA

EEET

of interest. Despite the inherent parallelism,

/“)\L
the computational cost of this approach can /
quickly become very high. This is particu- v A
larly true for systems where the core region,

the part of the system to be described at

different levels of theory, is embedded in an

environment such as explicit solvent water. We find that even for relatively simple
solute-water systems, switching lengths of at least 5 ps are necessary to compute
A Alew=high peliably. In this study, we investigate two approaches towards an afford-
able protocol, with an emphasis on keeping the switching length well below 5 ps.
Inserting a hybrid charge intermediate state with modified partial charges, which
resembles the charge distribution of the desired high level, makes it possible to obtain
reliable calculations with 2 ps switches. Attempts using step-wise linear switching
paths, on the other hand, did not lead to improvement, i.e., a faster convergence for
all systems. To understand these findings, we analyzed the solutes’ properties as
a function of the partial charges used and the number of water molecules in direct
contact with the solute, and studied the time needed for water molecules to reorient

themselves upon a change in the solute’s charge distribution.
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II.1 Introduction

Since the first applications reported shortly before 1990 [1, 2], so-called alchemical free
energy simulations (FESs) have become an essential tool of computational chemists
in academia and industry alike [3, 4], [5, [6]. The free energy difference determines
the spontaneities of chemical or biochemical processes, and hence, makes it possible
to predict, e.g., the binding affinities of potential drugs [7, 8, []. In addition to
computationally estimating an important macroscopic, thermodynamic quantity,
FESs can also provide insight in the microscopic origins [I0]. One source of error
is the accuracy with which interactions within and between molecules are modeled
in the underlying molecular dynamics simulations. In certain applications, force
field-based descriptions may be insufficient [I1]. Even if one is not interested in
studying chemical reactions, the neglect of induced electronic polarization in classical
force fields may lead to problems, even for seemingly simple applications, such as the
computation of relative free energies of hydration of mono- or bivalent ions [12} 13, 14].
In such situations, hybrid quantum-mechanical/molecular mechanical (QM/MM)
Hamiltonians are called for. However, even when using only semi-empirical quantum
chemical methods (henceforth abbreviated as SQMs) for the core region, i.e., the
part of the system that one is particularly interested in, the computational cost
can quickly become prohibitive. Further, several tricks that are frequently used in
alchemical FES do not work with SQM/MM Hamiltonians [I5]. Early on, Warshel,
Gao, and others pioneered the use of indirect cycles, also referred to as “multilevel”
free energy simulations, as depicted in Figure ), which have become a widely used
way of performing FES with an (S)QM/MM description of interactions [16, 17, [18§].

A ASQMIMM
a) XSQM- - o -XHZ*SO-’V - .o * XSQM/MM b) XSQM/MM
gas solv solv
MULL=SQM/MM
A A A QXSDIV
A As)\(/lzf:SQM A Ai:ns\i;w;w/;w.w AA;IZZJ,_: SQMIMM Xi\szL
AMMHMULL
X solv
MM MM MM
X » X X
MM )i
gas AAYY o solv solv
. . . . SQM /MM
Figure II.1: (a) Indirect alchemical thermodynamic cycle to compute AAXanS/ solv

(dashed arrow) in three steps according to Equation (II.1)). (b) Indirect alchemical
thermodynamic cycle to compute AA)A?JSV([);SQM/ MM (red arrow) via hybrid charge

intermediates; cf. Equation ([[L.8]).
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To illustrate the indirect approach, we consider the calculation of the aqueous
solvation free energy of a solute X. As can be seen in Figure [[I.Th, the quantity of
interest and the solvation free energy difference AA}Q(%A;[S/XS%U at the high SQM/MM

level of theory (dashed, black arrow in Figure [[I.1h), can also be obtained in three

steps according to

AAf(Qgﬁ/i/{sl\Ole = _AA,])\(/[%?SQM + AA%];{ZS*)SOZU + AA??Q/([)ESQM/MM (III>
In addition to computing the solvation free energy AAY ]g\{bs L solv at the force field

(MM) level of theory (solid black arrow), two correction steps, accounting for the free
energy difference of X in the gas phase and the aqueous solution between the two
levels of theory (green and red arrows), are required. The development in this field
over recent years shows that there is not only enormous potential, but also a high
degree of interest in the FES community to use this strategy to compute free energy
differences at the SQM /MM levels of theory [19] 20} 211, 22| 23] 24], 25], 26, 27].
Work by Heimdal and Ryde [28] made clear that the challenging step of indirect
cycle SQM/MM FES is the calculation of the low-to-high corrections AA??%?S @M
and AA%ZS\{JJSQM/ MM, the green and red arrows of Figure . Various approaches
have been used, often requiring a sophisticated decomposition of the cycle and the
employment of fitting procedures in order to be successful [I8, 29]. In the past, we
showed that the corrections AAMM—=S@M
using non-equilibrium work (NEW) methods [30, 31, 32} B33, 34], 35]. In our work

to date, computationally expensive protocols were used, which are unsuitable for

can be computed reliably and accurately

most real-world applications. Recently, we optimized the NEW protocols regarding
switching length and the number of switches, and presented a sufficiently efficient

workflow for practical applications [36]. However, these optimized protocols were

tested so far only in the gas phase, i.e., the green arrow of Figure (AA%J;{;SQM).

Here, we investigate whether the protocols suggested in Ref. [36] are also suitable
for aqueous solution, i.e., when the region of interest is to be treated at a high level of
theory, e.g., SQM, interacts with an MM environment (AA%ZS\{JQSQM/ MM, red arrow
in Figure ) In earlier work, we had noted that NEW switching simulations from
a pure MM to an SQM /MM level of theory converged more slowly compared to gas
phase transformations involving only MM to SQM, and observed that the charge
distribution resulting from the fixed charges of the force field and the average charge
distribution obtained at the SQM/MM level of theory were noticeably different
[31]. We speculated that the necessary reorientation of water in response to such a
change in the charge distribution of the solute might be responsible for the slower

convergence. Using equilibrium methods to compute AA??%;SQM/ MM, Ito and Cui
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reported that inserting an intermediate state with fixed charges more similar to the
charge distribution at the SQM/MM target state improved convergence considerably
[31].

The solvent-reorientation dynamics of water in response to charge changes is
experimentally well characterized and understood [38, [39]. Two relaxation times,
one faster than 0.5 ps and the other approximately 2 ps, can be discerned. Therefore,
if the charge distribution of the region of interest is significantly different at the two
levels of theory, NEW switching simulations of only 2 ps, as used in Ref. [31], may
be too short to obtain converged results. With this in mind, we tested two strategies.
(i) Similarly to the work by Ito and Cui, we introduce an intermediate state, which
is still purely MM, but with the atomic partial charges modified to resemble the
average charge distribution of the SQM description at the high level of theory. (ii)
Since water reorientation in response to a change in charge distribution occurs on
two timescales, the linear switching protocols we have used so far may be suboptimal.
In particular, we test whether protocols in which switching is carried out initially at
a faster rate, e.g., switching from the MM to a 35% SQM /MM description at just
10% of the switching length, followed by a second slower phase during the remaining
90% of the switching length, might lead to improved convergence. Obviously, both
strategies can be combined. Model calculations exploring these two approaches
are complemented by a series of analyses in which we investigate the effects of a
solute’s charge distribution on properties such as its dipole moment, as well as on
the interactions with surrounding waters.

The focus of this work is on the effect by which the charge distribution of a
solute described at different levels of theory has on the convergence of calculating
AA]\X/USV([);SQM/ MM " To avoid unrelated complications from too-flexible molecules,
where conformational preferences might be different at the low and high levels of
theory, respectively, we mostly chose rather rigid model compounds for the test
calculations. Rather than using (a subset of) the so-called “HiPen” test set [34], we
selected tautomeric pairs (cf. Methods). Most of the compounds are rather rigid
without rotatable bonds. Therefore, the pure MM and the SQM /MM descriptions of
the systems—the solute (tautomer) are described by SQM, and all waters remain
classical—differing primarily by the charge distributions of the solute at the two
levels of theory.

The remainder of the manuscript is organized as follows. In Results, we first
study the convergence of NEW switching simulations, using the optimized protocol
from our preceding study [30] (switching lengths of 2 ps, 200 NEW switches per

. . . MM—SQM/MM .
transformation). We then investigate how convergence AAY QMMM i proves
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when employing switching lengths of 5 ps, which, however, may be too costly for
many applications. Next, we present results using the two mitigation strategies
outlined above. Our findings are rationalized using additional data characterizing
the differences in solute properties, in particular the dipole moment at the two levels
of theory, as well as details on the solvent-reorientation dynamics of water under the
simulation conditions. In Section [[I.4] we summarize the theoretical background,
introduce the model systems, and provide the technical details of all simulations and

analyses carried out.

I11.2 Results

I1.2.1 Overview of Calculated Free Energy Differences and
Paths

Below, several approaches to calculate the free energy difference between two levels
of theory are compared. To specify the method and the exact meaning of a free

energy difference, we adopt the following labeling scheme:

level of theory I — /<> level of theoy IT
A‘AXphase

Here, the subscript X indicates the compound; the qualifier phase can either be
“gas” (gas phase) or “solv” (solvated phase). In the superscript, level of theory I and
level of theory II can be “MM”, “MULL(gas)”, “MULL(solv)”, “MULL(solv*)”, or
“SQM(/MM)”. MM indicates the use of the regular force field. The abbreviation
SQM indicates that the SCC-DFTB semi-empirical method was used to compute
interactions, either for the full system (the gas phase), or for the solute (the aque-
ous solution; waters were always described classically). The labels MULL(gas),
MULL(solv), and MULL(solv*) refer to three methods used to derive the average
Mulliken charges described in Section [[T.4.3]

A simple arrow — stands for a one-sided method to compute the free energy
difference; in this work, this always means Jarzynki’s equation (JAR) [40]. The
double-pointed arrow < indicates the use of a two-sided method. As described in
Section [[1.4] we used Crooks’ equation (CRO) [41] to compute the reference results.
Furthermore, the free energy differences between MM and the intermediate state
with modified partial charges, i.e., MULL(gas), MULL(solv), or MULL(solv*), were
computed using Bennett’s acceptance ratio method (BAR) [42].

As in our previous work, all results are reported relative to a reference result;

AMM—SQM

L.e., instead of reporting, e.g., AAy =

, we report the corresponding double free
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energy difference 0AAxphase = AA?? %;f QM _ AA%IZ}?;‘j . In the past, the reference

results AA%%,?;? were obtained with CRO, based on 200 instances of 2 ps forward
and backward NEW switches. As described in Section below, we decided to
use the CRO results obtained from 5 ps switches as the reference (CRORges). The
exact definition of 0AAx,pqse depends on whether the free energy difference between

two levels of theory is computed in a single step, i.e.,
SAAxpase = DAY, /S A ARORer (I1.2a)
or via an hybrid charge intermediate state. Here, we have
OAAxphase = AANN, & MULL - A ANV = SOM . A AT met (I1.2b)

to account for the correction step between the MM representation and the hybrid
Mulliken charge intermediate state; cf. Equation (IL.8)).

I1.2.2 Performances of 2 and 5 ps Linear Switching Protocols

in Solution

Before carrying out calculations in aqueous solution, the optimized JAR protocol
from Ref. [36] was tested for all compounds in the gas phase. All results can be
found in Table of Bl The model systems used in this work are described in
Section [[1.4.2] Except for 1-t1 (see further down), [JAA| was < 0.1 kcal/mol. While
dAA(1-t1) ~ 0.35 kcal/mol is slightly larger than the ideal maximum deviation of
+0.25 kcal/mol, this value is still acceptable for most practical applications. Thus,
the protocol recommendations of our previous study [36] are applicable to the model
compounds studied here. Based on the gas phase results, any noticeable deterioration
of A A therefore has to be caused by differences in the description of solute—solvent
interactions at the two levels of theory.

In Figure [[1.2] the 0AA values for all compounds obtained via the three pro-
tocols/methods are compared against the reference results obtained from 200 for-
ward /backward switches of 5 ps length: 200 MM to SQM switches of 2 ps length,
the recommended protocol from Ref. [36], (JAR(2ps), red circles), 200 MM to SQM
switches of 5 ps length (JAR(5ps), orange circles), and the CRO results obtained
from 200 forward/backward switches of 2 ps length (CRO(2ps), blue circles). The
data visualized in Figure [[1.2| are tabulated in Table [B.2} even more detailed results
can be found in Tables and [B.5| For the shortest protocol, JAR(2ps), four results
lie outside the +0.25 kcal/mol threshold indicated by the two dashed lines in the
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figure. Taking error bars into account (see Table , the results for 1-t1 and 8-t2
can be considered as acceptable, |JAA| < 0.4 kcal/mole; furthermore, 6AA (1-t1)
is comparable to the value obtained in the gas phase (see Table |B.3]). However, for
5-t2 and 6-t2, the deviation from the reference result is larger than 1 kcal/mol and

would lead to a sizable systematic error.
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Figure I1.2: Comparison of 5AA§?S]‘$:SQM using three protocols without intermediate

state: JAR(2ps): 2 ps forward switches from MM to SQM, JAR(5ps): 5 ps forward
switches from MM to SQM, and CRO(2ps): 2 ps forward and backward switches.
In all cases, the CRO results obtained from 5 ps switches were considered as the
reference values CROges. For 5t-2 and 6t-2, the JAR(2ps) results are off-scale,
which is indicated by the red arrows.

The use of a 5 ps switching length (JAR(5ps), orange circles) certainly helps, but
one poor result, 6-t2, JAA ~ 0.8 kcal/mol, remains. Thus, the relatively inexpensive
protocol suggested in Ref. [36] cannot be recommended for calculations in solution.
Even worse, the use of more costly switching simulations of 5 ps length does not help
in all cases.

Figure also shows results for the CRO(2ps) protocol (blue circles). Compared
to our findings in the gas phase [306], the differences to the reference result CRO(5ps)
are noticeably more pronounced. Furthermore, as can be seen in Tables and
, the statistical uncertainty of the CRO(2ps) results was consistently higher than
those of the CRO(5ps) results, even though the overlap between the forward and
backward work distributions seemed adequate in all cases. While all CRO(2ps) JAA
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values lie within the +0.25 kcal/mol threshold, we nevertheless decided to choose
CRO(5ps) as the reference protocol.

Three of the four compounds failing the +0.25 kcal/mol threshold using the
JAR(2ps) protocol, 5-t2, 6-t2, and 8-t2, are lactams. Interestingly, the correspond-
ing tautomeric lactim states do not cause any problems. The pair 1-t1/1-t2 belongs
to the keto-enol class of tautomerism. For 1-t1, 0AA ~ 0.35 kcal/mol in both the
gas phase and in aqueous solution; therefore, different conformational preferences
at the two levels of theory may be responsible for the poor convergence when using

switching lengths of 2 ps.

11.2.3 Performances of Hybrid Charge Intermediates

In Figure [lI.3, we summarize the performances of the indirect NEW switching proto-
cols using a hybrid intermediate charge state in terms of 0AA, cf. Equation (II.2b]).
As described in Methods (Section , three approaches to obtain average Mul-
liken charges were tested: averaging over gas phase configurations (MULL(gas), over
configurations sampled in aqueous solution at the MM level of theory (MULL(solv)),
and over configurations sampled in aqueous solution at the SQM /MM level of theory
(MULL(solv*)). The results obtained with the direct JAR(2ps) protocol (red circles),
already shown in Figure and henceforth referred to as just MM, are included as

11
we Clearly, all three protocols employing an intermediate hybrid charge state perform

much better than the direct NEW switches (MM), though not to the same degree.
Using the MULL(gas) intermediate state (orange triangles), the £0.25 kcal/mol
threshold for 5-t2 is still missed, dAA = 0.32 kcal/mol, and the result for Ala be-
comes worse (0AA = —0.49 kcal/mol). For MULL(solv), the blue squares, all results
lie de facto within the £0.25 kcal/mol threshold (JAA(5-t2) = —0.28 kcal/mol,
dAA(Ser) = —0.26 kcal/mol). It should be noted that taking the statistical uncer-
tainty of the results into account, none of these deviations from the +0.25 kcal/mol
threshold are statistically significant. Finally, all MULL(solv*) results (green dia-
monds) lie well within the £0.25 kcal/mol threshold.

Figure shows that in most cases, the use of a hybrid intermediate charge
state lowers JAA, and typically, the use of MULL(solv*) leads to the best results,
followed in this order, using MULL(solv) and MULL(gas). To quantify this, we
report in Table the mean absolute deviation (MAD) for the data shown in
Figure [[I.3] together with the spread of AA for each of the protocols. Already,
the use of MULL(gas) lowers the MAD from 0.29 to 0.12 kcal/mol, and the largest
error 6AA reduces from 1.80 to 0.49 kcal/mol. The MULL(solv) intermediate state
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Figure 11.3: Comparison of dAA obtained with three hybrid intermediate charge
states: MULL(gas), orange triangles; MULL(solv), blue squares; MULL(solv*),
green diamonds. All results were obtained from 200 NEW switches of 2 ps length to
compute AAMULL=SAM and include the correction AAMMEMULL. of Fquation (I1.2h)).
The JAR(2ps) results already shown in Figure [[I.2] (red circles) are included for
comparison purposes.

leads to a further improvement (MAD = 0.09, and the largest error is 0.28 kcal/mol).
Finally, the MAD for MULL(solv*) is 0.07 kcal/mol and the largest A A is as low
as 0.20 kcal/mol.

The improvements resulting from the hybrid intermediate charge states are roughly
inversely proportional to the computational effort to obtain the average Mulliken-like
charges. The MULL(gas) and MULL(solv) charges are obtained from configurations
at the MM level of theory; the required computations at the SQM(/MM) level
of theory to obtain the Mulliken charges are slightly more costly for the solvated
system. By contrast, to obtain the MULL(solv*) charges, sampling needs to be
carried out at the high (SQM/MM) level of theory. Given that the improvements
of using MULL(solv*) rather than MULL(solv) are relatively small, this leads to
an additional computational cost that, at least for the systems studied here, seems
not to be worthwhile. In other words, the use of the MULL(solv) hybrid partial
charges seems to be a good compromise between correctness and computational

cost. Each of the indirect NEW switching protocols requires the calculation of
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Table I1.1: MAD (mean absolute deviation) for the results shown in Figure , as
well as the spread of 0AA (respectively, the smallest and largest absolute deviations).

Spread MAD [kcal/mol]
Pathway | MAD [kcal/mol] N Nox
MM 0.29 0.01 1.80
MULL(gas) 0.12 0.01 0.49
MULL(solv) 0.09 0.01 0.28
MULL (solv¥) 0.07 0.01 0.20

AAMMEMULL. 1 owever, this is a strict force field-based free energy calculation, which
can be computed quickly and efficiently on GPUs using the CHARMM /OpenMM
interface (cf. Section [I1.4.4)).

11.2.4 Performances of Modified Switching Protocols

Figure [[T.4 summarizes the results obtained with stepwise linear switching protocols
for a subset of the model compounds. For details, see Section and Figure 11.
In all cases, the baseline results, indicated as red, solid circles, are the free energy
difference obtained from one-step MM — SQM switches, i.e., the MM/JAR(2ps)
results already presented. For the first problematic case, 5-t2, all three stepwise
linear protocols reduce 0A A considerably. However, in the case of 6-t2, it is difficult
to speak of improvements. Two protocols, L2-1 and L3-1, lower A A, but the values
are still far outside of the +0.25 keal /mol threshold. The third protocol, L3-2, which
worked extremely well for 5-t2, actually increases 0AA for 6-t2 compared to L1,
the default linear protocol. The other three compounds included in the subset were
chosen as negative controls because they already performed well with the JAR(2ps)
protocol. The performance of the stepwise linear protocol is comparable, except for
one poor result for 4-t2 when using L3-1.

Turning to the combination of stepwise linear and indirect NEW switching
protocols with the MULL(solv) hybrid intermediate charge state (shown as squares),
most of the results lie within the £0.25 kcal/mol threshold. However, since in
this case, the performance of the linear protocol was excellent to begin with, any
improvements are marginal. Moreover, for 4-t2, the stepwise linear protocols perform
slightly poorer, and for 6-t2, A A obtained with the L3-1 is ;1 kcal/mol.

Based on these findings, the performances of the stepwise linear switching pro-

tocols seems mixed at best. None of the protocols tested consistently improved
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the results. Furthermore, even when the results were improved and fell within the
+0.25 kecal /mol threshold, the standard deviation of the work values, oy, was always
larger than for the linear switching protocol. Since oy is a sensitive indicator of
whether one can expect the convergence of JAR calculations [32], the utility of the

protocols that increase it seems doubtful.
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Figure I1.4: Performances of the three modified switching protocols for a subset of
the compounds. Results for the direct NEW switching protocols MM — SQM are
shown as red circles; the results for calculations using the MULL(solv) hybrid charge
intermediate state are blue squares. The fill color of the circles/squares indicates the
stepwise linear switching protocol used (green = L2-1, orange = L3-1 and salmon
= L3-2). For comparison purposes, the MM/JAR(2ps) (red circles) and MULL(solv)
results (blue squares), both using the default switching protocol L1, are included as
well.

I1.2.5 A Detailed Analysis of the Factors Affecting Conver-

gence
Effects of Charge Distribution on Solute Properties

To quantify the differences between the various charge models used in this study, we
calculated the root-mean-square deviation of the atomic charge differences RMSD,
between the MM, MULL(gas), MULL(solv) representations, using the MULL(solv*)
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charges as the reference value (see Section m, Equation (I1.9)). Since the latter are
the average of the Mulliken charges derived from simulations at the SQM/MM level
of theory, they are closest to the fluctuating charge distribution at the target high
level of theory. The variability of the Mulliken charges derived from the SQM(/MM)
reevaluations about their mean values were always extremely low, fluctuating typically
less than 4+0.03 e about the mean; the largest value observed was 0.08 e. These low
standard deviations make the use of average values meaningful in the first place. In
addition to RMSD,, we looked at the magnitude of the differential dipole moment
|Afil = Ap (Equation ([L.10))) and the angle ©gqu between the dipole moment of a
charge distribution and that of the MULL(solv¥) reference charges (Equation (IL11).

The individual results for each compound are listed in Table and depicted
in Figures [B.4] [B.5 and [B.6| of [B] Some overall trends can be seen from the MAD
values of RMSD, Ap, and ©gqm in Table . As expected, the MAD(RMSD,) is
largest for MM and smallest for MULL(solv), with MULL(gas) in between; the same
is the case for MAD(Ap). This is in accord with the MAD(6AA) results of Table [[L.1]
in Section [[1.2.3| where the use of the MULL(gas) intermediate charge state led to a
noticeable improvement, and the MULL(solv) charges lowered the MAD(JAA) even
further. The MAD(©gqum) behaves somewhat differently; here, the MULL(gas) value
is lower than that of MULL(solv). As can be seen in Table and Figure this

holds true for most compounds. Nevertheless, ©sqn of MULL(solv) is always smaller

than that of the MM charges. The findings strongly suggest that the differences
between the charge distribution at the two levels of theory have a strong influence
on the convergence of the calculations of AAMEM=1W via JAR, with the difference in
magnitude of the two dipole moments being more important than the orientation of

the respective dipole moment vectors.

Table I1.2: MAD (Mean Absolute Deviation) over all compounds for RMSD,,, the
magnitude of the differential dipole moment Ay, and the angle ©gqum between
the dipole moment vector of the respective charge distribution and that of the
MULL(solv*) charge distribution.

Pathway | MAD RMSD,[e] | MAD Ap [D] | MAD 0sonm[°]
MM 0.14 3.38 29.8
MULL (gas) 0.06 2.44 7.6
MULL(solv) 0.04 1.81 16.0

Based on the overall convergence results (Figure [I1.2), we surmised that com-

pounds containing a lactam moiety tended to converge more slowly than the cor-
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responding lactim state, e.g., 5-t2 vs. 5-t1, etc. One reason for this is that the
differences between the MM and the SQM(/MM) descriptions are greater for the
lactams than for the lactims. The analysis of partial charges points in this direction
as well. Several differences can be discerned in the detailed charge distribution data
for the individual molecules, e.g., Figure . For all lactim—lactam pairs (compounds
2, 3,4, 5,6, 8),the MM RMSD,, of the lactam state is noticeably higher than that
of the corresponding lactim state. Similarly, the MM RMSD,, of each of the lactams
(red circle) is at least 0.1e higher than for MULL(solv) (blue squares).

In Figure [[I.5], we visualize some points made above for the two molecules, for
which obtaining a converged AAMM=SAM wag most difficult, 5-t2 (top) and 6-t2
(bottom). For each of the three charge representations, MM, MULL(gas), and
MULL(solv), we display the differential atomic charges, both as labels, as well as a
color gradient from blue to red, and the resulting differential dipole moment vectors
(orange arrows). The magnitude of the differential dipole moment Ay = |Aji| and
the angle ©gqu between the dipole moment of a charge distribution and that of
the MULL(solv*) reference charge distribution are listed directly. The difference in
partial charges and the MULL(solv*) charges can be large, e.g., the difference for the
-C=0 part of the lactam moiety is almost £0.5e for 5-t2 (top, left in Figure .
One further sees that the charge differences become smaller between the MM and
the two MULL charge sets, with atoms colored in clear blue or red for MM; e.g., the
-C=0 group (left side) has just a shade of blue or red for MULL(solv) (right side).
Accordingly, the length of the orange arrows, i.e., Au of the MULL charge states, is
noticeably smaller than that for MM. Even more detailed plots, including the exact
values of the charge difference for each atom, for 3-t2, 4-t2, 5-t2, 6-t2, and 8-t2,

can be found in Figures B.7HB.11}

Effects of Charge Distribution on the First Solvation Shell

Figure displays the difference between the average number of waters ANy qrers
within < 3 A of the solute. The numbers are relative to the target high-level state,
i.e., the average number of waters found in the SQM /MM simulations. First, one
sees that ANy gers for the MULL(solv*) charges (green diamonds), which were
also derived from the SQM/MM simulations, are very close to zero, in accord with
expectation. Several results for the MULL(solv) charges (blue squares) are also quite
close to zero, but mostly for the lactams (particularly 2-t2, 3-t2, 4-t2, 5-t2) the
difference in water molecules ANy gters =& —1. For the MULL(gas) charges (orange
triangles), all ANy qers values are negative, i.e., on average, there are fewer water

molecules in close contact with the solute, compared to SQM/MM. This is not too
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surprising, because the charges were derived from SCC-DFTB gas phase calculations;
hence, the solute did not experience polarization from its interaction with the solvent.
This may also explain why on average, the use of the MULL(gas) hybrid intermediate
state performed worse than MULL(solv), even though it performed significantly
better than MM (cf. Table [L.1)).

5-t2
MM MULL(gas) MULL(solv)

o N
§4\‘

Ap=8.10 D Ap=4.17D Au=4.22 D
©,=58.3° O, =10.6° O, =31.0°
6-t2
MM MULL(gas) MULL(solv)

Ap=8.10 D Ap=4.17 D Ap=4.22 D
4 =58.3° 64, =10.6° 640, =31.0°

Figure I1.5: Graphical representation of differences in partial atomic charges compared
to MULL(solv*) for 5-t2 (top) and 6-t2 (bottom). Charge differences are indicated
as a color gradient from blue (6g = —0.2¢) to red (0g = +0.4e). The differential
dipole moment Aji is displayed as an orange arrow. The magnitude Ay = |Aji| and
the angle ©gqm between the dipole moment of the respective charge distribution
with that of the MULL(solv*) reference distribution are given below each structure.

The MM results (red circles) fall into two distinct groups, with either more or
less water present than in SQM/MM. For most lactams, with the slightly surprising
exception of 6-t2, ANy qers 1S negative, whereas the lactims, i.e., have a positive
ANwaiers- Thus, one sees again distinct differences in properties for the force field

representations of lactims and lactams, respectively.

Water Reorientation Dynamics

In the previous subsections, we characterized the influences of different charge

distributions (atomic partial charges) on the static properties of the solute and the
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Figure I1.6: Difference in the average number of water molecules closer than 3 A,
compared to SQM/MM. The average number of water molecules in the SQM/MM
simulations was used as the reference value.

surrounding solvent layer in several ways. As the endpoints of the NEW switches have
different charge distributions, it is of considerable interest to study the dynamics of
solvent reorientation. We therefore computed the unnormalized Stoke shift relaxation
AAU (t) for several compounds, and the MM and MULL(solv) charge distributions
(see Section [[1.4.3| Equation ([L.13)). The results for 5t-2 are shown in Figure [[L.7}
analogous plots for 4t-2, 6t-2, and 8t-2 can be found in Figures [B.12|[B.13] and [B.14]
in [B] All fit parameters are summarized in Table of Bl

As described in Section [[T.4.3] the mono-exponential fit was carried out in such
a way that it picks out the slow process(es) of water reorientation. Looking at
Figure[[L.7] one sees that the relaxation times for MM and MULL(solv) are relatively
comparable (7 & 1 ps), but that the prefactor AUy is quite different (;10 kcal/mol
for MM and =4 kcal /mol for MULL(solv)). Thus, while AAU (t) has for all practical
reasons reached 0 after about 3 ps in the MULL(solv) case (blue curve), for MM

(red curve), this is the case only after 5 ps. Since we would ideally carry out NEW

switches of only 2 ps length, the obvious question is the value of AU(t = 2ps).
Using the fit parameters, we find that MM ~ 1.7 kcal/mol, and that MULL(solv) ~
0.5 kcal/mol. These values roughly mirror the values for 0AA for MM /JAR(2ps)
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and MULL(solv), respectively.
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Figure I1.7: Water reorientation dynamics of TIP3P solvent for 5-t2 when switching
from MM and MULL(solv) to SQM/MM. Raw data are shown in gray; fit for MM
in red and fit for MULL(solv) in blue. The fit parameters (AUy in kcal/mol, 7 in fs)
are listed in the inset; cf. Equation ([1.14)).

For the second problem case, 6-t2, very similar results were obtained; see
Figure [B.13| and Table [B.13

Overall, the slow decay process of AAU(t) always occurs with a time constant

7 &~ 1 ps. Thus, the degree to which the system is still out of equilibrium regarding
the SQM /MM target state therefore depends crucially on how big the difference
is at t = 0. Thus, it becomes clear that convergence is facilitated if the solute
charge distributions of the initial and final state resemble each other, explaining why
better results were obtained for all the MULL intermediate charge states. Phrased
differently, to obtain converged JAR results from 2 ps switching simulations, the
charge distributions of the initial and final states have to be very similar. Since
the determining factor seems to be the initial difference in charge distribution,
using stepwise linear switching paths cannot help much, explaining at least in part
why we did not obtain any real improvements from the stepwise linear protocols

we attempted.
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Figure I1.8: Ramachandran plots of pseudo-dipeptide/blocked alanine.
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Figure I1.9: Ramachandran plots of pseudo-dipeptide/blocked serine.

Interplay between Charge Distribution and Conformational Preferences
The compounds used in this work were mostly rigid and specifically chosen to avoid

complications from conformational degrees of freedom, the exceptions being 1-t1
and the blocked amino acids Ala and Ser. Modifying partial charges as for the
MULL hybrid intermediate states may have an effect on conformational preferences.
As can be seen in Figure [[I.3] all three MULL hybrid intermediate states improve
the convergence for 1-t1. For the two blocked amino acids, MULL(gas) results in a
poorer convergence for Ala, and MULL(solv) results in a slightly poorer convergence
for Ser. Given that Ala and Ser are the smallest possible peptide-like molecules with
protein backbone-like ¢ and 1 dihedral angles, we performed some analyses on the
dihedral angle conformational preferences. In earlier work [31], we showed that purely
classical Hamiltonians and SQM /MM Hamiltonians resulted in different preferred
conformations of ¢ and 1, as well as x; in the Ser case. In Figures and o/
maps for Ala and Ser are shown for MM, MULL(solv), and SQM. The differences
between MM (left) and SQM (right) are clearly visible. For both blocked amino

acids, MM has a single narrow minimum at ¢ = 150°, ¥» = —50°, whereas SQM has
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a broader distribution at ¢ ~ 150°, and —150° < ¢) < —50°. While the MULL ¢/
maps (middle plots) are more similar to MM than to SQM, a second minimum at
¢ =~ 150° /1) =~ —150° has appeared. Thus, although the effect is small, the use of
hybrid charge intermediates also makes this state slightly more similar to a high-level

state, in terms of conformational preferences.

11.3 Discussion

The optimized protocol proposed in Ref. [36] (200 switches of 2 ps length) would be
efficient enough for many practical applications. However, it has only been validated
in the gas phase. If water reorientation is responsible for the slower convergence
in aqueous solution, as observed previously [31), 37], then, given the experimentally
known slower relaxation time constant of >1 ps, switching lengths of 2 ps may not
be long enough. This suspicion was confirmed in this work, and we found that in
one case, even a switching length of 5 ps was insufficient.

We explored two approaches to keep the switching length at 2 ps : (i) introducing
a hybrid intermediate charge state, which makes the solute charge distribution more
similar to that at the SQM/MM level of theory. (ii) Since the solvent reorientation
also has an ultrafast component, we used a stepwise linear switching scheme instead
of the standard one, switching faster, initially followed by one or two slower steps.
While the use of hybrid intermediate charge states significantly improved convergence,
the benefits of multi-stage switching protocols were mixed.

The partial charges of the intermediate hybrid states were obtained by averaging
over the Mulliken charges obtained from 200 energy evaluations at the SQM level
of theory. The computational cost of this is relatively small; the overhead, if any,
comes from sampling the configurations over which one averages in the first place.
Not surprisingly, the best results (lowest overall A A; see Table were obtained
from coordinate sets generated during SQM /MM simulations, i.e., calculations at
the target high level of theory (MULL(solv*)). While we have performed such
calculations to obtain reference results with CRO, we would ideally prefer to avoid
them in practical applications. In contrast, the cheapest approach is to use the
coordinate sets saved during the MM gas phase simulations (MULL(gas)). While
these results were an improvement over the direct MM—SQM /MM switches, the
MAD(0AA) was higher than that of MULL(solv*). The results for the third method
tested, MULL(solv), fell in between. Here, the configurations to be reevaluated
at the SQM/MM level of theory were generated from the MM simulations in the

solvated phase. Since one can reuse the stored coordinates/restart files to start
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the NEW switching simulations, the computational cost is practically zero. All
results obtained with the MULL(solv) hybrid intermediate charge state met our
rather stringent quality criteria; the improvements over the direct MM—SQM /MM
switches were noticeable, and the difference in convergence over the more expensive
MULL(solv*) approach was small (a MAD of 0.09 instead of 0.07 kcal/mol). Thus,
the MULL(solv) approach to derive an intermediate charge representation seems to
be a good compromise between computational cost and convergence improvement.
While for this study, averaged Mulliken charges were the logical choice because of
the use of SCC-DFTB, other charge assignment procedures could be explored if
different QM methods were used, such as ESP or CM5-symmetrized charges [43], [19].
All methods require an additional, free energy simulation to obtain AAMM&MULL at
the low level of theory, but its computational cost is small compared to that of the
NEW switching simulations needing SQM /MM Hamiltonians.

As reported in Section [[1.2.4] we have not seen consistent convergence improve-
ments for all systems using the two-stage and three-stage switching protocols. This
prompted a detailed analysis of how the MM and SQM /MM representations differ.
Comparing the MM charges of the force field to the average Mulliken charges, one
sees that there are indeed surprisingly large differences in charge distribution, and
hence, the solute dipole moment. The differences in properties of the solute have a
noticeable effect on the number of water molecules in close contact with the solute.
Furthermore, by studying the time correlation function m after switching
from one level of theory to the other, we were able to confirm the time scales of
experimental solvation spectroscopy. There clearly is a fast process with a relaxation
time < 1 ps, and a slower process with 7 ~ 1 ps. This slower time constant does not
change much if the initial charge distributions are equal to MM or MULL(solv). If
the difference between the initial and final distribution is large, then the effect of the
unfinished solvent reorientation after 2 ps (the switching length we are aiming for),
will also be large. If the two charge distributions are more similar, as is the case for
MULL(solv), then AU(t = 2 ps) is small enough to have little effect on the results,
even though the solvent reorientation may not be complete. On the one hand, this
observation explains the effectiveness of using hybrid charge intermediate states. On
the other hand, it helps to rationalize our failure to obtain consistently convergent
results with the multistage switching schemes. While one could certainly construct
more complex switching paths, the speed of the solvent reorientation would remain

the same.
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I11.4 Materials and Methods

I1.4.1 Computing Free Energy Differences between the Lev-
els of Theory Using NEW Methods

In several previous studies, [30], BT 32, 33], 34}, 35, [36] we demonstrated that NEW
methods are a robust means of computing free energy differences between levels of
theory, such as an MM and an SQM/MM description of a system. Given a series of

WMM—SQM/MM

non-equilibrium work values obtained from switching simulations,

the free energy difference is computed according to Jarzynski’s equation [40]:

where kg, T, and [ have the usual meanings of Boltzmann’s constant, absolute
temperature, and § = 1/kgT. The angular brackets indicate averaging over a
sufficiently large number of individual work values. To realize this scheme, one has
to save snapshots during an equilibrium MD simulation at the MM level of theory.
These serve as the starting point for the switching simulations using a hybrid energy

function:

U(A) = (1= AUMM 4 \U5MAMM (IL4)

Here, 0 < \; < 1 is the coupling parameter which is incremented, e.g., linearly at

each step of the switching simulation, according to
)\t - )\t(l) - Z'/J\[svvuitcha 1= 17 27 ceey Nswitch (115)

In our protocols, Ngyiten is, €.g., 2000 or 5000 steps, corresponding to a switching
length of 2 or 5 ps with a timestep 0t = 1 fs, and we carry out two hundred of such
switches (see below for details). Equation describes the simplest switching
protocol; in this work, we also test modified protocols where ); is incremented at
different speeds. The switching simulations are costly because the evaluation of
the mixed potential energy function U(\;) requires the high-level energy function
US@M/MM and its gradient. However, since the switches are independent, they can
be carried out in parallel. For each timestep at which ); is incremented, the work is

accumulated according to (cf. Ref. [44])
W(t + 62(:) = W(t) + U(I’t+§t, /\t+5t) — U($t+5t, /\t) (116)

One-sided methods, such as Jarzynski’s equation, are less efficient and reliable than
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the two-sided approaches [45]. The process outlined above to obtain WM —SQM/MM

can be reversed, so one ends up with distributions PMM=SQM/MM (117 of work values
in the forward, and PSQM/MM=MM 1}/ in the backward direction. Crooks showed

that these two distributions are related according to[41]

PMMHSQM/MM(W) _ PSQM/MM%MM(_W) exp[B(W — AAMMﬁSQM/MM)] (I1.7)

from which one can deduce the free energy difference between the two states, i.e.,
between the two levels of theory. The notation in Equation has been adapted
to the present application. The practical use of Crooks’ equation is computationally
costly, since one needs to generate equilibrium configurations at the high level of
theory. As in the past, Crooks’ equation will therefore only be used to generate
reference results to assess the convergence of free energy differences obtained using
Jarzynski’s equation. In this work, Jarzynski’s and Crooks’ equations (or their use)
are abbreviated as JAR and CRO, respectively.

The mixing of Hamiltonians as required by Equation (II.4)) was realized with the
MSCALE module of CHARMM [46], which makes it possible to combine energies
and forces from different sources, including separate programs, in an almost arbitrary
manner. The MSCALE functionality is coupled to one of CHARMM'’s tools (PERT)
to compute free energy differences [47]. Realizing that short/fast slow-growth
thermodynamic integration calculations yield a non-equilibrium work rather than a
converged free energy differences [48], one can exploit PERT’s slow-growth mode
to carry out NEW switches. Using PERT, it is also possible to carry out stepwise
linear switching protocols; see Section below.

11.4.2 Choice of Model Systems

This study focuses on the optimization of the calculation of AA%%;SQM/ MM (red

arrow in Figure ); in other words, the free energy difference between a system in
which all interactions are described using classical mechanics, and a hybrid system, in
which a small region of interest is described using SQM, and the remainder described
using MM. Examples are solute—solvent systems, in which the solute is modeled
either via molecular mechanics or via quantum chemistry, whereas the solvent (water)
is always treated classically. As outlined earlier, difficulties may arise from the
differences in the charge distributions of the MM and SQM representations of the
solute molecule X. To exclude other factors hindering convergence, suitable model

systems should be relatively rigid and not have multiple conformational substates.
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Many tautomer pairs fulfil this requirement. Therefore, we picked seven such
pairs from the tautomer part of the SAMPL2 challenge [49]. One additional pair
was taken from Tautobase [50]. We also included N-acetyl-alanine-methylamide
(Ala) and N-acetyl-serine-methylamide (Ser) as model solutes, since these were
the two compounds for which we noticed slow convergences in Ref. [31]. All model

compounds used in this work are shown in Figure [LI.10
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Figure I1.10: Model systems used in this work: eight tautomer pairs, seven taken
from the SAMPL2 challenge [49], and one (7-t1 = 7-t2) from Tautobase [50]. In
addition, we used the blocked amino acids Ala and Ser as model solutes.

The prediction of tautomer preferences in aqueous solution remains a challenging
problem [51] and is out of the scope of this study. Here, we concentrate on finding

. . MM—SQM/MM .
efficient protocols to compute the correction AA . , the red arrow in
Figure [I1.1} Since (S)QM/MM methods are likely necessary for answering ques-
tions involving tautomer preferences, the present work establishes the necessary

methodology to enable such calculations efficiently.
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I1.4.3 Strategies to Improve the Convergences of NEW Sim-

ulations
Hybrid Charge Intermediates

As outlined in the Introduction, cf. Figure [[I.1b, we investigated whether the quan-
tity of interest AAAX?]S\{)ZSQM/ MM an be computed more efficiently by inserting an
intermediate state. We refer to it as “MULL”; the rationale for this label will become
clear shortly. Thus, we have

AAY s, "N = AAYNEMUEE A Ay e (IT.8)

This intermediate state should have a charge distribution resembling that of the
SQM/MM end state. To be useful in practice, the free energy difference between
the initial MM and the intermediate state AAYMSMULL phygt be easy (=fast) to
compute. In practice, this means that the interactions at the intermediate state must
also be classical. The obvious choice, therefore, is to use the force field of the initial
MM state with suitably modified partial charges.

In all our methodological work to date [30, BT, [32], 33], B4] [35], [36], we used the
SCC-DFTB SQM method [52) 53] as the high level of theory.

On the one hand, SCC-DFTB is expected to be sufficiently similar to ab initio
QM methods, so that insights obtained will be transferable to full DFT QM methods.
On the other hand, SCC-DFTB is fast enough to explicitly carry out simulations at
the high level of theory, something which is not feasible for ab initio QM methods.
The ability to carry out simulations at the SQM /MM level of theory makes it possible
to obtain rigorous reference results using Crooks’ equation; cf. the previous section.

Since Mulliken charges and Mulliken charge analysis are at the core of the
SCC-DFTB methodology [52, 53], a logical choice for the intermediate state is the
combination of the MM force field (see below for details) with fixed partial charges
derived from the Mulliken charges used at the SCC-DFTB level of theory; hence, the
superscript MULL in Figure and Equation ([L.8). In SCC-DFTB calculations,
the converged Mulliken charges change at every simulation step; therefore, an
averaging procedure is needed. There are several possibilities for how to obtain a
representative sample of configurations for which Mulliken charges are computed.
The following three approaches are tested in this study. (i) Clearly, the most exact
method is to use simulations at the high level of theory (the solute treated using
SCC-DFTB, surrounded by MM waters) to obtain configurations for which the
Mulliken charges are calculated and then averaged. All simulations and results using

this intermediate state are labeled MULL(solv*). Our goal, however, is to avoid
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simulations at the high level of theory as much as possible. Therefore, we also used
configurations sampled at the MM level of theory to derive Mulliken charges for the
intermediate representation. Specifically, we used (ii) the Mulliken charges obtained
from snapshots of the MM gas phase simulation of the solute (labeled as MULL(gas)),
or (iii) we used snapshots from the corresponding MM simulations in water to obtain
Mulliken charges for the solute (labeled as MULL(solv)).

The three sets of MULL charges were obtained by averaging over configurations
saved during equilibrium MD simulations, i.e., MULL(gas) charges were derived
from the MM gas phase simulations, MULL(solv) from the MM simulations in
solutions, and MULL(solv*) from the SQM/MM simulations in solution. These are
the simulations needed to save restart files for the NEW switching simulations to the
respective other levels of theory. As described below (cf. Section , we always
carried out eight repetitions, i.e., eight MD simulations per state and system. From
each of these, 25 configurations were taken and reevaluated at the SQM(/MM) level
of theory, writing out the converged Mulliken charges. Thus, each MULL charge set
was obtained by averaging over 200 configurations.

If one inserts one of the MULL intermediate states to compute AAMM—=SQM/MM

as described above, then one also must compute AAYMMULL ¢4 close the thermo-
dynamic cycle (cf. Figure [I.1p). Since the MM and the MULL states differ only
in the partial atomic charges, we calculated AAYMSMULL yging equilibrium free
energy methods. Specifically, in addition to the end states, we used three equidis-
tant intermediate states and calculated the free energy difference using Bennett’s

acceptance ratio method (BAR) [42].

Stepwise Linear Switching Protocols

All protocols that are employed to switch from MM to SQM/MM are quite rapid,
so the system will not remain in equilibrium. In the context of slow-growth ther-
modynamic integration, this has been referred to as Hamiltonian lag, and has been
shown to lead to poorly converged results [54] 55, 48]. Although JAR [40] makes it
possible to obtain the equilibrium free energy difference for a process from multiple
irreversible work values, the convergence of the results depends on the variance of
the work values, which in turn depends on the deviation of the switching trajectories
from the equilibrium conditions [56], 44].

In addition to inserting an intermediate state with partial charges resembling
the high level of theory, as just described, we explored the use of modified switching
protocols. Results from solvation spectroscopy [38, B9] indicate that the faster

process of water reorientation in response to a change in the charge distribution of a
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solute is completed after approximately 0.5 ps. We therefore tested piecewise linear
switching protocols consisting of two or three stages, referred to as L2-X and L3-X,
respectively. The three protocols investigated in detail are shown in Figure
which also include the default linear protocol L1 of Equation (IL.5)) (leftmost plot).
In all cases, the total switching length 7 is 2000 fs. In L2-1, instead of incrementing
A¢ linearly, there are two stages: first, \; is incremented from \; = 0.00 — 0.35 in
200 fs, followed by slower linear switching from A\; = 0.35 — 1.00 over 1800 fs. The
two L3-X protocols use three stages. In L3-1, )\; is switched from 0.0 to 0.35 to 0.8
to 1.0 over 200, 900, and 900 fs, respectively. Finally, L3-2 is very similar, but \; is
switched from 0.0 to 0.35 to 0.8 to 1.0 over 200, 400, and 1,400 fs, respectively. In
all modified protocols, A, is initially changed more rapidly compared to L1, followed

by a slower change in A\, during the remainder of the switch.

L1 L2-1 L3-1 L3-2

T T T T

Figure II.11: The standard linear (L1) and three modified switching protocols
investigated. The total switching length 7 was 2 ps in all four cases. The color code
used for L2-1, L3-1, and L3-2 is also used in Results.

To verify the applicability and the performance of the modified compared to
the standard linear switching protocol, systematic tests were carried out for five
compounds (1-t2, 4-t2, 5-t2, 6-t2, and 8-t1). This selection was motivated by the
results obtained with the linear protocol, and includes both “easy” and “difficult”

solutes with respect to convergence (cf. Results, Section [[1.2.2)).

Analyses Carried Out

The main focus of this study lies on computing AA??S%:SQM/ MM efficiently, and most

of our results are concerned with the accuracy of JAR-based protocols compared to
the reference results obtained with CRO. Additional analyses and characterizations
were carried out to understand how solute—solvent interactions change and thus affect

convergence when switching from an MM to an SQM representation of the solute.

Characterizing Charge Distributions As described in Section [[T.4.3] we use

three intermediate charge distributions to facilitate the transformation from the
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low to the high level of theory. It is therefore of interest to quantify the differences
between the charge sets used. In the following, the reference charge set is always
the one that is derived from averaging over the Mulliken charges obtained from
SQM/MM trajectories [MULL(solv*)]. To quantify the difference between two charge

sets, we computed the root-mean-square deviation RMSD,,, defined as

N
1 MU LL(solvx) 2
_ method __
RMSD, = | Z; (o i ) (IL9)
Here, N is the number of atoms of the molecule, the ¢Vl

)
method

the reference, and the ¢

be MM, MULL(gas), or MULL(solv).

Because all our solutes are neutral, the most important quantity affected by a

) charges serve as

is one of the other charge sets used; i.e., method can

change in partial charges is the dipole moment ji. To compare the dipole moments
resulting from the various charge sets, we consider the “differential” dipole moments

between two charge distributions of a solute, i.e.,

N
Aji =" (qrethod — g TEEEE (11.10)

7
=1

In practice, we mostly compare the length of this vector, i.e., |Afi] = Ap.
Furthermore, the angle between the dipole moment vectors of two charge repre-

sentations is of interest, which can be obtained in the usual way, is:

—method ﬁMULL(solv*)
(IL11)

I
@SQM = COs (,/—jmethod’ . ’ﬁMULL(sol'U*)‘

Dipole moments were computed using the COOR DIPOle command of CHARMM (see
https://academiccharmm.org/documentation/version/c47bl/corman (accessed on
29 April 2023)); if the difference between two charge sets is assigned as partial

charges, one obtains the corresponding differential dipole moment.

Characterization of the First Solvation Shell We analyzed all MM, MULL
(gas), MULL (solv), MULL (solv*), and SQM/MM equilibrium trajectories to
determine the average number of solvent water molecules in proximity to the solute.
Specifically, a water molecule was considered to be in close contact if the distance
between the water oxygen and a non-hydrogen atom of the solute was < 3 A.
These analyses were carried out with the atom selection facility of CHARMM. (See

https://academiccharmm.org/documentation/version/c47bl/select (accessed
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https://academiccharmm.org/documentation/version/c47b1/select

on 29 April 2023)).

Dynamics of Solvent Reorientation To investigate the detailed dynamics of
solvent reorientation upon changing the description of the solute from the MM
to the SQM level of theory, we resort to ideas from computational spectroscopy,
specifically the computation of the normalized Stokes shift S(t) from non-equilibrium
MD simulations. S(t) is defined as [57, [58]:

_v(t)—v(co)  AU(t) — AU(o0)
S0 =0~ (o) ~ 300) — 30(0) (I112)

where v(t) is the time-dependent frequency of the emitted fluorescence light of
the probe molecule’s chromophore. In computation, one assumes that changes in
interactions between the solute and the solvent leading to v(t) are purely electrostatic
in nature. Thus, one takes equilibrated configurations from solute—solvent simulations,
changes the partial charges from those describing the ground state to those describing
the excited state, restarts the simulations, and monitors the difference in electrostatic
solute-solvent interactions between the ground (U°) and the excited state (U*),
AU(t) = U*(t) — U%(t) as a function of time. Just as the measured fluorescence
signal is an average of the emissions from all the chromophores present in solution,
one averages over at least a few hundred simulations; hence the bar in AU(t).

In the context of our work, the low- and high-level representations of the solute
(region of interest) play the roles of the ground and excited states in solvation
spectroscopy. In both cases, the solvent water has to reorient itself following a change
in the charge distribution of the solute. Therefore, we adopted the computational
approach to compute S(t) [57, B8] as follows. We used starting configurations
equilibrated either at (i) the MM level of theory or (ii) the MULL(solv) intermediate
state, and restarted simulations with the full SQM /MM description of interactions.
For each system studied (4-t2, 5-t2, 6-t2 and 8-t2), we computed 800 simulations
of 10 ps length; based on the experimental findings, it is reasonable to expect that
solvent reorientation is completed after this time [38], [39]. At each timestep, we saved
AU (t) = USQM/MM () _ gymethod () ' wwhere method was either MM or MULL(solv).
This task was facilitated by a locally modified version of CHARMM, but could
equally well be accomplished through the post-processing of trajectories saved during
the simulations. The 800 AU(t) time series were then averaged, resulting in the

averaged time series AU(t). Next, we estimated AU(oc0), i.e., the limit of t — oo,

by averaging (again) over the last 2000 entries of AU(t) (8 ps <t < 10ps).
Equation ([1.12)) is the definition of the normalized Stokes shift, whereas in the

129



present context omitting the normalization, it turned out to be advantageous. Thus,

we operate with the averaged time series,

AAU(t) = AU(t) — AU(o0), (IL.13)

which essentially is an unnormalized Stokes shift. To interpret it more easily, AAU(t)

was fitted to a mono-exponential target function
AAU(t) x AUy - e Y7 (I1.14)

where AU, is the prefactor of the exponential decay at t = 0, ¢ is the time in fs,
and 7 the relaxation time constant in fs. As described in the Introduction, it is
known experimentally that the orientation of solvent water occurs on two timescales
[38, 39]. Because any effects on the convergence of JAR calculations will result from
the slower process, we intentionally always discarded the first 0.5 ps when carrying
out the fit. Thus, the 7 found using the fitting procedure should correspond to the

slower reorientation process.

I1.4.4 Overview of Simulations Carried Out

All simulations were carried out with CHARMM (developmental versions c44a2 and
c47al) [47]. The calculation of AA%SAO”;SQM/ MM equires equilibrium simulations to
generate the configurations from which the NEW switching simulations are started.
As described above, in addition to switching directly from the MM to the SQM/MM
level of theory, we also inserted three force field-based intermediate states with
different atomic partial charges. For each of these states, we also had to carry out
equilibrium simulations, followed by NEW switches to the SQM /MM level of interest.
The NEW switching simulations themselves were carried out either in a strictly linear
fashion (protocol L1 in Figure [[I.11)), or with a two- or three-staged linear protocol.
To make sure that any convergence problems observed did not arise without solvent,
we also carried out gas phase simulations for all compounds shown in Figure [[1.10

using the optimized protocol of Ref. [36].

Simulation Details

Preparation and Initial Equilibration For each molecule shown in Figure |[1.10]
starting coordinates were generated using CHARMM-GUI [59, [60]. Missing force
field parameters were generated using CGenFF 2.4.0 [61, 62 63], as invoked by
CHARMM-GUI. The solute—solvent systems were set up by placing each molecule
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into a cubic box of water molecules with an initial side-length of 26 A containing
572 (CHARMM-modified) TIP3 waters [64]. Any water molecule overlapping with a
solute atom was deleted. Each system was then equilibrated as follows: 100 steps
of steepest descent minimization were followed by a constant pressure/temperature
(CPT) simulation of 100 ps length with a timestep of 1 fs, applying the Langevin
piston barostat [65] (mass of the pressure piston: 400 Da, Langevin piston collision
frequency: 20 ps~!, Langevin piston bath temperature: 300 K). The final 20 ps of
these equilibration runs were used to determine the average box size. In Table
of B}, we list the size of the simulation box determined in this manner, as well as the

number of water molecules present, for each of the compounds studied.

Force Field-Based Equilibrium Simulations Starting from the initial solute
coordinates and the equilibrated solute—solvent systems, eight Langevin dynamics
(LD) simulations (timestep 1 fs, friction coefficient 5 ps™!) were carried out in the
gas phase and in solution, respectively. Each of these simulations was initialized
with different random velocities drawn from a Maxwell-Boltzmann distribution at
300 K. In each gas phase run, 5 ns of simulation time were discarded as equilibration,
followed by 10 ns of production, during which the restart files were saved every
1000th step. In the analogous solution simulations at constant volume, 0.5 ns were
discarded as equilibration. During the subsequent 1 ns production phase, restart files
were saved every 1000th step. Thus, during the cumulative simulation length of 8 ns
(solution)/80 ns (gas phase), 8000 (solution)/80,000 (gas phase) restart files were
saved. These served as the pool of configurations sampled in the canonical ensemble,
from which non-equilibrium switching simulations to the high (SQM(/MM)) level of
theory were started.

The solute molecules were always fully flexible; the TIP3 waters were held rigid
using SHAKE [66]. In the gas phase, the nonbonded interactions were not truncated
(“infinite” cutoff radius). In the solution simulations, Lennard-Jones interactions
were smoothly switched off between 10 and 12 A, and electrostatic interactions
were computed with the particle-mesh-Ewald method [67] (v = 0.34 A~', spline
interpolation to order 6, FFT grid size of 32).

The protocol just described was used both for the simulations at the MM level
of theory, i.e., using the CGenFF force field, and for all simulations with a hybrid

intermediate representation (force field with Mulliken-derived partial charges).

SQM(/MM) Equilibrium Simulations To calculate the reference values via
Crook’s equation, we also carried out simulations at the SQM(/MM) level of theory.

Specifically, the solute was treated with the self-consistent-charge density-functional
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tight-binding (SCC-DFTB) method, as implemented in CHARMM [6§], using the 3ob-
3-1 [69, [70] [71), [72] parameter set (https://www.dftb.org/parameters/download/
3ob/30b-3-1-cc/(accessed on 29 April 2023)). Water molecules were always treated
classically. Analogous to the MM case just described, eight LD simulations started
with different random initial velocities were carried out in the gas phase and in
solution. The simulation length in all cases was 1 ns (1 million steps with a timestep
of 1 fs). Restart files were written every 1000th step in solution and every 100th
step in the gas phase, thus resulting in a total of 800 (solution)/8000 (gas phase)
restart files generated during a cumulative simulation length of 8 ns. Nonbonded

interactions were treated identically, as in the MM case.

Non-Equilibrium Work Simulations

From each set of restart files written during the equilibrium simulations at the MM,
MULL, and SQM(/MM) levels of theory, every 40th was selected as the starting
point for a NEW switch to the respective other level of theory. Thus, 200 switches
per molecule were carried out to compute the free energy difference between two
levels of theory. In all switching simulations, we used a timestep of 1 fs. Unless
otherwise noted, the switching length was 2000 fs (2000 steps), both for linear and

stepwise linear switching paths.

Calculation of AAMM ¢ MULL

As described in Section to close the thermodynamic cycle, one needs to
compute AAYM & MULL = Since the only difference between the MM and MULL
descriptions of a system are the partial charges of the solute, {¢;}, intermediate states
can be set up easily according to ¢;(\) = (1 —X\)gMM + \gMVLE. To ensure an overlap
between neighboring states, we used three intermediate states (A = 0.25, 0.5, 0.75)
in addition to the MM (A = 0) and MULL (A = 1) end states. All simulation
settings were the same as described in the force field-based equilibrium simulations;
the production length per state was 1 ns. At each A state, 1000 coordinate sets
were saved and the energies were reevaluated at the neighboring states. The free
energy difference between the neighboring states was computed with BAR; these were
summed up to give AAMM ¢ MULL © A]] calculations were repeated eight times, starting
from initial random velocities. The standard deviation obtained from these eight
repetitions were used to estimate the standard error via Gaussian error propagation.
All MM calculations were carried out with the OpenMM [73] GPU acceleration
available in CHARMM (https://academiccharmm.org/documentation/version/
c47b1/openmm(accessed on 29 April 2023)).
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I1.5 Conclusions

In summary, the reliable calculation of free energy differences between the MM and
SQM /MM levels of theory in aqueous solution require either switching lengths of at
least 5 ps, or the use of an appropriate intermediate charge state. In terms of aiding
convergence, the use of intermediate states is not new. For example, the internal
degrees of freedom of a molecule or region that should be described at two levels of
theory can be made more similar to the target high-level representation via force
matching [33], 29, [74]. Thus, the use of intermediate charge states plays the same
role for electrostatic interactions between the core region (the region changed from
e.g., MM to SQM) and the environment (the region always described at the low level
of theory), as force-matched parameters play for the bonded energy terms of the
core region. Since intermediate charge states can be rationally designed without too
much computational effort, the poor convergence of MM—SQM /MM simulations

due to slow solvent reorientation can be easily circumvented.

11.6 Abbreviations

MD Molecular Dynamics
MM Molecular Mechanics
(S) QM (Semi-empirical-)Quantum Mechanics

(S)YQM/MM  (Semi-empirical-)Quantum Mechanical Molecular Mechanical
hybrid methods

FES Free energy simulation

FEP Free energy perturbation

TI Thermodynamic integration
BAR Bennett’s acceptance ratio
NEW Non-equilibrium work methods
JAR Jarzynski’s Equation

CRO Crook’s Equation

Supporting Information

The following can be found in supporting information (Appendix : Figure
0AA including error bars; Figure 0AA, all points; Figure 0AA, all points,
including error bars; Figure : RMSD|q]; Figure Au[D]; Figure : Osonm[°];
Figure 3-t2 charge analysis; Figure [B.8} 4-t2 charge analysis; Figure B.9} 5-t2
charge analysis; Figure B.10} 6-t2 charge analysis; Figure B.11} 8-t2 charge analysis;
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Figure[B.12} 4-t2 TIP3P relaxation; Figure[B.13} 6-t2 TIP3P relaxation; Figure [B.14}
8-t2 TIP3P relaxation; Table B.I} Additional information on model compounds;
Table B.28 Summary table of all §AA results in solution; Table [B.3} Detailed results
for Nywitenn = 2000 8 Nyepiicate = 200 AAMY=5CM: Table [B.4: Detailed results
for Nywitern = 2000 fs Nyepiicate = 200 AA?Q;IIU_)SQM in solution; Table : Detailed
results for Nyyien = 5000 £8 Nyepricate = 200 AA%%:SQM in solution; Table
Detailed results for Ngyiren = 2000 fs Nyepricate = 200 AA??SUOﬁJL(g“SHSQM in solution;
Table : Detailed results for energy correction term via FEP AAYULH9s)=5QM
in solution; Table : Detailed results for Ngyitern = 2000 fs Nyepicate = 200
AA)]\fglLUL(SOIUHSQM in solution; Table Detailed results for energy correction term
via FEP AA??S[{)ZL(SOZUHSQM in solution; Table : Detailed results for Nyyiten =
2000 fs Nyepticate = 200 AA)A?g)le)L(SOlU*HSQM in solution; Table m Detailed results
for energy correction term via FEP AA%SZZI;L(SOZU*)_)SQM in solution; Table m
Mulliken Charge Analysis; Table [B.13} TIP3P Water Relaxation. Refs. [75] [76] are

cited in the Supplementary Materials.
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Tab. A.1. ZINC ID [71], ID used in Ref. [35] and in this manuscript, total number
of atoms (Nitar), the total number of heavy atoms (Npeqyy) and free energy offset
for each compound investigated. This offset has to be subtracted from the respective

AAMM=SQM (N ASRM=MM) Jigted in Tables below.

ZINC-ID | ID | Niot/Nheavy | Offset (kcal/mol)
00077329 | 2 16/10 15000
00079729 | 3 18/13 17000
00086442 | 4 21/12 19000
00107550 | 7 21/11 16000
00133435 | 10 34/22 28000
00138607 | 11 36/20 29000
00140610 | 12 20/12 17000
00164361 | 13 23/14 20000
00167648 | 14 44/26 35000
00169358 | 15 26/16 22000
01867000 | 17 32/18 22000
06568023 | 21 30/18 25000

Tab. A.2. MAD (Mean Absolute Deviation) and RMSE (Root Mean Square Error)
of results obtained from forward switches compared to Reference result (CRO). These
are the values resulting from the short equilibration protocols used initially; this
table corresponds to Fig of the main manuscript.

MAD [kcal/mol] | RMSE [kcal/mol]

NSWI200
NSWI500
NSWI1000
NSWI2000

0.80
0.56
0.49
0.20

1.79
1.36
1.07
0.36
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Convergence criteria reported in Tables [A.3HA.6: In line with earlier work
[35], we computed several convergence criteria for each free energy difference AAMM
—9@M - Ag described in the main manuscript, raw data for each AA were generated
through eight independent series of calculations. We consider each set of raw data
as a block and calculated AA; for each of these blocks. Thus, we can compute a
“hysteresis” Hyst (eresis) = AA — 1/83°% | AA;; cf. Ref. [72]. Here, AA is the free
energy computed using Jarzynski’s equation from all available data, combining the
work values of the eight series of calculations. Each AA; is the free energy computed
from the work values of one of the eight series of calculations.

Further, we report the one-sided II values for the forward and backward free
energy differences; see Ref. [73] for the definition of this quantity and the rationale
behind it. I values > 0.5 indicate that the W distribution is based on sufficient and
unbiased sampling. We report two variants for II, one evaluated with the initial
guess for AA calculated by CRO (Ilggro), the other by JAR (I1;4z). Here (cf. main
manuscript) CRO refers to Crook’s equation [40], and JAR to Jarzynski’s equation

32].

Contents of Tables : AANM=SQM calculated with JAR (fw), JAR (bw),
and CRO, as well as relevant convergence metrics, i.e., standard deviation o AAi for
the 8 blocks, the average work W, the standard deviation of W (¢W), the one-sided
[Mero and 11,45 values, as well as percentage overlap for the distribution of work
values between the JAR(fw) and JAR(bw) calculations. For compounds 2, 7, 10,
12 and 21 entries in italics are for the original protocol, entries in bold indicate the

results obtained with longer equilibration after the random dihedral assignment.
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Fig. A.1. Changes in dihedral angle nomenclature for compound 7; a) dihedral
labels used in Ref. [35]; b) dihedral labels used in this work.
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Fig. A.2. Potential energy scan as a function of y; and y» (cf. Fig. of the main
manuscript and Fig. above) for compound 7. Left: MM; middle MM/3ob at
A = 0.5; right: SQM (=30b). All energies are in kcal/mol, the contour lines are
plotted in 0.5 kcal/mol increments from 0 to 10 kcal/mol. Energies were rescaled so
that the minimum energy is at 0 kcal/mol in all three plots.
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Fig. A.3. §AA for the results of the forward switching simulations (MM — SQM)
using the original equilibration protocol as a function of switching length. Here all
values, including those that were off-scale in Fig. of the manuscript, are shown.
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Fig. A.4. /AA as shown in Fig. of the main manuscript (original equilibration
protocol) with error bars, based on o4, from Tables S4-S7.
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Fig. A.5. 0AA as shown in Fig. of the main manuscript (longer equilibration
for 2, 7,10, 12 and 21) with error bars, based on a4, from Tables S4-S7.
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Fig. A.6. Quasi time series of compound 2 for a) the original protocol and for b)
the modified equilibration protocol.
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Fig. A.7. Quasi time series of compound 7 for a) the original protocol and for b)

the modified equilibration protocol.
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Fig. A.8. Detailed dependence of A A on switching length for a) compounds 12 b)
2 and 7, ¢)10 and d) 21 with extended pre-production equilibration time. This is
the counterpart to Fig. of the main manuscript.
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Fig. A.9. PCA of compound 2 plotted as PC1 vs. PC2 for the original protocol.
a) Scaled version; b) unscaled version. Outliers are marked according to predefined
criteria described in Sect. of the main manuscript; red triangles (rather than
green dots) indicate deviations a) lower than W — 30, and b) [x5**| — 30.
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Fig. A.10. PCA of compound 7 plotted as PC1 vs. PC2 for the original protocol.
a) Scaled version; b) unscaled version. Outliers are marked according to predefined
criteria described in Sect. of the main manuscript; red triangles (rather than
green dots) indicate deviations a) lower than W — 3¢, and b) |x5**| — 30.
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B. Supplementary Material of
Publication 11

Exploring Routes to Enhance the Calculation of
Free Energy Differences via Nonequilibrium Work
SQM /MM Switching Simulations Using Hybrid
Charge Intermediates between MM and SQM Lev-

els of Theory or Non-Linear Switching Schemes
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Tab. B.1. Compound label, total number of atoms (N ), total number of heavy
atoms (Npeqvy), number of TIP3P waters (Nwaters), box length and free energy offset

for each compound investigated. This offset has to be subtracted (added) to the
respective AAMM=SQM (N AS@M=MM) Jigsted in Tables below.

Compound | Niot/Nheavy | Nwaters | Box length [A] Offset[kcal /mol]
1-t1 15/7 560 25.588 11000
1-t2 15/7 561 25.802 11000
2-t1 18/11 559 25.630 14000
2-t2 18/11 559 25.576 14000
3-t1 18/11 559 25.595 14000
3-t2 18/11 559 25.596 14000
4-t1 12/7 561 25.589 10000
4-t2 12/7 561 25.573 10000
5-t1 18/11 560 25.622 14000
5-t2 18/11 5959 25.582 14000
6-t1 11/7 560 25.562 10000
6-t2 11/7 561 25.557 10000
7-t1 20/10 560 25.612 14000
7-t2 20/10 560 25.581 14000
8-t1 11/7 562 25.559 10000
8-t2 11/7 561 25.556 10000
Ala 22/10 561 25.601 16000
Ser 23/11 561 25.622 18000
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Overview of detailed results tables: Tables [B.2HB. 11l summarize all raw data
used to generate the tables and figures shown in the main manuscript. In this study,
the free energy differences AAMMSQM ghtained by CRO (Crook’s equation)[41]
with switching lengths of 5 ps were considered as the reference results and are referred
to as CROgcs. The deviations 0AA from CROpg.s for each of the methods studied
(cf. Eq. 13 of the main manuscript) are listed in Table [B.2] Figures 4 and 5 of the
main manuscript are based on the values in Table [B.2] Table also provides the
standard error, obtained by Gaussian error propagation of the individual results.

Tables [B.3HB.6|, [B.8| and [B.10| contain the detailed results obtained with Jarzyn-
ski’s equation (JAR)[40] in the forward (MM—SQM/MM) and backward (SQM /MM
—MM) direction, as well as the corresponding CRO result using the same switching
length as for the JAR calculations. In addition to various convergence criteria,
see below, we also report the difference between the JAR(fw) and the CRO result
with this switching length (rightmost column in Tables [B.3|- [B.6} [B.8| and [B.10).
Since in Table [B.4] we report results obtained with 2 ps switching length, the dif-
ference JAR(fw) — CRO reported there is slightly different from the corresponding
dAA entry in Table (leftmost column). By contrast, JAR(fw) — CRO in Ta-
ble B.5, Nywiren, = 5000 fs, is identical to the corresponding 0AA entry in Table
Tables [B.6] and summarize JAR and CRO results for the three sets of
simulations using an intermediate MM state with modified partial charges. To
obtain the full free energy difference AAMM<SQM o correction step, the free energy
difference between the force field description of the solute and the description with
modified charges, needs to be computed; these results are summarized in Tables [B.7]
and The overall deviation dAA of this two-step process from CROpg,y are
also reported in the three right-most columns in Table |B.2

Convergence criteria reported in Tables [B.3HB.6, [B.§ and [B.10} In line
with earlier work[34], we computed several convergence criteria for each free energy

difference AAMM=SQM = Ag described in the main manuscript, raw data for each
AA was generated using eight independent series of calculations. We consider each
set of raw data as a block and calculated AA; for each of these blocks. Thus,
we can compute a “hysteresis” Hyst(eresis) = AA — 1/835 | AA;; cf. Ref. [75).
Further, we report the one-sided II values for the forward and backward free energy
differences.[76] II values > 0.5 indicate that the W distribution is based on sufficient
and unbiased sampling. We report two variants for II, one evaluated with the initial
guess for AA calculated by CRO (Il¢go),the other by JAR (I1;4R).

Additional convergence criteria reported in Tables [B.7], and B.11}
In the present work three intermediate MM states were used, which differed from
the force field description by the partial charges used for the solute. To complete
the thermodynamic cycle, one has to compute the respective free energy difference
between the force field (MM) state and the Mulliken charge intermediate state
(MULL). Here, this correction AAMMSMULL wag calculated by (two-sided) free
energy perturbation, i.e., Bennett’s acceptance ratio method (BAR, cf. Sect. Hybrid
charge intermediates of the main manuscript). The standard deviation cAA was
estimated by block averaging. In addition, we report the error for closing the cycle
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shown in Fig. 1b of the main manuscript, i.e., the deviation from ideality,

AAMMHMULL + AAMULL—»S”QM o AAMMHSQM _ O,

using the 5 ps CRO results as the reference value. This cycle closure is labelled as
BAR+JAR(fw)-CROg.; in the tables.
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Fig. B.1. A A calculated as the difference between one-sided method JAR(fw) and
two-sided method CROg. for switching forward(M M* — SQM) from standard
MM charges (MM), Hybrid charge intermediate based on MM gas phase simulation

(MULL(gas)), Hybrid charge intermediate based on MM explicit solvent simulation
(MULL(solv)) and Hybrid charge intermediate based on SQM /MM explicit solvent

simulation (MULL(solv*)) including standard error.
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Fig. B.2. 0AA calculated as the difference between one-sided method JAR(fw) and
two-sided method CROg, for switching forward(MM* — SQM) from standard
MM charges (MM), Hybrid charge intermediate based on MM gas phase simulation
(MULL(gas)), Hybrid charge intermediate based on MM explicit solvent simulation
(MULL(solv)) and Hybrid charge intermediate based on SQM/MM explicit solvent
simulation (MULL(solv*)).
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Fig. B.3. 0AA calculated as the difference between one-sided method JAR(fw) and
two-sided method CROg, for switching forward(MM* — SQM) from standard
MM charges (MM), Hybrid charge intermediate based on MM gas phase simulation

(MULL(gas)), Hybrid charge intermediate based on MM explicit solvent simulation
(MULL(solv)) and Hybrid charge intermediate based on SQM/MM explicit solvent

simulation (MULL(solv*)) including standard error.
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Fig. B.4. Root Mean square deviation of partial charge for all compounds; the
MAD is plotted as well.
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Fig. B.5. Differential dipole moment for all compounds, including MAD.
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Fig. B.7. Differential dipole moments and atomic charges for 3-t2 including angle

to SQM.
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Fig. B.8. Differential dipole moments and atomic charges for 4-t2 including angle
to SQM.
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Fig. B.9. Differential dipole moments and atomic charges for 5-t2 including angle
to SQM.
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Fig. B.10. Differential dipole moments and atomic charges for 6-t2 including
angle to SQM.
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Fig. B.11. Differential dipole moments and atomic charges for 8-t2 including
angle to SQM.
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Fig. B.12. Relaxation of TIP3P Water for 4-t2 when switching from MM and
MULL(solv) to SQM.
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Fig. B.13. Relaxation of TIP3P Water for 6-t2 when switching from MM and
MULL(solv) to SQM.
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Fig. B.14. Relaxation of TIP3P Water for 8-t2 when switching from MM and
MULL(solv) to SQM.
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