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Abstract

The predictive power of molecular dynamics simulations is determined by the accessible
system sizes, simulation times and, above all, the accuracy of the underlying potential energy
surface. Tremendous progress has been achieved in recent years to extend the system sizes via
multi-scale approaches and the accessible simulation times by enhanced sampling techniques.
Such improvements on the sampling issues shift the focus of development on the accuracy of
the potential energy surface.

A first goal of this thesis was to assess the accuracy limits of a variety of computational methods
ranging from classical force fields over the self-consistent-charge density functional tight-
binding method (SCC-DFTB), various density functional theory (DFT) methods, to wave
function based ab initio methods in identifying the correct lowest energy structures. As ex-
perimental benchmark data to assess the performance of different computational methods
we used high-resolution conformer-selective vibrational spectra, measured by cold-ion spec-
troscopy, of protonated tryptophan and gramicidin S in the group of T. Rizzo at EPFL. These
studies showed that most empirical force fields performed rather poorly in describing the
correct relative energetics of these molecules, possibly due to the limited transferability of
their underlying parameters.

With the goal to increase the accuracy of classical molecular mechanics force fields we imple-
mented a recently developed force-matching protocol for an automated parametrisation of
biomolecular force fields from mixed quantum mechanics/molecular mechanics (QM/MM)
reference calculations in the CPMD software package. Such a force field has an accuracy that
is comparable to the QM/MM reference, but at the greatly reduced computational cost of the
MM approach. We have applied this protocol to derive in situ FF parameters for the retinal
chromophore in rhodopsin embedded in a lipid bilayer.

In a similar effort, we employed iterative Boltzmann inversion to derive repulsive potentials for
SCC-DFTB. We used reference data at the DFT/PBE level to derive highly accurate parameters
for liquid water at ambient conditions, a particularly challenging case for conventional SCC-
DFTB. The newly determined parameters significantly improved the structural and dynamical
properties of liquid water at the SCC-DFTB level.

In a third project of the thesis we explored possible accuracy improvements in the context
of DFT methods. Dispersion Corrected Atom Centered Potentials (DACPs) are a recently
developed method to cure the failure of DFT methods within the generalised gradient approxi-
mation to describe dispersion interactions. Here, we complemented the existing library of
DCACP parameters by the halogens and compared the performance of various dispersion
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Abstract

corrected DFT methods in reproducing high-level benchmark calculations on weakly bound
prototype complexes involving halogen atoms.

Keywords: Molecular Dynamics, Molecular Mechanics, Tight Binding, Density Functional
Theory, QM/MM, Force Matching, Iterative Boltzmann Inversion, Dispersion Interactions.



Kurzbeschreibung

Die Voraussagekraft von Molekulardynamik-Simulationen wird durch die zugidnglichen Sy-
stemgréssen, Simulationszeiten und vor allen Dingen durch die Genauigkeit der ihnen zu-
grunde liegenden Potentialoberflichen bestimmt. In den letzten Jahren konnten die System-
grossen mit Hilfe von Multi-Skalen-Methoden und die Simulationszeiten tiber verbesserte
Sampling-Verfahren erheblich erweitert werden. Diese Fortschritte lenken den Fokus weiterer
Entwicklungen immer mehr auf die Genauigkeit der Potentialoberflachen.

Ein erstes Ziel dieser Dissertation war, die Genauigkeit einer Auswahl von computergestiitzten
Methoden in der Vorhersage der stabilsten Struktur biologisch relevanter Molekiile beur-
teilen zu kénnen. Die verwendeten Methoden reichten von klassischen Kraftfeldern iiber
die Self-Consistent-Charge Density Functional Tight-Binding (SCC-DFTB) Methode und ver-
schiedenen Dichtefunktionaltheorie (DFT) Methoden bis hin zu Wellenfunktions-basierten
ab initio-Methoden. Als experimentelle Referenz-Daten zur Beurteilung der verschiedenen
Methoden wurden hoch-aufgel6ste konformations-spezifische Schwingungsspektren von
protoniertem Tryptophan und Gramicidin S bei Temperaturen um =10 K, welche in der
Gruppe von T. Rizzo an der EPFL aufgenommen worden waren, verwendet. Diese Untersu-
chungen haben gezeigt, dass die meisten empirischen Kraftfelder, moglicherweise aufgrund
der begrenzten Transferabilitdt der enthaltenen Parameter, unter Gasphasenbedingungen
die relativen Energien unterschiedlicher Konformationen dieser Molekiile relativ schlecht
beschreiben.

Mit dem Ziel, die Genauigkeit klassischer Kraftfelder zu verbessern, haben wir eine kiirzlich
entwickelte Force-Matching-Methode zur automatischen Parameterisierung biomolekularer
Kraftfelder, basierend auf kombinierten Quantenmechanik/Molekiilmechanischen (QM/MM)
Referenz-Rechnungen, im Software-Packet CPMD implementiert. Ein solches Kraftfeld hat
eine der QM/MM Referenz-Methode vergleichbare Genauigkeit, allerdings wird nur der deut-
lich kleinere Rechenaufwand der MM-Methode bendtigt. Dieses Verfahren wurde nun zur
Bestimmung von in situ-Parametern fiir Retinal in Rhodopsin, eingebettet in einer Lipid-
Doppelmembran, verwendet.

In einer dhnlichen Studie wurde die Methode der iterativen Boltzmann-Inversion angewen-
det, um Repulsiv-Potentiale fiir die SCC-DFTB Methode zu parameterisieren. Dabei wurden
DFT/PBE Referenz-Rechnungen benutzt, um hochgenaue Parameter fiir fliissiges Wasser
bei Normalbedingunen zu bestimmen, welches ein besonders anspruchsvolles System fiir
konventionelles SCC-DFTB darstellt. Mit Hilfe der neuen Parameter konnten die strukturellen
und dynamischen Eigenschaften von fliissigem Wasser, wie sie vom SCC-DFTB beschrieben
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Abstract

werden, deutlich verbessert werden.

In einem dritten Projekt dieser Doktorarbeit wurden mégliche Verbesserungen in der Ge-
nauigkeit von DFT-Methoden erkundet. Mit Hilfe der kiirzlich entwickelten Methode der
dispersionskorrigierten atomzentrierten Potentiale (DCACP) kdonnen Fehler von DFT Metho-
den, welche auf der verallgemeinerten Gradienten-Ndherung basieren, bei der Beschreibung
von Dispersions-Wechselwirkungen behoben werden. In der vorliegenden Arbeit wurde die
bereits vorhandene Bibliothek von DCACP-Parametern um die Halogene ergidnzt und die
Leistung unterschiedlicher dispersions-korrigierter DFT-Methoden gegeniiber hochgenauen
Referenz-Rechnungen an prototypischen, schwach gebundenen Halogen-Komplexen vergli-
chen.

Stichworter: Molekulardynamik, Molekiilmechanik, Tight Binding, Dichtefunktionaltheorie,
QM/MM, Force Matching, Iterative Boltzmann-Inversion, Dispersions-Wechselwirkungen.
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Introduction

Along with the exponential increase in the performance of integrated electronic circuits [1]
computer simulations have earned an important role in chemistry [2]. They can be used
to compute properties of molecular systems and materials also under conditions that are
inaccessible to experiments or for which the synthesis is costly or time consuming. They
also allow to determine the three dimensional arrangements of atomic nuclei that are bound
together by their shared electrons, i.e. the chemical bonds. After all, chemistry is the study of
the rearrangements of atomic nuclei in molecules along with the electronic structure. How-
ever, most experiments do not give direct access to the three dimensional arrangements of
the nuclei, not to speak of the localisation of chemical bonds. On the other hand, structures
can be calculated via a computational model, which represents therefore an inherent part of
the protocol towards the interpretation of the experimental data. The calculated molecular
structure can serve as a basis for rationalisation, interpretation and prediction of chemical
properties.

The starting point for a computer simulation is the definition of a theoretical model for
the system under investigation. In this thesis, we restrict the models to atomistic resolution,
i.e. coarse grained methods [3, 4] are excluded from this discussion. Therefore, the size of
the model, its chemical composition and three dimensional structure need to be specified.
Furthermore, a choice has to be made for the level of theory at which the physical interactions
between the atoms are treated. Different levels of theory, each with particular advantages
and disadvantages, are available. Figure 1 ranks a selection of methods that are commonly
employed in computational chemistry according to their accuracy and gives their accessible
system size on today’s computer architectures. This overview is by far not exhaustive and
can only serve as a rough qualitative comparison. It illustrates, however, the unfortunate
restriction of the more accurate methods to smaller system sizes. The top of the accuracy scale
is occupied by methods based on quantum mechanics which allows an explicit description
of the electronic structure and the electronic rearrangements that occur during the forming
and breaking of chemical bonds. Among the wave function based methods (red boxes) com-
plete Configuration Interaction (CI) [5] (full CI in the complete basis set limit) represents the
exact numerical method for the solution of the time-independent non-relativistic electronic
Schrédinger equation [6]. The Coupled Cluster approach [7-10] predicts relative energies
within chemical accuracy. However, only systems with a few tens of atoms can be calculated.
Additionally, these methods are not ideal for parallelisation, which means that in terms of
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Figure 1: Overview of different methods employed in computational chemistry ranked by their
accuracy and with respect to the accessible system size and MD sampling times for the given
size.

the ongoing hardware development they can only profit from faster processors, but not from
building larger computers with more processors. Moving further down the accuracy scale with
larger approximations to the electronic Schrédinger equation the various Density Functional
Theory (DFT) methods [11, 12] (blue box) represent a favourable compromise between ac-
curacy and computational cost. Hybrid GGA functionals [13] come at the cost of the wave
function based Hartree Fock method, but with higher accuracy. The generalised gradient
approximation (GGA) [14-16] allows the simulation of hundreds of atoms. Semi-empirical and
tight binding methods represent approximate versions of quantum mechanical methods and
can therefore describe forming and breaking of chemical bonds. Their computational costs
allow the simulation of thousands of atoms. In classical Molecular Mechanics (MM) force
fields (FFs) [17-19] the interactions are based on classical mechanics and electrostatics, and
do not contain any explicit treatment of the electronic structure. The model needs a definition
of a bonding topology that is retained during the simulation and the forming and breaking of
chemical bonds is not possible. However, the energy evaluation at this level is so expedient
that systems of hundred thousands of atoms can be simulated [20, 21].

These microscopic models for the interactions between the atoms are used to calculate macro-
scopic observables that can also be measured by experiments. However, additional techniques
are needed to provide thermodynamic ensemble averages. Molecular Dynamics (MD) [22,23]
is a very popular choice to provide such averages. In fact, the method has been named "sta-
tistical mechanics by numbers" [24]. Here, we consider only the electronic ground state of
a chemical system and in addition neglect the quantum mechanical nature of the nuclei. In
such a setting, the atomic nuclei can be thought of point particles evolving dynamically in

2
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Figure 2: Illustration of the molecular dynamics method on which the nuclei evolve on
the potential energy surface provided by an electronic hamiltonian or classical molecular
mechanics.

time on a potential energy surface (PES) as illustrated in Figure 2. Relying on the ergodic
theorem, the thermodynamic averages are then calculated from the configurations along such
trajectories.

Various key factors influence the accuracy of molecular dynamics simulations. The size
of the chemical or physical model has to cover the relevant spatial correlation length of the
properties under investigation. This restricts, as outlined above and in Fig. 1, the available com-
putational models to compute the PES, since especially biochemical systems are inherently
large. However, often we are only interested in the properties of a relatively small fragment of
the complete system, e.g. a reaction barrier for an event in the active site of a protein. The
environment, i.e. the surrounding protein embedded in a solvent or membrane, influences
strongly these properties and has to be included in the computational model. However, recent
developments in multi-scale modelling, such as the mixed quantum mechanics/molecular
mechanics (QM/MM) schemes [25-27], rely on the observation that the environment can be
described at a lower level of theory than the "active" fragment. In QM/MM the active fragment
is described at the quantum mechanical level which includes an explicit treatment of the elec-
tronic structure and allows the description of forming and breaking of chemical bonds, while
the surrounding environment is described by a classical FE merely polarising the quantum
region. Such schemes have considerably pushed the size limitations of biochemical systems
that can be treated. Besides system size, also the time scales of MD simulations are crucial.
Only processes with relaxation times smaller than the MD simulation time can be studied, to
begin with. Furthermore, thermodynamic quantities, such as free energy differences, are very
sensitive to insufficient sampling of the configurational space. In order to reduce the error
bars to an extent that allows comparison to experiments, long simulation times are necessary.
Figure 1 contains also the typical accessible simulation times by MD for the various methods.

3
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Ab initio methods such as full CI or Coupled Cluster approaches, despite their accuracy, are
therefore not practical for molecular dynamics simulations due to their limitations not only in
system size, but also in sampling time. DFT methods reach sampling times in the range of
tens to hundreds of picoseconds, which offers, in combination with typical system sizes of a
few hundred atoms, adequate sampling for a range of structural and dynamical properties of
condensed phase systems [28-30]. Note however that the time scale of the reactions catalysed
by the fastest enzymes is in the order of microseconds, and protein folding occurs in the
microsecond to millisecond time frame [31, 32]. The latter can only, if at all, be reached by MD
based on classical force fields. Enhanced sampling techniques have improved this situation
considerably [33-38].

With the recent progress in extending the accessible system size and time scales in molecular
dynamics simulations, the remaining limiting factor is often the accuracy of the underlying
potential energy surface. To illustrate the typical accuracy that is needed for biological systems,
consider, for example, the temperature range of 100°C for liquid water as the most important
solvent in biologically relevant applications. Such a temperature difference corresponds to
an energy difference of only 0.2 kcal/mol per degree of freedom, which poses very stringent
accuracy constraints on the potential energy landscape. This, however, can in practice only be
achieved by a trade-off, since the computation of a more accurate PES is also more demanding
in terms of computational resources and thereby restricts the accessible length and time scales
of the model system. Therefore a reasonable compromise between the level of accuracy and
the resulting computational cost has to be found.

The practical implications of the relation between accuracy and system size limitations are
explored in Chapter 2 of this thesis. With the aim of determining the lowest energy conforma-
tions of small protonated biomolecules, we explored the size limits for various levels of theory
and used high-resolution experimental data as a benchmark to test the accuracy of various
computational methods in identifying the correct lowest energy structures. In particular, we
assessed the composite ab initio method CBS-C [39, 40], MP2 [41], several DFT methods, a
Tight-Binding method [42], and several classical force fields [43-46]. These results demon-
strate how well high-level modern quantum chemistry methods and cold ion spectroscopy
work together in determining low energy structures of biomolecules in the gas phase, while
more approximate methods struggle to provide the necessary accuracy. However, the highly
accurate QM methods are only applicable to very small systems and do not allow for an ex-
haustive search of low energy conformers.

The remaining chapters of this thesis are therefore concerned with different strategies to
increase the accuracy of the underlying potential energy surface in empirical, tight binding
and DFT MD simulations. The common feature of these strategies is to parameterise lower
level methods by reference calculations from a higher level method. Simulations can then be
performed using the re-parameterised lower level method, which ideally can now reproduce
the higher level method’s accuracy, but at reduced computational cost. This in turn implies
that system sizes and sampling times are accessible that were prohibitive with the higher level
method.

Chapter 3 describes the implementation of a recently developed force-matching protocol [47]
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for an automated parametrisation of biomolecular FFs from QM/MM reference calcula-
tions [48] in the publicly available CPMD package [49]. In this scheme finite-temperature
QM/MM molecular dynamics simulations are performed with a QM fragment, for which MM
force field parameters are to be derived. Nuclear forces on the QM atoms and the electrostatic
potential and field are extracted from this trajectory to serve as target properties for the subse-
quent parameter fitting scheme. In this way, environment, finite temperature and pressure
effects are taken into account automatically. The force field determined in this manner has an
accuracy that is comparable to the one of the reference QM/MM calculation, but at the greatly
reduced computational cost of the MM approach. This allows calculating quantities that
would be prohibitive within a QM/MM approach, such as thermodynamic averages involving
slow motions of a protein. We have applied this protocol to derive in situ FF parameters for
the retinal chromophore in rhodopsin embedded in a lipid bilayer. Rhodopsin is a biological
pigment in the photoreceptor cells of the retina and constitutes the first member in a signalling
cascade responsible for the perception of light [50, 51]. The initial event upon light absorption
is the cis-trans isomerisation of the retinal chromophore within the binding pocket of the
protein [52-55]. The investigation of the structural variations after the absorption of light
has been an active field of research, both on the experimental [56-59] and computational
sides [60-63]. Biomolecular force fields have been employed to illuminate equilibrium prop-
erties of dark state rhodopsin and the large scale structural rearrangements of the protein
after light absorption [64, 65]. However, the parameter sets currently used for the retinal chro-
mophore [17,61,66] do not account for the variations of the carbon-carbon single and double
bonds along the conjugated 7-system. This is a reasonable approximation if only large scale
conformational properties of the protein are concerned. However, recent investigations have
shown that the optical absorption spectrum calculated from configurations generated by such
an approximate bonding topology does not agree with experiments [67]. Currently, one has
to rely on QM/MM methods in order to generate realistic configurations for the calculations
of optical properties [68]. In order to overcome the time scale limitations associated with
this approach we apply the newly implemented QM/MM force matching protocol to derive a
consistent set of FF parameters that reproduce the structural and dynamical properties at the
QM/MM level. In contrast to the original FE the new parameter set describes correctly the
variations of the carbon-carbon single and double bonds in the retinal. As a consequence, the
optical absorption spectrum calculated from configurations extracted from an MD trajectory
using the new FFE is in excellent agreement with the QM/MM and experimental references.

Moving up the hierarchy of computational methods, we next targeted a tight binding method.
The goal of Chapter 4 is the derivation of improved repulsive potentials for the self-consistent-
charge density functional tight-binding method (SCC-DFTB) [42] based on DFT reference
calculations. In the conventional parameterisation scheme for the SCC-DFTB repulsive poten-
tials the balanced description of different chemical environments involves significant human
effort and chemical intuition. Here, similar to the force matching protocol in Chapter 3, we
propose an in situ parameterisation method to derive parameters with reduced transferability
but maximal accuracy for the chemical and physical environment under investigation. In this
case we employ the iterative Boltzmann inversion method [69, 70] which uses radial distri-
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bution functions instead of atomic forces as a target quantity in the optimisation procedure.
Starting from an initial guess, we use iterative Boltzmann inversion to successively improve the
repulsive potentials. The corrections are extracted iteratively from the differences in the radial
distribution functions with respect to a reference calculated at the DFT/PBE level of theory. We
apply this new scheme to liquid water at ambient conditions, a particularly challenging case
for conventional SCC-DFTB [71,72]. The newly determined parameters allow the calculations
of the structural and dynamical properties of liquid water with an accuracy similar to DFT/PBE
but at the cost of the normal SCC-DFTB method.

In Chapter 5, the accuracy of DFT is addressed and improved by a suitable parameterisation
protocol. In principle DFT is an exact theory [11, 12] but, the exact form of the exchange-
correlation functional is unknown. Today’s popular approximations, especially the functionals
based on the generalised gradient approximation (GGA) suffer from shortcomings in accu-
rately describing non-local long-range interactions (e.g. dispersion forces), which are of
pivotal importance in (bio-)chemical systems. In a recently introduced approach - based on
dispersion-corrected atom-centered potentials (DCACPs) [73] - the effect of dispersion forces
is taken into account via atomic orbital-dependent analytic potentials whose parameters are
determined from reference calculations at the coupled cluster level of theory. This scheme
was shown to be highly transferable [74-79]. It allows for an accuracy of essentially CCSD(T)
quality, while at the same time retaining the computational efficiency of the DFT/GGA method.
Especially, within the plane-wave/pseudopotential implementation of CPMD [49] the com-
putational overhead on the electronic structure calculation is only minor. In Chapter 5, the
existing element-specific DCACP library has been complemented with the parameters for
halogen atoms. Furthermore, we investigate the performance of various DFT methods, in-
cluding the newly derived DCACPs in conjunction with the BLYP functional, in reproducing
high-level wave function based benchmark calculations on the weakly bound halogen dimers,
as well as prototype halogen bonded complexes. Such an effort towards the identification of
computationally expedient and yet accurate methods to model halogen containing systems
is relevant for computational applications in a variety of fields, ranging from stratospheric
chemistry [80-84], materials science and engineering [85-92] to biological systems [93-96]
and medicinal chemistry [97-101].

In summary, we employed three different approaches to increase the accuracy of MD sim-
ulations. We used force matching to parameterise a classical force field for the retinal chro-
mophore in rhodopsin based on QM/MM reference calculations. Secondly, we employed
iterative Boltzmann inversion to derive improved repulsive potentials for the SCC-DFTB
method for liquid water. And, finally, we optimised element-specific DCACP parameters to
increase the accuracy of DFT methods for describing weak interactions involving halogen
atoms.



1] Theoretical Background

This chapter reviews, based on the indicated references, selected computational methods that
were used in the applications of Chapters 2 and 5 and that represent the underlying theoretical
framework for the developments in Chapters 3-5. For all of these methods a number of
excellent books and review articles is available and the interested reader is invited to consult
the suggested references for a discussion beyond this concise overview.

1.1 The Molecular Hamiltonian

The description of the breaking and forming of chemical bonds demands an explicit calcu-
lation of the electronic structure. Due to the wave like nature of the electrons, quantum
chemical methods have to be employed with the goal to find approximate solutions to the
time-independent, non-relativistic Schrodinger equation [6] for a molecular system consisting
of N electrons and M nuclei

HWY ({r;},{Ry}) = E VY (ir;}, IRy} (1.1)

with the molecular Hamiltonian A [102,103] in atomic units:

R 1 M N-1 N 1 M-1 M ZaZﬁ
R o /03 NN 1 oL 3 ¥
a=1 Ma i=la= i=1 j>i Tij  a=1p>a Rap (1.2)

=To+ T+ Ven + Vee + Vin

a and B index the M nuclei, while i and j denote the N electrons in the system. The first two
terms represent the kinetic energy of the nuclei and electrons, respectively, with the nuclear
mass M. The third, fourth and fifth terms represent the nuclei-electrons and electrons-
electrons and nuclei-nuclei electrostatic interactions. r;; is the distance between electrons
iand j: rij = |rj —r;|, analogously r;4 stands for the electron-nucleus distance and R,p for
the internuclear distance. The wave function ¥ ({r;},{R,}) is an eigenfunction of H with
eigenvalue E. It contains all information of the quantum mechanical system and depends on
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the collective spatial and spin coordinates of the N electrons {r;} and the spatial coordinates
of the nuclei, {R,}. This Hamiltonian does not include relativistic corrections to the kinetic
energy, interactions of magnetic moments (orbit/orbit, spin/orbit, spin/spin), or interactions
with external electric and magnetic fields.

The Born-Oppenheimer (BO) approximation offers a simplification of the complex eigenvalue
problem in Eq. 1.1 by separating the nuclear from the electronic motion. This approach is
motivated by the significant difference in particle masses and assumes, that the electrons
adjust instantaneously to each new position of the nuclei. The approach is to calculate the
electronic wave function W*¢ for a situation of fixed nuclei, in which T}, = 0:

ﬁelec ({rl}, {Ra}) \Pelec ({1'1}, {Ra}) - Eelec \Pelec ({rl}y {R(X}) (1.3)
with
A9 = T 4 Vi + Ve + Vi (1.4)

Both, A ({r;};{Ry}) and W ({r;}; {R,}), depend explicitly on the electronic degrees of
freedom, but only parametrically on the nuclear coordinates {R,}. Note, that Vi is included
in the electronic Hamiltonian by convention, although it does not act on {r;} and results in a
trivial additive shift of the electronic energy. The resulting electronic energy (integrating over
the electronic degrees of freedom):

B ((Rg}) = B [WEe° (fr;}; (R
" R (1.5)
= f PeleC ({r,}; (R }) HO (fr;}; (Ro}) WO ({r}; (Ry)) dr

is a function of the nuclear coordinates.

The total electronic-nuclear wave function can be expanded in the complete orthonormal
set of eigenfunctions of ¢ with the nuclear wave functions as the expansion coefficients.
Solving then the Schrédinger equation for the nuclear wave functions reveals coupling terms
in which T, acts on the electronic states. Neglecting all such coupling terms leads to the
adiabatic BO approximation ! and produces an effective Schrédinger equation for the nuclear

motion:

A™ ({Ra}) ¥ (Ra}) = Ex (Ra}) (1.6)
with

A™ ((Re}) = T ((Ra}) + E¥*° ({Ra}) (1.7)

1The Born-Oppenheimer approximation itself involves only the neglect of the terms in which T, couples
different electronic states. The term "adiabatic" is chosen in analogy to macroscopic processes which take place
without heat transfer to the environment. See Refs. [28, 102] for more details and an explicit derivation.
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In this picture, E®° represents the effective potential energy surface on which the nuclear
wave functions y ({Ry}) evolve.

We can, however, go one fundamental step further and neglect the quantum nature of the nu-
clei altogether. Contracting them to classical particles leaves us with a total energy expression
as a function of the nuclear coordinates and classical momenta {P,} only:

2

M p
E ({Rq}, {Pa}) = E¥°° ((Ra}) + Tn = E¥ (R} + ) o (1.8)
a=1 a

Although at this point the initial problem of Eq. 1.1 has been simplified considerably, we are
still left with finding a solution to the electronic Schrodinger equation 1.3. The electronic
structure methods that were applied in this thesis seek for approximate solutions to E®' ({R,})
in the electronic ground state \I’glec. The corresponding Eglec can be obtained according to the
variational principle:

Eglec — min Eelec[\y] — min f\Pelec* IjIelec \Pelec dr (1.9)
Y-Y, Y—¥,

1.2 Density Functional Theory

This section is largely based on refs. [103, 104] and alternative presentations can be found in,
e.g., Refs. [105-107].

The Born-Oppenheimer approximation and the assumption of classical nuclei in the previous
section have simplified the full Schrodinger equation 1.1 to an electronic problem in which
the contribution from the nuclei is taken into account in the form of an "external potential"
Ven. At this point, various electronic structure methods are available to solve Eq. 1.3 in an
approximate way. Here, we focus on density functional theory (DFT) in which, contrary to
wave function based methods, the central quantity is the electron density

P :Nfd3r2fd3r3 ...fd3rN‘I’*(r,rz...,rN)‘I’(r,rz...,rN) (1.10)

which is a function of three spatial coordinates r only (and, for spin polarized systems, the spin).
This is opposed to the 3N coordinates (or 4N variables if the spin is taken into account) of the
N particle wave-function ¥ (ry,rs...,¥n). According to the first Hohenberg-Kohn theorem [11]
the ground state density py(r) is related to the external potential Ve, by a one-to-one mapping
up to an additive constant. Consequently, the electronic Hamiltonian (see Eq. 1.4) Hyelec [po(r)]
and the non degenerate ground state wave function ‘Pglec({ri}) = ‘P[po(r)]elec are unique
functionals of py(r). The ground-state energy Ey[p(r)] = E®*[po(r)] and all other ground-
state electronic properties are uniquely determined by the electron density. The variational
principle for the ground-state energy in the second Hohenberg-Kohn theorem [11] states that
the energy for a trial density p(r), satisfying p(r) = 0 and [ p(r)dr = N, is always greater or
equal to the true ground-state energy: E€*°[p(r)] = Eo[p(1)].
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The total energy functional reads:
E¥°[0] = Telp] + Veelp] + Venlp] + Vin[0] (1.11)

with the universal system-independent functionals for the kinetic energy (T[p]) and the
electron-electron interaction (Vge[p]) and the unique, system dependent electron-nucleus
interaction Venl[p] = [ vext(®)p(r) dr. Note, that Vpn[p] is again just an additive, system-
dependent term. Assuming, that suitable expressions or approximations for the individual
terms are available, DFT can, in principle, directly be employed to calculate the electronic
ground state energy by either self-consistently diagonalising Hejec[p] in a given basis or by
minimising its expectation value:

Eolp(r)] = mln f elec™ felec \pyelec .
(1.12)

— minfq,elec [P] IjIelec[ ] \PEleC[p] dr = min Eelec[p]
P—Po P—Po

With the resulting pg(r) all observables are available without having to solve the many-body
Schrédinger equation or without the need for a single-particle approximation.

However, since an analytic expression for the kinetic energy functional for the electron den-
sity is unknown, in the Kohn-Sham (KS) formalism the complicated many-body problem is
mapped onto an equivalent non-interacting (or single-particle) system [12]. The KS total
energy functional reads:

ES[p] = Tg[p] + Jlp] + Exclp] + Vi (1.13)

with the kinetic energy

1 N
Tilpl = =3 Z[ dr y; ©V2y;0) = Ts [{yi [pm)]}] (1.14)
and the classical Coulomb interaction

/
Jip) = wa,()[flp( Lar

expressed in terms of the single-particle KS orbitals y;(i = 1,2,...N) whose corresponding
density

w;(r) dr (1.15)

N
p(r) = Zh//i(l'”z (1.16)

equals the density of the real interacting system. The exchange-correlation functional Ex.
accounts for all the remaining, non-classical and many-body interactions. The KS orbitals are
determined by the KS equations (Eq. 1.17) which are derived by minimising the KS energy 1.13

10
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with respect to the density under the orthogonality constraint for the KS orbitals.

1
(= 3V + vestlo )y = civ (1.17)

with the effective KS potential

/

pr
[r—r

1 /
Veff[0] = Vext + 5[ T dr’ + vyc[p] (1.18)

and the exchange-correlation potential

5Exc[P]

5p (1.19)

Uxelpl =
Since veg depends via Eq. 1.16 on the KS orbitals themselves, the KS equations have to be
solved iteratively.
Up to this point, no approximations have been introduced, i.e. the solution of the KS equations
is formally equivalent to solving the electronic many-body Schrodinger equation 1.3. The
resulting total energy expression at self-consistency reads:

Nocc 1 /
ESS[pm)] = Z fiei——f%dr dr'—fvxc(r)p(r) dr+ Exclp()] (1.20)

2

Unfortunately, the exact exchange-correlation functional is not known and in practice one
relies on approximate expressions. Consequently, the practical application of a DFT method
implies an approximate Hamiltonian, which is in contrast to the wave function based methods.
In the latter, the Hamiltonian is exact, but approximations to the form of the wave function
are being made. In analogy to the biblical Jacob’s Ladder to heaven, Perdew proposed a
classification of the different levels of approximations to the exchange-correlation functional
and suggested a systematic increase in accuracy by elaborating the underlying physical models
[108]. Note that, along with the sophistication in the functional forms the computational effort
increases as well.

The Local Density Approximation (LDA) relies on the assumption that the exchange-correlation
energy density at a given point in space, ey (r), depends on the local density p(r) only, and
does not depend on the density in any other point.

ELDA = f etPA(p) p(x) dr (1.21)

Ey. can therefore be written as a sum of the exchange and the correlation energies of the uni-
form electron gas. An analytic expression for the exchange part is given by the Dirac exchange
energy functional [109] and the correlation part can be determined by an interpolation [110]
of highly accurate Quantum Monte Carlo calculations [111] of the uniform electron gas.

11
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The Generalized Gradient Approximation (GGA) extends the description in so far that the
exchange correlation energy density is not only a function of the density p(r) at a particular
point in space r, but also of its gradient Vp(r) in order to account, at least partially, for the
non-homogeneity of the real electron density in the molecular system. This is sometimes
referred to as semi-local approximation.

ESCA = f €SSA (p,Vp)p(x) dr (1.22)

Popular representatives of this group of functionals are BLYP and PBE [14]. The latter was
developed in the spirit of a "controlled extrapolation away from the limit of slowly-varying den-
sity" [112]. BLYP combines the Becke exchange functional [15], which involves one parameter
determined to match the exact exchange energies of the rare gas atoms, and the expression
for the correlation energy by Lee, Yang and Parr [16] who determined the parameters in the
analytic expression for the correlation energy [113] by Colle and Salvetti from reference calcu-
lations on the helium atom.

Since GGA functionals do not include nonlocal quantities they fail to account for intrinsically
nonlocal correlation effects of the electron density, such as London dispersion interactions.
One recently proposed method to improve the description of dispersion interactions, while
at the same time retaining the computational efficiency of GGA calculations, are Dispersion
Corrected Atom Centered Potentials (DCACPs) [73,75]. In Chapter 5 we derive atom-specific
DCACP parameters in conjunction with the BLYP functional for the halogens. DCACPs greatly
increase the accuracy of BLYP for the description of weak interactions.

Meta-GGA In the next step on the ladder the second derivative of the electron density,
V2p(r), is included in the functional form of the exchange-correlation energy. For practical
reasons, the equivalent quantity for the KS orbitals, 7(r) = Zﬁv |V1//,- (r) |2, is used in more recent
functionals, such as TPSS [114] and M06-L [115]. The former function has been derived in the
spirit of constraint-satisfaction with respect to properties of the free electron gas and without
introducing empirical parameters, while the latter has been developed targeting property
satisfaction, i.e. besides satisfying some constraints of the free electron gas, it contains a
set of parameters that were determined by minimising the error with respect to higher level
reference calculations.

Hybrid-GGA (or hyper-GGA). In principle, the exact exchange energy is known from the
expectation value of the Coulomb operator for a single Slater determinant in Hartree-Fock
theory, E f F_However, simply combining exact exchange energy, which is fully non-local in
nature, with a local or semi-local approximation to the correlation energy leads to an unbal-
anced description. One, in terms of practical performance, very successful route in alleviating
this problem is the mixing of exact exchange with approximate semi-local expressions, in
combination with suitable approximations to the correlation energy [13]. A very popular
example is the three-parameter functional B3LYP, where a fraction of exact exchange is mixed

12
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with fractions of LDA and Becke exchange. The correlation part is constructed from LDA and
LYP.

Combinations of Meta-GGAs with exact exchange are hTPSS (one fitted parameter) and diverse
variants of the M05 and M06 functionals (22-38 fitted parameters).

1.3 Self-Consistent Charge Density Functional Tight Binding (SCC-
DFTB)

Tight binding (TB) methods were derived based on KS DFT with the goal to maintain the
electronic structure description, so that breaking and forming of chemical bonds can be de-
scribed. Approximations are put in place and explicit integrals are replaced by parameterised
functions in order to reduce the computational cost of the KS method, so that larger systems
and longer sampling times are accessible. Naturally, their accuracy depends on the quality and
transferability of the underlying parameter set, whose determination and validation requires
significant human effort.

One key idea in the derivation of tight binding methods is to describe the matrix elements of
an approximate electronic Hamiltonian by parameterised two-body functions, that depend
only on the internuclear distances [116,117]. The parameters of the matrix elements are
determined by fitting to higher level reference calculations or experimental values. Further-
more, it is assumed that the total energy can be described as a sum of the band structure
term Ep,ng, which is essentially the sum over the occupied orbital energies derived from the
diagonalization of the electronic Hamiltonian and a repulsive contribution Eyep, which is
dominated by the nucleus-nucleus interaction and accounts for the approximations made in
the first term [118]:

E¥®® = Byand + Erep (1.23)

These ideas were also used in deriving the Density Functional Tight Binding (DFTB) method
and its Self-Consistent Charge extension (SCC-DFTB), as outlined below. Special care is taken
that all parameters can be determined based on DFT reference calculations and atomic forces
are readily available for geometry optimisations and molecular dynamics.

Second Order Expansion of the KS Total Energy Functional DFTB is derived from the KS
total energy functional (Eq. 1.20) by substituting the charge density by a superposition of a
reference density and a small fluctuation, p = p"¢/ (r) + §p(r) [119,120]. Appropriate rearrange-

13
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ment leads to:

Elp"f +6p] =

occ

ref /
Z wl[ +vext+fp ()dr+vxc rf]]u/ dr

/ f p" () (p"¢ (1) + 5p(¥))

[r—r'|

f fép(r’) (07 (1) +5p (1))

r—r'|

(1.24)

drdr’—fvxc[pref](pref+5p) dr

dr dr' + Exc[p"¢ +6p] + Vin

The first term’s potentials in Eq. 1.24 depend solely on the reference density p”®/ (r) and
constitutes the sum over the eigenvalues of the core Hamiltonian H°°". The second term
corrects for the double counting of the new Hartree, the third term for the new xc contribution
in the core Hamiltonian matrix elements and the fourth term recovers the remaining Hartree
energy that was split into a part related to p"¢/ and to & p.

The exchange correlation energy can then be expanded in a Taylor series around p"¢/. After
cancellation of the linear terms and truncation at second order the total energy becomes:

ocCC
* fycore
Escc-pr = | wi H® y; dr
i

v

Eeore
pref(r/)pref() , ref [ refy ref
—= drdr' +E - dr+V,
ff R rdr +Exc[p ™= [ vxclp™™ 10" dr+ Vpy " (1.25)
Erep
1 1 62 Exc )
i + Sp®)6p ) dr dr
fo(lr—r’l Sp@Ep') | yrer preop

J

Esq

The first line on the right hand side is the core Hamiltonian part, whose elements depend
on the reference density only. In the DFTB method the core Hamiltonian matrix elements
are parameterised in a simplified form that depends only on the internuclear distances and
orbital symmetries. The sum of their eigenvalues adds up to E¢qre, which corresponds to Epangd
in Eq. 1.23. The second line accounts for some double counting and the nuclear repulsion.
Since it is dominated by the latter it is therefore called the repulsive term Eiep. A third term,
Esg, is defined to contain all the contributions to second order in the density fluctuations. The
three different contributions to the SCC-DFTB energy can therefore be written in a condensed
form as

Escc-prts = Ecorel0™/ 1+ Ereplp™ 1+ E5418p, 0"/ (1.26)

When interatomic charge-transfer is neglected, Es, is zero and the energy expression depends
only on the reference density p”¢/, corresponding to the non-self consistent version of DFTB
[121]. Otherwise, Es4[6p, p"¢/] can be approximated by atomic Mulliken charges interacting

14
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by a damped Coulomb potential. In this way the total energy can only be minimised self-
consistently and therefore this extension is referred to as Self-Consistent Charge Density
Functional Tight Binding (SCC-DFTB) [42].

Construction of the Hamiltonian Matrix Elements The KS orbitals are expanded into a
minimal set of Slater type atom-centered basis functions {¢%}:

yim) =) ) cips (r—Ry) (1.27)
a v
This leads to a set of algebraic equations:
M
Y cvi (Hﬁ?,re—eisw) =0, Vu,i (1.28)
v
with the core Hamiltonian matrix and overlap matrix elements :

HY™e® = f¢;ﬁl°°re(pv dr; Sy = f¢;¢>v dr; Vuea,Vvep (1.29)

The first term in Eq. 1.25 now reads in terms of the basis functions:

occ

occ o )
Ecore [pref] = Z 1//;k HC°® Vi dr = Z Z c;j)cf,’) f(P;[Ts + Ueff[Pref] by dr
i Ly (1.30)

SN ) A0
— 12 1 core
=) > c/c Hyy
T

with the effective KS potential vei[p"¢/] (Eq. 1.18). This potential may be decomposed into
atom-centered contributions

veirlp™ 1= Y vesrlon ] (1.31)

For the Hamiltonian matrix elements between basis functions centered on two different atoms
only contributions due to these two atoms are considered in the effective potentials.

HEo® = f¢;[fs+ venlpe” + ! |py dr Vpea,vvep (1.32)

All other contributions (three-center contributions and higher terms) are neglected. There-
fore the Hamiltonian matrix elements are now only functions of interatomic separations of
individual pairs of atoms and their respective atomic densities. The diagonal elements are set
to the KS eigenvalues for the free atom in order to obtain the correct dissociation limits.

i
Hﬁ?/re — 6,'Jee atom g p=v (1.33)
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The basis functions ¢, and the input densities p;ef are determined from the SCF solution

of an atom in a confined KS potential within a DFT/GGA calculation. Once the ¢, and p‘rxef
are determined the Hamiltonian and overlap matrix elements can be calculated numerically
as a function of interatomic distances and tabulated. This means that for a DFTB electronic

structure calculation no integrals have to be calculated at run-time.

The Self-Consistent Charge Terms are derived by decomposing the charge density fluctua-
tion 6 p(r) into atomic contributions:

8p(r) =) 6pa (1) (1.34)

Next, the 6 p,(r) are expanded in a series of radial and angular functions:

r-R,
Ir—Rgl

5Pa(l‘) :ZKmlF%l(h'_RaDYlm( ) :Aqa(r)Fggﬂr_RaDYOO (1.35)
Im

where F7  is the normalised radial dependence of the density fluctuation on atom « for the

corresponding angular momentum. For simplicity the sum is truncated after the, dominant,

monopole term. This means that charge fluctuations at the atomic sites are considered only

in the angular independent form. Using these two relations for Es, in Eq. 1.25 yields:

1
Esp = EZAQaAQﬁYaﬁ (1.36)
ap
with
F (r—Ry)FP (Ir—Rp)
yaﬁ:fff[r,r',po] ool “MOOI P dr ar (1.37)

Yap is approximated by an analytic function modeling the Hubbard-type correlation and,
for the long-range part, an inter-atomic Coulomb potential (for details see [42]). In this way
Yap(UaUp, IRy — Rgl) becomes dependent on the well defined Hubbard parameters U and the
interatomic distance only. The atomic charge fluctuations Ag, = g4 — qfxo) are approximated

by the Mulliken method.

The repulsive energy is a superposition of short-range repulsive pair-potentials

1
Erep = 5 Zﬁ U(Rq,p) (1.38)
a,

which are parameterised on small model systems by calculating the total energy along a bond
stretching coordinate R, g and minimising the difference of the electronic part of the DFTB
(or SCC-DFTB) energy with respect to the reference energy from a fully self-consistent KS DFT
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calculation:
U(Rqp) = B> (Rap) — (B 10"/ 1 (Rup) + Esl6p, 0™/ 1 (Rup) (1.39)

If second order terms are neglected Esq equals to zero. The functional form of U(Ry, p) consists
of a short-range exponential part, a mid-range cubic spline interpolation and, to assure the
correct behaviour at the cut-off distance, a long-range part with a fifth order spline.

Note that for K species K?/2 potentials have to be parameterised. Furthermore, in the conven-
tional parameterisation scheme the balanced description of different chemical environments
involves significant human effort and chemical intuition. In Chapter 4 we have followed
a different route. We aimed at deriving in situ parameters with reduced transferability but
maximal accuracy for the chemical and physical environment under investigation. To this
end, we employed the iterative Boltzmann inversion method [69] to derive O-O and O-H
repulsive potentials for liquid water under ambient conditions, based on DFT/PBE reference
calculations.

1.4 Molecular Mechanics Force Fields

Molecular mechanics (MM) force fields (FFs) can be seen as the lowest level of theory among
the computational methods used in this thesis. They neglect the explicit effect of the elec-
trons altogether and consist of pairwise-additive, classical potentials for the nuclei. They
are therefore also referred to as classical FFs or simply FFs. FFs are "empirical”, that is, their
functional form for the potential energy is not unique, but rather based on chemical concepts
and experience. As a representative example for currently widely used FFs in biomolecular
simulations Eq. 1.40 shows the basic functional form of the Amber FF family [17] as a function
of the nuclear positions {R,}.

Nbonds ) Nangles )
Evm ({Ra}) = Z Kbn (bn - b?zq) + Z KGn (Hn - Hrezq)
n=1 n=1
_ (1.40)
Ndlhedrals
Va Aaﬁ Baﬁ daqp
+ Y [l+cos(mpn—@p)|+ ). -t —
= 2 SR R RS, €Rap

The first three terms cover the bonded interactions. Harmonic potentials are assigned to the
bond stretching coordinates b, = Rqp = [Rg —Rq/|. The associated parameters are the force
constants K; and equilibrium distances by, respectively. Terms for the angles 6,,, covering
three consecutively bonded atoms a — § — v, are defined analogously. Contributions from
dihedral angles ¢, between four consecutively bonded atoms a — -7y — 6, are expressed as
a Fourier series with the corresponding parameter sets for the rotational barrier heights V;,,
periodicity m and phase ¢,,. Improper dihedral terms of the same form can be used to correct
for the out-of-plane motions in ring structures. The non-bonded interactions between atom
pairs a — §f involve van der Waals interactions, modelled by a Lennard-Jones potential with
corresponding parameters Aqp and B,p, and the Coulomb potential for atomic point charges
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gq in a medium with dielectric constant €.

Various FFs that apply the basic functional form in Eq. 1.40 are available, but differ mainly in
their parameterisation protocol. In general, the Amber protocols rely as much as possible on
quantum mechanical calculations, which are only affordable for gas phase model compounds,
while, for example, the parameterisation protocols of the GROMOS FF family target primarily
experimental thermodynamic properties of condensed phase systems [18, 19]. Please consult
Refs. [122-124] for more detailed discussions of classical MM.

Since the potential energy of the form of Eq. 1.40 can be evaluated very efficiently, system
sizes (100’000 of atoms or more) and time scales (from nano to microseconds) relevant to
biological applications [20,21] are accessible. However, such FFs can not describe the effects
of electronic rearrangements and therefore the bonding topology of a chemical system is
retained during the course of a simulation. Recent efforts in developing reactive FFs [125]
show promising results, but are still not routinely employed. Furthermore, the derivation
of accurate FF parameters requires substantial human effort and often the transferability to
physicochemical environments different from the parameterisation is limited. In some cases
polarisable FFs can be more accurate and transferable [126, 127], but they can not yet be
considered standard methods. In Chapter 3, we have used a different strategy to increase the
accuracy of (non-polarisable) biomolecular force fields. We implemented a recently developed
in situ parameterisation protocol based on the force matching method. Based on QM/MM
reference calculations [48], the method provides highly accurate FF parameters (ideally of
QM/MM quality) for a particular system at hand that are not optimised for transferability.
Such a parameter set can serve as an accuracy benchmark to assess the performance of more
sophisticated methods. The force-matching procedure can be used to identify situations
where a higher-level force field, e.g including polarisation, leads to an important improve-
ment, as opposed to situations where a minor improvement would not justify the additional
computational cost.

1.5 Quantum Mechanical/Molecular Mechanics (QM/MM)

For many applications in the fields of (bio-)chemistry and material science a description
within the framework of an electronic structure method is necessary. However, the typical
system sizes and relevant time scales are often beyond accessibility at this level of theory.
Mixed QM/MM schemes combine the advantages of electronic structure methods with the
classical force fields, while retaining an atomistic resolution. They involve a partitioning
of the system into a (small) reactive region, which is treated with an electronic structure
method, and the (larger) environment, which is represented by a classical FF (Fig. 1.1). In
this way, effects of the instantaneous rearrangement of the electronic structure are taken
into account where they are needed, e.g. the active site of a protein, while the non-reactive
environment can be faithfully described at the classical level. In principle, the QM part can
be calculated with different electronic structure methods, but throughout this thesis we will
use the term for the more specific case of DFT within the KS framework, as it is implemented
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oM MM

cap

Ql

Figure 1.1: [llustration of the QM/MM boundary across a chemical bond Q1-M1. "cap" stands
for a capping or link atom (typically a hydrogen) to saturate the QM region.

in the software package CPMD [49], i.e. in conjunction with plane wave basis sets, periodic
boundary conditions and atomic pseudo potentials.

In a scheme with explicit coupling the total energy can be written as a sum of the energy of
the quantum region (Eglec), the molecular mechanics energy of the classical environment
in Eq. 1.40 (Enmv) and the coupling term for the quantum/classical interface (Ecoupi)» which
models the polarising effect of the classical environment on the electronic density in the
quantum region:

Eom/mm = ESI"C ({Ra e Qm}) + Evimt (Ra € MM} + Ecoupi (1.41)

The intuitive separation of the QM/MM energy in Eq. 1.41 implies a practical definition of the
coupling term, for which a number of different schemes are available. Here, we restrict the
discussion to the method developed in our group [128, 129] as implemented in CPMD. The
coupling term is split into bonded and non-bonded contributions:

_ bonded non—bonded
ECO“PI_Ecoupl +Ecoupl (1.42)

E f(‘)’ ggfd is only present in case the QM and the MM parts are connected by a chemical bond
(bond separated into a red QM and black MM piece in Fig. 1.1). In order to avoid strong
perturbations of the electronic structure the valence of the QM region has to be saturated. This
can be achieved by introducing a QM capping atom (link atom, "cap" in Fig. 1.1)2. Alternatively,
the MM boundary atom (M1 in Fig. 1.1) can be incorporated into the QM region and replaced
by a specially parameterised monovalent pseudopotential [130]. Stretch, bend and torsional
terms across the QM/MM interface region are treated, as soon as one of the atoms involved in
these terms belongs to the classical partition, as in the original FF terms (see Eq. 1.40). The

non-bonded coupling terms contain van der Waals interactions and electrostatics (split into

2vcap" is typically a hydrogen atom or the similarly sized fluorine in case the dipole moment along the bond
C-"cap" needs to be inverted. Note, however, that the capping atom is an artificial construction and special care
has to be taken to remove its unphysical interaction with the MM environment.
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Figure 1.2: Illustration of the electrostatic QM/MM coupling scheme by Laio et al. [129].

three regions):

non—bonded _ rpvdw Coulomb-NN Coulomb-ESP Coulomb—-ME
Ecoupl - Ecoupl +Ecoupl +Ecoupl +Ecoupl (1.43)

The van der Waals interactions are retained from the original force field.

A B
dw _ ap ap
Egouu]}al - Z Z R12 - RS (1.44)
aeMM BeQM ap ap

The electrostatic coupling scheme is split into three regions, as illustrated in Fig. 1.2. In the
NN shell, nearest to the quantum region, the classical point charges are explicitly coupled
with the electronic density in the QM region. However, to prevent unphysical "spill-out" of the
electronic density, the Coulomb-potential is augmented by a damping function that ensures a
finite value of the potential at distances r shorter than the covalent radius:

4

e =T

S _dr (1.45)
—7d

Ca

Ecupi " " = ¥ da f p(0)-
where r., is the atomic covalent radius of atom a and r = |[r— Rg|. In order to estimate the
computational costs of the calculation of this interaction consider, that the grid based repre-
sentation of the electron density p involves in typical QM/MM applications ~ 100’000 points.
If the NN shell would include all classical atoms &, which typically count ~ 10’000 — 100’000,
the evaluation of the full sum becomes too costly. Therefore, the NN shell is kept as small as
possible.

For the classical atoms within Ry < R < Rgsp the Coulomb interaction with the QM elec-
tronic density is approximated by the interaction with the atomic D-RESP charges of the QM

atoms Qj.) ~RESP,

D—-RESP
ECoulomb—ESP — Ga Qﬁ

coupl

_ (1.46)
ac ESP, fe QM IRa =Ryl

The atomic point charges on the QM atoms are calculated at each time-step during an MD
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simulation as Dynamically Restrained Electrostatic Potential derived charges (D-RESP) [129].
The D-RESP charges are fitted in order to reproduce the electrostatic potential due to the QM
electronic density at the positions of the MM atoms within the N N-shell.

Finally, in the long-range part the MM charges with R > Rggp interact with with a multi-polar
expansion of the QM charge density:

= p

RY-RY 1

+ Dal—_ + - Q
; IR; —RJ3 Zazﬁ

)

1 o RS ~RO®] -R

ECoulomb—ME: qi C _
2 IR; —RJ5

coupl 5y
P i€ ME IR; —R|

(1.47)

where R is the geometrical center of the QM region and C, D and Q are the charge, dipole and
quadrupole moment of the quantum charge distribution, respectively.

1.6 Molecular Dynamics

Consider the expectation value of an arbitrary operator Q with respect to the Boltzmann
distribution:

[ dRAP Q({Ry}, (Py}) e AERLPaD
J dRdAP e~ PE(Ra}(Pa})

1
, with f= — (1.48)

(Qnvr = kpT

This expression represents the link between microscopic models, such as the ones discussed
in the previous sections and observables represented by Q [104]. However, the integrand in
Eq. 1.48 is too complex to allow for an analytical solution, but can be sampled by Monte Carlo
(MC) techniques in conjunction with importance sampling [131, 132].

The Molecular Dynamics (MD) method, on the other hand, relies on the ergodic hypothesis
[133], which allows to replace the ensemble average with the time average for (Q):

(1.49)

XM Q(Re(0)), (Pa (1)) e PEIRPe(0]
<Q>NVT = lim T
Tmax—00 Y, e~ BE(Ra(D}L{Pa(1)})

Assuming the Born-Oppenheimer approximation and classical nuclei (section 1.1), the total
energy is the sum of the kinetic energy of the classical nuclei and the potential energy & ({Rg}):

E({Rq}, {Pa}) = E({Ra}) + Tn({Po}) (1.50)

To sample (Q2) along ¢ the classical many-body system can be propagated in time, employing
Newton’s equations of motion:

d’R,

~Vr.E({Re}) = Mg —2
R, 6 ({Ra}) PP

(1.51)

These equations are typically solved by numerical integration schemes, such as the popular
velocity-Verlet algorithm [122,134].
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The potential energy surface &({R,}) can be obtained at various levels of theory. The first
molecular dynamics simulations were performed on hard spheres [22], later systems included
classical Lennard-Jones fluids [23] and liquid water [135]. In today’s classical MD simulations
on biological systems, force fields according to Epsps in Eq. 1.40 are employed.
Ab initio molecular dynamics (AIMD) refers to a potential energy surface based on an elec-
tronic structure method: E®'¢¢ in Eq. 1.3. DFT is a common choice (Eg[p(r)] in Egs. 1.12 and
1.20), or a mixed QM/MM energy (Eqm/mm, EQ. 1.41) expression.
Two methods for AIMD are in common use. In Born-Oppenheimer molecular dynamics
(BOMD) the nuclei evolve on the effective potential in Eq. 1.9 exerted by the electrons within
the adiabatic BO approximation to the time-independent Schrédinger equation. This implies
that the electronic energy E€'° is minimised at every MD step (for a different configuration
{Ry}). In a numerical integration scheme the time step for the equations of motions for the
nuclei can therefore be chosen relevant to nuclear motions. But the efficiency relies heavily
on the minimisation techniques [29] to quench the electronic degrees of freedom to the BO
surface.
Alternatively, in Car-Parrinello molecular dynamics (CPMD) [136] the classical nuclei and
electrons, represented by single-particle wave functions {y;}, are propagated simultaneously
according to the extended Lagrangian
1 P2 1 . .
Lop=5) Sl f dr i (09 (1) - B iy }; {Ry)]
1

24 M, 2
(1.52)

+2 Aij (fdrw;‘(r)wj(r) —6l~j)
L

where y is a fictitious classical inertia attributed to the electronic degrees of freedom. ; is
used as a short hand for the time derivatives of the electronic single particle orbitals. The
Lagrange multipliers A;; enforce orthogonality for the orbitals (see Refs. [29, 30, 137] for a
more detailed discussion). Note that the electronic energy E®'€¢ and the {w;} can, in principle,
originate from any kind of electronic structure method that employs single particle orbitals.

However, CPMD is typically performed within KS DFT, i.e. EK S[{i,// i} iR} in Eqg. 1.20.

Aigap (AEgap is the HOMO-LUMO gap) is much

higher than the nuclear vibrational frequency, the kinetic energy transfer between electrons

Provided that the lowest electronic frequency

and nuclei is negligible [138] (adiabatic). If in a CPMD run the initial electronic structure has
been quenched to the BO surface the electrons follow the nuclear motion adiabatically while
remaining close to the electronic ground state. This necessitates a smaller integration time
step for the equations of motions than in BOMD. However, in CPMD the KS functional is only
evaluated once at each nuclear configuration and does not have to be minimised iteratively.
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Y4 Assessment of Computational Meth-
ods to Determine Low Energy Confor-

mations of Biomolecules

2.1 Cold-Ion Spectroscopy and Quantum Chemistry: A Successful
Tandem to Determine Low Energy Structures of Bare and Micro-
solvated Protonated Tryptophan

The computational results presented in this section have been obtained in collab-
oration with Dr. Matteo Guglielmi, while the experiments have been performed
by Dr. Natalia Nagornova and Dr. Oleg Boyarkin, Laboratoire de Chimie Physique
Moléculaire, group of Prof. Thomas R. Rizzo.

2.1.1 Introduction

Recent advances in cold-ion spectroscopy have made it possible to record conformer-selective
vibrational spectra of isolated charged molecules at low temperature [139]. The experimen-
tal setup used here combines electrospray ionisation for producing gas-phase protonated
biomolecular ions, collisional cooling in a cryogenic 22-pole ion trap and IR-UV double-
resonance techniques to record the spectra. The spectral resolution is, due to the low temper-
ature and the conformational separation, high enough to obtain vibrationally resolved spectra
even for molecules as large as a decapeptide [140-143]. In this highly controlled environment
the intrinsic properties of the molecules can be investigated without the complicating effects
of the environment. The high level of control allows the selective spectroscopic investigation
of complexes with given numbers of solvent molecules in the gas phase and thereby provides
insight into the role of the solvent [142].

Similar to many other experimental techniques that aim at the determination of the molecular
structure, cold-ion spectroscopy does not directly provide the 3-D arrangement of the nuclei.
Structures can only be calculated via a computational method, which represents therefore
an inherent part of the interpretation of the experimental data. One of the computational
challenges in identifying the structures of biomolecules is rooted in the high density of confor-
mational states that differ by only small amounts of energy. Even at cryogenic temperature
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(kgT ~ 0.02 kcal/mol) many of these states might be accessible and, in order to distinguish the
relative energies accurately, high-level quantum chemical approaches have to be employed.
However, even comparably small-sized systems span a relatively large conformational space,
for which a comprehensive search is often only feasible with computationally more expedient
methods. These theoretical methods in turn have to be validated by comparing calculated
properties with experiment. In the case of IR spectroscopy, for instance, the compared quanti-
ties can be frequencies and intensities of vibrational transitions, which are a direct fingerprint
of the molecular structure.

Here we have chosen the single amino acid tryptophan to test the ability of different com-
putational methods to determine the lowest energy structures. Tryptophan represents a
prototypical compound for the study of the structure of isolated biomolecules in the gas
phase [144, 145] and is a frequently used optical probe for protein structure and dynam-
ics [146-149]. It has been studied intensively in the ground and excited state [150, 151], both
isolated and in the condensed phase [152, 153]. In this work our experimental collabora-
tors have determined the conformer-selective vibrational spectra of the conformations of
bare, mono- and doubly-solvated protonated tryptophan ([Trp +H]*-H»0), (n=0,1, 2)) ata
temperature of approximately 10 K by cold-ion spectroscopy and we have tested a range of
computational methods to identify the 3D molecular structures of the lowest energy conforma-
tions. The high-resolution experimental data served as a benchmark to test the performance
of various computational methods in identifying the correct lowest energy structures. We
assessed the performance of a wide range of computational methods ranging from high level
ab initio to tight binding and classical force fields. In particular, we tested the composite
ab initio method CBS-C [39, 40], MP2 [41], several density functional theory (DFT) [11, 12]
methods, BLYP [15, 16, 154], B3LYP [15,16,110, 155], BLYP-D3 [15, 16, 154, 156, 157], M05 [158],
MO05-2X [159], M06 [160], M06-2X [160] and M06-HF [161], the Self-Consistent Charge Density
Functional Tight-Binding (SCC-DFTB) method [42], including improved variants for hydrogen-
bonding [71] and dispersion interactions [162], and the Molecular Mechanics (MM) force
fields (FFs) FF96 [43], FF99SB [44], FF02polEP [45] and AMOEBA [46].

We used the highest computational level accessible to us for these systems, the CBS-C level
of theory, as a reference to assess the performance of the remaining methods in reproduc-
ing correct energetics. Anticipating our results, it turns out that the DFT methods M05-2X,
MO06, M06-2X and M06-HF are able to reproduce CBS-C energetics very closely. In addition,
MO05-2X also produces the experimental vibrational spectra. The overall excellent perfor-
mance of M05-2X, M06, M06-2X and M06-HF for these systems is essential to target larger
biomolecules [141, 142, 163], for which the costs of the CBS-C method become prohibitive.
Furthermore, for larger systems a systematic enumeration of the low energy structures, as
performed here for ([Trp +H]*-H20), (n=0,1, 2)), is not possible, but sampling techniques
based on Molecular Dynamics [22,23] (MD) or Monte Carlo [131,132] (MC) have to be used
in order to generate a representative ensemble of configurations. Due to the large number
of configurations the energy (and forces) evaluation has to be delegated to computationally
more expedient DFT, or even tight binding (e.g. SCC-DFTB) or MM methods, which we have
also included in our benchmarking suite for this purpose. If the lower level methods are able
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to generate sufficiently accurate energetics, they could serve for an energetic pre-screening of
candidate structures prior to a refinement at the DFT level.

Comparison with the experimental data validate CBS-C as reference method for the relative
energetics and confirms the adequacy of DFT/M05-2X for the calculation of the vibrational
spectra. The computed results generated by these two methods are in excellent agreement
with the experimental data. The root mean square deviations (RMSDs) between experimen-
tally observed and calculated harmonic vibrational frequencies are as low as ~ 5 cm™!. In this
way, we were able to identify the 3D molecular structures of the lowest energy conformations
of ([Trp+H]* - (H20),, (n=0,1,2)) whose conformation-specific IR spectra were measured
experimentally at 10 K. In agreement with experiment, the theoretical predictions reveal that
bare protonated tryptophan is present in two distinct conformations differing in two dihedral
angles. In ([Trp + H]* - (H,0)) only one conformation is appreciably populated with the water
molecule hydrogen-bonded to the ammonium group which enables an additional interaction
with the 7-system of the indole ring. And, finally, in ([Trp +H]"- (HgO)g) three conformations
could be identified, differing only in the water binding sites. The extensive benchmarking
of the more approximate computational methods (SCC-DFTB, FF96, FF99SB, FFO2polEP
and AMOEBA) showed that for the systems investigated here the stringent demands on the
accuracy for reproducing the available experimental and high-level theoretical data cannot be
met by any of these methods.

These results demonstrate how well modern quantum chemistry methods and cold ion spec-
troscopy work together in determining low energy structures of biomolecules in the gas phase.

2.1.2 Methods

The experimental data were collected by our collaborators Dr. Natalia Nagornova and Dr. Oleg
Boyarkin in the Laboratoire de Chimie Physique Moléculaire, group of Prof. Thomas R. Rizzo.
The experimental protocol to obtain the conformer-selective vibrational spectra of bare and
micro solvated protonated tryptophan at approximately 10 K is described in Appendix A.1.
The ab initio method we used to compute the high level reference values for the relative
energies is based on the original CBS-Q method [39], but employing coupled cluster singles
and doubles with perturbative triples [CCSD(T)] [7, 8] in place of the quadratic configuration
interaction approach [QCISD(T)] [40]. In the rest of the text we refer to this method as CBS-C.
The individual contributions for this composite method are described in the Appendix A.2
and were calculated with the Gaussian G09 package [164].

All ground state DFT [11] calculations within the Kohn-Sham (KS) formulation [12] employing
the exchange correlation functionals BLYP [15, 16, 154], B3LYP [15, 16, 110], M05 [158], M05-
2X [159], M06 [160], M06-2X [160] and M06-HF [161] in conjunction with the 6-31+G(d,p)
[165, 166], aug-cc-pVDZ [167] and aug-cc-pVTZ [167] basis sets were carried out with the
Gaussian 09 code. An assessment of the influence of the basis set on the accuracy of interaction
energies and harmonic vibrational frequencies can be found in the Appendix A.3. We find that
for the relative energetics at the DFT level the 6-31+G(d,p), aug-cc-pVDZ and aug-cc-pVTZ
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basis sets are essentially equivalent, while for the vibrational frequencies the aug-cc-pVDZ
is mandatory. We therefore restrict our discussion to the aug-cc-pVDZ results and refer to
the Appendix A for the results from other basis sets. An ultra fine integration grid was used
for the DFT calculations in Gaussian G09. Geometry optimisations and the calculations
of the harmonic vibrational frequencies for the IR spectra and the zero-point energy (ZPE)
corrections have been performed using tight convergence criteria (RMS force set to 10™° a.u.).
BLYP-D3 values employing Grimme’s DFT-D3 dispersion correction [156, 157] were obtained
with the Turbomole 6.4 software package [168] employing the aug-cc-pVDZ basis set, the m5
integration grid, convergence criteria of 10~° a.u. for the Cartesian nuclear forces and 10~/
a.u. for the electronic degrees of freedom.

Geometry optimisations at the classical level using the FF96, FF99SB and FF02polEP force
fields were performed via simulated annealing as implemented in the AMBER9 software [169].
The time step was set to 1 fs, bonds involving hydrogen atoms were constrained using the
SHAKE algorithm [170]. The temperature was controlled by a Langevin thermostat with a
collision frequency of 3.0 ps~!. Heating for 3 ns, equilibration for 5 ns and linear cooling
for 20 ns. The geometry optimisations at the AMOEBA level [46] were performed within the
TINKER 5.0 software package [171]. The SCC-DFTB method [42] was used as implemented in
DFTB+, v.1.1 [172] in conjunction with the mio-0-1 parameter set [173]. Improvements for the
description of hydrogen bonding [71] and dispersion interactions [162] were considered as well
and will be denoted as SCC-DFTB(h) and SCC-DFTB(d), respectively. Geometry optimisations
were performed up to a convergence of 10~* a.u. of the atomic forces.

2.1.3 Results and Discussion

Isomer Labeling Notation

We adopt the following notation for ([Trp + H]* - (H20),, (n=0,1,2)):

W gapas1,s2) @2.1)

where W is the single-letter amino acid code for tryptophan, ¢, ¢, and ¢3 are three dihedrals
angles (¢ = Co —Cp—Cy —Cs; p2 = N—Cy — Cg— Cy; and ¢p3 = N — Co — C — O as depicted
in Fig. 2.1(a)) and s1, s2 are the hydrogen-bonding sites of the solvating water molecules.
The possible hydrogen-bonding sites are out (water molecule "lateral" hydrogen-bonded
to the NH, group, Fig. 2.1(b)), up (water molecule "vertical" hydrogen-bonded to the NH,
group, Fig. 2.1(c)), oh (water molecule hydrogen-bonded to the COOH group, Fig. 2.1(d))
and ind (water molecule hydrogen-bonded to the NH; group and interacting with the 7-
electron cloud of the indole ring, Fig. 2.1(d)). Thus, the dihedral angle subspace (¢ ¢2¢3)
of notation 2.1 defines the geometrical conformation of the bare ion and the water position
subspace (s1, s2) defines the location of the solvating water molecules. It turns out that for
[Trp+H] ™ - (H20),, (n = 0,1,2) the Potential Energy Surface (PES) of the ground state defined by
the subspace (¢ 2 ¢3) is characterized by the presence of 8 local minima where each dihedral
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Figure 2.1: (a) Conformation W, of [TrpH]™ with the relevant dihedral angles ¢; = Cq — Cp -
Cy—Cs; 2= N—-Cq — Cg—Cy; and ¢p3 = N — Cy — C - O for the low energy conformations.
Water binding sites: (b) out, (c) up, (d) oh and (e) ind. Hydrogen bond interactions shown as
dotted bonds.

coordinate is confined to two distinct regions. More precisely, from the geometry optimized
structures, ¢; was found to be either ~ —90° or ~ +90°, ¢, assumes values of ~ —50° or ~ +50°
and ¢ps is either ~ 0° or ~ +180°. Therefore, we assign the values "0" and "1" to these two states
of ¢1, P2 and ¢p3; "0" being always associated to the lower value of the corresponding dihedral
angle. The complete pool of low energy structures within the dihedral angle subspace is given
in Fig. 2.3. Working examples of the conformer labelling notation including water positions
are given in Appendix A.4. Within this comprehensive set of geometrical degrees of freedom
(dihedral angles plus water positions), the total number of possible conformers is: 8 for the
bare [TrpH]*; 32 for [TrpH - (H,0)]" and 48 for [TrpH - (H,0),]".

2.1.4 Determination of the Lowest Energy Conformers of [TrpH]*

The experimental vibrational "gain" spectrum of cold [TrpH]* in the region 2800 to 3600 cm™!,

is characterised by the presence of seven well-resolved peaks at 3034.9, 3093.8, 3123.3, 3338.6,
3356.4, 3503.3 and 3555 cm ™}, respectively (Fig. 2.2(a)). The spectrum is not conformer-
specific, thus the resulting signal is a superposition of transitions originating from different
conformers that are appreciably populated at the experimental temperature (T = 10 K). The
five lowest peaks at 3034.9, 3093.8, 3123.3, 3338.6 and 3356.4 cm™!, which are less intense
and broader than the other two bands, are most likely due to the overlap of NH, vibrational
transitions in different conformers. In particular the lowest peak at 3034.9 cm™! is relatively
broad and at least three different peaks are clearly distinguishable. On the contrary, only one
peak appears in the COO-H stretching region (although slightly broader than a normal single
peak) at 3555 cm L. This already indicates that the COO-H frequency should be almost the
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Figure 2.2: (a) Experimental IR spectrum (measured by Dr. Natalia Nagornova and Dr. Oleg
Boyarkin) of [TrpH]* (solid red line). Vibrational frequencies are observed at 3034.9, 3093.8,
3123.3, 3338.6, 3356.4, 3503.3 and 3555.0 cm™! (vertical dashed red lines). M05-2X IR spec-
trum at the aug-cc-pVDZ basis set level of the two lowest conformers: W, (RMS=2.9 cm™,
MAX=4.1 cm™!, SF=0.943) (blue bars), structure (b); W}, (RMS=3.1 cm™!, MAX=4.0 cm™’,
SF=0.943) (green bars), structure (c).

same for all conformers present at the experimental conditions. The same observation holds
for the N-H stretching mode of the indole ring which corresponds to the narrower peak at
3503.3 cm™ .

(c)

(9)

Figure 2.3: Complete pool of [TrpH]* conformers: (a) W, (b) Wy,, (c) W}, (d) Wi, (e)
Wyop» () Wohy, (8 Wiy, and (h) Wy ;. Adapted from Ref. [174].
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With these experimental information at hand the following paragraphs have the objective
to identify the 3D molecular structures of the lowest energy conformations that give rise to
vibrational spectra matching the experimental spectrum in Fig. 2.2(a). First, we perform a
systematic scan of the low-energy subspace defined by the dihedral angles ¢, ¢, and ¢3 for
[TrpH]* using the CBS-C method, the highest computational level accessible to us on this
system. We then assess the performance of several DFT functionals, different variants of a
tight binding method and MM force fields in reproducing the CBS-C reference energetics. We
also assess several DFT methods in reproducing the experimental vibrational spectra. The
composite nature of the CBS-C method is not suited to provide references for the vibrational
frequencies, since the only explicit calculation of the harmonic vibrational frequencies is
performed at the MP2 level, which is unsatisfactory, as shown later in this section.

Fig. 2.3 shows the eight possible conformations of [TrpH]* within the low-energy subspace
defined by the dihedral angles ¢, ¢»» and ¢3. The first line of Tab. 2.1 shows the relative
energies for the 8 conformers of [TrpH]* at the CBS-C level. Interestingly, the energy values
of conformers (e) to (h) in Fig. 2.3, in which the dihedral angle between the ammonium N
and the carbonyl O of the carboxyl group (¢3) assumes values ~ 180° are all in the range
of 3-5 kcal/mol. Consequently, based on these CBS-C results, one can exclude W0+01, W0+11’
Wi, and Wi, from having a sizeable population at low temperature, and therefore to be
detected in the experimental IR spectrum. The candidates for the lowest-energy conformers
are thus restricted to the four conformers that have an intra-molecular hydrogen-bond be-
tween the unprotonated oxygen of the carboxylic group and one hydrogen of the NH, moiety
(Fig. 2.3 (a) to (d)). CBS-C predicts Wy, as the most stable conformer (Fig. 2.3 (d)) and W,
only ~ 0.5 kcal/mol higher in energy (Fig. 2.3 (a)). Note that the overall very small energy
differences and the fact that we are looking at a total energy range of only 5 kcal/mol sets
stringent constraints on the accuracy of the computational methods employed. As a general
trend the ZPE correction reduces the energy difference between the lowest conformer and
the other conformers by ~ 0.1 kcal/mol (Tab. 2.1). The third conformer according to CBS-C
is Wy, (Fig. 2.1 (c)) but its energy of ~ 0.9 kcal/mol makes it already too unfavourable at
low temperature. These results predict that a major (W) and a minor (W;,) conformer
are likely to be observed in the experiment. Note that the Boltzmann weight associated to
the energy difference of the two lowest conformers is practically zero at 10 K, which would
make the second conformer completely unpopulated. On the other hand even CBS-C could
overestimate the energy separation by a few tens of a kcal/mol.

We assessed the performance of MP2 and the density functional methods M06-2X, M06-HE
MO06, M05-2X, M05, B3LYP, BLYP-D3 and BLYP in reproducing the relative energies at the
CBS-Clevel. As can be seen from Tab. 2.1, all these methods predict the conformations with
¢3 =1 at 3 kcal/mol or higher, in line with the CBS-C results. Among the density functionals,
MO05-2X, M06, M06-2X and M06-HF are all capable of reproducing the relative energies at
the CBS-C level. These four functionals are basically equivalent in terms of their accuracy
which is quantified by root mean square deviations (RMSD) of 0.1-0.3 kcal/mol and maximum
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Table 2.1: Relative energies in kcal/mol of the conformers in Fig. 2.3 computed at different
levels of theory. The lowest energy conformations are highlighted in bold. Values corrected for
the zero-point energy are indicated in italics. MP2 values were obtained in conjunction with
the 6-31G+(d,p) and the DFT results with the aug-cc-pVDZ basis set. The energy of Wy, is
taken as energy origin for all methods. TValues taken from Ref. [174]

Method ‘ Wooo ~ Woio . Wiee ~ Wiio ‘ Woor Wou Wi Wi
CBS-C' 0.615 1.918 1.105 0.000 | 4.614 5.213 5.260 3.204
0.494 1.724  0.855 0.000 | 4.373 4.912 4.878 3.071
Mp2t 0.922 1.873 1.397 0.000 | 4.237 4.623 4.807 2.869
0.800 1.675 1.143 0.000 | 3.991 4.317 4.418 2.733
M06-2X" 0.441 1.934 0.927 0.000 | 4.417 5.225 5.162 3.084
0.414 1.771 0.753 0.000 | 4.267 5.075 4.906 3.014
MO6-HE" 0.423 2.473 1.089 0.000 | 4513 5.648 5.299 3.143
0.430 2.246  0.911 0.000 | 4.462 5.444 5.210 3.057
MogT 0.583 1.678 0.813 0.000 | 4920 5.419 5.447 3.624
0.552 1.494 0.685 0.000 | 4.757 5223 5.059 3.545
MO05-2X" 0.357 2.163 0.780 0.000 | 4559 5.609 5.231 3.272
0.328 2.019 0.629 0.000 | 4.438 5.450 5.987 3.263
Mos' -0.135 1.176 -0.010 0.000 | 4.080 5.025 4.413 3.702
-0.099 1.130 -0.103 0.000 | 4.036 4.967 4.354 3.596
B3LYP! -0.345 1.214 -0.344 0.000 | 3.849 5.029 4.011 3.675
-0.313 1.127 -0.420 0.000 | 3.760 4.838 3.773 3.605
BLYP -0.533  0.970 -0.605 0.000 | 3.428 4.644 3.468 3.608
-0.493 0.848 -0.686 0.000 | 3.323 4.398 3.194 3.508
BLYP-D3 -0.057 0.941 0.270 0.000 | 3.494 4.251 4.097 2.996
DFTB 0.310 1.227 1.298 0.000 | 4.670 5.481 5.613 4.214
DFTB(h) 0.352 1.239 1.457 0.000 | 4.449 5.219 5.534 3.950
DFTB(d) 0.482 0.842 0.852 0.000 | 4.299 5.470 5.302 3.953
DFTB(h,d) | 0.508 0.855 0.983 0.000 | 4.129 5.098 5.097 3.728
AMOEBA -1.641 -0.331 -1.365 0.000 | 3.681 5.680 4.322 4.955
FF02 -0.049 0.795 0.022 0.000 | 0.492 0.562 0.623 -0.284
FF99 0.080 1.047  0.488 0.000 | 0.927 1.244 1.400 0.222
FF96 0.166 1.100 0.590 0.000 | 1.244 1.508 1.713 0.739
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errors (MAX) of 0.2-0.5 kcal/mol, as reported in Tab. 2.2. ZPE corrections reduce the energy
difference between the lowest conformer found by each method and the other conformers
by ~ 0.1 kcal/mol (Tab. 2.1). The methods BLYP, B3LYP, BLYP-D3 and MO05 on the other hand,
show significant deviations from the reference values. In particular, none of them is able to
identify the most stable conformer and their RMSDs are of the order of 0.7 - 1.1 kcal/mol with
maximum errors of 1.1 - 1.8 kcal/mol (Tab. 2.2). Such an accuracy is clearly insufficient to
assign the experimentally observed conformers at very low temperatures.

The ability to predict the lowest energy conformers and their correct energetic ordering within
a given energy threshold is evaluated in Tab. 2.2. For each method the first two columns give
the energetic RMSD and MAX with respect to the CBS-C reference. The next two columns
indicate whether the method is able to predict the correct lowest and second lowest energy
conformation, respectively. The fifth column indicates whether for a given method, the two
lowest energy conformations predicted at the CBS-C level are lower than 1 kcal/mol. This infor-
mation is important, if the respective method should be used for pre-screening. All structures
within e.g. 1 kcal/mol at the pre screening level could then be considered for a refinement at a
higher level. If the two conformations do not fall into this (arbitrarily chosen) threshold, they
would be excluded from a consideration at the higher level. The last column gives the total
number of structures within the given threshold of 1 kcal/mol. All these structures would need
to be considered at the higher level after the pre-screening. A number significantly higher
than 2 means that extra computational work has to be done.

Among more approximate methods, we assessed the performance of several SCC-DFTB vari-
ants, as well as the Amber FF96, FF99SB and FF02polEP and the AMOEBA force fields in
their accuracy for predicting the relative conformational energies with respect to the CBS-C
references (Tables 2.1 and 2.2). All variants of SCC-DFTB are able to assign the correct lowest
and second lowest energy conformations. Furthermore the energetic separation between
the conformations featuring ¢»; = 1 and the remaining ones, as predicted by CBS-C, is well
reproduced. The RMSDs and maximum errors amount to only ~ 0.5 kcal/mol and 0.8-1.1
kcal/mol, respectively. Among the tested force fields only Amber FF96 and FF99 are able to
predict the correct lowest energy structure, but only FF99 predicts the correct minor con-
former. FF96, FF99 and FF02 produce RMSDs and maximum errors above 2 kcal/mol, with
the polarisable force field FF02 performing worst. They clearly underestimate the energy
separations, especially between the ¢p3 = 1 and ¢p3 = 0 structures. This results in a relatively
high number of geometries within a threshold of 1 kcal/mol (column 7 in Tab. 2.2). In the
worst case, for FF02 essentially all structures would need to be considered at a higher level of
theory. This is insufficient for an application for a reliable energetic pre-screening of candidate
structures. Also the AMOEBA force field is not able to reproduce the correct two lowest energy
conformations, predicting W, 1.6 kcal/mol below Wy/,.
slightly better than the other force fields in reproducing the energetic separation between the
¢3 =1 and ¢3 = 0 conformations and the RMSD is 1.6 kcal/mol with a maximum error 2.5

On the other hand it performs

kcal/mol.

To validate the assignment of the most stable conformers predicted by CBS-C we have com-
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Table 2.2: Summary of the performance of different methods to reproduce the CBS-C ener-
getics of [TrpH]* without considering ZPE corrections. All DFT methods in conjunction with
the aug-cc-pVDZ basis set. The first two columns report the RMSD and MAX in kcal/mol
(ZPE corrected values in italics). Column 3 indicates whether the lowest conformation is
correctly identified, the same for the minor conformation in column 4. Column 5 indicates
whether the two lowest energy conformations at the CBS-C level are within 1 kcal/mol above
the lowest energy conformation at the respective method. The last column gives the number
of geometries within 1 kcal/mol above the lowest energy conformation at the respective level

of theory.
Method RMSD MAX lowest | 2ndlowest | 2 lowestin # geos
1 kcal/mol | <1 kcal/mol

CBS-C - - e - 2/2 2
MP2/631 | 0.352 0.354 | 0.590 0.595

Mo05 0.67 0535 | 1.12 0.958 x x 2/2 3
Mo05-2X 0.22 0464 | 040 1.109 v v 2/2 3
Mo6 025 0271 | 042 0474 v v 2/2 3
MO06-HF 026 0.292 | 0.56 0.532 v v 2/2 2
Mo06-2X 0.13 0.087 | 0.20 0.163 v v 2/2 3
B3LYP 086 0.752 | 145 1.275 X x 2/2 3
BLYP-D3 0.84 1.16 X X 2/2 3
BLYP 1.13  1.031 | 1.79 1.684 X v 2/2 3
DFTB 0.48 1.01 v v 2/2 2
DFTB(h) 0.41 0.75 v v 2/2 2
DFTB(d) 0.50 1.08 v v 2/2 4
DFTB(h,d) 0.46 1.06 v v 2/2 4
AMOEBA 1.63 2.47 x x 1/2 2
FF02 3.07 4.65 x v 2/2 7
FF99 2.61 3.97 v v 2/2 5
FF96 3.71 2.37 v v 2/2 4
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puted the IR spectrum for all geometries in Fig. 2.3 using MP2 and different DFT methods [174].
We will refer to the experimental conformer identified by the frequencies at 3360.5, 3507.1
and 3558.8 cm™! as (A) and the second conformer at 3342.8, 3507.1 and 3558.8 cm™! as (B). It
turns out that the M05-2X results (with a constant scaling factor of 0.943) are in almost perfect
agreement with experiment (Fig. 2.2). M05-2X not only reproduces the energetic ordering
predicted by CBS-C but it also predicts vibrational spectra that are in excellent agreement
with the experimental data as shown by the lowest root mean square deviation (RMSD) of all
tested methods of only 3 —4 cm™! [174]. Furthermore, the detailed analysis of the vibrational
frequencies in Ref. [174] clearly identifies W}!, (2.2(c)) as the experimentally observed major
conformer (A) and W, (2.2(b)) as the minor conformer (B). At contrast to the optimal perfor-
mance of M05-2X, the other Minnesota density functionals (M05, M06, M06-2X and M06-HF)
result in vibrational frequencies that are blue shifted with high RMSD and MAX values of
~20 cm™! and ~ 25 cm™!, respectively. The same behaviour holds for the MP2 frequencies
even though to a minor extent. The remaining two density functionals BLYP (RMSD=1.13,
MAX=1.79) and B3LYP (RMSD=0.86, MAX=1.45) are not accurate enough for both energetics
and vibrational frequencies calculations [174].

Determination of the Lowest Energy Conformers of [TrpH - (HZO)]+

Of the 32 possible conformers within the dihedral angle subspace of ¢;, ¢p» and ¢3 and the
water positions {up,out,ind,oh} we have computed the CBS-C energy values only for the 16
geometries characterised by ¢3 = 0. This restriction was justified by an extensive energetic
screening at the DFT level (see Appendix A.5 and Ref. [174]), which showed that, similar to the
case of bare [Trp + H]*, the conformers with ¢»3 = 1 have high relative energies > 4.5 kcal/mol
and do not appear in the experimental IR spectrum at T < 10 K. Our CBS-C calculations in
Tab. 2.3 predict leo(l.n «) as the lowest conformer. Furthermore, the relative energies of all
other candidate structures are predicted at ~ 1.4 kcal/mol or higher and CBS-C thus predicts
the existence of only one major conformer at low temperature. The geometry of this lowest

conformer W1+00(in &)’ depicted in Fig. 2.4(b), is characterised by a double hydrogen-bond

+ + + + + + + +
method\water\ Wooo Woio Wiee ™ Wito | Woor Wouu Wi Wi

up | 2.015 3.732 X 1.816 - - - -
out | 2.071 3.501 2.622 1.447 - - - -
ind | 2.051 3.431 0.000 2.320 - - - -
oh 3.450 4.229 3.934 2.644 - - - -
up 1.675 3.598 x 1.763 - - - -
out | 1.999 3.111 2512 1.173 - - - -
ind | 1.730 3276 0.000 2.141 - - - -
oh 2.969 3.860 3.353 2522 - - - -

CBS-C

Table 2.3: CBS-C reference values for the relative energetics (in kcal/mol) of low energy
conformation of [TrpH - (H,0)]", taken from Ref. [174]. ZPE corected values in italics.
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interaction of the water molecule with respect to both the NH3 moiety and the 7-electron
cloud of the indole ring.

We have also restricted our pool of DFT functionals to BLYP-D3, M05-2X, M06 and M06-2X
given their good performance, in the case of [TrpH]*, with respect to BLYP, B3LYP, M05 and
MO06-HE We recall that for bare [TrpH]* M05-2X was found to be the only functional suitable
for both vibrational frequency analysis and energy calculations while M06 and M06-2X were
found to perform well for energies only [174]. All tested DFT functionals predict the correct
lowest energy conformer for [TrpH - (H2,0)]*. In conjunction with the aug-cc-pVDZ basis
set M05-2X has an RMSD of 0.41 kcal/mol and a MAX of 1.02 kcal/mol for the conformers
with ¢3 = 0 (Tab. 2.4). BLYP-D3 performs with an RMSD of 0.51 and a MAX of 1.25 kcal/mol.
MO6 results in an RMSD of 0.30 kcal/mol and a MAX of 0.58 kcal/mol while M06-2X yields
an RMSD of 0.57 kcal/mol and MAX of 1.13 kcal/mol. Among the SCC-DFTB methods the
hydrogen bonding and dispersion corrections increase the accuracy in terms of RMSD and
MAX (Tab. 2.4), however, at contrast to the bare case, the energy separations of the structures
with ¢3 = 1 are systematically underestimated, resulting in a large number of geometries within
a threshold of 1 kcal/mol (see Appendix A.5 for more details). The best variant is DFTB(h) with
RMSD 1.7 kcal/mol, MAX 2.7 kcal/mol and 4 structures within the threshold, of which one is
indeed the correct lowest energy conformer. AMOEBA performs similarly to DFTB(h), also
predicting 8 conformations within 1 kcal/mol above the lowest. In contrast, all the Amber
force fields perform worst with RMSDs of 2.5-3.5 kcal/mol and MAXs of 2.6-3.9 kcal/mol. They
are not able to predict the correct lowest energy structure and they underestimate the energy
separations of the conformations with ¢3 = 1.
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Figure 2.4: (a) Experimental IR spectrum (measured by Dr. Natalia Nagornova and Dr. Oleg
Boyarkin) of [TrpH - (H,0)]* (solid red line). Vibrational frequencies are observed at 3136.9,
3192.0, 3505.6, 3549.5, 3558.7 and 3702.4 cm ™! (vertical dashed red lines). M05-2X IR spectrum
of the lowest conformer Wy, . . (b) (RMS=4.7 cm™', MAX=7.6 cm™', SF=0.943) shown as
green bars.
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Method RMSD MAX lowest | lowestin | # geos
<1 kcal/mol

CBS-C - - - 1/1 1
MO06 0.30 0.58 v 1/1 1
MO06-2X 0.57 1.13 v 1/1 1
MO05-2X 041 046|102 1.10 v 1/1 1
BLYP-D3 0.51 1.25 v 1/1 1
DFTB 2.00 3.06 X 1/1 5
DFTB(h) 1.71 2.74 X 1/1 4
DFTB(d) 1.44 2.33 v 1/1 7
DFTB(h,d) 1.21 2.23 v 1/1 15
AMOEBA 1.66 3.21 X 1/1 8
FF02 2.57 3.88 X 1/1 15
FF99 2.65 3.62 X 0/1 9
FF96 2.61 3.50 X 1/1 11

Table 2.4: Summary of the performance of different methods to reproduce the CBS-C energet-
ics of [TrpH]*(HZO) without considering ZPE corrections. All DFT methods in conjunction
with the aug-cc-pVDZ basis set. The first two columns report RMSD and MAX in kcal/mol.
Column 3 indicates whether the lowest conformation is correctly identified. Column 4 indi-
cates whether the lowest energy conformations at the CBS-C level is within 1 kcal/mol above
the lowest energy conformation for the respective method. The last column gives the number
of geometries within 1 kcal/mol above the lowest energy conformation at the respective level
of theory.
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Fig. 2.4(a) shows the vibrational spectrum of the lowest conformer Wy, (ing) COMputed at the
MO05-2X level, which has been validated in the previous section and Ref. [174]. The theoretical
predictions are in almost perfect agreement with the experimental spectrum within an RMSD
of 4.7 cm™! and a MAX of 7.6 cm™! when using a constant scaling factor of 0.943. These
are the lowest RMSDs and MAX on the set of vibrational frequencies with respect to the
full pool of 32 conformers. From the analysis of the vibrational normal modes we assign
the two experimental peaks at 3549.5 cm™! and 3702.4 cm™! to the SS and AS modes of
the water molecule hydrogen-bonded to both the NH3 group and the n-electron cloud of
the indole ring of the most abundant conformer Wffm(in &) This hydrogen-bond interaction
induces the red-shifts of the typical AS and SS frequencies of the free-water which are found at
3657 and 3756 cm ™!, respectively. It is interesting to note how more environment sensitive
the SS mode is compared to the corresponding AS frequency. In our case, while the AS is
red-shifted by only 3756 —3702.4 = 50 cm™!, the SS frequency is red-shifted by as much as
3657 —3549.5 = 100 cm ™!, which brings it in proximity to the COO-H stretching mode. The
two intense bands at 3505.6 and 3558.7 cm™! are also confirmed to be originating from the
N-H stretching mode of the indole ring and the COO-H stretching mode of the carboxylic
group, respectively. It is interesting to note that the addition of a single water molecule to the

bare ion increases the COO-H stretching frequency by ~ 4cm™1.

Determination of the Lowest-Energy Conformers of [TrpH - (H,0),]*

For the 48 unique conformers identified by the dihedral angles ¢;, ¢2, ¢3 and the water
positions {up,out,ind,oh} we have computed the CBS-C energy values only for selected
geometries, since a screening at the DFT level indicated that all geometries with ¢3 =1 are
energetically unfavourable with energies = 3 kcal/mol above the lowest energy conformer.

Tab. 2.5 shows the CBS-C energy reference values, for these 27 conformers. According to CBS-
C, the lowest-energy conformer is Wf;m(m doh) followed by two almost degenerate conformers
WIT)O(I.” d,up) and Wf(-)O(in dour At only ~ 0.5 kcal/mol. These configurations are shown in
Fig. 2.5(b), (d) and (f). All three conformations share the same structure for tryptophan and
feature one water molecule interacting with the indole ring and the NH;-group. Wy, (ind,up)

and Wf(_m(' both have the second water molecule attached to the NH,-group as well,
ind,out) 3

in contrast to the lowest energy conformation, Wy, (ind,ony Which features the second water
molecule hydrogen bonded to the COOH group. Therefore, placing the second water molecule
at the NH;-group instead of the COOH group costs 0.5 kcal/mol, but the conformations, which
feature the hydrogen bonded water molecule in either vertical or lateral position, are almost

degenerate.

The relative energetics (including ZPE corrected values) of the different conformations em-
ploying the DFT methods B3LYP, BLYP-D3, M05-2X, M06, M06-2X and the pool of more
approximate methods are given in the Appendix A.6. Based on the DFT results, it turns out that
all geometries characterised by ¢3 = 1 are energetically unfavourable with energies = 3 kcal/-
mol. The performance of the DFT methods in reproducing the CBS-C relative energetics in
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Tab. 2.5 was measured by the RMSD and MAX values in Tab. 2.6. Clearly, the doubly solvated
system with an increased number of possible conformations and very small energy differences
is the toughest challenge for the computational methods assessed in this work. The Minnesota
functionals are all able to predict the correct lowest energy conformation (see Tab. 2.6) and
perform with RMSDs of ~ 0.7 kcal/mol and maximum errors of ~ 1.5 kcal/mol. Also B3LYP
identifies the correct lowest energy conformation, but yields an RMSD above 1.5 kcal/mol
and a MAX of 3 kcal/mol over the entire pool. BLYP-D3 is not able to identify the correct
lowest energy conformation and performs with RMSD values of 0.8 kcal/mol and MAX of 2.4
kcal/mol, respectively.

None of the more approximate methods is able to predict the correct lowest energy confor-
mation. Standard SCC-DFTB yields an RMSD of 2 kcal/mol and MAX of 3.3 kcal/mol. The
hydrogen bonding correction improves the performance slightly (RMSD: 1.6 kcal/mol and
MAX: 2.8 kcal/mol), but the dispersion correction makes it even worse. The Amber force fields
underestimate the energy separations of the different conformers and the performance in
terms of RMSD and MAX is the worst of all the force fields tested here. AMOEBA shows the
best performance among this subset of methods with an RMSD of 1.53 kcal/mol and MAX of
3.40 kcal/mol. Furthermore, the relative energies of all three lowest energy conformations
predicted at the CBS-C level are within 1 kcal/mol. This is a necessary condition for applying
AMOEBA in an energetic pre-screening of candidate structures prior to a refinement at the
DFT level, which was not fulfilled for [TrpH - (H,0)] ™.

The vibrational spectra of the three lowest energy conformations computed at the M05-2X level
of theory are shown as vertical bars in Fig. 2.5(a), (c) and (e). Experimentally, three conformer-
specific IR spectra were recorded (solid lines in Fig. 2.5). The experimental spectrum of the
conformation, which contributes ~ 80% to the entire population is reproduced together with
the calculated spectrum of the lowest energy conformation in Fig. 2.5(a). The agreement with
the experimental data is excellent and it confirms the correct assignment of the theoretically
predicted lowest energy structure. The calculated spectra of the two conformers at ~ 0.5
kcal/mol, W1 and W

100(ind,up) 100(ind,out)
These spectra agree very well with the experimental spectra of the two minor conformations,

, are reproduced in Fig. 2.5(c) and (e), respectively.

which account each for ~ 10% of the population under experimental condition. This result
is in agreement with the near energetic degeneracy. The spectra are very similar, in fact, the
maximum frequency difference between the corresponding peaks in the two spectra is only
10 cm™!. This is in line with the structural similarity of having the second water molecule
bound to the NH, group and the almost degenerate relative energies, as discussed above.
The computed M05-2X spectra of the minor conformers confirm the assignment of the two
vibrational transitions at 3563.9 and 3561.6 cm ™! (274 peak from the left in Fig. 2.5(c) and (e))
to the O-H stretching mode of the carboxylic group.
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method | waters | Wy Wgo Wie  Wiig | Wo Woli Wi Wiy
ind,up | 1.038 2.435 0.484 1.252 - - - -
up,out | 1.109 3.121 1.511 1.145 - - - -
out,ind | 0.964 2903 0.494 1.391 - - - -
up,oh 2.331 3.893 X 2.421 | 5.074 5.322 5.436 4.990
out,oh | 2520 3.165 3.063 1.458 - - - -
CBS-C {'nd, oh | 2.083 3.463 0.000 2.521 - - - -
ind,up - 2.909 0338 1.351 - - - -
up,out | 1.240 - 1.605 1.143 - - - -
out,ind | 1.037 - 0.527 1.327 - - - -
up,oh - - - - - - - -
out,oh | 2.536 - - 1.432 - - - -
ind,oh - - 0.000 - - - - -

Table 2.5: Relative energies in kcal/mol of the conformers of [TrpH - (H20)2]* computed at the
CBS-C level. ZPE corrected values in italics. (x) indicates an unstable conformer. All values
taken from Ref. [174].

Method RMSD MAX lowest | lowestin 3 lowest # geos
1 kcal/mol | in 1 kcal/mol | <1 kcal/mol
CBS-C - - e - \ - 3
MO05-2X 0.70 084 | 1.20 1.60 v v 2/3 2
MO06 0.69 1.59 v v 2/3 2
Mo06-2X 0.60 1.37 v v 3/3 6
B3LYP 1.68 3.04 v v 1/3 2
BLYP-D3 0.72 2.42 x v 2/3 5
DFTB 2.00 3.32 x x 0/3 3
DFTB(h) 1.62 2.75 X x 1/3 6
DFTB(d) 2.42 4.02 X X 1/3 8
DFTB(h,d) 1.99 3.44 X x 2/3 9
AMOEBA 1.53 3.40 X v 3/3 7
FF02 2.64 5.91 x v 1/3 19
FF99 3.22 5.52 X x 0/3 9
FF96 2.61 3.50 x x 0/3 12

Table 2.6: Summary of the performance of different methods to reproduce the CBS-C energet-
ics of [TrpH]‘”(HZO)2 (ZPE corrected results in italics). All DFT methods in conjunction with
the aug-cc-pVDZ basis set. The first two columns report the RMSD and MAX in kcal/mol. Col-
umn 3 indicates whether the lowest conformation is correctly identified. Column 4 indicates
whether the lowest energy conformations at the CBS-C level is within 1 kcal/mol above the
lowest energy conformation at the respective method. Column 5 indicates whether the three
lowest energy conformations at the CBS-C level are within 1 kcal/mol above the lowest energy
conformation at the respective method. The last column gives the number of geometries
within 1 kcal/mol above the lowest energy conformation at the respective level of theory.
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Figure 2.5: Experimental IR spectra (measured by Dr. Natalia Nagornova and Dr. Oleg Bo-
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yarkin) for [TrpH - (H20)2]* (solid lines). Observed vibrational frequencies (vertical dashed
lines) for conformer A (a): 3507.0, 3551.0, 3646.9, 3703.9 and 3741.0 cm™}; conformer B (c):
3508.4, 3563.9, 3576.2,3634.6, 3708.2 and 3728.6 cm~!; conformer C (e): 3508.5, 3561.6, 3574.9,
3624.9, 3706.9 and 3719.6 cm™!. Calculated IR spectra (M05-2X) are shown as vertical bars in
(a): RMS=4.7 cm™!, MAX=8.5 cm ™!, SF=0.945; (c): RMS=3.3 cm™!, MAX=5.8 cm™!, SF=0.944;
and (e): RMS=7.2 cm~}, MAX=13.5 cm™}, SF=0.944. The corresponding optimised structures
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Figure 2.6: Comparison of the RMSDs (blue) and maximum errors (red) of various methods in
reproducing the relative energetics at the CBS-C level of theory. DFT methods employing the
aug-cc-pVDZ basis set. For each Method the bars are ordered from left to right corresponding
to the systems [TrpH]*, [TrpH - (H20)]* and [TrpH - (H,0),] ™.

2.1.5 Summary of the Performance of Different Computational Methods to Re-
produce CBS-C Energetics

The different conformations of [TrpH - (H20),]* (n=0,1,2) cover a narrow energy scale of
~ 5 kcal/mol (Tabs. 2.1, 2.3 and 2.5). Furthermore, at these ultra cold temperatures the
experimentally observed conformers can only be separated by tenths of kcal/mol. This poses
stringent criteria on the accuracy of the computational methods for the energy evaluation.
Fig. 2.6 summarises the performance of MP2 and the DFT methods BLYP, B3LYP, M05, M05-
2X, M06, M06-2X, M06-HF and BLYP-D3, different variants of the SCC-DFTB method, the
polarisable force fields FF02 and AMOEBA and the non-polarisable force fields FF96 and
F99 in terms of their RMSD and MAX with respect to the CBS-C references. As a general
observation for all methods the performance decreases from the bare to the microsolvated
systems. Overall, the functionals M06 and M05-2X perform best with RMSDs below 1 kcal/mol
and MAXs below 1.5 kcal/mol, closely followed by BLYP-D3.

Among the more approximate methods the DFTB variants clearly perform the best for the bare
case, which is also in line with our recent results on the gas phase protonated decapeptide
gramicidin S [163]. SCC-DFTB is the only method that achieves here an RMSD of ~ 1 kcal/mol.
On the other hand it performs significantly worse on the microsolvated systems showing that
SCC-DFTB has a problem with the description of intermolecular interactions involving water,
as already reported previously [71,175]. AMOEBA performs worse than DFTB for the bare
case, but over all three systems it shows a more balanced performance with an RMSD of 1.5-2
kcal/mol. Furthermore, it predicts for all cases the correct lowest energy conformation within

40



2.1. Cold-Ion Spectroscopy and Quantum Chemistry: A Successful Tandem to Determine
Low Energy Structures of Bare and Microsolvated Protonated Tryptophan

a threshold of 1 kcal/mol. The force fields FF99, FF96 and FF02 generally underestimate the
energy separations of the individual conformations and perform with RMSDs above 2 kcal/mol
and MAXs higher than 3 kcal/mol. This accuracy is clearly insufficient to employ them for
an energetic pre-screening of candidate structures. FF96 and FF99 were parameterised for
condensed phase systems and a limited performance for gas phase systems can expected.
Surprisingly, the polarisation contribution to the FF02 potential energy function is not able to
increase the transferability to these systems.

2.1.6 Conclusions

We present highly resolved conformer specific IR spectra of gas phase bare and microsolvated
protonated tryptophan at cryogenic temperature. We employed high-level ab initio methods
to determine the molecular structures of the individual conformations present under experi-
mental conditions, which reproduce the measured IR spectra. These results demonstrate how
successful modern quantum chemistry methods and cold ion spectroscopy work together in
determining low energy structures of biomolecules in the gas phase.

Besides offering an understanding of the low energy structures of this prototype molecule, the
experimental data provides ideal benchmarks for computational methods. The small system
size and the lack of complicating effects due to a complex solution of protein environment
make it possible to employ high level ab initio methods and to perform a systematic enumera-
tion of the low energy conformational subspace at a high level of theory.

We identified three dihedral angles, each assuming values confined to two distinct regions,
and four different water binding sites governing the low energy conformational subspace.
We employed the CBS-C method for a systematic mapping of the low energy conformational
space defined by these dihedral angles and water binding sites. We assessed the performance
of several DFT methods (M06-2X, M06-HE, M06, M05- 2X, M05, B3LYP, BLYP-D3 and BLYP)
in reproducing the CBS-C reference energetics. Among this pool we find that the functionals
MO06 and M05-2X perform best in reproducing the CBS-C energetics within RMSDs of 0.2-0.6
kcal/mol. We also benchmarked several variants of the SCC-DFTB method, the polarisable
force fields FF02polEP and AMOEBA and the non-polarisable force fields FF96 and FF99SB.
The most reliable method among this subset is AMOEBA, but in general they show RMSDs
significantly higher than 1 kcal/mol, especially for the microsolvated systems. This accuracy is
insufficient to employ them for an extensive unguided sampling of the conformational space
and an energetic pre-screening of candidate structures prior to refinement at the DFT level. In
practice, they can only be used in combination with constraints derived from experimental
information [141, 163].

In terms of reproducing the experimental IR spectra we find that, among the DFT functionals
tested in this work, M05-2X performs best with RMSDs of 3 to 7 cm™!. In agreement with
the experimental results we identified two distinct conformations of [Trp + H] ™ present at the
experimental conditions differing in two dihedral angle conformations. In ([Trp +H]*" - (Hy O))
only one conformation is appreciably populated with the water molecule hydrogen-bonded
to the ammonium group and interacting with the 7-system of the indole ring. And, finally,
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in ([Trp + H] " - (H20),) three low-energy conformations were identified. All of them preserve
the conformation of tryptophan and the first water molecule as in ([Trp + H]* - (H20)). They
differ only in the binding site of the second water molecule. This is in line with the recent
observation on gas phase double protonated gramicidin S, which undergoes large structural
changes induced by the first two bound water molecules, but remains essentially intact upon
further solvation [142].
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2.2 Determination of the Intrinsic Structure of Gramicidin S

The computational results presented in this section have been obtained in collab-
oration with Dr. Matteo Guglielmi, while the experiments have been performed
by Dr. Natalia Nagornova and Dr. Oleg Boyarkin, Laboratoire de Chimie Physique
Moléculaire, group of Prof. Thomas R. Rizzo. This work has been published as:
Cold-Ion Spectroscopy Reveals the Intrinsic Structure of a Decapeptide, Angew.
Chem. Int. Ed. 2011, 50, 583.

The three-dimensional (3D) structures of proteins and peptides in vivo largely determine
their biological function. In vitro these native structures and their heterogeneity reflect a
fine balance between noncovalent intramolecular interactions and those with the surround-
ing solvent molecules. Decoupling intra- and intermolecular interactions and revealing the
intrinsic structures of biomolecules is crucial for understanding protein-peptide (-protein,
-membrane) binding processes and protein folding, and can assist in silico drug design. Here
we demonstrate the use of conformer-selective, cold-ion infrared spectroscopy and experi-
mentally constrained calculations to solve the 3D structure of a natural antibiotic, gramicidin
S (GS), isolated in the gas phase. It is the largest molecule for which the gas-phase structure
has been accurately determined.

This benchmark decapeptide (cyclo-VOLFPVOLFP, where "O" designates ornithine and Phe
is the D rather than the L enantiomer) has been studied in the condensed phase for decades
owing to its practical importance [176-183]. GS exhibits strong antimicrobial activity, which is
based on its binding to microbial membranes [180, 181], but it is toxic to human red blood
cells. Rational design of GS analogues with improved pharmacological activity requires a
better understanding of the GS structure and its interactions with solvent molecules and
phospholipids of the cell membranes. The structure of the isolated peptide may serve as an
additional starting point to model these interactions and help elucidate the mechanism of its
antimicrobial activity.

While isolation of solvent-free biomolecules in the gas phase removes the intermolecular
interactions, the decreased concentration of gas-phase samples requires sensitive structure-
selective techniques. Ion-mobility techniques can separate different conformational conform-
ers by their collisional cross-section [184-186], but their accuracy in solving structures is lim-
ited by the low number of experimentally derived structural constraints and should be verified
by complementary techniques. In recent years precise structures of several amino acids and
small peptides in the gas phase have been determined using infrared spectroscopy [187-193].
This approach relies on measuring a "fingerprint" of vibrational transitions (frequencies,
intensities, and line widths) that serves as a benchmark for structural calculations. Unam-
biguous identification of calculated structures for a large molecule challenges experiments to
provide a detailed fingerprint for each observed conformer, since this is exactly what theory
calculates. This requires achieving vibrational resolution and conformational selectivity in
the IR spectra, which becomes problematic for large species at room temperature. Theory
typically employs classical molecular dynamics simulations to sample a large conformational
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space to identify candidate structures. Subsequently, a few of the lowest energy structures are
optimised by ab initio theory to find the most stable conformer. The biggest challenge in these
calculations is in narrowing the conformational search among the thousands of structures
identified by molecular dynamics prior to optimising their structures at higher levels of theory
and calculating their spectra.

Our experiment combines electrospray ionization mass spectrometry, cryogenic cooling, and
laser spectroscopy (see the Supporting Information of ref. [141] for the details) [139]. Cooling
sample molecules to sufficiently low temperatures (= 10 K) allows vibrational resolution in the
UV and IR spectra of GS [140]. High resolution in the UV spectrum enables the use of IR/UV
double-resonance detection [187,188,194-196] for conformer-selective measurements of IR
spectra. We recently demonstrated application of this approach for spectroscopy of GS in
the 6 um region [140]. Herein we extend it over a significant spectral range covering all the
light-atom stretching vibrations, and we use some special techniques, such as °N isotopic
substitution and complexation of the peptide with a crown ether to help assign the vibrational
bands. Structural constraints derived from both our spectroscopic and mass spectrometric
data guide the conformational search to find the most stable calculated structures of isolated,
doubly protonated GS. By comparing the unique fingerprint provided by our highly resolved,
conformation-specific infrared spectrum with the theoretically derived vibrational spectrum
we can assign one of these candidate structures to the predominant conformer of GS that we
produce in the gas phase.

In the gas phase at low temperature [GS+2H]?" adopts three different conformations, one of
which is significantly more abundant than the other two [140]. Fig. 2.7a) shows an infrared
spectrum of this main conformer cooled to approximately 12 K measured by photofragment-
detected IR/UV double resonance. The spectrum, which covers the NH, CH, and C=0 stretch-
ing and NH bending bands provide a set of nearly 30 spectroscopic reference frequencies for
selecting a 3D structure of doubly protonated GS from the calculated possibilities. In several
regions of the spectrum the resolved, closely spaced peaks impose stringent requirements
on the accuracy of calculated vibrational frequencies. Simply matching the calculated and
observed frequencies is necessary but not sufficient for identifying the proper structure, how-
ever. The assignment of the peaks to specific vibrational modes provides the true link between
experiment and theory.

We use several different methods to assign the vibrational bands in Fig. 2.7a). Isotopic labelling
of the two Val and two Leu residues by °N should shift the amide NH stretching vibrations to
lower frequencies by approximately 8 cm™! (in a harmonic oscillator approximation). In the
IR spectrum of Fig. 2.8b), we indeed observe a -8.5 cm™! shift of two peaks in the isotopically
substituted molecule, allowing us to unambiguously assign these peaks to four NH stretching
vibrations of these residues. The fact that the isotopic substitution of four residues results in
the shift of only two peaks implies that the NH stretches in each pair of identical residues have
nearly degenerate frequencies, suggesting symmetrically equivalent positions of the identical
residues. This observation supports our earlier suggestion that the [GS+2H]?" structure should
be highly symmetric (C,) [140]. Replacement of all amide hydrogens by deuterium atoms also
helps in the assignment of vibrational bands in that it shifts all ND stretching vibrations below
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Figure 2.7: Infrared spectra of the most abundant conformer of a) [GS+2H]%* and b) its
deuterated analogue (N-H—N-D) measured by IR/UV double-resonance photofragment
spectroscopy (measured by Dr. Natalia Nagornova and Dr. Oleg Boyarkin), together with the
corresponding calculated vibrational spectra for the most stable calculated structure of these
species. The calculated frequencies are scaled by a factor of 0.961 in a) and by a factor of 0.941
in b). In a) the frequencies of NH/CH stretching vibrations are additionally shifted by the term
Av; = —20,/6v; is the width of the i-th peak. Asterisks label the most intense (nearly) doubly
degenerate calculated transitions.

roughly 2500 cm™}, leaving only CH stretches in the 3 um region (Fig. 2.7b). It also shifts ND
bending vibrations to lower wavenumbers, allowing us to distinguish amide bending bands
from the C=0 stretching bands.

We assign the two peaks around 3240 cm™! to the NHj stretching vibrations based on the
general expectation that the frequencies of such charged groups shift strongly to lower energy
relative to amide NH stretching bands because of stronger hydrogen bonding. We verified this

12* with two crown ether molecules ([18]crown-6), which

assignment by complexing [GS+2H
form particularly strong hydrogen bonds with the ammonium groups [197,198]. As shown in
Fig. 2.8 ¢) and d), the complexation leads to an additional shift of these two peaks by 120-150
cm™L.

The UV-induced photofragment mass spectrum of [GS+2H]?* (Figure S1 in the Supporting
Information of ref. [141]) provides additional information that directly constrains our struc-
tural search prior to calculation of the infrared spectrum. The two most abundant fragments
that result from photoexcitation of the Phe chromophores correspond to the loss of neutral
—CH;NH>, and —CH,CH,N H, from the ornithine side chains, although these channels are
only negligible ones in collisional-induced dissociation [182] and in infrared multiphoton
dissociation IRMPD; Figure S1 in the Supporting Information of Ref. [141]). The observed
nonstatistical dissociation [199] suggests an initial transfer of photoexcitation energy directly

from the Phe chromophores to the amines of the Orn side chain and implies a certain prox-
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Figure 2.8: Portions of the infrared spectra of the most abundant conformer of a), ¢) [GS+2H]?*,
b) its isotopologues (1>N—1*N in Leu and Val), and d) [GS+2H]?* /[18]crown-6 complex (mea-
sured by Dr. Natalia Nagornova and Dr. Oleg Boyarkin).

imity and coupling of the two groups. This conclusion, along with the symmetry inferred
from the vibrational spectra, drastically narrows the initial conformational search for suitable
candidate structures.

This search employs extended molecular dynamics simulations with a minimal set of the
above-mentioned experimentally determined constraints imposed as structural restraints to
guide the exploration of configurational space. An initial pool of candidate structures was gen-
erated in this way through multiple simulated annealing runs in which the system was heated
to high temperature (1500 K) to accelerate phase-space sampling and then slowly cooled down.
From these confined conformational searches the four lowest energy structures were selected
and freely optimised using density functional theory as a starting point for the calculation
of their harmonic vibrational frequencies (see the Supporting Information of Ref. [141] for
the details of the calculations). The frequencies of the most stable structure (Table S2 in the
Supporting Information of Ref. [141]), after scaling to account for vibrational anharmonicity,
match well with the measured IR spectrum of the most abundant conformer (Figure S2 in
the Supporting Information). The assignments of all the computed vibrational bands are in
full agreement with our experimentally determined assignments. Only the frequencies of
the ammonium NH stretching bands are not well predicted by theory. We do not expect a
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Figure 2.9: Two 3D views of the [GS+2H]?" structures a) determined in this work by cold-ion
spectroscopy for the lowest-energy conformer of the isolated species, and b) solved by X-ray
diffraction for crystallised species (reconstructed from the data of Ref. [183]).

perfect reproduction of these strongly coupled bands, because their anharmonicities should
be greater than those for weakly coupled NH/CH stretching modes. A refinement of the two
scaling coefficients that is rooted in the physics of intramolecular vibrational coupling (see
details in the Supporting Information of Ref. [141]) results in a better match between the
calculated and measured frequencies.

A stringent test for the computed lowest-energy structure is to calculate the vibrational spec-
trum of the deuterated peptide. Deuteration does not change the structure but shifts the
NH stretching bands to lower frequencies. The predicted spectrum of the deuterated species
matches well with the experimental data (Fig. 2.7 b), reinforcing our confidence that the
calculated structure is the correct one.

Fig. 2.9 compares the structure of isolated [GS+2H]%" determined in this work with that of the
crystallised, hydrated species measured by X-ray diffraction [183]. The nearly symmetrical (Cy)
structure of the isolated peptide appears 40 % less elongated and more compact. It exhibits
a characteristic parallel alignment of the two Phe rings, each of which is in close proximity
to an ammonium group of an Orn side chain. This difference largely results from solvation
of the charged Orn side chains in the crystal that prevents their participation in cation-7
hydrogen bonds with the Phe rings. In the isolated structure, the ammonium groups also form
hydrogen bonds with the carbonyl oxygens of the Phe and Orn residues, which anchor them
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to the peptide backbone. Table S3 in the Supporting Information of Ref. [141] provides atomic
coordinates of the calculated structure.

This work demonstrates that cold-ion spectroscopy, together with high-level theory, can be
used to solve conformer-selective structures of isolated midsize peptides. Although isolated
structures may not reflect the structures in vivo, in certain cases they should be helpful for
understanding in vivo interactions. For instance, the structure of gramicidin S interacting
with a membrane can differ from the structure determined in vitro by NMR or X-ray methods,
making the intrinsic structure determined here a valuable starting point for modelling the bio-
logical activity of this antibiotic in vivo. To our knowledge gramicidin S is the largest molecule
for which the accurate intrinsic structure has ever been determined.
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2.3 Assessing the Performance of Computational Methods for the
Prediction of the Ground State Structure of Gramicidin S

This work has been published as: Assessing the Performance of Computational
Methods for the Prediction of the Ground State Structure of Gramicidin S, Int. J.
Quant. Chem. 2013, 113, 808-814.

2.3.1 Introduction

The structure and function of bio-molecular systems are closely linked, and the determination
of the native structure is often the basis for an understanding of the biological function and
mechanism of action.

Various methods, like X-ray or Neutron Diffraction, NMR, IR, Raman or microwave spec-
troscopy are available to obtain structural information. All of these techniques have inherent
advantages and disadvantages and differ in the type of information they provide as well as
in the applied measuring conditions, that might deviate to varying degrees from the in vivo
physiological conditions.

Except for diffraction methods, none of the aforementioned techniques is able to measure
directly the molecular structure. Structures can only be calculated by theoretical methods,
which in turn have to be validated by comparing predicted physical properties with experi-
ment. In the case of IR spectroscopy, for instance, the compared quantity can be frequencies
and intensities of vibrational transitions, which are directly linked to the molecular structure.
Theoretical methods are therefore, in conjunction with experiment, inherent parts of any
procedure that targets the determination of molecular structure. However, the small energy
separations between different conformational states pose stringent requirements on the accu-
racy of the computational method, which necessitates the use of high-level approaches. On
the other hand, even comparably small sized systems span a relatively large conformational
space for which a comprehensive conformational search is only possible with computationally
more expedient methods. Density functional methods usually represent a good trade-off be-
tween computational cost and accuracy. Especially modern exchange correlation functionals
with an improved functional form of the reduced density gradient and with a dependence on
the kinetic energy density [159, 160] show an impressive performance for weak interactions
that are crucial for the structure of biomolecules in both condensed phase and under isolated
vacuum conditions [200-203]. Even in conjunction with a well converged basis set, geometry
optimizations for systems up to few hundred atoms are feasible. Unfortunately, for such a
size a thorough screening of the complete conformational space is still not possible. More
approximate techniques, such as classical force fields or semi empirical quantum mechanical
(QM) methods have to be used for this purpose. Here, we test the performance of different
methods, including classical non-polarizable and polarizable force fields and a tight-binding
method, with respect to their ability of reproducing the relative energetics of a medium-sized
biomolecule. As reference data we use the results of a hybrid-meta GGA DFT method, which
we have previously validated against experimental data [141] and has been confirmed at a
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similar theoretical level by others [204,205].

As a test set we use a pool of nine gas-phase conformations of protonated gramicidin S (GS), a
cyclic decapeptide with the highly symmetric sequence cyclo-ValOrnLeuPheProValOrnLeuPhePro,
where "Orn" designates ornithine and Phe is the D rather than the L enantiomer. GS is a nat-
ural antibiotic peptide against gram-positive and -negative bacteria and several pathogenic
fungi [206,207]. The proposed mechanism of action is based upon distortions caused by its
binding to the microbial cell membranes. Unfortunately, it appears to be toxic to human blood
cells. GS has been studied extensively in the condensed phase [177,178,180-183, 208], but
no structure in its native membrane environment is available. A better understanding of its
structure and interactions with the solvent and cell membranes might help in the rational
design of GS analogs with reduced hemolytic activity and preserved antimicrobial features. In
this respect, it is important to know the intrinsic structure of gramicidin S in the absence of
any solvent and environment effects.

The experimental data (frequencies, intensities of vibrational transitions and their partial
assignment), which we use as a reference for validation of our calculations, were obtained by
measuring conformer-selective IR spectra of the protonated species ([GS + 2H]?*) isolated in
the gas phase at T ~12 K. The isolation of the target biomolecules removes their interaction
with the solvent, revealing weak intramolecular interactions that control structure and stability,
while the cryogenic cooling suppresses different types of inhomogeneous spectral broadening
and condenses most of the species at their vibrational ground levels. Conformational selec-
tivity of these measurements greatly simplifies the comparison with calculated vibrational
spectra, since the latter are obtained separately for each computed molecular structure. In
addition to the frequencies and intensities of vibrational transitions, the experiment provides
some structural information, such as the relative proximity of certain chemical groups or the
relative number of hydrogen bonds. However, it is still a very challenging task to deduce a 3D
molecular structure (Fig. 2.10) from the vibrational spectrum (Fig. 2.11) alone. Computational
techniques can be applied to determine the optimal arrangement of the nuclei and to calculate
the corresponding vibrational spectrum. Matching the calculated with the experimental IR
spectrum can then be used to identify the equilibrium geometry.

Besides its pivotal role in identifying the intrinsic structure of biomolecules, cold ion spec-
troscopy, as described in more detail in the Methodology section, also provides valuable
benchmark data for theoretical methods [140]. The gas-phase environment renders the
system feasible for first principles electronic structure methods and the highly resolved ex-
perimental IR spectra allow, in combination with isotope substitution experiments, direct
assignments with respect to the calculated vibrational bands. Before attempting to solve the
3D structure of cold protonated Gramicidin S, we have performed benchmarking studies on
bare and microsolvated protonated tryptophan in which we have assessed the performance
of various popular DFT methods to predict the lowest energy structure in comparison with
the high level wave function based CBS-C method [40] and experiments in Section 2.1. It
turned out, that in all cases CBS-C was able to predict the lowest energy conformers that
are in agreement with the experimentally observed vibrational spectra. M06 [160] and M05-
2X [159] provided energetics in close agreement with the CBS-C results, but only M05-2X and
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B3LYP [16,110, 155,209] yielded highly-reliable predictions of the vibrational spectra.

In this work we extend our benchmarking effort to a larger size biomolecule, i. e. gas-phase
[GS +2H]?>". In particular, we tested the performance of the classical force fields AMBER
FF96 [43], FF99SB [44], FF02polEP [45] and AMOEBAbio09 [46] as well as the self-consistent
charge density functional tight-binding (SCC-DFTB) method [42] in predicting the relative
energetics of a pool of nine conformers with respect to the M05-2X/6-31G(d,p) level of theory.
The latter has been confirmed as a suitable reference method that predicts the correct ground

state structure also for [GS + 2H]?*, as verified by comparison to experiment [141].

2.3.2 Methods

Geometry optimizations at the classical level using the FF96, FF99SB and FF02polEP force
fields were performed via simulated annealing as implemented in the AMBERY software [169].
The time step was set to 1 fs, bonds involving Hydrogen atoms were constrained using the
SHAKE algorithm [170]. The temperature was controlled by a Langevin thermostat with a
collision frequency of 3.0 ps~!. Heating for 3 ns, equilibration for 5 ns and linear cooling for
20 ns. Calculations employing the AMOEBAbio09 [46] were performed within the TINKER
software package [171]. The SCC-DFTB method was used as implemented in DFTB+, v.1.1 [172]
in conjunction with the mio-0-1 parameter set citeElstner:1998wv [173]. Improvements for the
description of hydrogen bonding [71] and dispersion interactions [162] were considered as well
and will be denoted as SCC-DFTB(h) and SCC-DFTB(d), respectively. Geometry optimizations
were performed up to a convergence of 10~ a.u. of the atomic forces.

DFT calculations with the M05-2X functional were performed using Gaussian G09 [164],
employing the 6-31G(d,p) basis set, tight convergence criteria and the UltraFine integration
grid option.

The experimental procedure to detect the conformer-selective vibrational spectra involved
a combination of electrospray ionization, mass spectrometry, cryogenic cooling and laser
spectroscopy. The protonated peptides in the gas phase were produced directly from an
aqueous solution using a nano spray ion source. In a quadrupole mass filter the parent ions
were pre-selected according to their mass-to-charge ratio and then transferred to a 22-pole
ion trap, where they were cooled to ~ 6 K by collision with cold helium. At this temperature
vibrational resolution is possible even for a system as large as a decapeptide. Conformer-
selective vibrational spectra were measured by employing IR/UV double resonance detection,
where vibrational pre-excitation of the biomolecular ions by an IR pulse alters their subsequent
UV fragmentation yield [187,188, 194, 195]. For more details see the Supporting Information
of Ref. [141].

2.3.3 Results

We have selected nine structures of [GS +2H]?>", chosen from simulated annealing runs at
the classical level or structural modifications from these, for our benchmarking study on the
energetics of a range of methods. Tab. 2.7 labels the different conformations according to their
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Table 2.7: Characteristic structural parameters for conformations R01-R09 optimized at the
MO05-2X/6-31G(d,p) level of theory. Hydrogen Bond analysis (distance cutoff: 3.5 A, angle
cutoff: 70°). Total number of free backbone NHs, structural RMSD with respect to the mini-
mum energy conformation (R01) and shortest distances between the ammonium and phenyl
groups [A].

Name ‘ # free backb. NHs Struc. RMSD [A] NH;3-Phe Phe-Phe

RO1 0 0.00 2.95,2.97 14.94
R02 0 0.70 2.95,2.97 15.18
RO3 0 0.74 2.96, 2.96 15.27
R0O4 2 2.68 8.74,8.74 15.36
RO5 4 2.07 6.52, 6.53 19.64
RO6 4 2.35 6.27, 6.64 18.86
RO7 3 3.16 3.19,5.96 14.80
RO8 2 1.94 5.02, 5.02 13.70
RO9 6 5.53 2.96, 2.96 4.47

relative energy after geometry optimization at the M05-2X/6-31G(d,p) level of theory. R02, R07,
RO08 and R09 resulted from restrained simulated annealing runs employing experimentally
derived restraints, as described in the supporting information of Ref. [141]. In R02 one Orn
side chain is bent inside with respect to the backbone ring, while the other is bent outside
(O:in,out). R0O3 and RO1 were derived from R02 to produce the (O:out,out) and (O:in,in)
conformation, respectively (see Fig. 2.12). R04 resulted from simulated annealing runs at
the classical level, employing both the FF99SB and FF02 force field. R0O5 resulted from a
geometry optimisation starting with the coordinates of the crystal structure reconstructed
from Ref. [183]. R06 resulted from multiple simulated annealing runs at the AMOEBA level.

Table 2.7 summarises some key structural features of the selected conformations. Due to
space limitations pictures are only reproduced for R01-R03 (Fig. 2.12), R06 (Fig. 2.13) and R09
(Fig. 2.14). Since R01-R03 differ by only slight variations in the Orn side chains the RMSDs are
naturally very small. All backbone NHs are saturated with hydrogen bond interactions, the
ammonia groups are in relative close proximity of the phenyl rings and the two phenyl rings are
separated by ~ 15 A. The RMSD of R04 (2.7 A) is relatively large and also visual inspection (see
coordinates in supporting information) let us characterise this conformer as a qualitatively
different structural type, where the main difference lies in the phenyl rings that are oriented in
a parallel alignment with the proline rings instead of forming NHJ — 7 interactions. In this way
one of the hydrogens on each NH group is not involved in any intramolecular interaction,
while the other two are engaged in hydrogen bonds to the backbone. Judging from RMSD,
number of free backbone NHs and distances between the NHJ and Phe groups, structures
RO5 and RO6 are very similar, but differ significantly from R01-R03. Structures R07-R09 feature
RMSDs with respect to RO1 > 2 A and from 2 to 6 free backbone NHs. Also, the NH3-Phe
distances are higher in these structures than in R01-R03, except in R09. The latter features
the highest number of free backbone NHs and RMSD value with respect to R01. The packing
between the 7 systems of the two Phe side chains is optimized by placing them in a parallel
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arrangement above the ring of the backbone (see Fig. 2.14). Thereby the Phe-Phe distance
is reduced to only 4.5 A. The NH] groups are oriented to form one hydrogen bond to the
backbone (opposed to two in R01) and a NHJ — 7 interaction, whereas the third hydrogen
atom is not involved in any intramolecular interaction.

Fig. 2.10 shows the lowest energy conformation R01 color coded according to the RMSD with

RMSD Color Code

e 2.00

\ 1.60
e 1.20

, -'i, ;“u‘ 0.80

Figure 2.10: Conformation R0O1 optimised at the M05-2X/6-31G(d,p) level of theory. Color
coding according to the RMSD with respect to the crystal structure reconstructed from ref.
[183].

respect to the crystal structure derived from X-ray diffraction on the crystallised, hydrated
species (Also see Figs. 2.12 and 2.13 for comparison) [183]. The highly symmetric structure
of RO1 is slightly more compact with an RMSD of the backbone atoms of ~ 1 A. Atoms with
an RMSD of 2 A or more are colored in dark red. The highest RMSDs (3 to 7.5 A) are observed
for the phenyl rings, which are oriented in a parallel way in order to optimise the NH; — 7
interactions, in contrast to the crystal structure, where the NHJ groups are partially solvated
by crystal water. The RMSDs of the Orn side chain atoms are increasing for atoms closer to
the ammonium groups (from = 0.5 to 2 A), reflecting the effect of the hydrogen bonds of the
ammonium group to the backbone carbonyls, which are missing in the crystal structure. The
highest RMSDs are found for the Leu side chains, as expected from these relatively flexible
regions, (2-3 A) and in the Pro side chains (= 2 A), which seems to be due to a more compact
folding of the backbone and the additional NHJ —7 interactions in R01. This analysis illustrates
the differences between the "intrinsic" lowest energy structure and the crystal structure, where
packing effects and interaction with crystal water can cause significant deviations.

All geometries were optimised at the M05-2X/6-31G(d,p) level of theory and the first row in
Tab. 2.8 gives the relative energetics for the pool of structures R01-R09. As expected from their
structural similarity, RO1-R03 are relatively close in energy, where each Orn bent outwards
instead of inwards with respect to the backbone accounts for a destabilisation of ~ 3.3 kcal/mol
at the DFT level. Interestingly, the relative energy of R04 is of the same order as the one of R03,
despite the differences in the structural features, as discussed above. Conformations R05 and
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RO6 are relatively similar and their relative energy is almost the same. Conformations R07-R09
are energetically well separated from the others, with R09 being 43 kcal/mol higher in energy
than RO1. The nine best structures of the pool thus span an approximate energy range from 4
kcal/mol to higher energy conformers at ~ 40 kcal/mol.

Experimentally gas-phase [GS + 2H]%*

at ~ 10 K is present in three different conformations,
one of which is significantly more abundant than the other two [140, 141]. For the major
conformer three characteristic features can be deduced from experimental data: (1) it is highly
symmetric, (C»); (2) the observed frequencies of the Val and Leu NH stretch vibrations can
only originate from structures in which the backbone NH of these residues are hydrogen
bonded; and (3) the ammonium groups of the Orn residues are in close proximity to the
aromatic rings of the phenylalanines. All of these features are reproduced by the lowest energy
conformation at the M05-2X level (R01) as discussed above and in Tab. 2.7. A stringent test
for the identification of the lowest energy structure was the comparison of the calculated and
experimental vibrational spectrum, as reproduced in Fig. 2.11. The theoretical predictions
are in very good agreement with the experimental signals, in particular all experimentally
assigned bands are correctly reproduced (see Ref. [141] for a detailed discussion).

The variety in the structural features among the pool of conformations R01-R09 render it
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Figure 2.11: Calculated vibrational spectrum of R01 at the M05-2X/6-31G(d,p) level of theory
(scaled by a constant factor of 0.951), compared to the experimental spectrum of the major
conformer (measured by Dr. Natalia Nagornova and Dr. Oleg Boyarkin).

an ideal selection for the benchmarking of different methods. The challenge is to reproduce
the small energy separations between very similar structures, such as R01-R03 or R05-R06,
and at the same time to account for structures that differ by up to 43 kcal/mol in energy.
Table 2.8 compares the performance of various more approximate methods in reproducing the
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energetics at the M05-2X/6-31G(d,p) level of theory. Standard SCC-DFTB is able to predict the
correct lowest energy conformer with respect to M05-2X. The largest errors occur in the high-
energy conformations R07-R09, with a maximum error of 16.72 kcal/mol and an RMSD of the
energies of all conformers of 8.1 kcal/mol. The hydrogen bonding corrected version DFTB(h)
improves the energetics, but not enough for the high energy conformations, resulting in a
maximum deviation of 27.2 kcal/mol for R09 and an RMSD of 10.4 kcal/mol. The dispersion
corrected DFTB is the only variant, that is not able to identify the correct lowest energy
conformation, but the three conformations R01, R05 and R06 appear as almost energetically
degenerate. The best variant, in terms of RMSD (7.6 kcal/mol) and maximum deviation
(13.4 kcal/mol) appears to be the combination DFTB(h,d). Note however, that the standard
parameter set (mio-0-1) for the N-H interactions produces rather large errors in the proton
affinities on sp® hybridised nitrogen species [210]. This resulted in chemically unrealistic
protonation states in molecular dynamics simulation of [GS + 2H]?" at finite temperature. It
was therefore not possible to use the SCC-DFTB method for an extended sampling of the

conformational space of [GS + 2H]%*

as in a simulated annealing protocol, for example. The
polarisable force field AMOEBA performs best, among the methods tested here, in terms of
RMSD (6.0 kcal/mol) and maximum deviation (12.4 kcal/mol), but it predicts R01, the lowest
energy structure at the DFT level, at 3.7 kcal/mol higher than R06. Compared to the other
tested methods the overall energetic ordering is reproduced best, although not in all cases
and for some the energy differences are overestimated. Both Amber force fields FF02polEP
and FF99SB predict R04 as the lowest energy conformation, where the average error is very
large ( 12 kcal/mol for both methods), compared to the overall energy range tested. FF99SB
performs slightly better in terms of RMSD and maximum deviation (12.4 and 20.7 kcal/mol)
than FF02polEP, which shows the largest errors in both RMSD (18.4 kcal/mol) and maximum
deviation (33.6 kcal/mol) among the selected methods. FF96 performs best among the Amber
force fields tested here, with an RMSD and maximum deviation (9.60 kcal/mol and 14.87
kcal/mol) in the range of the DFTB variants. On the other hand FF96 predicts, like AMOEBA
and DFTB(d), R06 as the lowest energy conformation (6.2 kcal/mol below R01).
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2.3.4 Discussion and Conclusions

We have presented a pool of conformations for gas-phase protonated gramicidin S that covers
a wide range of structural features and energy separations. This poses stringent constraints
on the accuracy of the employed computational methods. The lowest energy conformation
at the M05-2X level of theory has been validated with experimental data, measured by cold
ion spectroscopy. This experimental technique can produce highly resolved experimental
benchmark data on biologically and biochemically relevant systems to test the performance of
state of the art computational methods. From the work presented here and the benchmarking
efforts on protonated tryptophan in Section 2.1 we propose the family of Minnesota function-
als as reliable reference methods for the energetics and especially M05-2X for the calculation
of vibrational frequencies.

We have tested several more approximate methods including SCC-DFTB and its variants, as
well as AMOEBA and AMBER FF02polEP, FF99SB and FF96 for their performance in reproduc-
ing the energetics at the M05-2X level of theory of our pool of conformations. SCC-DFTB is
the only method among the ones tested in this work, that predicts the correct lowest energy
structure. Unfortunately, at the current state of the standard parameter set suggested for bio-
molecular systems, the N-H interactions are not represented in a balanced manner, biasing
sampling of unphysical protonation states. Without further methodological improvements
on this side, it is therefore to be excluded as an initial sampling tool. AMOEBA, on the other
hand, shows slightly better energetic ordering, better RMSD values and maximum deviations,
in particular for the high energy structures.

Unrestrained simulated annealing runs at the classical level did not lead to structures in
agreement with the experimental observations (1)-(3). The two AMBER force fields, FF99SB
and FF02polEP, and AMOEBA suggest conformations that are between 7 and 9 kcal/mol higher
in energy than the minimum at the M05-2X level and show significantly different structural
features. Surprisingly, simulated annealing employing the FF02polEP force field results in the
same conformation as FF99SB. Although both force fields were tailored to condensed phase
properties of biological molecules the polarisation could be expected to help transferability
to the gas-phase environment. Even more surprising is, that the energetic ranking on the
selected conformations is worse with the FF02polEP than with the FF99SB and FF96 force
fields. The latter is the best Amber force field tested in this work, but nevertheless it favours
conformations with significantly higher relative energies at the M05-2X level. We therefore
conclude that all three force fields can not be used reliably for the energetic prescreening of
candidate structures and sample mostly unrealistic regions of the potential energy surface.
Among the protocols tested in this work, only the incorporation of structural restraints derived
from experimental information in the conformational search at the FF99SB level lead to can-
didate structures with the desired structural features for the experimentally observed major
conformation. The approximate methods tested here, seem not to be suitable for a reliable
unbiased prescreening of candidate structures in the absence of experimental structural in-
formations. Although AMOEBA and SCC-DFTB perform significantly better than the AMBER
force fields, their RMSD and maximum deviations are still high compared to the overall energy
differences between the individual conformations calculated at the M05-2X level.
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Figure 2.12: RO1 top and side view. Arrows indicate structural changes that lead to conforma-
tions R02(Orn:in,out) and RO3(Orn:out,out).
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Figure 2.13: R06 top and side view
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Figure 2.14: R09 top and side view

60



8] Deriving Molecular Mechanics Force
Field Parameters by Force Matching
from DFT/MM Calculations

3.1 Introduction

Classical Molecular Dynamics (MD) simulations based on Force Fields (FFs) represent an
important method in the investigation of large scale molecular systems of ~ 100’000 atoms
and more in biology and materials science applications [211-213]. Typically, their functional
form does not allow the explicit description of a rearrangement of the electronic structure,
i.e. the bonding topology is retained over the course of a simulation. However, the energy
evaluation is computationally so expedient, that FFs can provide the underlying Potential
Energy Surface (PES) for MD simulations up to the microseconds time scale. This exceeds by
far the accessible time scales of first-principles MD based on electronic structure methods,
such as Density Functional Theory (DFT). FFs therefore represent an indispensable tool for
the computational modelling of e.g. large scale conformational motions of biomolecules at an
atomistic resolution.

However, the functional form of classical FFs and parameterisation is largely empirical and
the determination of accurate and transferable parameter sets involves significant human
effort. With a plethora of existing force fields and associated parameter sets a large variety
of biological systems can be studied. For systems that contain molecules for which no pa-
rameters are available it can be, however, a difficult and time consuming task to determine a
reliable force field. Typical approaches employ electronic structure calculations of a suitable
small model compound in the gas phase or in a continuum solvent to determine the missing
parameters [214]. Such procedures, however, come with the risk, that the newly determined
parameters are not necessarily transferable to the actual system under investigation in the con-
densed phase. Alternatively, in situ parameterisation methods, such as the "learn-on-the-fly"
approach [215] can be used to determine parameters from higher level reference calculations
on the system at hand in the condensed phase. The potential constructed in this way can be
used for the long-time propagation of a specific system, while its transferability is expected to
be limited. A similar approach is the force-matching technique [47] to parameterise classical
or semi-empirical potentials to reproduce the forces calculated by ab inito or DFT methods.
The method has been applied to optimise a glue potential for aluminium and, later on, an
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embedded atom method (EAM) potential for magnesium [216]. The clean-cut spirit of this
parameterisation method is very appealing and can be used with a manifold of different
classical and semi-empirical potential energy functions. For example, interaction potentials,
based on a (non-self-consistent) tight-binding model [217] and a modified embedded atom
method [218], were fitted for silicon from, among other properties in the target function, DFT
forces . In [219] a classical optimal potential (OP) was constructed to study the bulk properties
of iron at earth’s core conditions. Other applications can be found in Refs. [220-223]. In [224]
the force-matching methodology was modified to parameterise directly a spline interpolation
of interatomic forces. The method takes advantage of the fact that the subject of the fit was
linearly dependent on the fitting parameters and instead of directly minimising an objective
function the problem could be recast into solving an overdetermined system of linear equa-
tions. This modified parameterisation scheme can be seen as more reliable and tractable
for large numbers of parameters and was applied to studies on liquid water and hydrogen
fluoride [225]. The force matching protocol has also been applied to parameterise a reactive
FF [226].

Our group has recently developed a force matching protocol for biomolecular FFs based on
mixed Quantum Mechanics/Molecular Mechanics (QM/MM) reference calculations [48]. The
QM region is chosen in order to include all components of the system for which no parameters
are available. Finite-temperature QM/MM MD simulations are performed to generate a set
of reference configurations. Note however, that such reference configurations could also be
obtained from MD simulations at different levels of theory or by extrapolating along a given
collective coordinate, as long as they cover the relevant configurational space. Next, nuclear
forces on the QM atoms and electrostatic properties are extracted from this trajectory to serve
as target properties for the subsequent parameter fitting scheme. The force field parameters
are then optimised in order to reproduce the electrostatic properties and the nuclear forces of
the QM subsystem. Environment effects, finite temperature and pressure effects are taken into
account automatically. The optimised FF parameters can then be used to perform simulations
with the accuracy of a QM/MM treatment at the computational cost of classical MD. This
allows sampling times far beyond the limits of the QM/MM method and the calculation of
properties with long correlation times, such as thermodynamic averages involving slow mo-
tions of large biomolecules.This QM/MM force matching method has been applied to various
systems involving aqueous solutions of dihydrogenphosphate, a glycyl-alanine dipeptide, a
nitrosyl-dicarbonyl complex of technetium(I), an azole-bridged diplatinum anticancer drug
interacting with DNA [227] and organometallic ruthenium complexes [228]. Note however,
that these systems do not contain QM/MM boundaries across chemical bonds. The QM/MM
interactions therefore involve only non-bonded contributions. A similar scheme was proposed
in an adaptive formulation later on [229].

Here we describe the implementation of our QM/MM force matching protocol [48] within the
publicly available software package CPMD [49]. The goal was to provide a user friendly incor-
poration of the parameter fitting algorithms into the same code employed for the QM/MM
reference calculations. This is especially useful since in our scheme the charges are fitted
by relying on the D-RESP procedure implemented in the QM/MM interface of CPMD [129].
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The keywords controlling the parameter optimisation can be accessed within the same input
section as standard QM/MM calculations. A manual for the force matching keywords can be
found in the Appendix B. After the QM/MM force matching the optimised FF parameters can
be employed in conjunction with any software package for classical simulations. Furthermore,
we show how the QM/MM force matching protocol can be used for systems which involve
bonded QM-MM interactions within the pseudo link atom approach.

We have applied this protocol to derive in situ FF parameters for the retinal chromophore
in bovine rhodopsin embedded in a lipid bilayer, as shown in Figure 3.1. Rhodopsin is a
biological pigment in the photoreceptor cells of the retina and constitutes the first member
in a signalling cascade responsible for the perception of light [50,51]. The initial event upon
light absorption is the cis-trans isomerisation of the retinal chromophore within the active
site of the protein [52-55] (red in Figure 3.1). A more detailed representation of the retinal
moiety is provided in Figure 3.2 (C; — Ci5). It is covalently bound to the side chain of Lys296
(Cp to NZ) via a protonated Schiff base. Another important residue is Glu113, which acts as a
counter ion for the positive charge of the protonated group. The light-induced isomerisation
occurs around the Cy; = C12 double bound. The investigation of the structural variations after
the absorption of light has been an active field of research, both on the experimental [56-59]
and computational sides [60-63]. Biomolecular force fields have been employed to illuminate
equilibrium properties of dark state rhodopsin [230] and the large scale structural rearrange-
ments of the protein after light absorption [64,65]. However, the parameter sets currently used
for the retinal chromophore [17,61, 66] do not account for the bond length alternation (BLA)
among carbon-carbon single and double bonds in the conjugated n-system. This is a reason-
able approximation if structural properties of the protein are concerned. However, recent
investigations have shown that optical properties calculated from configurations generated by
such an approximate bonding topology do not agree with experiments [67]. Currently, one has
to rely on QM/MM methods in order to generate realistic configurations for the calculations
of optical properties [68]. In order to overcome the time scale limitations associated with the
QM/MM approach we apply the newly implemented QM/MM force matching protocol to
derive a consistent set of FF parameters that reproduce the structural and dynamical prop-
erties at the QM/MM level. Especially, the new parameter set describes correctly the BLA in
the retinal. These subtle changes in the chromophore structure have a pronounced influence
on the optical properties. The optical absorption spectrum calculated from configurations
extracted from an MD trajectory using the new FE is in excellent agreement with the QM/MM
and experimental references, while the original FF produces configurations that lead to a
substantial red-shift in the calculated absorption spectrum.
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Figure 3.1: Rhodopsin (green) embedded in a lipid bilayer (light grey with yellow/dark gray
phospholipid head groups) and water solvent (red/white). Retinal chromophore in red.

Figure 3.2: 11-cis retinal (RET) covalently bound by a protonated Schiff base (PSB) linkage to
Lys296 (in helix H7) in ball and sticks representation. The counter ion Glu113 (in helix H3) is
also shown.
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3.2 Methods

3.2.1 QM/MM Force Matching

The concept of the force-matching approach, as proposed in the seminal paper by Ercolessi et
al. [47], involves the minimisation of the force-dependend objective function defined as:

1 L 0 (2
AT) = F —F 3.1
(7) 3-L~N,:Zm;| 1a(7) = Fj, | 3.1

where 7 is the set of parameters in the interatomic classical or semi-empirical potentials that
are to be optimised by reproducing the reference forces calculated by ab inito or DFT methods.
L is the number of atomic configurations, N is the number of atoms, F;, (1) is the force on
atom «a in configuration [ with the parameterisation 7 and F‘l)a is the reference force. The
objective function can also be complemented by contributions from additional constraints,
e.g. experimental data.

In our force matching scheme a FF is parameterised for all the QM atoms of a complete
QM/MM system. In any QM/MM scheme, this relies on the assumption that the original
FF parameters provide a good representation for the rest of the system, i.e. the MM region.
The procedure involves four steps: First, a set of reference configurations [ is generated.
Second, the nuclear forces on all the atoms of the QM subsystem as well as the electrostatic
potential and field in the surrounding of the electronic charge density are stored. Third, a
set of atomic point charges {g,} that reproduce the electrostatic potential and field in the
surrounding of the QM region is calculated. The fourth step involves the actual force matching.
The non-bonded contributions, computed with the charges obtained in the third step and
a given set of Lennard-Jones parameters from the MM force field, are subtracted from the
total reference forces on the QM atoms. The remaining forces are assumed to originate from
bonded interactions. The parameters for bonded interactions (torsions, bending, and bonds)
are thus optimised in order to reproduce the residual part of the reference forces. The entire
procedure and the implementation in the CPMD package is described in detail in the following
sections.

Reference Configurations

We extract the reference configurations from a finite temperature QM/MM CPMD run at the
same level of theory than the one that is used to compute the reference forces. In this way, the
coverage of the conformational space is consistent with the level of theory of the reference
forces, which is expected to lead to a better convergence for the equilibrium values in the
bonded interactions (Eq. 1.40). The disadvantage, however, is the limitation of the simulation
time at the QM/MM level. At such a time scale it is unlikely to observe dihedral transitions in
the QM subsystem. Therefore, the procedure described in this work provides a parameter set
that can be safely used only for a specific conformation of the system. It is possible to generate
a force field that also reproduces torsional barriers if the QM/MM dynamics are performed
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under the action of a bias potential that induces transitions in the available computational
time. Possible alternatives could consist of extracting different configurations from a classical
trajectory or to sample configurations along a given collective coordinate.

QM/MM Reference Forces

The target property to optimise the parameters in the bonded terms of the classical FF of the
fragment included in the QM subsystem are the nuclear forces on the QM atoms computed
at the reference configurations. If the QM/MM reference trajectory is performed based on
Born-Oppenheimer (BO) MD, the reference forces can be stored during the reference MD run
and no extra calculations have to be performed. We chose, however, to employ Car-Parrinello
MD to generate the reference configurations. Along this trajectory the electronic structure
is not exactly in the ground state and we can therefore not use the corresponding nuclear
forces on the QM subsystem for the force matching. We compute BO reference forces with
tight convergence criteria in an additional step on the subset of L reference configurations.

Fit of Atomic Point Charges

In our approach we aim to derive a set of charges that best reproduces the electrostatic
properties of the QM subsystem. A particular innovation here is to fit the partial atomic charges
directly from the QM/MM electrostatic potential according to a modified D-RESP scheme [129,
231], at difference to the conventional ESP [232,233] and RESP [214] procedures, exploiting
more efficiently the rich information provided by the high-level reference calculations [234].
We require the atomic charges to reproduce the electric field and potential on a grid that is
defined by the positions of the NN atoms, i.e. all classical atoms that are explicitly coupled to
the QM charge density (see Sec. 1.5 and Fig. 1.2). We include all reference configurations in
the fitting. Furthermore, we employ weak restraints of the atomic charges to their respective
Hirshfeld values [128]. These additional restraints are necessary in order to exclude chemically
unreasonable and strongly conformation dependent solutions to the overdetermined problem
[129,214]. The set of atomic charges {g,} is optimised by minimising the penalty function:

xz({qa}):i[ > (wV(Vp“?M—V/?z)z*wE’E?fIM‘EZz(Z

+
=1 ﬁENNl (3 2)
2 .
)y wH(qa—qé’l)z]wQ(Q“’t— )y qa)
aeQM acQM

The index ! runs over all L reference configurations; f labels the classical atoms NN; that are

explicitly coupled to the quantum charge density in configuration [. a refers to atoms of the

QM subsystem. The weighting factors w", w¥, w and w? can be tuned specific to each

system in order to balance the individual contributions, as described in 3.3.1. Vﬁp ,and E; ; are
the electrostatic potential and field, respectively, on the classical atom § in configuration / due
to the QM charge density, while VE\’IIM and E%IZM are the potential and field due to the classical
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point charges {q,} that are being optimised. The third term in Eq. 3.2 restrains the charges
{gq} to their respective Hirshfeld values qfl and the last term assures that the total charge of
the set {g,} matches the reference total charge of the QM electron density Q'°'. Minimising
the penalty function y? can be recast in the form of least-squares problem and solved as an
overdetermined system of linear equations in {q,}.

Force Matching of the Bonded Interactions

The characteristic of our approach is to derive the parameters for the bonded interactions in
a separate step from the non-bonded interactions. Once a new set of charges {g,} has been
determined, we therefore compute the classical non-bonded forces Fllv(iM“b (for the QM atom «
in configuration /) due to the electrostatics employing the new charges and the van der Waals
interactions. In order to optimise the parameters in the bonded interactions we subtract the
non-bonded forces from the QM/MM reference forces and minimise the penalty function
under variations of the bonded parameters {7, }

L

)= E X - e

2
| 3.3)
I=1aeQM

3.2.2 Implementation in CPMD and Practical Remarks

We have implemented our QM/MM force matching protocol in the CPMD package with the
release 3.15 [49]. The first step in the QM/MM force matching procedure is the generation of
the reference configurations. For the moment we have generated the reference configurations
by extracting a given number of configurations with a given stride from a finite temperature
QM/MM MD run performed within CPMD. However, since alternative schemes are possible
we have left this open to the user and at the beginning of the QM/MM force matching run
one only needs a set of configurations in a trajectory file in CPMD format. The format is also
described in the force matching manual in the Appendix B.

Once the reference configurations are generated the QM/MM force matching run can be
launched. The force matching run can be controlled with a set of keywords in a separate block
in the QMMM section of the CPMD input file. All keywords and options are described in the
manual.

Like a normal QM/MM run, the force matching procedure needs a classical topology for the
full system at the beginning. Since for performance reasons it is often preferred to run the
classical simulations with other codes, appropriate converters are available to generate such
an initial GROMOS topology.

The first step is the calculation of the QM/MM reference forces for the reference configurations
that are read from the reference trajectory. The user can define a given stride to control the
total number L of equally spaced configurations extracted from the reference trajectory. This
represents the most time consuming part of the whole procedure and we have implemented
a restart option in case a batch job system limits the calculation runtime below the need
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to compute all reference frames. During this run the QM/MM reference forces F?aM, the
electrostatic potential Vlf ,» field EZ ; and Hirshfeld charges qfl are written to respective files.
The functional form of the non-bonded interactions implemented in CPMD is common to

both Amber and GROMOS96 FFs (compare Eq. 1.40):

Aap  Bap | dadp

12~ p6
R(Xﬁ R(Xﬁ eRaﬁ

(3.4)

a<p

Standard exclusion rules for the electrostatic interactions are applied [48]. At the current
state of the implementation the van der Waals parameters A,z and B,g are not optimised
but are kept fixed to the original force field value. This choice is consistent with the QM/MM
interaction Hamiltonian we use that retains the Lennard-Jones parameters from the classical
force field [128]. Future developments will include a parameterisation protocol for the van der
Waals parameters based on reference values obtained with the recently developed Dispersion
Corrected Atom-Centered Potentials [73,75,79,235,236].

In the charge fitting procedure it is possible to specify chemically equivalent atoms which then
will obtain the same charge values. Furthermore we implemented the capability to constrain
individual charges to specific values. In order to solve the overdetermined system of linear
equations associated to the minimisation of y ({6]@})2 with respect to {g,} in Eq. 3.2 we have
implemented an algorithm based on QR factorisation [237].

In order to determine the optimal values for the weights w", w®, w" and w? in Eq. 3.2
the quality of the resulting charge set in reproducing the QM electrostatic properties can be
measured for different values for the weights [48]. An example is given in the results section.
The bonded interactions can be calculated in CPMD using the AMBER functional form
(Eqg. 1.40) or GROMOS96. The latter is written as

\bonds ) angles )
E'= Y 2K, (bn)=(B)) + ¥ 5K, (costy —cosy!)* +
n=1 n=1 (3.5)
Ndihedrals Nimpropers :
Y. Vp[l+cos(@p) cos(mpdpn)]+ ). EKgn (&n— fzq)z
n=1 n=1

where the first term represents the bond-stretching potential with force constant K, and equi-
librium value by,’. The second term describes the angle bending potential with equilibrium
value 0}, and force constant Kp,. The third term represents the periodic dihedral potential
with barrier height 2V,,, the phase shift §,, (0 or ) and the multiplicity m. And the last term
assigns a harmonic potential to variations in the improper dihedral angles & ,.!

The minimisation of the penalty function in Eq. 3.3 with respect to the set of parameters
{tp,} = {{Kp,}, (b2, {Kgn},{Gf,q}, {Vi}, {K¢,}} can be formulated as a nonlinear least-squares
problem. Since the derivatives of o2 ({rp,,}) with respect to the individual parameters Ty,

INote that the Amber force fields employ a cosine form for improper torsions. Therefore, in case the force
matching has been performed using the Gromos functional form, but at the end an Amber topology is needed,
the improper dihedrals (harmonic form) have to be converted manually to the cosine form. Furthermore, the
available Amber to Gromos conversion tools treat the Amber improper torsions as regular dihedral interactions.
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are readily available we employed the gradient-based Levenberg-Marquardt algorithm as
implemented in the MINPACK library [238,239].

Special care has to be taken if the QM/MM boundary cuts a chemical bond. In order to
avoid strong perturbations of the electronic structure the valence of the QM region has to
be saturated. In CPMD this can be achieved by introducing a QM capping atom, typically a
hydrogen atom. The capping atom is an artificial construction and its unphysical interaction
with the MM environment is typically removed via exclusion rules. However, in the QM/MM
force matching scheme further complications arise from the unphysical nuclear forces on the
capping atom, since it is included in the QM region and therefore contributes to the QM/MM
reference forces. We therefore suggest to employ the alternative scheme implemented in
CPMD, in which the MM boundary atom is incorporated into the QM region and replaced by
a specially parameterised monovalent pseudopotential [130]. This scheme has been applied
successfully in QM/MM simulations over the past ten years. Note however, that the electron
density in the surrounding of the monovalent pseudopotential is slightly perturbed and it
is therefore expected that in our QM/MM force matching scheme the fitting of the charges
leads to unreasonable solutions in this region. We found it best practice to fit, in a first step,
atomic point charges for all atoms included in the QM region as described in Sec. 3.2.1. The
charges on the monovalent pseudopotential and its nearest QM neighbours adopt chemically
unreasonable values but they account for the perturbations of the electronic structure at the
QM/MM boundary. The charges further away from the boundary are chemically sound and
represent well the electrostatic properties of the surrounding of the QM region. In a second
step, i.e. before fitting the bonded interactions, the charges on the monovalent pseudopoten-
tial and its nearest QM neighbours are replaced by their original FF values, while preserving
the total charge Q''. The final atomic point charges in this region are therefore not optimised
but retained from the original FE which should provide a more physically sound electrostatic
representation here. Furthermore, it might be necessary to constrain the bond between the
monovalent pseudopotential and the next QM atom during a QM/MM MD. A typical choice for
the bond length is the equilibrium value in the original FE After fitting the bonded interactions
by force matching we recommend in such a case to retain all parameters involving one of
these atoms at the original FF values.

This procedure to handle the parameters involved in interactions close to the QM/MM bound-
ary works well if the QM region is chosen large enough and if the original classical point
charges and bonded parameters in the vicinity of the monovalent pseudopotential are rea-
sonably good. In the case of optimising parameters for the retinal moiety in rhodopsin, for
example, we deliberately extended the QM region up to Cgp of the LYS 296 side chain (see
Fig. 3.2). Naturally, in case the QM/MM boundary does not involve any bonded interactions,
e.g. amolecule in the QM region with the surrounding solvent treated at the classical level, no
such complications arise.

The QM/MM force matching run in CPMD generates a modified GROMOS topology file. In

2In case reference configurations were already generated using a capping atom, the monovalent pseudopotential
can simply be introduced at the point when the reference forces are re-calculated, however the capping atom
would need to be removed at this point from the reference trajectory.
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case the classical simulations with the modified FF are to be run with a different code the
user has to extract the respective parameters from this modified topology file and update the
topology in the format of his choice by hand.

3.2.3 Computational Details

As a test application for the newly implemented force matching option in CPMD, we applied
this approach to develop an improved FF for the retinal moiety in rhodopsin.

Simulations were based on the crystal structure of dark-state rhodopsin (PDB code: 1U19)
[240]. All potentially charged amino acids were considered to be in their default protona-
tion states at physiological pH (i.e., charged), except Asp83 and Glul22 that were assumed
to be neutral in line with FTIR experiments [241]. Histidine residues were protonated ei-
ther at the N§ position (His100, His211) or the Ne position (His65, His152, His195, His278).
The rhodopsin protein was embedded in an explicit membrane environment modeled by
1-palmitoyl-2-oleoyl-phosphatidylethanolamine (POPE) lipids, solvated with explicit water
molecules (covering both the cytoplasmic and extracellular sides), and neutralized with Na™
counterions. The final size of the simulation box was approximately 96x99x125 A3, containing
about 25000 water molecules and 300 lipids, resulting in a total number of ~118000 atoms.
The all-atom AMBER/parm99SB force field [17] was used to model standard protein residues
and counter ions, whereas the TIP3P model [242] was employed for water molecules. The force
field parameters for the palmitic acid residues bound to Cys322 and Cys323, for the retinal
chromophore, and for POPE lipids were taken from previous studies [60,243]. Electrostatic
interactions were taken into account using the Particle Mesh Ewald algorithm [244] with a real
space cutoff of 10 A. The same cutoff was employed for the treatment of the van der Waals inter-
actions. Bonds involving hydrogen atoms were constrained using the SHAKE algorithm [170].
An integration time step of 2 fs was used. Constant temperature (310 K) and pressure (1 atm)
were achieved by coupling the systems to a Langevin thermostat and a Nosé-Hoover Langevin
barostat, respectively [245,246]. After insertion of the protein in a pre-equilibrated lipid bilayer,
the system was minimised using the conjugate gradient algorithm and then heated up to 310
Kin 500 ps while keeping positional restraints on the protein backbone atoms. A run of 3.2 ns
in the NPT ensemble, slowly removing the restraints, was initially carried out. A subsequent
simulation in the canonical ensemble was performed for another 120 ns. Data for analyses
were collected over the last 40 ns. All the classical MD simulations were carried out using the
NAMD package [247].

The QM/MM MD simulations and force matching were performed within the CPMD pack-
age release 3.15 [49] interfaced with GROMOS96 [248]. A 30 ps QM/MM Car-Parrinello MD
simulation was started using one of the equilibrated configurations from the aforementioned
classical run as initial structure. The electronic structure of the QM subsystem, formed by
the retinal PSB and the Lys296 side chain up to the C, atom, was described using the BLYP
exchange-correlation functional [15,16,113], while the remaining atoms, belonging to the MM
part, were considered at the classical level using the force field parameters mentioned above.
Valence electrons were described using a plane-wave expansion up to a kinetic energy cutoff
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of 80 Ry, and soft norm-conserving Martins-Troullier pseudopotentials [249] were employed
to represent the interactions between the valence electrons and the ionic cores. A monovalent
pseudopotential was included at the position of the Cg atom to saturate the electronic density
of the QM region at the Cy atom. The Cs — C, bond length was constrained to a value of 1.54 A
to preserve the proper electronic structure at the centre of the QM subsystem. Long-range
electrostatic effects between MM atoms were described using the P3M method [250] with a
real space cutoff of 10 A. Electrostatic interactions between QM and MM regions were taken
into account by means of a fully Hamiltonian hierarchical coupling scheme [128, 129, 231],
whereas bonded and van der Waals interactions between both subsystems were described at
the force field level. The inherent periodicity in the plane-wave calculations was circumvented
solving Poisson’s equation for non-periodic boundary conditions [251], while periodic bound-
ary conditions were retained for the classical simulation box. The propagation of the equations
of motion was performed within the Car-Parrinello scheme [136] using a fictitious electron
mass of 500 a.u. and a time step of 0.1 fs. Simulations were carried out in the canonical (NVT)
ensemble using a Nosé-Hoover chain of thermostats [252] to maintain the temperature at 310
K. 1000 equally spaced snapshots were taken from the last 15 ps of trajectory to re-parametrize
the force field used for the retinal chromophore via the force-matching protocol. On the ex-
tracted configurations, the electronic wave function was quenched to the Born-Oppenheimer
surface using a convergence threshold of 10”7 a.u., from which the nuclear reference forces
F?aM in Eq. 3.3 and the electrostatic potential and field on the NN atoms were computed.

To test the quality of the structures generated by the newly developed FE vertical excita-
tion energies were calculated for these configurations using the ZINDO/S semi-empirical
method [253] implemented in Gaussian09 [164]. This method has been calibrated on a large
set of compounds and its parameters have been optimised to give accurate excitation energies
for the calculation of absorption spectra in the visible range. In particular, previous studies
have shown that the application of the ZINDO/S methodology to the computation of vertical
excitation energies and oscillator strengths on retinal and related polyenals provides results in
very good agreement with experiments [68, 254].

All molecular images were generated with Visual Molecular Dynamics (VMD) [255].

3.3 Results and Discussion

We applied the QM /MM force matching to derive parameters for the retinal chromophore in
rhodopsin. This represents a particularly challenging system, since the QM/MM boundary
cuts a chemical bond.

We discuss first the fitting of the atomic charges and how the new bonded parameters compare
to the original force field. The complete list of the newly derived parameters can be found in the
Appendix C. We then assess the performance of the FF to reproduce structural properties of the
retinal binding pocket and the absorption spectrum from the QM/MM reference calculations
and experiment.
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3.3.1 Fitof Atomic Point Charges

We derived individual atomic charges for the atoms in the QM region that best reproduce the
electrostatic field and potential on the NN atoms (Eq. 3.2), with a sole constraint imposed on
chemically equivalent hydrogens of the methyl groups to adopt the same charges.

As a measure for the quality of the charge set {g,} we use the relative standard deviation (SD)
of the electrostatic potential (SDy) and field (SDg) with respect to the QM reference over all L
configurations on the N N; probe sites:

2
Y1 Yaenn, (VIM-VE)
SDy = ; IV (3.6)
\ I Zaenm (V)
Y7 Yaenn, IEMM—EF |12
SDg = T T 3.7
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As described previously [48] we optimise the weighting parameters in Eq. 3.2 by deriving
charge sets for different values of w", w¥ and w". Fig. 3.3 shows SDy and SD; for all atoms
comprised in the QM subsystem as a function of w? with different values for w'!. Fixed
values for wV=0.1 and w? = 1000 were used. Naturally, increasing wE leads to a lower SD E»
however also to a worse description of the electrostatic potential. Furthermore, it was observed
previously [48] that high values of w’ in combination with small w* can lead to unphysical
atomic charges. For retinal in rhodopsin we find the best compromise at SDy = 0.05 and
SDg = 0.66 without allowing large deviations in the potential. The corresponding weights are
w' = 0.1, w? = 1000, w = 0.01 and w? = 0.1, which we use in order to derive the atomic
charges on the retinal chromophore.

A complication in deriving FF parameters for retinal in rhodopsin is the QM/MM boundary
which dissects a chemical bond, in our case Cp — Cy in Lys296. Note, that this is the first time
we apply the QM/MM force matching scheme to such a situation. In order to saturate the
QM valence we have placed a monovalent pseudopotential on Cg (Fig. 3.2). Naturally, such a
perturbation of the electron density in the surrounding of Cg affects the derivation of atomic
charges in the vicinity. We have explored various possibilities to restrain the charges of the
adjacent atoms to the values of the original force field during the charge fitting. However, this
leads simply to a shift of the problematic region further into the quantum region. In each case
the atomic charges closest to Cg that were not restrained during the fitting procedure adopted
unphysical values in order to compensate for the boundary effects. The charges further inside
the QM region, i.e. starting from roughly three bonds away from Cg, appear reasonable. Since
we were mainly interested in optimised parameters for the retinal moiety we found it best
practice to fit, in a first step, without any restraints atomic point charges for all atoms included
in the QM region as described in Sec. 3.2.1. The charges on Cg and its nearest QM neighbours
adopted chemically unreasonable values due to the perturbations of the electronic structure
at the QM/MM boundary, as can be seen in Fig. 3.4. Clearly, the results from the unrestrained
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Figure 3.3: SDy (solid lines) and SDf, (dashed lines) using different values for wH . Fixed values
for w"=0.1 and w? = 1000 were used.

fitting (green) for Cg, Cy and Cs are out of line compared to the original values (blue) and
chemical intuition. The charges further away from the boundary, i.e. for the retinal moiety,
are chemically sound and represent the electrostatic properties of the surrounding of the QM
region well. In a second step, i.e. before fitting the bonded interactions, the charges on the
atoms Cg — C¢ and the attached hydrogens were replaced by their original FF values, which
were not optimised in this case, but represented the best possible estimate. Note however, that
such a protocol is only applicable, if the QM region is chosen large enough and the fragment
for which new charges are to be derived is far enough from the QM/MM boundary.

Table 3.1 compares the charges of the newly derived force field FF*™™ with the original FF°".
The most significant variations are highlighted in bold. In general the new charges are slightly
more polar than the original ones. The average absolute change amounts to 0.06 e, while the
largest change occurs for the charge on Cj1, which increases by 0.12 e.

3.3.2 The Bonded Parameters

The bonded parameters are less sensitive to the perturbations of the electronic charge density
at the QM/MM boundary. However, since Cg was replaced by a monovalent pseudopotential
we retained all FF parameters of the interactions involving Cg from the original set FF°'. Here
we discuss only the parameters with the most substantial changes, all values can be found in
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Figure 3.4: Atomic charges for the carbon atoms close to the monovalent pseudopotential on
Cg. Blue: Values from the original FE green: Results from unrestrained fitting.

Table 3.1: Comparison of the newly derived atomic point charges (in units of electron charge)
for the PSB and retinal moiety with the original values. Charges up to H.3 were kept at their
FF°" values.

Atom FF*  FF™™ | Atom FF* FF™™ | Atom FF*  FF™M

Cp -0.009 -0.009 || Hys; 0.031 0.064 || Hig» 0.058  0.064
Cy 0.019 0.019 || C;»  -0.355 -0.372 | Higs 0.058  0.064
Hy, 0010 0010 || Hiz; 0157 0.208 | C, -0.063 -0.048
Hy3 0010 0010 || Cy 0.003 0.127 | Hy  0.041  0.002
Cs -0.097 -0.097 || Hy;;  0.170 0.061 || Hi,  0.041  0.002
Hs,  0.054 0.054 || Cjp  -0.232 -0.315 | C; -0.063  0.058
Hs; 0054 0.054 || Hioy 0179 0.059 | Hsy  0.041 -0.001
C. 0.009 0.009 || Cq 0.090 0.437 | Hp  0.041 -0.001
H, 0081 0081 || Cilg -0.058 -0.326 | C, -0.063 -0.149

Hes 0.081  0.081 || Hjop 0.051 0.102 || Hy» 0.041 0.008
NZ -0.309 -0.368 || Hig2 0.051 0.102 || Hy, 0.041 0.008

Hy;i 0353 0455 || Higs 0.051 0.102 | C 0.125 0.410
Cis 0087 0212 || Cg -0.192 -0.346 || Cjg  -0.204 -0.198
Hyis1 0231 0206 || Hy ~ 0.096 0.191 | His;  0.057  0.037
Cuy  -0.422 -0.447 || G -0.038 -0.058 || Higz 0.057  0.037
Hys 0190 0239 || H;, 0140 0.094 | Higs 0.057  0.037
Cis 0295 0.342 || Cg -0.107 -0.342 || C;;  -0.204 -0.255
C  0.019 -0.126 || Cs 0.074 0.329 | Hy;;  0.057  0.061

H>o1 0.031 0.064 | Cis -0.168 -0.290 || Hiz2 0.057 0.061
Hyp 0.031 0.064 | His: 0.058 0.064 | Hi7s 0.057  0.061
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Table 3.2: Fitted force constants kj; and equilibrium values by for the bonds among heavy
atoms in the RET and Lys296 moiety. Parameters involving Cg were retained from FF°".

Bond kp FE°"  k, FFF™M b, FF" by FFtM
Cs—Cy 310.00  310.00 1.53 1.53
Cy—Cs 310.00 168.97 1.53 1.56
Cs—Ce 310.00 152.74 1.53 1.56
C.—NZ 337.00 197.45 1.46 1.48
NZ=C;5 481.00 460.63 1.34 1.33
Cis—Cia  469.00  339.29 1.40 1.41
Cia=Ci3 469.00 366.64 1.40 1.38
Ciz—Cr2  469.00 262.76 1.40 1.42
Ci2=C;1 469.00 386.88 1.40 1.37
Ci1—Cio 469.00 29217 1.40 1.42
Cio=Cy  469.00 404.32 1.40 1.37
Co—Cg 469.00  268.45 1.40 1.44
Cg=Cy 469.00  458.11 1.40 1.36
C;—Cg 469.00  233.65 1.40 1.45
Ce =Cs 469.00  439.61 1.40 1.33
Cs—Cy 317.00  208.43 1.51 1.51
Cs—Cs 310.00 210.22 1.53 1.56
C3—C 310.00  203.83 1.53 1.55
Co—C, 310.00  174.09 1.53 1.52
Ce—C1 317.00 151.73 1.51 1.47
Cis—C;  310.00 165.52 1.53 1.53
Ci;—C;  310.00 169.83 1.53 1.53
Cig—Cs  317.00 217.36 1.51 1.50
Ci9g—Cy  317.00 224.99 1.51 1.50
Cyo—Cis 317.00  206.96 1.51 1.49

units force constants: [kcal/mol/A?], equilibrium values: [A]
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Table 3.3: Original and new parameters for the angles in the RET and Lys296 moiety. Force
constants kg for changes by more than 50 % and equilibrium values 6, for changes by more
than 10 %. Parameters involving Cg were retained from FF'.

Angles kg FF' kg FF'M g, FFO" 0o FF*M
H;-NZ-C. 52.80 24.62  118.40 99.93

Hy—Cy—Hy  36.50 34.57  109.50 98.32

NZ-Ci5—-Ciy 7357 74.04  120.00 134.68
C3—-Cr—Cy 41.61 70.40  109.50 108.74
Cy—C3-C 41.61 83.52  109.50 111.71
Cs—Cs—C; 73.57 37.58  120.00 122.49
Ce—C1—Co 66.38 65.45  120.00 94.80

Cg—C7;—Cs 66.38 50.45  120.00 133.54
Cro—Co—Cg 66.38 65.43  120.00 133.16
Ci6—C1—Cy 41.61 65.80  109.50 100.02
Ci6—C1—Cs 66.38 60.01  120.00 97.75

Ci7—C1—Cs 41.61 79.17  109.50 103.00
Ci17—C1—Cg 66.38 63.34  120.00 98.94

Ci7—C1—Cig  41.61 70.04  109.50 100.56
C19— Cg - Cyg 73.57 48.03  120.00 133.79
Cr9—Cog—Cg 73.57 51.49  120.00 132.10

units force constants: [kcal/mol/rad?], equilibrium values: [°]

the Appendix C.

Table 3.2 shows the newly derived parameters for the bonds among the heavy atoms, the
parameters involving hydrogens changed even less. The parameters for C — Cy were retained
from the original FE In general, the new force constants are slightly smaller than the original
ones. FF°" does not account for the BL A along the conjugated chain from Ci5 to Cs. It rather
assigns the same equilibrium values and force constants to all these bonds. The latter are
relatively high, typical for double bonds. In contrast, the new by’s describe the alternating
bond lengths of the single and double bonds. Moreover, the new force constants for the single
bonds are closer to typical values for single bonds.

Of the total of 108 new bending angle interactions only the ones with substantial changes are
shown in Table 3.3. The force constants ky for angles involving a hydrogen atom changed on
average by 9 kcal/mol/rad? to smaller values compared to 6y FF°". The equilibrium values 6,
changed by 6° on average. A few stronger variations occurred mainly for the angles among the
heavy atoms for, which the average changes amount to 17 kcal/mol/rad? for kg and 9° for 6.
The parameters for the dihedral angle interactions were not affected substantially, they can,
however, be found in the Appendix C.
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Table 3.4: Comparison of local properties of the retinal binding pocket (Fig. 3.2) averaged over
finite temperature MD trajectories employing different levels of theory: QM/MM (15 ps), the
original force field FF°" and the newly optimised force field FF*™ (both 40 ns). Experimental
values for structural properties were extracted from the crystal structure PDB code 1U19 [240].
Atomic RMSD values were calculated with respect to the crystal structure, considering the
heavy atoms of the retinal only (RMSDggr) and including all heavy atoms within a radius of
5 A around the retinal (RMSDggr+5). The absorption maximum Ep,ax was obtained from a
Gaussian fit to the ZINDO (Sy — S;) spectrum, averaged over 3000 configurations .

QM/MM FFO* FF'M Exp.
RMSDget [A] 0.32+0.07 0.36+0.08 0.34 +0.06 -
RMSDRggt+5 [Al 0.57+0.04 0.57+0.05 0.70 +0.07 -
Rnz-c, [A] 11.12+0.18 10.99+0.17  11.09 + 11.21
BCo—Co-Cr-Cy [°] -448+9.1 -509+98 -50.1+106  -30.3
BC-Cp—Cro—Cps 01 -16.1+84  -157+84 -16.6+8.8 -40.8
BLA[A] 0.31+0.09 -0.02+0.08 0.31+0.10 0.45
Rnz-cpGlui13 [Al 3.68+0.12 3.81+0.15 3.75+0.14 3.98
Rnz-0EGlun3 [Al 2754008 285+011 2.77+0.09 3.45
Emax [eV] 2.44 2.10 2.41 2.49 [256]

3.3.3 Performance of the new force field

In order to assess the quality of the newly derived parameters we calculated several properties
of the retinal chromophore and its nearby environment. We compared the results from the
simulations employing the original classical force field (FF°"), QM/MM and the modified force
field with the parameters for the retinal chromophore optimised using the QM/MM force
matching protocol (FF'™) with experimental values.

The first two lines in Table 3.4 show the root mean square deviations (RMSD) of the atomic
positions with respect to the experimental crystal structure [240] for the heavy atoms of the
retinal only (RMSDggr) and including all atoms within a radius of 5 A around the retinal
(RMSDggt+5). The values are all comparably small within 0.3 to 0.7 A and do not differ much
between the two FFs and the QM/MM results. This confirms the initial statement that the orig-
inal FF" already gives a good representation of the retinal binding pocket if overall structural
properties are concerned. Furthermore the values for the overall length of the conjugated
chain Rnz-c,, which accounts for the bent geometry of the chromophore in the binding pocket,
are in very good agreement. The dihedral angle ¢¢,,-c,,=c,,~c,, accounts for the interactions
with the residues in the protein pocket that significantly distort he conjugated chain of the
chromophore from planarity, which is well reproduced by all methods. ¢¢,=c,—c,=c, measures
the displacement of the ionone ring from the plane of the x-system.

The Bond Length Alternation (BLA) is defined as the difference between the sum of the bond
lengths of all the C—C single bonds and the sum of the lengths of all the C=C double bonds
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between Cs and Ci5 of the retinal chromophore (Fig. 3.2):

BLA:[RCB—C7 +RC8_C9 +RC10—C11 +RC12—C13 +RC14—C15]_ 3.8)
3.8
[RCSZCG + RC7:C3 + RC9:C10 + RC11=C12 + RC13=C14]

The BLA in the experimental crystal structure amounts to 0.45 A (Table 3.4). In contrast, the
original FF does not account for the changes of the bond lengths between carbon-carbon
single and double bonds in the retinal chromophore and produces, as expected, a BLA close
to 0. Since in the derivation of the parameters for the FF'™™ all C—C bonds were treated
individually, a BLA in line with the QM/MM reference value of 0.31 A was obtained. The
remaining discrepancy to the experimental represents the well known underestimation due
to the approximations in the exchange correlation functional employed for the QM part in
the reference calculations. Naturally, these deficiencies of the QM/MM reference calculations
can not be overcome by the FF'™™, Furthermore the experimental values were obtained for a
crystal structure, while our calculations were performed at pseudo in vivo conditions in the
presence of the membrane and water.
As reported in previous studies [257], we observe considerable differences in the counter ion
distances. In the crystal structure the NZ-H moiety appears to be involved in two equivalent hy-
drogen bonds with the carboxylate oxygens OE of the Glu113 counter ion with a RNz-0gGlu113
distance of 3.45 A. In contrast, all simulations prefer a stronger hydrogen bond to only one of
the carboxylate oxygens. FF°" predicts a distance between NZ and the closer OE of 2.85 A. An
even shorter distance of 2.75 A is observed during the QM/MM trajectory. As expected, the
optimised parameters in FF™™ result in a distance closer to the QM/MM results around 2.77
A. The FF°" predicts a distance between NZ and the CD of Glul13 (Rxz_cpglu113) of 3.81 4,
in good agreement with the crystal structure value of 3.98 A. Again, the QM/MM reference
calculations and FF'™™ predict considerably shorter distances of 3.68 and 3.75 A, respectively.
In order to validate further the optimised FF parameters for retinal we calculated absorption
spectra from the MD trajectories at 310 K. From each trajectory we extracted 3000 equally
spaced configurations over the respective total simulation times (15 ps for QM/MM, 40 ns for
FF°" and FF™). For the calculation of the excitation energies we reduced the total system of
each configuration to a cluster model including the retinal chromophore and a sufficiently
large surrounding of about 250 atoms in total, which covers all residues with contribution
of >0.01 eV to the excitation energies [68]. We calculated the ZINDO/S absorption spectra
on the cluster models by weighting the excitation energy of the four lowest states with the
corresponding oscillator strengths for the full set of frames. Figure 3.5 compares the resulting
So — S; transition intensities, relative to the absorption maxima, calculated from the FF',
QM/MM and FF™ trajectories. The maximum excitation energies are reported in Table 3.4.
The absorption maximum in the spectrum obtained from the QM/MM configurations is in
good agreement with the experimental result of 2.49 eV, while FF°" produces configurations
that lead to a red-shift of 0.39 eV in the calculated absorption spectrum. As noted previ-
ously [68], the red-shifted absorption maximum is due to the deficiency of FF°" to reproduce

FFM

the correct BL A. In contrast, the flexibility and quality of the new parameter set F produces
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Figure 3.5: Relative absorption spectra with respect to the maximum as a function of the
excitation energy. The calculated spectra were obtained from Gaussian fits to the ZINDO (Sy —
S1) spectra, which were averaged over 3000 configurations extracted from the respective MD
trajectories at 310 K. The experimental spectrum was reconstructed from the numerical data
of Ref. [256].

configurations that lead to absorption spectra in excellent agreement with the experimental
reference.

3.4 Conclusions

Our group recently developed a QM/MM force matching protocol tailored to derive parame-
ters for non polarisable biomolecular force fields from QM/MM reference calculations. In this
work we present its implementation in the publicly available software package CPMD [49].
The QM part is thus represented by DFT methods, typically within the generalised gradi-
ent approximation for the exchange correlation functional. We have discussed the program
structure and practical issues concerning the set up of a force matching run. All parameters
controlling the force matching procedure can be accessed via keywords of the QM /MM section
in the standard CPMD input file. The QM /MM force matching routines produce a standard
GROMOS topology file with the optimised parameters from which other formats of alternative
classical simulation packages can be produced.

We have applied the method to derive improved parameters for the retinal chromophore in
rhodopsin. This is the first time that we apply the force matching method to a system in which
the QM/MM boundary cuts a chemical bond. The perturbation of the electron density at
the boundary mainly influences the charge fitting procedure while bonded interactions are
not that sensitive. We have shown that within the monovalent pseudopotential approach to
saturate the valence and with a sufficiently large QM region the derivation of atomic charges is
unproblematic for a fragment extending up to a few bonds from the boundary. For the bonded
parameters we only excluded the interactions involving the atom replaced by the monovalent
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pseudopotential from the fitting.

The original force field for retinal [61] is not flexible enough to account for the bond length
alternation among the C—C single and double bonds of the retinal chromophore. While this
is a reasonable approximation to investigate large scale conformational properties of the
protein it does not produce configurations of the retinal moiety appropriate for the calculation
of absorption spectra. With our QM/MM force matching method we were able to derive a
parameter set that accounts for the correct bonding properties consistent with the QM/MM
reference calculations. The resulting absorption spectrum is in excellent agreement both with
the results based on the QM/MM configurations and experimental values.

Overall we have shown that the MD simulations with optimised parameters perform well
in reproducing properties from the QM/MM simulation. The agreement could further be
improved by employing a more sophisticated functional form for the classical force field, for
example by introducing a polarisable model. Our scheme can help at this point to determine
whether it is sufficient to optimise in situ the atomic point charges or whether polarisation
terms have to be added.

A limitation of our approach is the use of DFT to represent the electronic structure of the
QM subsystem in the QM/MM reference calculations. Naturally, the drawbacks of the DFT
method are inherited to the derived parameters, such as the failure in describing dispersion
interactions of standard GGA functionals. However, future extensions will include parameteri-
sation schemes for the Lennard-Jones potentials based on the recently developed dispersion-
corrected atom centered potentials [73, 75,79, 235, 236]. A further concern is the limited
time scale accessible in the QM /MM reference calculations which is typically insufficient to
surpass torsional barriers. Enhanced sampling techniques or steered MD approaches could
be exploited to help in such situations [33-38].
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Improving SCC-DFTB Parameters by
Iterative Boltzmann Inversion

4.1 Introduction

The choice of the underlying interaction model and its computational cost determines the
accessible system size, time scale, physical and chemical properties in molecular dynamics
(MD) simulations [22,23]. Ultimately, it determines the properties that can be calculated at
a given accuracy from the trajectories [29]. Classical molecular mechanics force fields (FFs)
allow for sampling times up to microseconds even for large systems involved in biological and
materials science applications [32,258]. On the other hand, their transferability is limited and
their functional form does usually not allow the description of chemical reactions. Electronic
structure methods, on the other hand, provide the functional flexibility to describe instanta-
neous electronic rearrangements and the transferability to different chemical environments
and points in the phase diagram. In particular, Kohn-Sham (KS) density functional theory
(DFT) [11,12] has proven an efficient and flexible tool for electronic structure calculations in
a variety of fields [259-261]. Many modern DFT methods provide a reasonable compromise
between accuracy and accessible simulation time. Nevertheless, for larger system sizes sam-
pling times are limited to a few tens to a hundred picoseconds and, in practice, often not long
enough to extract structural, dynamical, thermodynamical or kinetic data at the necessary
accuracy from the trajectories.

Approximate electronic structure methods represent a bridge between DFT and FFs. They
are capable of describing rearrangements of the electronic structure, while being typically
2-3 orders of magnitude faster than DFT [213]. The latter’s limitations in sampling time and
system size can therefore be pushed further towards the regime currently dominated by the FF
methods. Two large families of such methods exist: The traditional semi-empirical (SE) wave
function based methods like the popular MNDO [262], AMx [263] and PMx [264] schemes,
which are derived from Hartree-Fock theory, and the Kohn-Sham DFT [12,265] based tight-
binding (TB) methods [266].

A variant of the TB family is the self-consistent-charge density functional tight binding method
(SCC-DFTB) [42,121]. It has been applied to many problems in biochemistry and material
science [267-269]. The method is entirely formulated in terms of parameterised two-body
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interactions, which are naturally divided into a band structure term of a core Hamiltonian,
a charge fluctuation term and a sum of repulsive potentials. Obviously, the accuracy and
transferability of the method is determined to a large extent by the parameterisation.

In the traditional parameterisation scheme, the repulsive potentials in SCC-DFTB have to be
individually constructed for every possible diatomic combination of the elements by fitting
to selected reference data. In addition, they have to be tested case by case and therefore a
considerable amount of human effort and chemical intuition is needed to achieve accurate
and transferable results for a new system [269]. Furthermore, the quality of the fit not only
depends on the reference data, but also on the evaluation of the obtained parameters: The
same level and variety of experimental or computational reference data are not available for
all systems. Attempts towards automatized parameterisation schemes have been developed
based on the solution of a linear inverse problem [270,271] and an approach similar to the
"Learn on the Fly" [215] method involving a genetic algorithm for the optimisation [272].
The present work focused on the development of an in situ parameterisation scheme with
respect to higher level computational reference data. We calculated highly accurate, system-
dependent parameters for repulsive potentials, while keeping the electronic parameters
unchanged. In this scheme, effects of the chemical environment, temperature and pressure
are automatically taken into account. From a practical point of view, the method is tailored
to provide a standard framework for the parameterisation procedure in condensed-phase
systems, i.e. a protocol with a minimal amount of manual interference. We employed the
so-called iterative Boltzmann inversion method, which has been developed previously in the
context of the parameterisation of empirical potentials from diffraction data [69] and extended
to deriving coarse-grained models based on atomistic simulations [70]. In both schemes the
interaction potentials for a given model were parameterised in order to reproduce reference
pairwise radial distribution functions (RDFs). We adopted a similar approach to parameterise
the SCC-DFTB repulsive potentials in order to reproduce the RDFs from DFT calculations. In
this way, we obtained parameters that allow for simulations with the accuracy comparable to
DFT at the computational cost of SCC-DFTB. As a challenging test case, we applied our new
scheme to liquid water at ambient conditions. Water is an ubiquitous solvent in biochemical
processes [273,274] and the accurate description of its structural and dynamical properties
is essential for the modelling of chemical reactions in water [275,276]. Unfortunately, water
has been notoriously difficult to model with approximate electronic structure methods. Only
very recently improvements could be achieved by extending NDDO type of methods by the
self-consistent polarisation approach [277,278]. Also among the tight-binding methods the
unbalanced description of polarization has compromised the description of bulk water, but
recent work in this direction has shown great progress [279]. In SCC-DFTB the shortcomings
of the conventional method [71, 175] could be partially improved by a modified damping of
the charge fluctuation for hydrogen bonds [71] and a third-order extension [72] together with
an empirically modified O-H repulsive potential. In this work instead, we use the iterative
Boltzmann inversion method to parameterise in situ repulsive potentials without modifica-
tions in the electronic terms. This new parameter set yields significantly improved structural
and dynamical properties of liquid water.
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4.2 Methods

4.2.1 The Repulsive Potentials

The Self-Consistent Charge Density Functional Tight-Binding (SCC-DFTB) method has been
reviewed in Section 1.3. We recall, that a set of additive pair-potentials is used to recover
some of the shortcomings in the approximate electronic terms. They are dominated by the
internuclear repulsion and are therefore called repulsive potentials. They are parameterised
specifically to pairs of chemical elements as functions of the internuclear distance:

1
Erep = z Zﬁ Uaﬁ(R) (4.1)
a,

In the traditional approach to parameterise repulsive potentials Eyp is defined with respect
to a DFT reference. A suitable reference system is chosen to parameterize a specific re-
pulsive potential, for example H,O to parameterise the O-H potential. The total energy
at the DFT level is then computed along one O-H bond stretching coordinate. The corre-
sponding repulsive potential is fitted to match the DFTB total energies to the DFT references:
Erep(Ron) = Eprr(Ron) — [Ecore (Ron) + Esq(Ron)]. In the case of the mio-0-1 parameter set
for biological systems [42, 173], which we used throughout this work for the electronic pa-
rameters and whose repulsive potentials served as an initial guess for our fitting scheme,
the B3LYP [13,16] functional had been used to compute the DFT reference energies. In the
specific case of water: the O, molecule served as a reference system to parameterise the O-O
potential and H, to parameterise the H-H repulsive potential. This example illustrates the
human effort to produce accurate and at the same time transferable repulsive potentials for
each individual pair of chemical elements. Consider for example, that different hybridisation
states have to be accounted for, since the typical range of the repulsive potentials can extend
over various bond types. In the case of the C-C repulsive potential energy curves for triple,
double and single bond had to be considered and matched in a way to obtain a balanced de-
scription [269,280]. A similar approach has been followed with the attempt to fit the repulsive
potentials to vibrational modes corresponding to specific bonds [281,282]. Attempts towards
an automated parameterisation of the repulsive potentials have been undertaken following a
genetic algorithm-based approach [272] to fit total energies along a pre-defined reaction path
and based on the solution of a linear inverse problem [270]. In this work, we apply instead the
iterative Boltzmann inversion protocol based on DFT reference trajectories to obtain in situ
repulsive potentials, while retaining the original electronic parameters.

4.2.2 TheIterative Boltzmann-Inversion Scheme Applied to Repulsive SCC-DFTB
Potentials

The central quantity for the following discussion is the radial distribution function (RDF)
8ap(R), which measures in a system of N particles of different kinds a, b, ... in a Volume € the
density of particles b at a distance R from a reference particle of type a relative to the bulk
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density N/Q [283]:

Q
8ab(R) = Wpab(R) (4.2)

with the probability density p,,(R) of distances R between particle types b and a, which
can be readily extracted from the configurations of a MD trajectory. The pre-factor comes
from the spherical average. It has been demonstrated that in the case of particles interacting
by potentials of up to n-th order, the system is completely determined by all correlation
functions of n-th order [284]. Therefore, in order to derive effective pair-potentials, such as the
repulsive potentials U, (R) considered here, we use the corresponding two-body correlation
functions g, (R) as target quantities. All remaining many-body effects are instead described
by the electronic terms, which we do not aim to re-parameterise in this work. The Boltzmann
inversion (BI) [285] relates the radial distribution function with the Helmholtz free energy:

Fup(R) =—kpTIng,,(R)+C (4.3)

It represents the effective potential of mean force (PMF) between two particles of types a
and b. T is the temperature of the system, kp is the Boltzmann constant and C is a constant
chosen to assure that the free energy of the most probable distribution is zero. In the limit of
an infinitely dilute system the PMF corresponds directly to a potential energy. Since in general
itis a free energy, only an approximate potential can be obtained from the BI, which can then
be refined iteratively.Within the restrictions of the functional form of the chosen potentials
and the simulation techniques, this procedure is likely to converge [69, 70].

In this work, the goal was to derive repulsive potentials U, (R) that reproduce the reference
RDFs at the PBE level g,;,(R). We choose PBE for consistency, since the electronic terms had
already been parameterised against PBE references. The same approach can be applied to
target more accurate methods or even experimental data. Our practical implementation of
the iterative BI protocol looks as follows: From the reference trajectory we extract the RDFs
gap(R) between pairs of particle types. We use the mio-0-1 parameter set as initial guess for
the corresponding repulsive potentials U((;g (R) and extract the corresponding RDFs g((lolg (R)
from MD. We then correct the guess potentials by the difference in the PMFs with respect to
the reference :

0)
(R)
AFO(R) = kpTIn Sap ) (4.4)
@ gab(R)
This step is iterated:
(i+1) _ 7D (i)
U (R) = UV (R) + AFU(R) (4.5)
with
(1)
. (R)
AFY(R) = kpTIn 8ab (4.6)
a 8ab(R)

84



4.2. Methods

until the g,;(R) are reproduced.

The internal geometries of the individual water molecules in liquid bulk water are very well
reproduced by the standard mio-0-1 parameters. For the intermolecular interactions the domi-
nant contributions are the O-O and O-H potentials. In order to restrict our re-parameterisation
to a minimum, we modify only the O-O and O-H repulsive potentials, while keeping the H-H
repulsive potential fixed at the mio-0-1 parameter set.

4.2.3 Computational Details

For efficiency considerations the iterative Boltzmann-inversion protocol was performed for a
system of 32 water molecules in a periodic box of 9.853 A3,

The Car-Parrinello molecular dynamics reference trajectory was generated with the CPMD
code [49] using the PBE [14] functional. Valence electrons were described using a plane-wave
expansion up to a kinetic energy cutoff of 80 Ry, and soft norm-conserving Martins-Troullier
pseudopotentials [249] were employed to represent the interactions between the valence
electrons and the ionic cores. The propagation of the equations of motion was performed
within the Car-Parrinello scheme [136] using a fictitious electron mass of 500 a.u. and a time
step of 0.1 fs. The system was initially thermalised for 3 ps using velocity rescaling to 300 K.
Subsequently, an NVE trajectory of 10 ps length was generated with configurations taken for
analysis every 500 steps.

All SCC-DFTB trajectories were performed with the DFTB+ code [172] v.1.1. The mio-0-1 set
of parameters [42,173] was used throughout for the electronic terms and for the initial guess
of the repulsive potentials. In the iterative Boltzmann-inversion procedure for the repulsive
potentials we used the same periodic system as in the PBE reference. The Brillouin zone
was sampled at the I" point only and for the electrostatic interaction Ewald summation was
employed. The SCF convergence criterion was set to 10~ Hartree. The time step was 0.5 fs.
In each Bl-iteration the system was equilibrated in the NVT ensemble at 300 K employing an
Andersen thermostat [286] with a selection probability of 0.01 for 100 ps. From this an NVE
trajectory of 100 ps length was restarted for the actual sampling. The configurations were
saved every 10 steps for analysis.

As a first transferability test to larger system sizes, the analysis of structural and dynamical
properties in Sections 4.3.2 and 4.3.3 were performed for periodic 64 water molecule systems.
Therefore, additional MD trajectories for 64 deuterated water molecule systems were generated
using the mio-0-1 and the improved parameter set obtained by iterative Boltzmann inversion
(mio-0-1+BI). In these sections for comparison, the Car-Parrinello trajectory, at the PBE [14]
level of theory, for 64 deuterated water molecules in a periodic box of 12.423 A3 (corresponding
to a density of 1 g/cm? of light water) was taken from a previous simulation [287], which had
been generated in the NVE ensemble with the CPMD code [49] with Goedecker-Teter-Hutter
pseudopotentials [288, 289], a plane-wave cutoff of 125 Ry, a fictitious electron mass of 600 au
and a time step of 0.1 fs. The average temperature is 314 K and the length of this trajectory is
117 ps with configurations taken for analysis every 10 steps.

For the geometry optimisations on the isolated water dimer we used PBE with the aug-cc-
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Figure 4.1: Definition of hydrogen bonding angles

pVQZ basis set, as implemented in Gaussian G09 [164] with tight convergence criteria. For
mio-0-1 and mio-0-1+BI the DFTB+ code [172] v.1.1 was used.

4.2.4 Analysis Methods

To evaluate the radial distribution functions g,;(R) we computed the probability densities
of distances r in Eq. 4.2 within periodic boundary conditions from a finite number of M
configurations extracted from an MD trajectory by means of histogramming as described in
Refs. [123,290]. In order to obtain the average coordination number of atoms of type b around
atoms of type a within a shell of radius R we integrate the corresponding radial distribution
function:

N R
Nap(R) = 4o f R*gup(R)dR 4.7
0

The 3D-radial distribution functions are obtained in an analogous manner.

As a measure for the flexibility of the hydrogen bonds we analyzed the probability distribu-
tions for the hydrogen-bond angles a = Zo,_n,,..0,, B = £Hp-0p--0, and 0 = Zy,..0,—H,, as
depicted in Fig. 4.1. We considered angles within the first solvation shell with Roy < 2.5 A.
The self-diffusion coefficient D was evaluated using the Einstein relation from plotting the
mean-square displacement of the oxygen atoms (after removing the center of mass translation)
versus time:

(IR() - R(tp) >y = 6tD 4.8)

The MSD curve was averaged over several overlapping data blocks with the length of half of
the total simulation time. For each data block a different time origin f ranging from 0 to half
of the total simulation time was chosen. D was then determined from a least-square fit to the
MSD curve in the linear regime.

In order to analyse the time scale for molecular reorientations, we calculated the orientational
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auto-correlation functions:

1
Crz12= 7 2 (Pilcos0; (D) 4.9

in which the instantaneous molecular orientation was calculated as the axis connecting the
midpoint of the two hydrogen atoms with the oxygen atom. 8;(¢) is the angle between the
direction of the water molecule i at times ¢ and f. P; is the Legendre polynomial of order /.
Again we averaged over an ensemble of data blocks of 20 ps length with different time origins
fp = 0 to the total simulation length minus 20 ps. In order to extract time constants 7, for this
relaxation process we fitted the functions C;- » to the functional form A;exp[—(¢/7q, NP1 To
account for the different time scales among the methods and relaxation processes we chose
the fit ranges for C; 0.1-20 ps for all methods. For C», 0.5-20 ps for PBE and mio-0-1+BI and
0.1-20 ps for mio-0-1.

4.3 Results and Discussion

4.3.1 Parameterisation of the Repulsive Potentials

During the iterative Boltzmann inversion we improve the O-O and O-H repulsive potentials
simultaneously, while the H-H potential and all the electronic parameters are kept fixed at the
values of the mio-0-1 set. Figures 4.2 and 4.3 show the radial distribution functions (bottom),
the corresponding potentials of mean force (top) and the resulting repulsive potentials (mid-
dle) over the course of the iterative Boltzmann inversion for the O-O and O-H interactions. The
g)}{ show the DFTB deficiencies in describing the
structure of liquid water. The peak corresponding to the first solvation shell in the initial gg))o is

initial radial distribution functions, gg))o and g

positioned at ~ 0.1 A too long a distance with respect to the PBE reference goo. Furthermore,
the structure of the second solvation shell is barely visible at this length scale. There is only a
shallow minimum at ~ 3.8 A. The structure of gg)}{ in Fig. 4.3 looks qualitatively better, with a
perfect agreement in the intramolecular peak at ~ 0.9 A. Also the hydrogen bonding peak at ~
1.8 A is only slightly shifted towards longer distance, and the second intermolecular peak at ~
3.5 A is well reproduced. This can be linked to the structure of the initial repulsive potential
U(()OI){, which goes to zero at 1.8 A, in the middle of the hydrogen bonding peak in g(OO}{. It also
features a minimum at 1.3 A and a local maximum at 1.4 A. The latter can directly be linked
with the shift of the hydrogen bond peak. This can be seen in the corresponding difference in
the potential of mean force with respect to the PBE reference AF(()O}{. The spike in the positive
range centered at 1.4 A indicates that the potential should be more repulsive in this range,
while at 1.6 A the potential is too repulsive. Furthermore, the maximum at 2.5 A indicates that
arepulsive section is needed in order to enhance the structure between the first and second
intermolecular peak of the RDE Compared to the mio-0-1 range, we elongated the repulsive
potential from 1.8 A up to 2.9 A, with an additional 0.5 A to allow the first two derivatives to
go to zero smoothly. The boundaries, in which the repulsive potential was adjusted over the
course of the iterative Boltzmann inversion is indicated with black dotted vertical lines in
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Figure 4.2: Variations of the PMF difference with respect to the PBE reference (top), the O-O
repulsive potential (middle) and the O-O radial distribution function (bottom) during the
iterative Boltzmann inversion.
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Figure 4.3: Variations of the PMF difference with respect to the PBE reference (top), the O-H
repulsive potential (middle) and the O-H radial distribution function (bottom) during the
iterative Boltzmann inversion.
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the top section. Over the iterations the Upyy becomes more repulsive in the range below 1.4
A, attractive in the range 1.4-1.9 A and repulsive between 1.9 A and 2.9 A. Along this series
the features in the PMF differences decrease. Since the O-H and O-O potentials are adjusted
simultaneously, unphysical features appear at the early stages, like the double peak in the gg}l
atiteration 1. This is smoothed out quickly and already at the third iteration gg}{ isin good
agreement with the PBE reference.

The tail of the mio-0-1 potential for the O-O interaction is plotted as U, g)()) in the middle part of
Fig. 4.2. It goes to zero at 2.2 A. This is shorter than the first intermolecular peak in goo and
any modification within a reasonable energy range would not influence the intermolecular
interactions. We therefore extended the range of the potential up to 5.0 A. The initial PMF
difference with respect to the PBE reference, AF((%, shows a binding feature with a pronounced
tip at 2.5 A in order to shift the first peak in the gg)())
feature centered at 3.2 A to account for first intermolecular minimum and, finally, an attractive

feature at 4.3 A to shape the second solvation shell. This is directly reflected in the improved

towards smaller distance, a repulsive

Uoo over the iterations, while, at the same time, the PMF differences decrease. Again, the RDF

@
oo’

correction scheme, but then improves quickly and already gg‘()) corresponds well to the PBE

shows a peculiar feature at 2.6 Ain the first iteration g/, which is caused by the simultaneous
reference gopo.

Two critical consequences for the structure of the repulsive potentials arise from the results of
this fitting scheme, which could both be seen as a breaking with the traditional definitions
and derivations of parameters in tight-binding methods in general and DFTB in particular.
First of all, the range of the potentials extends by far beyond the first neighbour shell. But the
restriction to the first neighbours in the parameterisation of the DFTB repulsive potentials is
mainly a consequence of the fact that only isolated molecules were used as reference systems
in the traditional parameterisation schemes, where only relatively short-range interactions
can be parameterised and a longer range of the repulsive potentials would therefore severely
compromise the transferability. In an in situ parameterisation scheme as applied in this work,
however, the effect of the surrounding species can directly be taken into account and the trans-
ferability is not a primary goal. We do not aim for a new set of universal SCC-DFTB parameters,
but rather a special set for water-water interactions at ambient conditions. Furthermore,
already Ug)l){ reaches up to the first intermolecular peak in goy and therefore extends over
the first neighbour interactions. Secondly, parts of the repulsive potentials become attractive,
since at longer ranges the core-core repulsion is not the dominant interaction missing in the
electronic terms anymore. Note as well, that also the Ug)}{ is not monotonically decreasing,
but shows a local minimum at 1.3 A. Moreover, the standard mio-0-1 H-H repulsive potential
has an attractive part as well.

In the following sections, we call the improved parameter set mio-0-1+BI, meaning that only
the Upp and Upy were improved by iterative Boltzmann inversion, while Uy g and all elec-
tronic parameters were kept unchanged.

As a first transferability test to larger system sizes, the further analysis of structural and dy-
namical properties are performed on periodic systems of 64 deuterated water molecules.
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Figure 4.4: Comparison of computed RDFs (solid lines) using PBE, SCC-DFTB/mio-0-1 and
SCC-DFTB/mio-0-1+BI with experimental data: O-O (a), O-H (b) and H-H (c). Integrated
coordination numbers are printed in dotted lines for the O-O and O-H interactions only.

4.3.2 Structural Properties

Fig. 4.4 compares the mio-0-1+BI RDFs for O-O, O-H and H-H with the PBE reference, standard
mio-0-1 and experiment. The PBE curves are over-structured compared to experiment and,
consequently, the mio-0-1+BI curves as well. Interestingly, although the Uy was not refitted,
the gy of mio-0-1+BI matches closely the PBE curve, while the one of mio-0-1 is actually
closer to the experimental data. Note that the intramolecular peak in the gy at 1.5 A is
influenced by nuclear quantum effects, which are not taken into account neither by the PBE,
nor any SCC-DFTB MD simulation.

Integrating the RDFs according to Eq. 4.7 gives the average number of atoms of a given
species as a function of the distance from a reference species. From these plots average
coordination numbers can be determined by choosing the outer integration limit as the
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Table 4.1: Experimental diffusion coefficient and calculated values using PBE, SCC-DFTB/mio-
0-1 and SCC-DFTB/mio-0-1+BI

Exp. [292] PBE mio-0-1 mio-0-1+BI
0.23 0.03 0.81 0.15
units: [A%/ps]

minimum between first and second intermolecular peaks in the RDFs for O-O and O-H.
Obviously, this is somewhat ill-defined in the under structured mio-0-1 O-O RDE where the
coordination number amounts to double the experimental value, when integrating up to
the shallow minimum between first and second peak [175]. The mio-0-1+BI RDE on the
other hand, follows closely the PBE references with a pronounced minimum between the two
intermolecular peaks and therefore the coordination number can be determined as slightly
below 4, as for PBE.

Fig. 4.5 gives the probability distributions for the hydrogen bonding angles § (a), 8 (b) and a
(c), as defined in Fig. 4.1. Experimental data [291], based on NMR measurements, are only
available for . The red curve was reproduced from data recorded at 300 K. P(f) for PBE
is slightly too narrow and peaked at a slightly smaller angle compared to the experimental
curve, in line with the general tendency for over structured water of PBE. Mio-0-1, on the other
hand, produces a too broad distribution with a maximum at larger f than the experimental
reference. Also P(0) and P(a) of mio-0-1 are significantly broadened compared to the PBE
reference, indicating an overall too high flexibility of the hydrogen bonds. The optimized
repulsive potentials in mio-0-1+BI improve the angular structure of the hydrogen bonding
network in liquid water and the corresponding probability distributions follow closely the PBE
curves.

4.3.3 Dynamical Properties

The self diffusion coefficients are given in Tab. 4.1. In accord with the over structuring of
PBE water, the dynamical properties reflect a too small fluidity. The self-diffusion coefficient
is underestimated by a factor of 8 with respect to the experimental value. In contrast, the
mio-0-1 water is too fluid, with a 3.5 times higher diffusion coefficient than real (light) wa-
ter. This is significantly reduced by the improved repulsive potentials mio-0-1+BI. Still the
diffusion coefficient of 0.15 [A2/ psl is 5 times higher than the PBE reference value but, by
chance, it corresponds very well to the experimental value. Fig. 4.6 shows the orientational
autocorrelation functions C;(t) for / =1 (a) and / = 2 (b) and the corresponding exponential
fits. The fitting parameters are given in Tab. 4.2 and the time constants 7,; and 7,42 can be
compared to the experimental values. The orientational correlation times are much too long
at the PBE level compared to the experimental data. Mio-0-1, on the other hand, predicts far
too short correlation times, while the estimates obtained from mio-0-1+BI are in fortuitously
good agreement with the experimental values.
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Figure 4.5: Probability distributions of the hydrogen bonding angles § (a), 6 (b) and « (c) as
defined in Fig. 4.1. Experimental values for § were determined from NMR data at 300K [291].

Table 4.2: Prefactors A;, time constants 7, ; (in ps) and exponents ; of the orientational
auto-correlation functions Cj-; ». Experimental values were measured at 300 K [293].

Method A=y Tgi=1 Pi=1 | Ai=2 Tai=2 Pi=2
Exp. - 4.76 - - 1.92 -
PBE 092 3563 0.79 | 0.78 1455 0.73

mio-0-1 0.83 0.48 0.96 | 0.64 0.19 0.87

mio-0-1+BI 0.86 4.59 0.90 | 0.88 1.33 0.71
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Figure 4.6: The orientational autocorrelation functions (dashed lines) and corresponding
exponential fits (solid lines) for a) C; and b) C,, using PBE, SCC-DFTB/mio-0-1 and SCC-
DFTB/mio-0-1+BI.
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Table 4.3: Distance Rpp and hydrogen bond angle f as defined in Fig. 4.1 and binding energy
for the geometry optimised water dimer.

Method Roo [A]  Bldegl AE [kcal/mol]

Exp. [294,295] 2.98 6+20 -5.44+0.7
PBE 2.89 6.04 -5.17
mio-0-1 2.86 3.32 -3.45
mio-0-1+BI 2.83 3.13 -4.49

4.3.4 Water Dimer

Although the set of repulsive potentials was optimized for the condensed phase, the isolated
water dimer should still be described reasonably. The geometrical parameters reported in
Tab. 4.3 for mio-0-1+BI do not differ substantially from the standard mio-0-1, being in generally
good agreement with the experimental and the PBE references. The binding energy, however,
changes more drastically from 3.5 kcal/mol to 4.5 kcal/mol, now being much closer to the
reference value

4.4 Conclusions

We applied the iterative Boltzmann inversion method to parameterise repulsive potentials
for the oxygen-oxygen and oxygen-hydrogen interactions in liquid water at ambient condi-
tions. The hydrogen-hydrogen repulsive potential and all electronic parameters were kept
unchanged. We started with initial guesses from the standard mio-0-1 parameter set derived
for biological systems, which had been shown to perform unsatisfactory in describing the
properties of liquid water [71,72,175]. We used a reference trajectory of a periodic system of
64 light water molecules at the PBE level of theory. Along the course of the parameterisation
scheme we simultaneously improved the oxygen-oxygen and oxygen-hydrogen RDFs with re-
spect to the PBE references by the corresponding PMF differences. Convergence was reached
within three iterations, resulting in the final parameter set mio-0-1+BI.

Besides the O-O and O-H RDFs, which were used as target quantities during the fitting proto-
col, also the final H-H RDF matches well the PBE reference. The probability distribution of the
hydrogen bonding angles are significantly broadened with the mio-0-1 parameter set with
respect to the PBE and experimental references. With the improved parameters mio-0-1+BI
distributions close to the PBE references were obtained. The disproportionate mobility in
terms of self diffusion coefficient of mio-0-1 water could be greatly improved by the newly
derived repulsive potentials. Due to a fortunate cancellation of errors, the newly obtained dif-
fusion coefficient is even closer to the experimental value than the PBE estimate. Furthermore,
the orientational correlation times of the mio-0-1+BI simulations are in excellent agreement
with the experimental references. Besides improving the structural and dynamical properties
of bulk water, the mio-0-1+BI set also yields an improved binding energy of the water dimer,
while at the same time preserving the excellent agreement in the geometrical parameters
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of the standard mio-0-1 parameter set with respect to the PBE reference. Future work will
address the transferability of the new water parameters to the solvation of charge defects and
organic molecules.
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Intricacies of Describing Weak In-
teractions Involving Halogen Atoms
Using Density Functional Theory

This work has been published as: Intricacies of Describing Weak Interactions
Involving Halogen Atoms Using Density Functional Theory, J. Chem. Theor. Comp.
2013, 9, 955.

5.1 Introduction

The understanding of non-covalent interactions involving halogen atoms is pivotal for a
variety of fields, ranging from stratospheric chemistry [80-84], materials science and engineer-
ing [85-92] to biological systems [93-96] and medicinal chemistry [97-101]. The importance
of halogens for pharmacology seems surprising at first, since only a few natural processes are
known in the human body that involve halogen atoms. Chloride ions appear in the stomach
acid, some membrane ion channels involved in signal transductions are selective to chloride
ions [296] and iodine is used by the thyroid gland to produce thyroxine [297]. On the other
hand, the scarcity of halogens in natural systems might to some extent explain the potency of
halogenated drug molecules since their particular chemical properties can be less interfered
with or screened by naturally occurring mechanisms. For example halogenation can render
molecules more lipophilic and therefore more transmissible through lipid membranes [100].
Furthermore replacing a C-H group by C-F inverts the dipole moment of the group and
therefore represents a powerful tool in fine tuning the electrostatic properties of a given lead
compound [298]. The greater strength of the C-F bond (~ 110 kcal/mol) is an additional
important factor, since the group becomes less reactive [98].

In addition, a special non-covalent interaction involving halogens is observed between co-
valently bound halogen atoms (R-X) and Lewis bases (A): R—X: - A, which has been termed
halogen bond [85, 92,299, 300], in analogy to the hydrogen bond [301-304]. Much scientific
interest has been devoted to the understanding of the underlying physical forces of halogen
bonding, both from the experimental and theoretical side. In the emerging picture the domi-
nating interactions are of electrostatic origin, where a region of positive electrostatic potential
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located at the end of the R-X bond, called "o-hole", interacts with a region of negative electro-
static potential located on A. However, it has been shown recently that besides electrostatic
effects, dispersion seems to play an important role as well [305].

For a computational modeling of these types of weak, non-bonded interactions it is well estab-
lished that high level ab initio methods with a balanced description of electron correlation are
necessary [306], with the coupled cluster method involving single, doubles and a perturbative
treatment of the triple excitations [CCSD(T)] being the current gold standard. Unfortunately,
the high computational cost associated with these methods allow the treatment of only rela-
tively small-sized systems. Computationally more expedient methods would be highly desir-
able, since halogen bonding is important in biological systems, which are notoriously large.
Density Functional Theory (DFT) methods within the Kohn-Sham framework [11,12] represent
a good trade-off between computational cost and accuracy. Unfortunately, popular exchange-
correlation (xc) functionals in the local density approximation (LDA) and generalized gradient
approximation (GGA) show severe shortcomings in the description of non-bonded interac-
tions, such as London dispersion forces [200, 307, 308] since they depend on local quantities
(density and density gradient) only and therefore fail to account for intrinsically non-local
correlation effects of the electron density. A number of different strategies to overcome this
problem in DFT methods have been proposed in the recent literature. The incorporation of
dispersion interactions directly via nonlocal density functionals [309,310] shows promising
results but is computationally not tractable for large-scale applications. Alternatively, classical
two-body potentials with Cs/R® dependence can be added to the DFT energy, where the Cg
coefficient is determined either empirically [311-314], derived from atomic polarizabilities as
functional of the in-situ atomic electron density [315], or calculated from the instantaneous
dipole moment of the exchange hole [316-318]. Furthermore impressive results have been
obtained using highly parametrised meta-hybrid-GGA xc functionals [159,319-321]. Alterna-
tively, in the DCACP approach dispersion interactions are captured by an empirical correction
term to the total Kohn-Sham potential which is decomposed into atom-centered non-local
contributions [73]. In a number of preceding communications it has been demonstrated that
DCACPs are highly transferable and show a great improvement in the description of weak in-
teractions over popular GGA xc functionals in systems as different as inert gases [75], aliphatic
and aromatic hydrocarbons [76], stacked base pairs [77], hydrogen-bonded complexes [77,78]
and bulk water [322].

In view of the great importance of a reliable description of systems involving halogen atoms
we calculated interaction energy curves for the (X,), and X, -Ar (for X=ECI,Br,I) dimers, as
well as for the halogen bonded prototype complexes H,;CX-OCH, (X=Cl,Br,I) with a variety
of DFT approaches. We assessed the performance of the uncorrected Becke-Lee-Yang-Parr
(BLYP) [15,16] (BLYP) xc functional as well as the dispersion-corrected DFT approaches DCACP
augmented BLYP, BLYP-D3 [156], M06 [160] and M06-2X [160] in reproducing high-level wave
function based benchmark calculations. These performance tests show that uncorrected
BLYP is not able to describe these interactions and dispersion-corrected methods have to be
employed. The DCACP results are in excellent agreement with the CCSD(T) reference values
with a maximum error (MAX) of 0.13 kcal/mol and root mean square deviation (RMSD), mean
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signed error (MSE) and mean unsigned error (MUE) below 0.1 kcal/mol. M06-2X has the best
performance among all other tested DFT approaches but with MAX: 0.22 kcal/mol, and RMSD:
0.13 kcal/mol has essentially twice as large errors as DCACPs. BLYP-D3 performs well on some
systems, but shows large significant errors for a few halogen containing systems resulting in
an overall performance of MAX: 0.47 kcal/mol, RMSD: 0.51 kcal/mol, MSE: -0.13 kcal/mol
and MUE: 0.32 kcal/mol. M06 has relative errors above 50 % in more than half of the systems
considered in this work (MAX: 0.77 kcal/mol, RMSD: 0.44 kcal/mol, MSE:0.34 kcal/mol and
MUE: 0.36 kcal/mol).

5.2 Methods

5.2.1 Dispersion Corrected Atom Centered Potentials (DCACPs) and Calibration

The underlying theory of the DCACP methodology has been discussed in detail elsewhere
(73,75, 323], we therefore restrict this section to a brief recapitulation. The formalism in-
troduces a general correction term to the total Kohn-Sham potential which is decomposed
in atom-centered contributions. It has been shown from a formal point of view that the
multiatom-centered potential approach is a valid expansion for the corrections to the ap-
proximated universal density functional [323]. This formalism is completely general and
the correction potential can be expressed in any desirable functional form that features the
necessary flexibility. For practical reasons we have adopted an analytic functional form of
atom-centered angular-momentum-dependent potentials identical to the nonlocal part of
the atomic pseudopotentials developed by Goedecker et al. [288]:

Imax +1

0P AP =) Y Yim@®pi(nopi () Yy, @) (5.1)
=0 m=-1

with the normalized projector p;(r) rl exp[—rz/(ZUg)]. r = [r—Ry| is the distance from
the position of nucleus I, t is the unit vector in the direction of r — R; and Y}, denotes a
spherical harmonic. In the current generation of DCACPs only one channel, / = 3, is employed.
However, with as few as two angular-momentum components in the expansion it is also
possible to achieve the correct r~® asymptotic behavior [323]. It is important to notice that
despite of this particular functional form, DCACPs are not additions or corrections to the ab
initio pseudopotentials, since they model completely different physical effects at different
scales of energy and nucleus-electron separation. On the other hand, due to their functional
form they are tailored for pseudopotential plane-wave and mixed Gaussian-plane-wave codes
with only a small computational overhead but the benefit of describing interaction energies at
essentially CCSD(T) accuracy.

The two element specific tuning parameters o, and o, are determined by minimizing the
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penalty function

min 2 (r) =min |E™ (tynin) — E(Emin, {0731+
(5.2)
Wy " Wimia) = E@mig, (01 + 3 wi|Fy (tmin, (o)1
!
that depends on the difference of the intermolecular energy E(r) at the equilibrium and the
midpoint distance (E(rpin) and E(ryiq)) with respect to a given high-level reference calcu-
lation on a suitably chosen reference system. E™!(r) is the reference interaction energy at r.
Furthermore the penalty function contains a contribution of the forces along the intermolecu-
lar axis at the minimum position. The weighting factor wy is set in such a way as to scale the
force contributions to the same order of magnitude as the energy contributions.
DCACPs are a general correction to the approximate Kohn-Sham potential [323], and can, in
principle, also include short-range contributions beyond dispersion. Therefore, the reference
system is chosen such that its interaction energy is dominated by dispersion. This ensures
that the energy-scale and spatial domain of the DCACPs are characteristic for dispersion
dominated interactions. Furthermore, the reference system should be small to allow the appli-
cation of high-level ab inito methods in combination with large basis sets to obtain accurate
reference energies. Another prerequisite for the calibration system is that it is preferably homo
atomic in order to exclude interference effects from other elements.
The current library of DCACPs comprises the inert gases and the elements hydrogen, carbon,
oxygen, nitrogen, sulfur and phosphorous [75,79,235]. In this work DCACPs for BLYP were
calibrated for fluorine, chlorine, bromine and iodine. The choice of the BLYP functional is
motivated by the fact that it is a well established GGA functional in the context of organic and
biochemical systems and moreover, does not have any spurious dispersion interactions, e.g.
the interaction of rare gas dimers is fully repulsive. The obtained parameters for the dispersion
correction are therefore more transferable than for GGAs with spurious dispersion interac-
tions, such as the Perdew-Burke-Ernzerhof functional (PBE) [14]. We have chosen the halogen
dimers X, --- X, in the perpendicular orientation shown in 5.1a as dispersion-dominated refer-
ence systems. The interaction energies shown in 5.1 were computed along the intermolecular
axis varying the distance d between the bond midpoints, while keeping the monomer bond
lengths fixed at the equilibrium distance of the respective isolated molecules, 1.41 A for fluo-
rine, 1.988 A for chlorine, 2.28 A for bromine and 2.67 A for iodine. Coupled Cluster reference
interaction energy curves were computed at the CCSD(T)/ (pp-)aug-cc-pVQZ level of theory,
which feature minima for all four complexes with binding energies of ~ 0.4 — 2.2 kcal/mol.
The DCACPs were obtained by calibration against these reference energies at two critical
intermolecular distances for the corresponding weakly bound (X,), dimers (X=ECL,Br,I): rmin
and rp,;q in 5.2. The calibration was performed in such a way as to obtain optimal accuracy
around the equilibrium geometries while less emphasis was put on the accurate reproduction
of the reference data far from equilibrium. It has already been demonstrated that the correct
asymptotic behavior at large intermolecular distances can easily be achieved by adding a
second channel [323] and a library of DCACPs with improved asymptotic behavior is currently
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Table 5.1: DCACP parameters for the [ = 3 channel in Eq. 5.1 for the elements E, Cl, Br and [ in
conjunction with the BLYP xc functional in atomic units.

011074 o,

F -7.03 2.4

Cl -16.00 2.6709
Br -14.08 2.9997
I -22.22 3.0463

in preparation [324]. The weighting factors w; were therefore set to

1.0 if#>1.0-10"°
wy = (5.3)
0.01 otherwise

with &F = ¥ [ |F;(tmin, {0} %. w,, was set to

o J L0 1B Emin) — E(min, (07D > 0.01- [E™ (i) 5.4
") 0.01 i 1B (rmin) — E@min, (0i1)] < 0.01 - | E™ (rmin)| '

if # <1.0-107%, and w,, = 0.0 otherwise. The DCACP parameters determined in this work
are listed in Tab. 5.1 and the resulting DCACP-BLYP interaction energies closely match the
CCSD(T) references (see Tab. 5.2 and Fig. 5.1).

5.2.2 Computational Details

For the interaction energy between two monomers (K and L) in a dispersion bound dimer
(KL) we apply the definition E;,;(KL) = Exy — (Ex + E1). For the calculation of the interaction
energy no zero point energies or thermal corrections were included. In all calculations the
monomers were kept fixed at the respective equilibrium geometries, as described in the Re-
sults section. All plane wave (pw) DFT calculations were performed with the software package
CPMD [49] with the self-consistent field convergence criterion for the Kohn-Sham orbitals set
to 1077 a.u. The scalar relativistic pseudopotentials of Goedecker et al. [288, 289, 325] were
employed using pw cutoffs of 600 (for fluorine), 150 (for chlorine) and 120 Ry (for bromine and
iodine containing systems), respectively. These calculations were carried out in isolated cubic
cells with edge lengths of 16 A ((F,),), 17 A (F,Ar), 18 A ((Cl,), and CL,Ar), 20 A ((X,), and X, Ar,
X=Br,]) and 28 A (H;CX-OCH,, X=Cl,Br,]), using the Hockney Poisson solver as implemented
in CPMD [251].

For the coupled cluster reference values, energies for the (X,), dimers were computed at the
CCSD(T) [7,8] level of theory with the aug-cc-pVQZ [167,326] (avqz) basis sets as implemented
in MOLPRO 2006.1 [327]. We also tested different extrapolation schemes to the CBS limit
(see supporting information of ref. [236]). To account for relativistic effects in iodine, pseu-
dopotentials, consistent with the respective correlation consistent basis sets, were applied
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(pp-aug-cc-pVQZ) [328].

The MO6/(pp)-aug-cc-pVQZ and M06-2X/ (pp)-aug-cc-pVQZ calculations were performed
using the Gaussian G09 [164] software package employing tight convergence criteria and
an especially fine grid for integral evaluation ([350,770] for F and [350,590] for Cl, Br, I). See
the supporting information for a benchmark of different grid sizes and ref. [329] for a dis-
cussion of the effect of the grid spacing on the smoothness of the potential energy curves of
dispersion bound complexes in meta-GGA calculations. For the BLYP-D3 [156] calculations,
BLYP/(pp-)aug-cc-pVQZ energies from Gaussian G09 were augmented with the results from
Grimme’s DFT-D3 program [330] employing the Becke-Johnson damping [157]. All calcula-
tions of interaction energies involving atom-centered basis sets were corrected for the basis
set superposition error employing the counterpoise correction [331].

5.2.3 Statistical Quantities

In order to compare the performance of the various DFT methods on the test set for weak
interactions involving halogens we compute the maximum error (MAX, Eqg. 5.5), root mean
square deviation (RMSD, Eq. 5.6), mean signed error (MSE, Eq. 5.7) and mean unsigned error
(MUE, Eq. 5.8) as follows:

MAX = max{E])}" (KD) - E[sf (KL)} (5.5)
1 2
RMSD = \/ ~ 2 (ERET (kL) - B[ (KL)) (5.6)
N
1
MSE= =5 EPPT(KD) - B}V (K L) (5.7)
N
1
MUE= ). (Eﬁf; "KL - B/ (KL) (5.8)
N

where Eanl; T(K L) represents the interaction energy in the dimer KL computed at the respective
DFT method and Elr:’;{ (K'L) is the reference CCSD(T) value. We evaluate the errors forall N = 11
dimers KLinX, ---X, (X=ECI,Br,D), X, - - - Ar (X=ECI,Br,]) and H,CX- - - OCH,, (X=Cl,Br,]) in the
test set. These error quantities provide complementary information. RMSD is a measure
for the average performance over the test set with a comparably large weight on outliers.
MAX shows the variability of the error and possible unpredictable behaviour. MUE is a
similar measure like the RMSD, but does not stress strong outliers. MSE contains additional
information about possible systematic trends, e.g. negative values indicating a systematic
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overestimation of the interaction energy.

5.3 Results and Discussion

5.3.1 Performance for (X,), Complexes

The interaction energy curves of the (X,), complexes at various levels of theory are shown
in Fig. 5.1. For all intermolecular separations the monomer bond lengths were kept fixed
at 1.41 A for fluorine, 1.988 A for chlorine, 2.28 A for bromine and 2.67 A for iodine. The
CCSD(T) reference curves feature a minimum for all four complexes, which extends to larger
intermolecular distance (3.05 - 4.05 A) and larger binding energy (0.37 - 2.2 kcal/mol) when
moving down the group (Tab. 5.2). As expected, uncorrected BLYP fails in all four cases to
describe this interaction, predicting purely repulsive interaction energy curves. This is a
strong indication that the dominant interaction is indeed dispersion. For the calibration of
the DCACP parameters only the interaction energies at the reference equilibrium distance
and the midpoint were used. Therefore the interaction energies at the other distances are
already a first test for transferability. The DCACP-BLYP binding energy curves match well the
CCSD(T) references. The reference equilibrium distances are accurately reproduced, only
the Cl, - - - Cl, distance is 0.05 A too long. The largest relative error in the well depth amounts
to ~ 1 % in (I,),. For comparison, also Lennard-Jones 12-6 potentials with minima at the
respective DCACP-BLYP positions are shown. Furthermore, we tested the performance of
MO06, M06-2X and BLYP-D3 for the closed-shell inter halogen interactions. Tabs. 5.2 and 5.3
summarize the numerical results and the relative percentage errors in the interaction energy
minimum are reproduced graphically in Fig. 5.4. M06 performs worst among these methods.
The overall trend of increasing well depth and longer equilibrium distance for the heavier
elements is correctly reproduced. However, the errors in the equilibrium distance range from
an overestimation by 0.5 A in case of the fluorine complex to an underestimation by 0.1 A in
case of the iodine complex. The well depth is generally underestimated by ~ 30 - 60 %, with
the exception of an overestimation of 1 % in (I,), . M06-2X shows a more balanced and overall
better agreement with respect to the CCSD(T) references. The relative errors in the well depths
range from 24 % in case of fluorine to 1 % in case of chlorine. The equilibrium distance of (F,),
is in almost perfect agreement with the CCSD(T) value, while for the remaining elements it is
slightly underestimated by ~ 0.2 A. For BLYP-D3 the interaction energy curve of the F, - --F,
complex is purely repulsive, adding only a marginal dispersion contribution onto the BLYP
energies. The (X,), complexes for the heavier elements, on the other hand, are all bound,
but the interaction energies are overestimated by 10 to 66 %. The equilibrium distances are
predicted within 0.05 A.
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Figure 5.1: Interaction energies of the X, ---X, dimers (X=E Cl, Br, I) in perpendicular con-
figuration, as shown in the inlet of 5.1a, using DCACP augmented BLYP, M06, M06-2X and
BLYP-D3. For comparison the CCSD(T) references, the uncorrected BLYP interaction energies

and Lennard-Jones curves fitted to the respective DCACP minima are also shown.

Table 5.2: Equilibrium distances (in A) and interaction energies in brackets (in kcal/mol) for
the calibration systems X, - -- X, (X=ECLBr,I). TFor repulsive interaction curves, the quoted
interaction energy is calculated at the equilibrium distance of the corresponding CCSD(T)

complex.
ElementX CCSD(T) BLYP BLYP+DCACP BLYP-D3 MO06 MO06-2X
F 3.05(-0.37) (0.42)" 3.05(-0.37) 0.10) 3.55(-0.25) 3.10 (-0.46)
Cl 3.55(-1.30) (1.37)" 3.60 (-1.31) 3.60 (-1.43) 3.55(-0.53) 3.35(-1.29)
Br 3.75(-1.67) (1.71)" 3.75(-1.68) 3.80 (-2.23) 3.70(-1.12) 3.60 (-1.78)
I 4.05(-2.20) (1.02)" 4.05 (-2.23) 4.00 (-3.65) 3.95(-2.21) 3.85(-2.34)
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5.3. Results and Discussion

Table 5.3: Unsigned error in percent with respect to the CCSD(T) references of the binding
energy of the X, ---X, (X=ECI,Br,I) systems. TFor repulsive interaction curves, the error is
calculated at the equilibrium distance of the corresponding CCSD(T) complex.

ElementX BLYP BLYP+DCACP BLYP-D3 MO06 MO06-2X

F 21357 0.1 126.4" 320 243
Cl 20547 0.6 10.0 59.4 0.8
Br 202.4" 0.9 33.9 328 6.6
I 146.47 1.0 65.7 05 6.4

5.3.2 Performance for X, —Ar Complexes

In order to assess the performance of uncorrected BLYP, DCACP augmented BLYP, M06, M06-
2X and BLYP-D3 on a heteronuclear test system we computed the interaction energy curves of
X, ---Ar complexes (in a T-shaped arrangement) along the distance between the center of mass
of X, and Ar while keeping the monomer bond lengths fixed at the equilibrium distance of the
respective isolated molecule (1.41 AF,, 1.988 A Cl,, 2.28 A Br, and 2.67 A L,). From figures 5.2b-
d it can be seen that as expected standard BLYP is not able to describe these interactions
predicting repulsive interaction energy curves for all four complexes. DCACP augmented
BLYP, on the other hand, reproduces very well the equilibrium distances and interaction
energies of the CCSD(T) reference data. The overall trend of larger binding energies and longer
equilibrium distances towards the heavier halogens is also correctly reproduced. The errors
in the well depths range from 2 % to 17 %. M06 predicts for all X,, - - - Ar complexes a bonded
interaction energy curve, but underestimates the interaction energy by as much as 36 % to 64
% in parallel with an overestimation of the equilibrium distances by ~ 0.4 A. M06-2X performs
better than M06, both in terms of well depth and equilibrium distance. It underestimates the
interaction energy by 3 % (F,Ar) to 36 % (Cl,Ar). BLYP-D3 predicts correctly the overall trend
of stronger binding energies and longer equilibrium distances towards the heavier halogens,
however, it clearly underestimates the dispersion contribution of fluorine, producing a relative
error in the well depth of 79 % in the case of the F, - - - Ar complex. The errors in the remaining
systems are of the same order of magnitude as for BLYP-DCACP. The numerical results are
summarized in Tabs. 5.4 and 5.5 and the relative energetic errors are plotted in Fig. 5.4 for
comparison.

5.3.3 Performance for the H;CX--- OCH, Complexes

As a second family of test systems for weak interactions involving halogens we selected the
halomethane-formaldehyde complexes H,CX---OCH, (X=Cl,Br,I), which are considered as
prototype systems for halogen bonding. This is expected to be a more serious test since
the binding is due to a delicate interplay between several types of weak interactions besides
dispersion [305]. The interaction energy curves along the C---O axis (d in Fig. 5.3a) were
computed at the BLYP, DCACP, BLYP-D3, M06 an M06-2X level of theory (Fig. 5.3) keeping

105



Chapter 5. Intricacies of Describing Weak Interactions Involving Halogen Atoms Using

Density Functional Theory

Interaction Energy [kcal/mol]

Interaction Energy [kcal/mol]

Figure 5.2: Interaction energies in the weakly bound X,

0.8

0.6

0.4

0.2

14 -
12 r

0.8 r
06
0.4 r
02 r

-0.2
04 |
-0.6

-0.8

(a) Fp-Ar

BLYP/avqz

BLYP/pw

DCACP BLYP

Lennard-Jones
MO!

MO06-2X

>4

BLYP-D3

CcCSD(M)? e

3.5 4 4.5

5

F,Ar Distance [A]

(c) Bry-Ar

BLYP/avqgz

5.5 6

BLYP/pw v

p
DCACP BLYP &
Lennard-Jones

M06—2X ——
BLYP-D3
cesp(m)°

3.5 4 4.5

5

Br,Ar Distance [A]

5.5 6

Interaction Energy [kcal/mol]

Interaction Energy [kcal/mol]

(b) Cly=-Ar

1.4+ BLYP/avqz

12l BLYPpw v

- DCACPBLYP &

1r Lennard-Jones

M06 ——

0.8 r M0B-2X ——
06 | BLYP-D3

04 | CCSD(M® e
02 f

O L
0.2
0.4t
0.6
_0.8 ‘ ‘ ‘ ‘ ‘ ‘

3 35 4 45 5 55 6
Cl,Ar Distance [A]
(d) Io+-Ar
1.4 2 BLYP/avqz
12 K BLYP/pw v

p
DCACP BLYP &

Lennard-Jones

M06-2X ——

BLYP-D3
ccsp(m)?

4.5 5

I,+Ar Distance [A]

5.5 6

---Ar complexes. DCACP augmented

BLYP versus standard BLYP, M06, BLYP-D3 and CCSD(T) references. See caption of Tab. 5.4 for
details and citations of the CCSD(T) references.

Table 5.4: Equilibrium distance in A and binding energies in brackets in kcal/mol for the
X, - -+ Ar systems. For repulsive interaction curves, the quoted interaction energy is calculated
at the equilibrium distance of the corresponding CCSD(T) complex. References for the X=EF
Cl,Br,I systems at the CCSD(T) level of theory are available employing different types of
basis sets: ¢ aug-cc-pVQZ (this work); ? aug-cc-pVQZ [332]; ¢ SDD+G(3df) for Br and aug-
cc-pVQZ+(3s3p2d2flg) for Ar [333] ; ¢ Stuttgart (SDD) / + (sp) + (3df) for I, aug-cc-pVQZ +
(3s3p2d2flg) for Ar [334].

ElementX CCSD(T) BLYP BLYP+DCACP BLYP-D3 MO06 M06-2X

F 3.45(-0.29)*  (0.36)"  3.45(-0.27) 3.70 (-0.06) 4.05(-0.19) 3.60 (-0.28)
Cl 3.70 (-0.56)?  (0.64)" 3.70 (-0.58) 3.75(-0.51) 4.35(-0.22) 3.70(-0.36)
Br 3.80 (-0.65)°  (0.73)"  3.85(-0.54) 3.85(-0.64) 4.50(-0.23) 3.70(-0.43)
I 3.96 (-0.67)%  (0.82)"  4.00 (-0.68) 3.95(-0.79) 4.30(-0.29) 3.85(-0.48)
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Table 5.5: Unsigned error in percent with respect to the CCSD(T) references of the binding
energy of the X, ---Ar (X=ECI,Br,I) systems. TFor repulsive interaction curves, the error is
calculated at the equilibrium distance of the corresponding CCSD(T) complex.

ElementX BLYP BLYP+DCACP BLYP-D3 MO06 MO06-2X

F 2241 6.9 79.3 345 35

Cl 214.3" 36 8.9 60.7 35.7
Br 212.3"  16.9 1.5 64.6 33.9
I 2224% 15 17.9 56.7 28.4

Table 5.6: Interaction energy minima positions in A and energies in brackets in kcal/mol for
the H;CX---OCH, systems (X=Cl,Br,I) with fixed monomer geometries as optimised at the
MP2/CBS level in Ref. [305]. The CCSD(T)/CBS energies in column 2 are reproduced from
Ref. [305].

X CCSD(T) BLYP BLYP+DCACP BLYP-D3 Mo06 MO06-2X

Cl 3.26(-1.18) 3.80(0.16) 3.35(-1.15) 3.30(-0.98) 3.26 (-0.42) 3.15(-1.02)
Br 3.29(-1.64) 3.40(-0.07) 3.25(-1.51) 3.25(-1.54) 3.10(-1.21) 3.10(-1.58)
I 3.30 (-2.32) 3.60 (-0.53) 3.15(-2.44) 3.20 (-2.51) 3.10(-2.42) 3.10(-2.40)

the monomers fixed at the MP2 equilibrium geometries from Ref. [335]. Reference values at
the MP2 complete basis set limit (CBS) and CCSD(T)/CBS level of theory for the interaction
energy at the MP2 equilibrium geometry are taken from Ref. [305]. At the CCSD(T) level,
all complexes are weakly bound with slightly increasing well depths along the group from
1.18 kcal/mol for X=Cl, to 1.64 kcal/mol for Br and 2.32 kcal/mol for I. At the same time the
equilibrium distance remains almost the same around 3.3 A. Uncorrected BLYP produces a
purely repulsive interaction energy curve for the H;CCl- - - OCH, complex and overall, it is not
able to capture the interactions governing halogen bonding in these model complexes. DCACP
augmented BLYP, on the other hand, reproduces well the reference equilibrium distances
and interaction energies. The errors in the interaction energy minima range from 3 % to 8 %.
BLYP-D3 performs comparably well with errors in the binding energy of 6 % to 17 %. M06-2X
results are only marginally better than BLYP-D3 in the interaction energies and the equilibrium
distances are 0.1 A too short for all complexes. For M06 the errors in the interaction energies
span a large range from 4 % to 64 % with a systematic improvement from X=Cl to Br and I. The
equilibrium distance is in perfect agreement with the reference for the chlorine complex but
0.2 A too short for the remaining two systems. See Tabs. 5.6 and 5.7 for the details and Fig. 5.4
for the graphical representation of the error distribution.

5.3.4 Summary of the Performance of the Different Methods

For comparison, Fig. 5.4 shows the relative error in the interaction energy at the equilibrium
distance of all tested methods with respect to the CSSD(T) values. BLYP-D3 does not predict a
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Figure 5.3: Interaction energies in the halogen bonded H,;CX--- OCH,, complexes (X=CI,Br,I)
along the X -- O axis (5.3a). DCACP augmented BLYP versus standard BLYP, M06, BLYP-D3

and CCSD(T) references [305].

Table 5.7: Unsigned error in percent with respect to the CCSD(T) references of the binding
energy of the H;CX--- OCH,, systems (X=CI,Br,I). tFor repulsive interaction curves, the error is
calculated at the equilibrium distance of the corresponding CCSD(T) complex.

ElementX BLYP BLYP+DCACP BLYP-D3 MO06 MO06-2X
cl 136.47 25 17.0 64.4 13.6

Br 95.7" 7.9 6.1 26.2 3.7

I 77.2Y 5.2 8.2 43 35
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Figure 5.4: Relative percentage error of the interaction energy well depth with respect to
CCSD(T) for all weakly bound complexes considered in this work.

minimum for the F, - - - F, complex. For this case the relative energy difference at the CCSD(T)
equilibrium distance was considered for the calculation of the relative error. In summary,
MO6 results in relative errors above 50 % for more than half of the systems considered in
this work. For BLYP-D3 the errors are surprisingly large, ranging from 10 to over 120 % for
the homo-nuclear complexes (X,),, although these are the simplest systems and no cross-
coupling between different element-specific parameters sets should interfere. In addition, the
large error for the F,Ar (79 %) complex indicates a general problem in the description of dis-
persion interactions involving fluorine. In the remaining systems X, - - - Ar and H;CX- - - OCH,,
(X=Cl,Br,]) the relative errors are of the same order as for DCACP. M06-2X performs better
than BLYP-D3 in almost all systems, except X, Ar (X=CI,Br,I). Overall, DCACP shows the best
performance.

Fig. 5.5 summarizes the maximum error, root mean square deviation, mean signed error and
mean unsigned error (egs. 5.5 to 5.8) of the binding energies with respect to the CCSD(T) refer-
ence for DCACP, M06, M06-2X and BLYP-D3 on the test systems considered in this work. These
errors have to be interpreted with respect to the relatively small binding energy scale covered
by the test systems, which ranges from 0.37 kcal/mol (F,), to 2.32 kcal/mol (H;CI---OCH,)
with an average value of 1.18 kcal/mol. This small energy scale poses exceptionally high de-
mands on the accuracy of the computational method. The excellent performance of DCACPs
is demonstrated with a maximum error of 0.13 kcal/mol and RMSD, MSE and MUE below
0.1 kcal/mol. M06-2X follows as second in this ranking with slightly larger errors (MAX: 0.22
kcal/mol, RMSD: 0.13 kcal/mol, MSE: 0.03 kcal/mol and MUE: 0.12 kcal/mol). BLYP-D3 is
less accurate in all of these measures (MAX: 0.47 kcal/mol, RMSD: 0.51 kcal/mol, MSE: -0.13
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Figure 5.5: Maximum error (MAX), root mean square deviation (RMSD), mean signed error
(MSE) and mean unsigned error (MUE) of the interaction energy well depth with respect to
the CCSD(T) references on the weakly bound complexes considered in this work.

kcal/mol and MUE: 0.32 kcal/mol). The negative MSE indicates an overall overestimation
of the interaction, in contrast to the other methods. M06 performs worst with MAX: 0.77
kcal/mol, RMSD: 0.44 kcal/mol, MSE:0.34 kcal/mol and MUE: 0.36 kcal/mol. Only the RMSD
is slightly better than the one of BLYP-D3. These errors are substantial compared to the overall
energy scale of the test set.

We also compare the computational cost of the different dispersion corrected methods with
respect to an uncorrected GGA calculation. For all of the methods we measured the time
required for a single point calculation of the (F,), dimer at an intermolecular distance of
3.5 A on an 8 core 2.26 GHz Intel Nehalem node with 72 GB of shared memory. Tab. 5.8
gives the computational overhead of the different methods with respect to the uncorrected
BLYP calculation. For DCACP we compared to the standard BLYP calculation with the same
plane wave cutoff and box size (same number of SCF cycles). In this case the computing time
increased by a factor of 1.1. For DFT-D3 the time for the evaluation of the dispersion energy
with the DFT-D3 program [156] is negligible (below one second). In contrast, for the meta-
hybrid-GGA functionals M06 and M06-2X the necessity of an extremely fine integration grid
to eliminate oscillations in the interaction energy curves of such weakly bound systems has a
non-negligible impact on the computational costs. For example, our benchmarks showed that
for the (F,), complex a pruned grid with 350 radial shells and 770 angular points (350,770)
in Gaussian G09 is necessary (see supporting information in Ref. [236]), while for BLYP the
default fine grid (75,302) was sufficient. For this relatively small system, the M06 and M06-2X
functionals in combination with the (75,302) grid are, due to the exact exchange and kinetic

110



5.4. Conclusion

Table 5.8: Difference of number of SCF cycles and multiplicative factor for the computational
time of the dispersion corrections with respect to an uncorrected GGA calculation. Single
point calculation of the (F,), dimer at an intermolecular distance of 3.5 A. pw: plane wave
calculation (CPMD) with isolated cubic box of 16 A edge length. AC: atom-centered basis
set (Gaussian G09) aug-cc-pVQZ. G: (350,770) pruned integration grid instead of the default
(75,302) grid.

Method Reference Method A N(SCF) factor comp. time
DCACP/pw BLYP/pw 0 1.1

D3 0 ~1.0
MO06/AC -1 1.9
MO06/AC/G BLYP/AC -2 4.1
MO06-2X/AC -1 1.9
MO06-2X/AC/G -2 3.9

energy contributions, a factor of 1.9 more expensive than the BLYP calculation, although
one SCF cycle less is needed to converge. However, increasing the number of grid points to
(350,770), necessary for converged results with the meta-hybrid-GGA functionals, essentially
doubles the computational cost and renders the calculations four times more expensive than
BLYP (75,302). In summary, D3 is the most economical dispersion correction, however not
performing reliably for the systems tested here, while DCACP leads to a marginal increase of
the computational costs and the M06/MO06-2X methods are the most costly ones.

5.4 Conclusion

With the aim to identify a DFT method capable of reliably describing weak interactions
involving halogen atoms we have assessed the performance of BLYP, DCACP augmented
BLYP, BLYP-D3 [156], M06 [160] and M06-2X [160] compared to CCSD(T) references. To
this end we have calculated the full interaction energy curves for the (X,), and X,-Ar (for
X=ECLBr,]) dimers, as well as for the prototype halogen bonded complexes H,CX-OCH,
(X=CLBr,I). The small energy scale of this test set and the subtle interplay between different
types of interactions in the heteronuclear complexes represent serious challenges for the
different computational methods. Uncorrected BLYP fails in describing these interactions
and dispersion-corrected approaches have to be employed. We have therefore extended the
DCACP library for BLYP to include the halogens. The parameters were obtained by calibration
with respect to CCSD(T) references at two critical points of the interaction energy curves of
the dispersion-dominated model complexes X, - - - X, (X=ECLBr,]).

DCACP results are in excellent agreement with the CCSD(T) reference values on the full test
set, showing a maximum error of 0.13 kcal/mol and RMSD, MSE and MUE values below 0.1
kcal/mol. M06-2X produces errors slightly larger than DCACP (MAX: 0.22 kcal/mol, RMSD:
0.13 kcal/mol, MSE: 0.03 kcal/mol and MUE: 0.12 kcal/mol). While for BLYP-D3 the errors are
MAX (0.47 kcal/mol), RMSD (0.51 kcal/mol), MSE (-0.13 kcal/mol) and MUE (0.32 kcal/mol),
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with main contributions from the fluorine containing complexes and the homo-nuclear (X,),
(X=ECl,Br,]) systems. M06 performs with relative errors above 50 % in more than half of the
systems considered in this work (MAX: 0.77 kcal/mol, RMSD: 0.44 kcal/mol, MSE:0.34 kcal/mol
and MUE: 0.36 kcal/mol). These are relatively large errors compared to the overall very small
energy scale of the test set of halogen containing weakly bound complexes. Concerning the
computational cost, it is not surprising that D3 is the most economical dispersion correction,
while DCACP leads to a marginal increase in computational costs and M06/M06-2X are the
most costly ones, compared to uncorrected BLYP.

In conclusion, this study has revealed the challenges related to the accurate description of
weak interactions involving halogen atoms at the DFT level. These are reflected in the largely
varying performance among the different methods tested here (DCACP, BLYP-D3, M06 and
MO06-2X). At the same time we have made a significant step towards the identifications of
computational expedient and yet accurate methods to model halogen containing systems
in material science, biology and medicinal chemistry. For the small test set considered here,
DCACPs feature the best ratio of accuracy versus computational costs.
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Summary and Outlook

As a consequence of the progress in computational methods that have extended both the
accessible system sizes and simulation times, the quality of the underlying potential energy
surface has become a major issue in the accuracy of molecular dynamics simulations. With
this motivation, we have explored three different strategies to increase the accuracy of the
potential energy surface for molecular dynamics simulations at various levels of theory.

In our initial benchmarking study we assessed the accuracy limits of various computational
methods in comparison to experiments and high level theoretical reference values. We used
high-resolution conformer-selective vibrational spectra for small biomolecules isolated in the
gas phase at low temperatures as experimental reference data. We determined the lowest en-
ergy conformations with vibrational spectra that correspond to the experimental data. Based
on these results we assessed various methods in their ability to predict the correct relative
energetics among a pool of low energy conformations. These results demonstrate how well
modern quantum chemistry methods and cold ion spectroscopy work together in determining
low energy structures of biomolecules in the gas phase, while more approximate methods
struggle to provide the necessary accuracy. Especially empirical force fields performed rather
poorly in describing the correct relative energetics of these molecules, possibly due to the
limited transferability. Further improvements are clearly needed to employ them as reliable
tools for an energetic screening.

With the goal to increase the accuracy of classical molecular mechanics force fields we imple-
mented a recently developed force-matching protocol for an automated parametrisation of
biomolecular force fields from mixed QM/MM reference calculations in the CPMD software
package. Such a force field has an accuracy that is comparable to the QM/MM reference, but
at the greatly reduced computational cost of the MM approach. We have applied this protocol
to derive in situ FF parameters for the retinal chromophore in rhodopsin embedded in a lipid
bilayer. In contrast to the original parameter set, they describe correctly the bond length
alternation in the conjugated chain of the retinal, which results in an absorption spectrum in
excellent agreement with QM/MM and experimental references.

The findings on rhodopsin encourage future applications of the QM/MM force matching
method to other systems with sizes prohibitive for higher level methods. For example, work
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is underway to derive parameters for the deprotonated form of the retinal, which has, as of
today, not been studied at the classical level. This will open possibilities to investigate the so
far poorly understood activation mechanism of rhodopsin at the molecular level.

Classical force field methods are at the forefront of computational methods to reach the mil-
lisecond regime at atomic resolution. In combination with more accurate parameterisation
techniques, this will be of great advantage to answer pressing questions in biology. Future
developments on the methodology of the QM/MM force matching, for example, could involve
a parameterisation of the Van der Waals parameters consistent with the recently developed
dispersion-corrected DFT methods. Moreover, more sophisticated functional forms of the
classical force fields including polarisation effects could greatly increase the accuracy.

Since classical force fields can not describe the breaking and forming of chemical bonds, we
focused in a second part of part of this thesis on the SCC-DFTB method, which represents a
methodological bridge between force fields and DFT methods for MD simulations of molecu-
lar systems. It is ideally suited if the problem at hand demands for an explicit description of
the instantaneous rearrangement of the electronic structure, and a sampling that extends the
limitations of DFT methods. We built on the original spirit to determine the parameters based
on DFT reference calculations and explored an in situ parameterisation strategy. We employed
iterative Boltzmann inversion to derive repulsive potentials for SCC-DFTB based on DFT
references for liquid water at ambient conditions. The new repulsive potentials significantly
improve the structural and dynamical properties of liquid water with respect to the description
at the original SCC-DFTB level.

There is no doubt, that DFT represents the ideal reference method to parameterise SCC-DFTB,
since the functional form is essentially an approximation to the KS total energy functional. Dur-
ing the research on this project, it has, however, also became clear that a re-parameterisation
of repulsive potentials alone can not account for all the approximations and limitations of
the SCC-DFTB compared to DFT. In future efforts, the rich information contained in the DFT
reference calculations could, for example, be exploited more efficiently by a suitable in situ
parameterisation scheme for the electronic parameters.

In order to increase the accuracy to describe weak interactions involving halogen atoms by
DFT/GGA methods we determined halogen specific parameters for the recently developed
Dispersion Corrected Atom Centered Potentials (DCACPs) approach. We showed that in our
benchmarking study the newly derived DCACPs feature the best ratio of accuracy versus
computational costs compared to alternative dispersion corrected DFT methods. They repre-
sent therefore a promising method to model halogen containing systems in material science,
biology and medicinal chemistry.

DCACPs represent an efficient correction to the GGA exchange correlation functional. It is
in line with many recent attempts to increase the accuracy of DFT with (semi-)empirical
approaches to construct and correct exchange-correlation functionals. Such efforts are mo-
tivated especially by the demand for higher accuracy in the context of weak intermolecular
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interactions. At the same time, the computational costs should not exceed the GGA level,
since otherwise DFT would loose its advantageous balance between reasonable accuracy and
modest computational cost compared to wave function based ab initio methods. Empirical
approaches, however, always come with significant human effort in the derivation of accurate
and transferable parameters. Future developments could therefore involve less empirical
schemes in the development of exchange correlation functionals.
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A.1 Experimental Approach for the Conformer-Selective Vibrational
Spectra of Cold Protonated Tryptophan

The experimental results presented in this section have been obtained by Dr. Na-
talia Nagornova and Dr. Oleg Boyarkin, Laboratoire de Chimie Physique Molécu-
laire, group of Prof. Thomas R. Rizzo.

Experimental approach and apparatus have been described in detail elsewhere [139,192,193].
Briefly, we generate protonated Trp and its water clusters in the gas phase from a 50/50
H20/MeOH solution using a nanospray ion source. Protonated species are guided into the
vacuum chamber through a glass capillary and accumulated in a hexapole ion trap. After
approximately 85 ms, the ions are released from the hexapole and passed through the first
quadrupole mass filter, which selects parent ions of a particular mass-to-charge ratio (m/z).
An rf-only octopole guides them into a 22-pole ion trap, which is cooled to 6 K by a closed-cycle
refrigerator (Sumitomo, SRDK-408). Ions get collisionally cooled in collisions with a pulse of
helium, which is introduced into the trap before the arrival of the ion packet. After about 80
ms, when ions are cooled and He has been pumped out, we interrogate the ions in the trap
with a UV or IR and UV laser pulses. UV photofragmentation is performed using the 3-4 m]J
output of a frequency-doubled dye laser pumped by 7 ns pulses of a Nd:YAG laser. We select
the appearing charged fragments using second quadrupole mass filter and collect them on a
channeltron. UV photofragmentation spectrum is generated by monitoring the number of
photofragment ion counts as a function of wavenumber of the UV laser.

For IR spectroscopy we use 3-4 mJ output of an optical parametric oscillator (OPO, LaserVi-
sion), pumped by a Nd:YAG laser. To record IR spectra of [TrpH]* and [TrpH - (H20)2]* we
employ IR-UV double resonance technique, [194] where an IR pulse precedes a UV pulse by
approximately 100 ns. In this scheme IR absorption spectra of parent ions are generated by
scanning the wavenumber of the IR laser while fixing the wavenumber of the UV laser on a
photofragmentation transition, and monitoring the change of the fragmentation yield. When
the infrared laser frequency is in resonance with a vibrational transition of the same conformer,
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which is excited by the UV laser, these species become internally hot, altering the subsequent
UV photodissociation yield. If the UV spectrum of parent ions is vibrationally resolved, the
IR pre-heating results in a spectral broadening, which leads to a reduction of the otherwise
constant, UV-only photofragmentation yield [143]. Monitoring this reduction of UV fragmen-
tation in function of IR laser wavenumber yields an IR depletion spectrum, which truly reflects
frequencies of vibrational transitions and their width in a selected conformer. Here we apply
this approach only to [TrpH - (H20)2]*, which UV spectrum is vibrationally resolved [151]. The
UV spectrum of even cold [TrpH]* is already broad, which prohibits conformational selectivity
in IR-UV double resonance. However, the IR pre-heating of this species results in an additional
spectral broadening and to the red shift of the UV spectrum. This appears as an increase
in the photodissociation signal induced by the UV laser light only and IR spectrum appears
as a "gain" spectrum. We use this approach for conformer non-selective IR spectroscopy of
[TrpH]*. While IR spectra of a singly solvated tryptophan, which UV spectrum does not exhibit
vibrational resolution can also be measured this way, regarding a better quality of the spectra
we use IR photodissociation technique for conformer non-selective vibrational spectroscopy
of [TrpH - (H,0)]™. In this experiments the absorbed IR OPO photon reduces the cluster down
to [TrpH]*, which we detect in function of IR wavenumber.

A.2 The CBS-C Method

Description adapted from Ref. [174].The original CBS-Q method [39]requires the following
calculations:

1. UHF/6-31G' geometry optimization and frequencies,

2. MP2/6-31G'" optimized geometry,

3. UMP2/6-311+G(3d2f,2df,2p) energy and CBS extrapolation,

4. MP4(SDQ)/6-31+G(d(f),p) energy,

5. QCISD(T)/6-31+G' energy.
Calculations (3)-(5) are performed at the geometry obtained in step (2). Note that the usual
basis set notation is generalized to accommodate the specification of different polarization
sets for different atoms. Thus, 6-311+G(3d2f,2df,2p) means 3d2f on the second row, 2df on
the first row, and 2p on hydrogen and 6-31+G(d(f),p) indicates a d function on both first and
second rows, an f on selected second row atoms, and a p function on hydrogen. The 6-31G'

basis is a modification of the 6-31G* basis obtained combining the 6-31G sp functions with
the 6-311G** polarization exponents. The total CBS-Q energy is calculated from:

E(CBS—-Q)=E(UMP2)+AE(CBS)+AE(MP4)+AE(QCI)
+AE(ZPE)+AE(emp)+ AE(spin)

(A.1)
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where AE(CBS) is obtained from the CBS extrapolation,

AE(MP4) =E[MP4A(SDQ)/6-31+G(d(f), p)]
—E[MP2/6-31+G(d(f), p)]

(A.2)

and
AE(QCI) =E[QCISD(T)/6—-31+ GT] —E[MP4(SDQ)/6-31+G]. (A.3)

The vibrational zero-point correction, AE(Z PE), is obtained from the frequencies calculated
in (1), using a scale factor of 0.91844. The empirical term, AE(emp), is

2

nﬁ IVUir"'1
AE(emp)=-533mEp Y. | Y. Cuun| 1S°li (A.4)
i=1 ul
where |S[;; is the absolute overlap integral:
ISIii:fldb?qﬁfldT (A.5)

between the most similar a and S orbitals and the interference factor, [ZH Cu]z, is the square
of the trace of the first order wavefunction. The spin contamination correction term, AE(spin),
is given by

AE(spin) = —=9.20mEhA(S?) (A.6)

which adds a correction proportional to the error in the UHF (S?).

Recently, it has been shown that the CBS-Q method can be made more reliable by using cou-
pled cluster singles and doubles with perturbative triples [CCSD(T)] in place of the [QCISD(T)]
in step (5) [40], which we name CBS-C, accordingly.

A.3 Basis Set Assessment on [Trp + H]*

In order to find the minimal basis set size that is capable of reproducing the CBS-C energy
profile of all isomers, we have tested the density functionals M05-2X, M06 and M06-2X against
the 6-31+G(d,p), aug-cc-pVDZ and aug-cc-pVTZ basis sets. Table A.1 shows the root mean
square (RMS) deviation, maximum error (MAX) and the energy difference (AE = E(Wy,) —
E(W{},)) between the two lowest isomers computed at 6-31+G(d,p), aug-cc-pVDZ and aug-cc-
pVTZ basis set level. Even though for the latter basis set only the AE values are calculated, it is
interesting to see that these values are well reproduced at the 6-31+G(d,p) level by all methods.
On the other hand, as discussed below and in the main text, the 6-31+G(d,p) basis set is not
sufficient for the computations of the IR spectra. We have therefore restricted our discussion
in the Results section of the main text to the aug-cc-pVDZ basis set. In addition, the M06
density functional shows the lowest RMS and MAX values indicating that its use in conjunction
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method 6-31+G(d,p) aug-cc-pvDZ aug-cc-pVIZ
RMS MAX AE | RMS MAX AE AE
MO05-2X | 0.284 0.451 0.432 | 0.223 0.396 0.357 0.406
MO06 0.167 0.276 0.669 | 0.248 0.420 0.583 0.712
MO06-2X | 0.294 0.446 0.592 | 0.125 0.197 0.441 0.517
CBS-C | AE =0.615

Table A.1: Root mean square (RMS) deviation, maximum error (MAX) and energy difference
(AE = E(Wyy,) — E(Wy,)) between the two lowest isomers computed with different methods
at 6-31+G(d,p), aug-cc-pVDZ and aug-cc-pVTZ basis set level. RMS values are calculated with
respect to the CBS-C energies in table 1 of the article. All values are in kcal/mol. Taken from
Ref. [174]

method\ Wooo Woto Wito Wi ‘ Woor Wour Wio Wi ‘

CBS-C | 0615 1.918 1.105 0.000 | 4.614 5213 5260 3.204 |

MO5.2X 0.432% 2.237% 0.826% 0.000% | 4.225% 52357 4.809% 2.928%
0.357% 2.1637 0.780" 0.000° | 4.5597 5.609? 5.2317 3.272b
MO6 0.669% 1.727% 0.879% 0.000% | 4.588% 4.937% 5.026% 3.239%
0.583" 1.6787 0.813" 0.000° | 4.920° 5.419Y 5.447° 3.624Y
MO06.2X 0.592¢ 2.066% 1.051% 0.000% | 4.168% 4.910° 4.826% 2.771¢
0.441° 1.934> 0.927% 0.000” | 4.417° 5225 5162 3.084%

Table A.2: Relative energies in kcal/mol of the isomers in Fig.2.3 of the main text computed
with different methods. (%) values computed at the 6-31+G(d,p) basis set level. %) values
computed at the aug-cc-pVDZ basis set level.

with 6-31+G(d,p) basis set can be exploited as a computationally cheap but reliable method
for the energy scan of the isomers. In Tab. (A.2), the energy values of the isomers in Fig. 2.3
of the main text, computed at the 6-31+G(d,p) basis set, are reported for the selected density
functionals.

A.4 Examples of different Low Energy Conformations and Water Bind-
ing Sites
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A.4. Examples of different Low Energy Conformations and Water Binding Sites

(a) (b)

(d)

Figure A.1: Examples of the used notation: (@) W s ina) » ® Wolow pour) © Wiiiiinay @

Wiy (e) W1+10(0h) and (f) ngo(in - Reproduced with permission from Ref. [174].
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A.5 Assessment of different Methods to reproduce CBS-C energet-

ics for [Trp + H]* - (H,0)

method ‘ water ‘ Wooo~ Woio Wioo ~ Wiio ‘ Woor  Woii Wi Wiy ‘
up 2.015 3.732 X 1.816 - - - -
out | 2.071 3.501 2.622 1.447 - - - -
ind | 2.0561 3.431 0.000 2.320 - - - -
CBS-C oh 3.450 4.229 3.934 2.644 - - - -
up 1.675 3.598 X 1.763 - - - -
out 1.999 3.111 2512 1.173 - - - -
ind 1.730 3.276 0.000 2.141 - - - -
oh 2.969 3.860 3.353 2.522 - - - -
up 1.578 3.888 1943 1.621 | 5.658 7.171 6.105 5.403
out 1.485 4.234 1979 1.880 X 6.898 X 4.444 -g‘
ind | 2.049 3.344 0.000 2.311 | 5.445 5.881 4.206 4.554 g
oh 2.841 4.068 3.185 2.135 | 5.638 6.751 6.143 4.497 | &
- RMS=0.444 MAX=0.749
up 1.992 4.353 2444 2.014 | 6.194 7.824 6.831 5.970 N
out 1.808 4.521 2.504 2.173 X 7.547 X 5.031 %
MO05-2X | ind | 2.022 3.410 0.000 2.377 | 5.777 5.955 4519 4.827 | g
oh 3.043 4.294 3410 2.458 | 6.261 7.385 6.844 5.150 %o
- RMS=0.413 MAX=1.020
up 1.908 4.186 2384 1.803 | 6.278 7.400 6.421 b5.724 N
out 1.961 4.207 2504 2.077 X 7113 X 4.795 | 8
ind 1.837 3.181 0.000 2.137 | 5.249 5.794 4.280 4.696 z;
oh 2.527 3.849 2.895 2.182 | 5835 6.943 6.323 4.964 %D
- RMS=0.460 MAX=1.096

Table A.3: Relative energies in kcal/mol of the 32 isomers considered for [TrpH - (H,0)]*
computed with different methods. Root mean square (RMS) deviation and maximum error
(MAX) are calculated with respect to the CBS-C reference values. Zero-point energy corrected
values are indicated in italics. (x) indicates an unstable isomer.
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+ + + + + + + +
method ‘ water\ Wooo Woio Wieo Wiio | Wor Wouu  Win Wlll‘

up | 2.015 3.732 x 1.816 - - - -
CBS.C ?ut 2.071 3.501 2.622 1.447 - - - -
ind | 2.051 3.431 0.000 2.320 - - - -
oh | 3.450 4.229 3.934 2644 - - - -
up | 1645 3578 1964 1.690 | 6.056 6.823 5.912 5.378
out | 1.461 3.537 1.769 1.546 x 6.188 x 4.396 g
ind | 2002 3.051 0.000 1.901 |5518 5659 4.258 4.436 | <
oh | 3.155 3.616 3.341 2311 |6.401 6.770 6.754 5.161 | &
MO6 - RMS=0.411 MAX=0.853
up | 2271 4215 2613 2344 | 6.772 7.688 6.809 6.164 |
out | 2.078 3.981 2534 2.028 x 7.137 x 5.076 %
ind | 2.078 3.553 0.000 2496 | 6.018 6.173 4.583 5.053 | &
oh | 3.434 3965 3.608 2.709 | 7.020 7.435 7.447 5.869 §°
- RMS=0.303 MAX=0.581
up | 1538 3.406 1976 1.339 | 5552 6.652 6.196 5.181
out | 1.238 4.297 1910 2.068 x 6.791 x 4.474 ‘_3
ind | 1.649 2.167 0.000 1288 | 4886 5.159 3.952 3.850 | ¢
oh | 3.256 4.074 3.671 2374 | 5799 6.633 6.383 4.550 | &
MOB.2X - RMS=0.622 MAX=1.264
up | 1970 3.962 2482 1.832|6.100 7.388 7.015 5.863 |
out | 1.605 4.633 2.449 2.452 x 7.474 x 5.132 | 8
ind | 1566 2.316 0.000 1.449 | 5.143 5.261 4.285 4.090 §
oh |3.588 4.395 4.021 2.879 | 6.510 7.353 7.166 5.336 g’
- RMS=0.574 MAX=1.132

Table A.4: Relative energies in kcal/mol of the 32 isomers considered for [TrpH - (H,0)]*
computed with different methods. Root mean square (RMS) deviation and maximum error
(MAX) are calculated with respect to the CBS-C reference values. Zero-point energy corrected
values are indicated in italics. (x) indicates an unstable isomer.

method ‘ water ‘ Wooo oo Wi Wio | Wom. Woi Wi Wiy
up 2.015 3.732 X 1.816 - - - -
out | 2.071 3.501 2.622 1.447 - - - -
ind | 2.0561 3.431 0.000 2.320 - - - -
oh 3.450 4.229 3934 2.644 - - - -

up | 2289 4.057 x 2555 | - - - -

out | 1.822 4.101 2710 2697 | - - - -

BLYP-D3 | ind | 1539 2758 0.000 2244 | - - - -

oh |3.603 3.997 3.902 3.300| - - - -
- RMS=0.513 MAX=1.250

CBS-C

aug-cc-pvVDZ

Table A.5: Relative energies in kcal/mol of the 32 isomers considered for [TrpH - (H,0)]*
computed with different methods. Root mean square (RMS) deviation and maximum error
(MAX) are calculated with respect to the CBS-C reference values. Zero-point energy corrected
values are indicated in italics. (x) indicates an unstable isomer.
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method | water | W,y W5 Wy Wiy | Wo  Woiy Wiy Wiy
up -0.549 0.812 0.460 -0.221 | 3.117 4.634 4.087 3.559
out -0.287 0.441 0.685 -0.965 | 3.542 4.352 4.598 2.573
DFTB ind X 1.794 0.000 1.443 | 4.428 5.799 4599 4.465
oh 1.655 2.612 2.660 1.385 | 5.798 6.558 6.824 5.370
- RMS=2.000 MAX=3.060
up 0.490 1.009 0.796 0.059 | 3.239 4.752 4.249 3.774
out -0.079 0.765 0.996 -0.659 | 3.827 4.842 4.894 2.600
DFTB(h) ind 1.363 1.929 0.000 1.354 | 4.270 5.594 4.098 4.436
oh 1.741 2.656 2.862 1.458 | 5.500 6.224 6.731 5.079
- RMS=1.705 MAX=2.736
up 0.697 2.087 X 0.603 | 3.735 5.250 4.546 3.753
out 0.342 1.172 1.438 0.011 | 3.728 5.170 4.957 3.030
DFTB(d) ind 0.271 1.191 0.000 0.135 | 3.464 4.792 4.053 3.169
oh 3.525 3.817 3.869 3.026 | 7.283 8.187 8.632 6.875
- RMS=1.439 MAX=2.329
up 1.195 2.385 X 1.061 | 3.733 5.339 X 3.916
out 0.648 1.275 1.817 0.160 | 3.817 4.990 5.034 2.914
DFTB(h,d) ind 0.536 1.499 0.000 0.545 | 3.277 4.664 3.655 3.139
oh 3.409 3.685 3.855 2903 | 6.894 7560 7.797 6.426
- RMS=1.208 MAX=2.226

Table A.6: Relative energies in kcal/mol of the 32 isomers of [TrpH - (H,0)]* computed with
different methods. Root mean square (RMS) deviation and maximum error (MAX) with respect
to the CBS-C reference values. (x) indicates an unstable isomer.
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method ‘ water ‘ Wooo . Woio Wi Wiio | Wor  Wou Wi Wiy ‘
up 2.015 3.732 X 1.816 - - - -
CRS-C (‘)ut 2.071 3.501 2.622 1.447 - - - -
ind 2.051 3.431 0.000 2.320 - - - -
oh 3.450 4.229 3.934 2.644 - - - -
up -0.198 2.434 0.638 2.731 2.749 6.540 2.399 1.912
out 1.400 3.644 1.452 2.706 1.186 7.896 0.006 8.056
AMOEBA ind 1.325 1.529 0.000 2.221 6.163 4.910 0.566 6.775
oh 0.566 1.655 0.727 1.689 5.297 0.426 5.804 6.220
- RMS=1.656 MAX=3.207
up -0.404 0.385 -0.399 -0.218 | -0.058 0.382 -0.048 0.541
out -0.398 1.421 0.081 0.418 X 1.223 X 0.140
FF02 ind 0.497 0.935 0.000 0.356 1.071 0.983 0.504 -0.097
oh -0.021 0.652 0.057 -0.036 | -0.267 0.046 -0.051 -0.932
- RMS=2.565 MAX=3.877
up -0.689 0.112 -0.338 -0.730 | -0.103 0.391 0.246 0.271
out -1.126  0.347 -0.356 -0.767 X 0.471 X -0.626
FF99SB ind -0.087 0.635 0.000 -0.127 | 0.680 1.596 0.926 -0.275
oh 0.755 1.577 1.185 0.523 0.870 1.493 1.346 0.268
- RMS=2.653 MAX=3.620
up -0.609 0.236 -0.245 -0.528 | 0.093 0.498 0.396 0.392
out -0.889 0.312 -0.111 -0.843 X 0.596 X -0.253
FF96 ind -0.052 0.911 0.000 -0.150 | 0.860 1.718 1.100 0.145
oh 0.645 1.477 1.089 0.333 1.034 1.592 1.504 0.625
- RMS=3.496 MAX=2.608

Table A.7: Relative energies in kcal/mol of the 32 isomers of [TrpH - (H,0)]* computed with
different methods. Root mean square (RMS) deviation and maximum error (MAX) with respect
to the CBS-C reference values. (x) indicates an unstable isomer.
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Method RMSD MAX
M06-2X/ACD | 0.574 - 1.132 -
MO06-2X/631 0.622 - 1.264 -
MO06/ACD 0.303 - 0.581 -
M06/631 0.411 - 0.853 -
MO05-2X/ACD | 0.413 0.460 | 1.020 1.096
BLYP-D3/ACD | 0.513 - 1.250 -
DFTB 2.000 - 3.060 -
DFTB(h) 1.705 - 2.736 -
DFTB(d) 1.439 - 2.329 -
DFTB(h,d) 1.208 - 2.226 -
AMOEBA 1.656 - 3.207 -
FF02 2.565 - 3.877 -
FF99 2.653 - 3.620 -
FF96 2.608 - 3.496 -

Table A.8: Root mean square (RMS) deviation and maximum error (MAX) of the relative ener-
gies for [TrpH - (H20)]* with respect to the CBS-C reference values in Tab. 2.3. Corresponding
values for the zero-point energy corrected results are indicated in italics. All values are in
kcal/mol.
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A.6 Assessment of different Methods to reproduce CBS-energetics
for [Trp + H]* - (H,0),

Tables A.9 to A.12 contain the relative energies for [Trp + H]™ - (H,0), at different levels of

theories. As in the case of the singly-solvated species, some configurations do not correspond

to stable minimum but relaxed to other minima (indicated by x in the tables). RMSD and
MAX values, summerized in table A.13, were computed with respect to the CBS-C references.
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+ + + + + + + +
method | waters | Wg,y  Wyly Wy Wiy | Wor  Woh Wi Wi,

ind,up | 3.257 5.008 2.288 4.038 | 6.785 7.474 6.115 7.011
up,out | 1.806 4.250 1.460 2.909 X 7.474 X 6.387
out,ind | 3.310 5.898 2.595 4.326 x 7.895 X 6.410 g‘
up,oh | 1.077 4.148 0.695 2.592 | 3.961 6.703 3.794 5.398 :3
out,oh | 1.949 2577 1.777 1.404 x 5.485 X 4.061 | 3
ind,oh | 2569 5.292 0.000 3.949 | 5411 6.799 3.421 6.013
- RMS=1.617 MAX=2.995
B3LYP -
ind,up | 3.325 4.984 2.142 4.124 | 7.008 7.337 6.273 7.144
up,out | 1.725 4279 1564 2.860 x 7.618 x 6.455 |
out,ind | 3.397 5.933 2.697 4.427 X 8.104 X 6.669 | £
up,oh | 1.048 4.386 0.028 2.796 | 4.224 7.070 4.132 5.752 ?
out,oh | 2.069 2546 2.036 1.434 x 5.722 X 4.356 %D
ind,oh X 5.453 0.000 4.160 | 5.783 6.967 3.749 6.474
- RMS=1.675 MAX=3.036
ind,up | 1.707 2.777 1.171 1.852 | 5387 6.011 5.027 4.960
up,out | 1.075 4302 1477 2.150 | 6.375 7.380 6.782 5.783
out,ind | 1.266 3.902 0.596 2.528 X 6.288 X 4.578 g‘
up,oh | 1.967 4.015 2356 2.142 | 5.050 6.298 5.625 4.785 :3
out,oh | 1.892 4.097 2.423 1.781 X 6.360 X 3.801 | 3
ind,oh | 2.050 3.173 0.000 2.282 | 4.481 5.145 3.121 3.933
- RMS=0.567 MAX=1.137
ind,up | 1.776 2930 1.250 1.932 | 6.032 6.095 5.540 5.141
up,out | 1.515 4.706 2.125 2.444 x 8.024 x 6.262 |
out,ind | 1.273 4.077 0.838 2.627 X 6.597 X 4.873 | £
MO05-2X | up,oh | 2.350 4.480 X 2.557 | 5333 6.188 5.841 5.389 ?
out,oh | 2227 4.152 2903 2.121 x 7.008 X 4.411 %D
ind,oh | 2.049 3.283 0.000 2.520 | 4.831 5.301 3.424 4.267
- RMS=0.695 MAX=1.299
ind,up | 1.788 3.277 1310 2.069 | 5.750 6.236 5.362 5.106
up,out | 1.930 4.905 2425 2.738 x 7.861 X 6.224 |
out,ind | 1.591 4.349 1.025 2.762 X 6.794 X 4.835 | £
up,oh | 2304 4.536 X 2399 | 5485 6.230 5.816 5.348 i;
out,oh | 2.246 4.052 2.881 2.046 X 6.773 X 4.421 %f
ind,oh | 1.749 3.181 0.000 2.328 | 4.624 5392 3.263 4.209
- RMS=0.835 MAX=1.595

Table A.9: Energies in kcal/mol of the 48 isomers considered for [TrpH - (H20)2]" computed
with different methods. Root mean square (RMS) deviation and maximum error (MAX) are
calculated with respect to the CBS-C reference values. Zero-point energy corrected values are
indicated in italics. (x) indicates an unstable isomer.
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A.6. Assessment of different Methods to reproduce CBS-energetics for [Trp + H]* - (H20)»

method | waters | Wyyy Wiy Wype Wiy | Wop  Won Wi Wiy ‘
ind,up | 2.150 1.973 0.924 1.011 | 5.901 5.065 5.015 4.264
up,out | 0770 3.483 0.928 1.847 X 6.542 6.487 5.374
out,ind | 1.423 3.061 0.064 1.908 X 5.646 X 4.659 g:"
up,oh 2.170 3.492 2475 2.321 | 4.992 6.063 5.202 4.960 g
out,oh | 1.926 3.122 2.337 1.658 X 5.821 X 4.088 | 2
ind,oh | 2.031 2.804 0.000 2.169 | 4.819 4.827 3.438 4.118
MO6 - RMS=0.454 MAX=0.702
ind,up | 2.094 2551 1.374 1.629 | 6.019 5.634 5.575 4.778
up,out | 1477 4.192 1.846 2.275 X 7.545 X 6.131 N
out,ind | 1.468 3.745 0.632 2.682 X 6.168 X 5.066 | &
up,oh 2.677 4.240 2.976 3.020 | 5.689 6.912 6.055 5.823 §
out,oh | 2516 3.570 2963 2.126 X 6.576 X 4.790 %f
ind,oh | 2073 3.475 0.000 2.795 | 5.219 5.427 3.684 4.732
- RMS=0.636 MAX=1.291
ind,up | 1.106 1.344 0.714 0.723 | 4.578 5.248 4.506 4.120
up,out | 0545 3917 1.125 1.819 X 6.894 6.326 5.509
out,ind | 0.444 2662 0.119 1.768 X 5.650 X 3.943 g’
up,oh 1.854 3.435 2.363 1.808 | 4.859 4.687 5.539 4.370 g
out,oh | 1.652 3.801 2.322 1.903 X 6.188 X 3.760 | @
ind,oh | 1.640 1.798 0.000 1.539 | 3.895 4.304 2.860 3.100
- RMS=0.574 MAX=1.091
MO06-2X -
ind,up | 1.034 1.557 0.776 0.717 | 4.663 5.299 4.761 4.224
up,out | 0985 4.358 1.753 2.194 X 7.554 7.077 6.073 N
out,ind | 0.325 2911 0.271 1.813 X 5.880 X 4141 | 8
up,oh 2.303 3.502 2.880 2.345 | 5.180 5.361 5.789 5.079 §
out,oh | 2017 4111 2845 2362 | x 6796 x 4447 | ¥
ind,oh | 1.602 2.093 0.000 1.605 | 4.171 4.413 3.142 3.404
- RMS=0.579 MAX=1.049
ind,up | 1.444 1.897 1.097 1.459 - - - -
up,out | 1324 4.220 2.151 -0.002 - - - - <
out,ind | 0.890 2994 0.834 2.191 - - - - e
BLYP-D3 up,oh 2.664 3.601 -0.002 -0.002 | 5.189 5.022 5.732 5.575 ?
out,oh | 2296 3.736 3.176 2.610 - - - - %}
ind,oh | 2.005 2541 0.000 2.321 - - - -

RMS=0.716 MAX=2.423

Table A.10: Energies in kcal/mol of the 48 isomers considered for [TrpH - (H20)2]" computed
with different methods. Root mean square (RMS) deviation and maximum error (MAX) are
calculated with respect to the CBS-C reference values. Zero-point energy corrected values are
indicated in italics. (x) indicates an unstable isomer.
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Appendix A. Supporting Information for Section 2.1

method waters Wooo — Woio Wi Wio | Woor Wou Win  Win
ind,up | -0.764 -0.042 -0.614 -0.364 | 2.953 3.875 3.352 2.728
up,out | -1.937 -0.197 -1.062 -1.762 | 1.918 3.934 3.121 1.688
out,ind | -0.421 0.738 -0.010 -0.130 | 2.419 3.996 3.165 2.285
DFTB up,oh 0.540 1.428 1.090 0.447 | 2.887 4.489 3.916 3.609
out,oh 0.293 0.551 1.267 -0.849 | 3.330 4.043 4.383 2.465
ind,oh X 2.259 0.000 1.257 | 4.127 5.441 4.124 4.341
- RMS=2.000 MAX=3.318
ind,up | -0.413 0.478 -0.454 0.153 | 3.297 4.042 3.563 3.067
up,out | -1.335 0.367 -0.391 -1.147 | 2.565 4.505 3.780 2.270
out,ind | -0.126  1.337 0.325 0.481 2.583 4.208 3.251 2.513
DFTB(h) up,oh 1.035 1.694 1.493 0.843 | 2.955 4.415 3.993 3.650
out,oh 0.592 0.885 1.665 -0.489 | 3.474 3953 4.627 2.459
ind,oh 1.329 2.462 0.000 1.252 | 3.865 5.244 3.520 4.352
- RMS=1.621 MAX=2.754
ind,up | -1.917 -1.585 -1.474 -2.561 | 1.049 2.111 1.743 0.697
up,out | -2.259 -0.210 -1.308 -1.928 | 1.363 2.451 2.464 0.893
out,ind | -2.263 -1.106 -1.867 -2.464 | 0.565 2.087 1.400 0.197
DFTB(d) up,oh 0.833 2.646 X 1.241 3.691 5.115 4.495 3.834
out,oh 0.951 1.158  2.050 0.125 | 3.644 4.977 4.884 3.012
ind,oh 0.329 1.610 0.000 0.645 | 3.282 4.464 3.793 3.104
- RMS=2.424 MAX=4.020
ind,up | -1.332 -1.004 -1.008 -1.882 | 1.473 2.348 2.016 1.002
up,out | -1.612 0.520 -0.618 -1.196 | 1.748 2.884 2.867 1.367
out,ind | -1.677 -0.473 -1.376 -1.807 | 0.707 2.304 1.441 0.422
DFTB(h,d) up,oh 1.889 3.047 X 1.831 3.718 5.262 3.334 4.021
out,oh 1.398 1.275 2.545 0.275 3.751 4.673 4975 2.878
ind,oh 0.559 1.966 0.000 1.213 | 3.058 4.439 3.334 3.169

RMS=1.991 MAX=3.439

Table A.11: Energies in kcal/mol of the 48 isomers considered for [TrpH - (H,0),]* computed
with different methods. Root mean square (RMS) deviation and maximum error (MAX) are
calculated with respect to the CBS-C reference values. (x) indicates an unstable isomer.
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A.6. Assessment of different Methods to reproduce CBS-energetics for [Trp + H]* - (H20)»

method | waters Wooo Woto . Wio Wit | Wor ~ Woli  Wig Wi,
ind,up 1.364 3.635 0.498 4.228 X 6.792 2.969 8.167
up,out 1.275 5.339 1.948 4.544 X 7.909 X 2.893
out,ind | 2.280 3.742 0.964 3.767 X 7.508 0.964 8.523
AMOEBA up,oh -0.015 3.110 0.861 2.376 | 2.226 6.870 5.307 6.274
out,oh 1.691 3.606 1.715 3.041 X 7.519 2.282 7.215
ind,oh 1.181 1.598 0.000 2.570 5.278 4.676 0.244 5.936
- RMS=1.530 MAX=3.399
ind,up 0.807 1.163 0.489 0.767 1.057 2.446 0.783 1.396
up,out -0.161 1.576 0.273 0.855 1.178 1.686 1.620 1.668
out,ind | 0.573 2.040 0.556 1.440 X 2.473 X 0.978
FFO02 up,oh -0.279 0.347 -0.269 -0.061 | -0.507 0.076 -0.473 0.080
out,oh -0.371 1.292 0.114 0.384 X 0.821 X -0.405
ind,oh 0.484 0.713 0.000 0.312 0.405 0.496 -0.258 -0.566
- RMS=2.641 MAX=5.909
ind,up -0.785 -0.177 -0.624 -0.707 | -0.346 0.954 -0.172 -0.0307
up,out | -1.951 -0.587 -1.237 -1.458 | -1.951 -0.306 -1.237 -0.492
out,ind | -1.258 -0.158 -0.672 -0.828 X 0.897 X -1.036
FF99 up,oh -0.570 0.079 -0.197 -0.737 | -0.445 0.216 -0.058 -0.182
out,oh -1.124  0.236 -0.347 -0.896 X 0.180 X -1.076
ind,oh -0.130 0.416 0.000 -0.259 | 0.071 1.092 0.309 -0.606
- RMS=3.224 MAX=5.519
ind,up -0.293 0.466 -0.084 -0.143 | 0.109 1.292 0.236 0.421
up,out | -1.394 -0.156 -0.669 -0.912 | -1.394 0.033 -0.669 -0.133
out,ind | -0.677 0.425 -0.075 -0.481 X 1.334 X -0.335
FF96 up,oh -0.514 0.239 -0.129 -0.525 | -0.293 0.285 0.080 -0.101
out,oh -0.893 0.229 -0.096 -0.983 X 0.272 X -0.761
ind,oh -0.090 0.717 0.000 -0.252 | 0.223 1.403 0.543 -0.209

RMS=2.992 MAX=5.367

Table A.12: Energies in kcal/mol of the 48 isomers considered for [TrpH - (H,0),]* computed
with different methods. Root mean square (RMS) deviation and maximum error (MAX) are

calculated with respect to the CBS-C reference values. (x) indicates an unstable isomer.
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Appendix A. Supporting Information for Section 2.1

Table A.13: Root mean square (RMS) deviation and maximum error (MAX) of the relative
energies for [TrpH - (H20),]* with respect to the CBS-C reference values in Tab. 2.5 of the main
text. Corresponding values for the zero-point energy corrected results are indicated in italics.
All values are in kcal/mol.

Method | RMSD | MAX
M06-2X/ACD [ 0579 - [1.049 -
M06-2X/631 | 0574 - | 1091 -
MO06/ACD 0636 - | 1291 -
MO06/631 0454 - 0702 -
MO05-2X/ACD | 0.695 0.835 | 1.299 1.595
M05-2X/631 | 0567 - | 1137
B3LYP/631 1617 - | 2995
B3LYP/ACD | 1675 - | 3.036
BLYP-D3/ACD | 0.716 - | 2423 -
DFTB 2000 - |3318 -
DFTB(h) 1621 - | 2754 -
DFTB(d) 2424 - 4020 -
DFTB(h,d) 1991 - | 3439 -
AMOEBA 1530 - [3399 -
FF02 2641 - |5909 -
FF99 3224 - |5519 -
FF96 2992 - | 5367 -
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Figure B.1: flow chart of the force matching protocol in cpmd
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Appendix B. QM/MM Force Matching in CPMD

B.2 keywords

FORCEMATCH

The force matching keywords are read within the “@«QMMM” section and have to be given
within a block “[FORCEMATCH ... END FORCEMATCH]”. Example:

FORCEMATCH
READ REF TRAJ FILE
TRAJECTORY REF
READ REF STRIDE
10
WV
1.0
WE
0.0
WTOT
1000000.0
WQ GENERAL
0.1
END FORCEMATCH

Figure B.2: example of the forcematching block within the “&«QMMM” section of a cpmd input
file

READ REF FORCES [FILE],[COVALENT]

QM/MM reference forces are directly read from the file FM_REF_FORCES, i.e. no QM/MM
SPs are computed. In case of a different file name with the option FILE it can be specified on
the next line.

With the option COVALENT covalent forces are read from the file FM_REF_COVFORCES.

READ REF TRA]J [FILE]

Read reference trajectory from file TRAJECTORY_REF (or set the FILE option to read a non-
default file name from the next line) with a given stride and compute single points on the
respective frames.

RESTART SP

In cases that in a previous run not all of the SPs could be computed (e.g. limited wall time) this
flag indicates cpmd to restart the SP calculations. The FM_REF* files from the previous run
have to be present and they will be appended. Check that the frames contained in the already
existing FM_REF* files are consistent. There is a consistency-check, but you never know...
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B.2. keywords

READ REF STRIDE

Stride to apply when reading the FM_REF_FORCES file is read from the next line. Default=1,
i.e. every frame is used for the SP calculations.

TOPOL OUT

Filename for the final topology file. Default=FMATCH.top.

INITWF [OFF]

Generate an initial guess for the wtkt for the SP calculations based on AOs (default). With the
OFF option the wfkt of the previous frame is used as an intial guess.

CHARGES [ONLY,NO], [FIX]

Charge fitting is on by default and can be switched off with the NO option. In this case the
charges from the initial topology will not be modified. ONLY will let the program stop after
the charge fitting and the other parameters are not updated.

With the FIX option target values for the restraints in the charge fitting on specific atoms can
be specified by the user. Usually the charges are restraint to the respective Hirschfeld values
(see equation xx). On the next line the number of charges to be fixed has to be given and then
the corresponding number of lines with: gromos index charge

OPT QFIT WEIGHT

[NOT IMPLEMENTED YET] optimize the weights (variables yy in equation xx) in the charge
fitting procedure by a build-in automatic procedure.

\''AY

Weight on the potential in the charge fitting (equation xx). Default=0.1.

WEF

Weight on the field in the charge fitting (equation xx). Default=0.0.

WQ INDIVIDUAL

Weights on the charge restraints (variable in equation xx) can be given individually here. From
the next line the total number of individual weights is read. Then the lines with: gromos index
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Appendix B. QM/MM Force Matching in CPMD

weight.

WQ GENERAL

The weight for all the charge restraints that were not specified by individual weights can be
given on the next line. Default=0.1

WTOT

Weight of the total charge contribution in the charge fitting (equation xx). Default=1.0E7

EQUIV

Specify equivalent atoms. Syntax:

EQUIV

n_equiv

atoml atom4
atoml atom3

atomb atom7

There are n_equiv equivalencies specified (n_equiv lines are read from the input). For each
pair of equivalencies the gromos indexes have to be specified on one separate line. The lower
index has to be given first!

If an atom is equivalent to more then one other atom. E.g. atoml,atom3 and atom4 are
equivalent. Then this has to be encoded by:

atoml atom3

atoml atom4

and not by:

atoml atomy
atom3  atom4

where atom1 has a lower gromos index then atom3 and atom3 has a lower one then atom4.
Per default no equivalencies are assumed.
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B.2. keywords

OPT FC ONLY

Serves as a flag to remove the equilibrium values of the bonded interactions from the list of
fitted parameters. I. e. only force constants are fitted for the bonded interactions.

NO BONDS

Do not fit bonds. Default=.false.

NO ANGLES

Do not fit angles. Default=.false.

NO DIHEDRALS

Do not fit dihedrals. Default=.false.

NO IMPROPERS

Do not fit improper dihedrals. Default=.false.

FMCAP

Signal here whether hydrogen capping is used for the QM/MM coupling. Give the number
of capping hydrogens on the next line and then one line for each dummy hydrogen with its
gromos index and the index of the capped atom wo which the respective dummy H is linked
to Format:

FMCAP
fm_n_cap
tnd_dummy_H1 ind_capped_C1

MAXITER

Give on the next line the maximal number of iterations for the non-linear fitting procedure of
the bonded interactions. Default=500
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Appendix B. QM/MM Force Matching in CPMD

COMPUTE RMS [NOJ

Per default the RMS on the forces is computed after the fitting has been completed. Switch it
off with the NO option.

B.3 Files generated

Some of the following default filenames can be changed via the respective keywords in the
“FORCEMATCH” block.

TRAJECTORY_REF

Reference trajectory. Same format as the cpmd “TRAJECTORY” file. This file is read with a
given stride and QM/MM single points are computed for the selected frames. “NEW DATA”
marks can be handled by the program.

FM_REF_CH]J

Hirschfeld charges on the QM atoms for all the frames that were selected for the SPFormat:
Two lines per frame. First line contains frame index from the original “TRAJECTORY_REF” file.
Second line gives the Hirschfeld charges on the QM atoms in cpmd ordering.

FM_REF PIP

For each frame extracted from the “TRAJECTORY_REF” file a line is printed with the number
of NN atoms in this very frame and the original frame index. Then, for all the QM and NN
atoms (in Gromos order) in this frame a line is printed with the columns:

1-3 position x,y,z

4 label "QM" or "MM"

5 classical charge

6 electrostatic potential due to classical charges

7 Rsmear

8 electrostatic potential due to QM nuclei

9 electrostatic potential due to QM electronic density

10-12 electrostatic field x,y,z
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B.4. CPMD routines

FM_REF_FORCES

For each frame extracted from the reference trajectory and for which a QM/MM SP was
calculated, the QM/MM forces on the QM atoms are dumped into this file. One line per frame
with the original frame index and the number of QM atoms. Then for each QM atom in cpmd
ordering:

atom index,x,y,z,fx,fy,fz

FM_REF_COVFORCES

QM/MM reference forces on the QM atoms minus classical non-bonded forces. Forces to fit
the bonded interactions.

QFIT.top

Updated topology file after the charge fitting. The bonded parameters in here have no meaning,
since they reflect the modifications needed for the QM/MM coupling (exclusions!).

FMATCH.top

Updated topology file after the force matching.

B.4 CPMD routines

system.h

MLOGO increase and logical FMATCH as primary flag.

control

Search CPMD section for FORCEMATCH keyword.

control _test

Check for mutually excluding job keywords.

control_def

FMATCH-=.false.
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Appendix B. QM/MM Force Matching in CPMD

mm_init

If forcematching call mm_quantum_topo even for a classical run.

MM _Interface/mm_nlist

Some modification on the atoms to include in the NN list.

MM _Interface/mm_elstat

Write the FM_REF_PIP and FM_REF_CH]J files.

mm_read_gmmm_input

mm_read_qmmm_input.F

» default values for many of the forcematching parameters are set

e call read_fmatch_input

mm_quantum_topo

mm_quantum_topo.F

Classical topology is modified to fit to the QM/MM coupling. For the force matching we need
something more sophisticated for the bonded exclusions and the initial purely MM exclusions
have to be saved before they are modified.

identify quantum atoms: mm_q
non-bonded interactions: mm_q_nb
if FMATCH then
call fm_setup_grm_equiv
call fm_setup_topology
else
set up the usual QM/MM exclusions for the bonded interactions
create a new bond type with force constant=0.0
go trough all the bonds in the topology
if they are QM-QM bonds, then change their type to the new bond type
the same with angles, dihedrals and improper dihedrals
end if
if FMATCH then
non-bonded exclusions are saved for later use
INE(D: last index in the exclusion list of atom I
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KNE(D): first index in the exclusion list of atom I
JSNE: non-bonded exclusions. Exclusions J of atom I are positioned at
JSNE(KNE(D)+1),..JSNE(KNE(I)+INE()). all ] must be > I and in ascending order.
INE14
KNE14
JSNE14: 1-4 exclusions. Organization of the arrays analogous to JSNE.
end if

non-bonded exclusions are modified to fit the QM-MM coupling

B.5 Forcematching Routines

prep_forcematch
fm_setup_grm_equiv

forcematch_util.F
Setup equivalencies in gromos ordering, i.e. fill the array grm_equiv.
From the input

EQUIV
S 4
3 5
6 8

we have: fm_equiv(1,1)=3, fm_equiv(2,1)=4, fm_equiv(1,2)=3, fm_equiv(2,2)=5, fm_equiv(1,3)=6,
fm_equiv(2,3)=8
grm_equiv(i) =i V i=1,...,nr solute atoms {Initially make any atom equivalent to itself}
from the input we have fm_equiv()
update grm_equiv(:) according to the equivalencies in the input: atom i is equivalent to
atom grm_equiv(i)

and we get: grm_equiv=[1,2,3,3,3,6,7,6,9,10,...,, NRPT] (NRPT: total number of solute atoms)

fm_setup_topology

forcematch_kfit.F

1. Create new bonded interaction (bonds, angles, dihedrals, improper dihedrals) types if
necessary: increase NBTY, NTTY, NQTY, NPTY

2. Determine number of bonded interaction types to optimize: fm_nbonopt, fm_nangopt,
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fm_nimpopt, fm_ndihopt

3. Create lists of the indexes for the bonded interaction types to optimize: fm_bonopt(1:fm_nbonopt),
fm_angopt(1:fm_nangopt), fm_impopt(1:fm_nimpopt), fm_dihopt(1:fm_ndihopt)

4. set to zero all the force constants of all the QM-only bonded interactions: CB, CT, CQ
and CP. Store the values for later: fm_kbon, fm_kang, fm_kimp, fm_kdih.

for all bonds i in the topo involving hydrogens do
ifbond i is QM-QM then
for all other bonds j do
if type(bond j) = type(bond i) and bond j is QM-MM or MM-MM then
create a new type: NBTY — NBTY+1
type(bond i) — NBTY
copy old parameters: CB(NBTY) — CB(old_type), BO(NBTY) — B0(old_type)
flag type(bond i) to be optimized
end if
end for
if no new type was created and type(bond i) was already flagged to be optimized then
{there is already an earlier QM-QM bond of this type}
for all bonds j < i do
if type(bond j) = type(bond i) and bonds i, are not equivalent then
create a new type: NBTY — NBTY+1
type(bond i) — NBTY
copy old parameters: CB(NBTY) — CB(old_type), BO(NBTY) — B0(old_type)
flag type(bond i) to be optimized
end if| if they are equivalent we don’t need a new type]
end for
end if
for all other bonds j > i do
if bond j is equivalent to bond i then
type(bond j) — type(bond i)
end if
end for
end if[ the QM-MM and MM-MM bonds we do not want to touch]
end for
the same is happening for all bonds without hydrogens
fm_nbonopt is calculated
fm_bonopt is filled with the indexes of the bonds to be optimized
the same with the angles involving hydrogens
the same is happening for all angles without hydrogens
fm_nangopt
fm_angopt
improper dihedrals involving hydrogens
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improper dihedrals not involving hydrogens
fm_nimpopt
fm_impopt
proper dihedrals involving hydrogens. If there are two or more dihedrals involving QM
atoms only, being of the same type and being equivalent: No new types will be created.
Dihedrals that already have force constants=0.0 are not flagged to be fitted.
proper dihedrals not involving hydrogens
fm_ndihopt
fm_dihopt
save force constants of QM-QM bonds for later and set them to zero:

fm_kbon(i) — CB(fm_bonopt(i)), CB(fm_bonopt(i)) — 0.0 V i=1,...,fm_nbonopt
fm_kang(i) — CT(fm_angopt(i)), CT(fm_angopt(i)) — 0.0 V i =1,...,fm_nangopt
fm_kimp(i) — CQ(fm_impopt(i)), CQ(fm_impopt(i)) — 0.0 V i=1,...,fm_nimpopt
fm_kdih(i) — CP(fm_dihopt(i)), CP(fm_dihopt(i)) — 0.0 V i =1,...,fm_ndihopt

fm_fit_covalent

forcematch_kfit.F

This is the main driver routine to fit the parameters of the bonded interactions: Force constants,
equilibrium bond lengths, angles, improper dihedrals and dihedrals.

Atomic units are used!

If only force constants are fitted (keyword: OPT FC ONLY) the problem can be cast in the form
of an overdetermined system of linear equations, which is solved with a lapack routine. If both
force constants and equilibrium values are fitted (default) the equations are non-linear and a
minpack routine is used to solve it

calculate total number of parameters: npar
collect all the bonded interactions that are concerned by the parameters involved in the
optimization: call fm_kfit_collect_optimized and call fm_kfit_setup_mytypes
if force constants only then
call fm_optimize_fc
else
generate an initial guess: copy the arrays fm_kb, fm_b0, fm_kt, fm_t0, fm_kq, fm_kp
(which, in the beginning hold the values from the initial topology) to the array par(1:npar)

call fm_optimize_allcovalent. Driver routine that handles the routines to set up and solve
the overdetermined system of non-linear equations
end if
call fm_kfit_par_to_fmarray. Write the optimized parameters from the array par back to
fm_kb, ...
call fm_kfit_writeback. Copy the optimized parameters from the fm_* arrays to the gromos
arrays BO, CB,...
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Appendix B. QM/MM Force Matching in CPMD

fm_kfit_collect_optimized

forcematch_kfit.F
After having identified all the bonded interaction types that are going to be optimized in
fm_setup_topology, all the indexes involved in these interactions are assembled here.

1. remember fm_nbonopt: total number of bond types to optimized
2. total number of bonds being optimzed: fm_nbon
3. for all the bonds i=1,...,fm_nbon that are being optimized:

e fm_ib(0,7) holds the fm bond type index. Gromos bond type index: fm_bonopt(fm_ib(0,i))

e fm_ib(1,7) and fm_ib(1,7) hold the cpmd indexes of the atoms involved in the bond

fm_kfit_setup_mytypes

forcematch_kfit.F

1. The parameters that were set to zero in fm_setup_topology are now put back in place:
CB, CT, CQ, CP

2. convert the gromos parameters to a.u. and fill the corresponding fm arrays: fm_kb ,
fm_b0, fm_kt, fm_t0, fm_kq, fm_q0, fm_pO0, fm_pn, fm_kp.
E.g. fm_kb(i) = kb_grm2au- CB(fm_bonopt(i)) V i =1,...,fn_nbonopt

fm_optimize_allcovalent

forcematch_kfit.F

Optimizes the parameters of all bonded interactions. This is an overdetermined non-linear
problem and the routine Imder1 from minpack is used to solve it.

Imder1 calls fm_fcn_allcovalent as an external routine to set up the matrix problem.

success and error messages are printed.

fm_fcn_allcovalent

forcematch_kfit.F

Service routine for Imder1 (modified Levenberg-Marquardt least square minimization for an
overdetermined system) to build up the jacobian matrix (jac) and the target vector (fdiff) in
each iteration. The rough structure is prescribed by Imder1. For further information on the
optimization procedure consult the Imderl documentation.

In the beginning the the fm_=* arrays are updated. Then, depending on the value of iflag, either
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the jacobian or the fdiff array is updated.

The non-linear problem: fjac (jacobian) is a (3 * nrgm * nframes x npar) matrix. par is the array
of size npar with the parameters being optimized. fdiff is the array of size 3 * nrqp, * nframes
with the function values to be minimized.

fjac = par = fdiff (B.1)

for one frame i, jac! is a (3 * nrqm x npar) matrix:

jac; * par = fvec; (B.2)
where
jac
jac®
fjac = . (B.3)
jac(nframes)
) OE! d OE! ) OE!
apar(D) | 9R'(1) dpar@) \oR'())} " dpar(npar) | R!(1)
0 OE' 0 OE' il OE'
jac(i) _ Opar(1) .6Ri(2) Opar(2) .aR"(2) 6par(npar? ORI (2) (B.4)
d OE! d JE!
Opar(1) 6Ri(3*nrqm) tee ***  OJpar(npar) \ 9R! (B*nrgm)

where E! is the energy corresponding to the configuration (frame) R i which in turn depends
on the parameter set par. The problem is non-linear, because of the structure of the energy
expression the elements of the jacobian and the fvec depend on some of the other parameters:

) 0 (GE,- ({par})

i — s~
Jac,,, = dpar(n) 3R, ) = jac,,,({par(D)}, 1 # n) (B.5)

The target vector holds the difference forces from the QM/MM reference (minus non-bonded

interactions):
fvecV
fvec®
fdiff = ) (B.6)
fvec (n'frames)
fvec(i) — aE({par}) _ aEref, cov B

™ ARi(m)  ARI(m)
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Appendix B. QM/MM Force Matching in CPMD

The parameter array is organized as follows:
par = [fm_kb(1),fm_kb(2),...,fm_kb(nbonopt),fm_b0(1),...,fm_b0(nbonopt), fm_kt(1),...,fm_kt(nangopt),
fm_t0(1),...,fm_tO(nangopt), fm_kq(1),...,fm_kq(mimpopt), fm_kp(1),...,fm_kp(ndihopt)]

The routine can be called with two values for the flag iflag.

iflag=1: update the fdiff array without changing the jacobian. In this case all the fm_forces_=*
routines are called with the flag 'ff’, i.e., the forces are computed.

iflag=2: update the jacobian. All the fm_forces_=* routines are called with the flag 'dk’ and,
where applicable, 'd0’ in order to compute the derivative of the forces with respect to the
respective parameters.

fm_kfit_par_to_fmarray

forcematch_kfit.F

fm_optimize_allcovalent and fm_optimize_fc put the results into the array par(1:npar). Here
the arrays fm_kb, fm_b0, fm_kt, fm_t0, fm_kq, fm_kp are updated with the optimized parame-
ters.

In addition, fm_fcn_allcovalent needs this in each iteration to build up a new jacobian matrix.

fm_kfit_compute_frms

forcematch_kfit.F
Compute RMS between the QM/MM and the new classical forces on the atoms involved in
the interactions that were fitted.

read_fmatch_input

mm_read_qmmm_input.F
Reads the FORCEMATCH block in the “&QMMM” section and sets the respective parameters.

forcematch.inc

forcematch.inc
Include file for the forcematching subroutines.
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] A New Force Field for the Retinal
Protonated Schiff Base in Rhodopsin

Complete list of the parameters for the bonded interactions of the newly force field for the
retinal moiety. The units comply with the format of the Amber parameter modification files.

BOND
HG2-CG 318.51 1.10
HG3-CG 318.51 1.10
HD2-CD 326.63 1.10
HD3-CD 326.63 1.10
HE2-CE 337.46 1.10
HE3-CE 337 .46 1.10
HZ1-NZ 426.15 1.02
H161-C16 327.51 1.10
H162-C16 327.51 1.10
H163-C16 327.51 1.10
H171-C17 330.34 1.10
H172-C17 330.34 1.10
H173-C17 330.34 1.10
H21-C2 320.76 1.10
H22-C2 320.76 1.10
H31-C3 322.30 1.10
H32-C3 322.30 1.10
H41-C4 315.59 1.10
H42-C4 315.59 1.10
H181-C18 321.71 1.10
H182-C18 321.71 1.10
H183-C18 321.71 1.10
H71-C7 347.93 1.09
H81-C8 356.67 1.10
H191-C19 334.11 1.10
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H192-C19 334.11 1.10
H193-C19 334.11 1.10
H101-C10 3563.40 1.10
H111-C11 3563.33 1.09
H121-C12 363.88 1.09
H201-C20 324.93 1.09
H202-C20 324.93 1.09
H203-C20 324.93 1.09
H141-C14 357.70 1.09
H151-C15 360.06 1.09

CG-CB 760.10 1.57

CD-CG 168.97 1.56

CE-CD 152.74 1.56

NZ-CE 197.45 1.48

NZ-C15 460.63 1.33

C2-C1 174.09 1.52

C3-C2 203.83 1.55

C4-C3 210.22 1.56

C5-C4 208.43 1.51

C6-C5 439.61 1.33

C6-C1 1561.73  1.47

C7-C6 233.65 1.45

C8-C7 458.11 1.36

C9-C8 268.45 1.44

C10-C9 404.32 1.37
C11-C10 292.17 1.42
C12-C11 386.88 1.37
C13-C12 262.76 1.42
C14-C13 366.64 1.38
C15-C14 339.29 1.41

C16-C1 165.52 1.53

C17-C1 169.83 1.53

C18-C5 217.36 1.50

C19-C9 224.99 1.50
C20-C13 206.96 1.49

ANGLES

HG2-CG-CB 17.33 89.53
HG3-CG-HG2 38.21 100.12
HG3-CG-CB 17.33 89.53
CD-CG-HG3 45.30 102.84
CD-CG-HG2 45.30 102.84
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HD2-CD-CG
HD3-CD-HD2
HD3-CD-CG
CE-CD-HD2
CE-CD-HD3
HE2-CE-CD
HE3-CE-HE2
HE3-CE-CD
NZ-CE-HE3
NZ-CE-HE2
NZ-C15-H151
HZ1-NZ-CE
HZ1-NZ-C15
H161-C16-C1
H162-C16-H161
H162-C16-C1
H163-C16-H161
H163-C16-H162
H163-C16-C1
H171-C17-C1
H172-C17-H171
H172-C17-C1
H173-C17-H171
H173-C17-H172
H173-C17-C1
H21-C2-C3
H21-C2-C1
H22-C2-H21
H22-C2-C3
H22-C2-C1
H31-C3-C4
H31-C3-C2
H32-C3-C4
H32-C3-H31
H32-C3-C2
H41-C4-C5
H41-C4-C3
H42-C4-C5
H42-C4-H41
H42-C4-C3
H181-C18-C5
H182-C18-H181

38.
31.
38.
36.
36.
40.
34.
40.
46.
46.
43.
24.
39.
44.
34.
44.
34.
34.
44.
43.
35.
43.
35.
35.
43.
43.
43.
34.
43.
43.
44.
44.
44.
34.
44.
44.
45.
44.
34.
45.
40.
33.

06
T
06
59
59
64
01
64
75
75
83
62
79
15
91
15
91
91
15
20
61
20
61
61
20
95
67
41
95
67
03
72
03
46
72
05
89
05
57
89
17
15

116.
109.
116.
110.
110.
107.
106.
107.
104.
104.
.49

128

16
56
16
82
82
62
68
62
57
57

99.93

110.
104.
102.
104.
102.
102.
104.
104.
102.
104.
102.
102.
104.
104.
102.
100.
104.
102.
103.
103.
103.

66
39
17
39
17
17
39
86
53
86
53
53
86
92
39
83
92
39
85
85
85

99.54

103.
101.
104.
101.

85
24
05
24

98.32

104.
108.
106.

05
18
29
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H182-C18-C5 40.17 108.18
H183-C18-H181 33.15 106.29
H183-C18-H182 33.15 106.29
H183-C18-C5 40.17 108.18
H71-C7-C8 34.03 128.47
H71-C7-C6 36.69 125.64
H81-C8-C9 34.44 125.36
H81-C8-C7 37.61 126.62
H191-C19-C9 43.41 102.22
H192-C19-H191 36.36 98.98

H192-C19-C9 43.41 102.22
H193-C19-H191 36.36 98.98

H193-C19-H192 36.36 98.98

H193-C19-C9 43.41 102.22
H101-C10-C11 37.32 124.19
H101-C10-C9 33.16  124.37
H111-C11-C12 35.93 129.73
H111-C11-C10 36.10 125.90
H121-C12-C13 33.98 124.92
H121-C12-C11 36.28 128.54
H201-C20-C13 40.86 104.34
H202-C20-H201 33.41 101.72
H202-C20-C13 40.86 104.34
H203-C20-H201 33.41 101.72
H203-C20-H202 33.41 101.72
H203-C20-C13 40.86 104.34
H141-C14-C15 35.31 124 .59
H141-C14-C13 30.55  125.05
H151-C15-C14 30.50 131.35
CD-CG-CB 26.47 113.14
CE-NZ-C15 66.28 117.39
CE-CD-CG 58.24 114.61
NZ-CE-CD 72.33 113.41
NzZ-C15-C14 74.04 134.68
C3-C2-C1 70.40 108.74
C4-C3-C2 83.52 111.71
C5-C6-C1 37.58  122.49
C5-C4-C3 65.07 110.50
C6-C5-C4 53.32 127.72
C6-C1-C2 65.45 94.80

C7-C6-C5 45.32 128.03
C7-C6-C1 55.99  121.92
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C8-C7-C6 50.45 133.54

C9-C8-C7 53.97 124.59
C10-C9-C8 65.43 133.16
C11-C10-C9 53.73  123.87
C12-C11-C10 55.30 130.92
C13-C12-C11 52.50 122.58
C14-C13-C12 58.72 136.18
C15-C14-C13 55.30 115.27
C16-C1-C2 65.80 100.02
C16-C1-C6 60.01 97.75
C17-C1-C2 79.17  103.00
C17-C1-C6 63.34 98.94
C17-C1-C16 70.04 100.56
C18-C5-C6 45.69 127.61
C18-C5-C4 65.21 123.85
C19-C9-C10 48.03 133.79
C19-C9-C8 51.49 132.10
C20-C13-C14 51.08 131.71
C20-C13-C12 48.88 130.70
DIHEDRALS

HD2-CD-CG-HG3 1 0.17 0.0 3
HD2-CD-CG-HG2 1 0.17 0.0 3
HD2-CD-CG-CB 1 0.26 0.0 3
HD3-CD-CG-HG3 1 0.17 0.0 3
HD3-CD-CG-HG2 1 0.17 0.0 3
HD3-CD-CG-CB 1 0.26 0.0 3
CE-NZ-C15-H151 1 3.25 180.0 2
CE-CD-CG-HG3 1 0.26 0.0 3
CE-CD-CG-HG2 1 0.26 0.0 3
HE2-CE-NZ-C15 1 0.00 0.0 3
HE2-CE-CD-HD2 1 0.20 0.0 3
HE2-CE-CD-HD3 1 0.20 0.0 3
HE2-CE-CD-CG 1 0.20 0.0 3
HE3-CE-NZ-C15 1 0.00 0.0 3
HE3-CE-CD-HD2 1 0.20 0.0 3
HE3-CE-CD-HD3 1 0.20 0.0 3
HE3-CE-CD-CG 1 0.20 0.0 3
NZ-CE-CD-HD2 1 0.20 0.0 3
NZ-CE-CD-HD3 1 0.20 0.0 3
NZ-C15-C14-H141 1 2.32 180.0 2
HZ1-NZ-CE-HE3 1 0.00 0.0 3
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HZ1-NZ-CE-HE2
HZ1-NZ-CE-CD
HZ1-NZ-C15-H151
HZ1-NZ-C15-C14
H161-C16-C1-C2

.00 0.0 3
.00 0.0 3
.26 180.0 2
.26 180.0 2
.26 0.

H41-C4-C5-C18
H41-C4-C3-H31
H41-C4-C3-H32

.00
.17
.17

1 0

1 0

1 3

1 3

1 0 0 3
H161-C16-C1-C6 1 0.20 0.0 3
H161-C16-C1-C17 1 0.26 0.0 3
H162-C16-C1-C2 1 0.26 0.0 3
H162-C16-C1-C6 1 0.20 0.0 3
H162-C16-C1-C17 1 0.26 0.0 3
H163-C16-C1-C2 1 0.26 0.0 3
H163-C16-C1-C6 1 0.20 0.0 3
H163-C16-C1-C17 1 0.26 0.0 3
H171-C17-C1-C2 1 0.26 0.0 3
H171-C17-C1-C6 1 0.20 0.0 3
H171-C17-C1-C16 1 0.26 0.0 3
H172-C17-C1-C2 1 0.26 0.0 3
H172-C17-C1-C6 1 0.20 0.0 3
H172-C17-C1-C16 1 0.26 0.0 3
H173-C17-C1-C2 1 0.26 0.0 3
H173-C17-C1-C6 1 0.20 0.0 3
H173-C17-C1-C16 1 0.26 0.0 3
H21-C2-C3-C4 1 0.26 0.0 3
H21-C2-C1-C6 1 0.20 0.0 3
H21-C2-C1-C16 1 0.26 0.0 3
H21-C2-C1-C17 1 0.26 0.0 3
H22-C2-C3-C4 1 0.26 0.0 3
H22-C2-C1-C6 1 0.20 0.0 3
H22-C2-C1-C16 1 0.26 0.0 3
H22-C2-C1-C17 1 0.26 0.0 3
H31-C3-C4-C5 1 0.20 0.0 3
H31-C3-C2-H21 1 0.17 0.0 3
H31-C3-C2-H22 1 0.17 0.0 3
H31-C3-C2-C1 1 0.26 0.0 3
H32-C3-C4-C5 1 0.20 0.0 3
H32-C3-C2-H21 1 0.17 0.0 3
H32-C3-C2-H22 1 0.17 0.0 3
H32-C3-C2-C1 1 0.26 0.0 3
H41-C4-C5-C6 1 0.00 0.0 2

1 0 0.0 2

1 0 0.0 3

1 0 0.0 3
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H41-C4-C3-C2
H42-C4-C5-C6
H42-C4-C5-C18
H42-C4-C3-H31
H42-C4-C3-H32
H42-C4-C3-C2
H181-C18-C5-C6
H181-C18-C5-C4
H182-C18-C5-C6
H182-C18-C5-C4
H183-C18-C5-C6
H183-C18-C5-C4
H71-C7-C8-C9
H71-C7-C6-C5
H71-C7-C6-C1
H81-C8-C9-C10
H81-C8-C9-C19
H81-C8-C7-H71
H81-C8-C7-C6
H191-C19-C9-C10
H191-C19-C9-C8
H192-C19-C9-C10
H192-C19-C9-C8
H193-C19-C9-C10
H193-C19-C9-C8
H101-C10-C11-C12
H101-C10-C9-C19
H101-C10-C9-C8
H111-C11-C12-C13
H111-C11-C10-H101
H111-C11-C10-C9
H121-C12-C13-C14
H121-C12-C13-C20
H121-C12-C11-H111
H121-C12-C11-C10
H201-C20-C13-C14
H201-C20-C13-C12
H202-C20-C13-C14
H202-C20-C13-C12
H203-C20-C13-C14
H203-C20-C13-C12
H141-C14-C13-C20

T e e e S T T T T T e T T T T O Sy O =Y

W O O O O O O W W NNDNDNDNWWWNOOOOOO P PEFPL P, P, P, PO OO O O O O O O o o o

.26
.00
.00
.17
.17
.26
.00
.00
.00
.00
.00
.00
.26
.31
.31
.51
.51
.26
.26
.00
.00
.00
.00
.00
.00
.55
.68
.68
.85
.55
.55
.92
.92
.85
.85
.00
.00
.00
.00
.00
.00
.57

0.0 3
0.0 2
0.0 2
0.0 3
0.0 3
0.0 3
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
180.0 2
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
0.0 2
180.0 2
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H141-C14-C13-C12 1 3.57 180.0 2
H151-C15-C14-H141 1 2.32 180.0 2
H151-C15-C14-C13 1 2.32 180.0 2
CE-C15-NZ-HZ1 1 2.35 180.0 2
C6-C8-C7-H71 1 -0.13 180.0 2
C7-C9-C8-H81 1 -0.13 180.0 2
C9-C11-C10-H101 1 -0.13 180.0 2
C10-C12-C11-H111 1 -0.13 180.0 2
C11-C13-C12-H121 1 -0.13 180.0 2
C13-C15-C14-H141 1 -0.13 180.0 2
NZ-C14-C15-H151 1 -0.13 180.0 2
CD-CE-NZ-C15 1 0.00 0.0 3
CE-NZ-C15-C14 1 3.256 180.0 2
CE-CD-CG-CB 1 2.45 180.0 1
CE-CD-CG-CB 1 -0.10 180.0 2
CE-CD-CG-CB 1 -0.00 0.0 3
NZ-CE-CD-CG 1 1.28 0.0 3
NZ-C15-C14-C13 1 2.32 180.0 2
C4-C5-C6-C1 1 5.08 180.0 2
C4-C3-C2-C1 1 2.45 180.0 1
C4-C3-C2-C1 1 -0.10 180.0 2
C4-C3-C2-C1 1 -0.00 0.0 3
C5-C6-C1-C2 1 0.00 0.0 2
C5-C4-C3-C2 1 1.28 0.0 3
C6-C5-C4-C3 1 0.00 0.0 2
C6-C1-C2-C3 1 1.28 0.0 3
C7-C6-C5-C4 1 5.08 180.0 2
C7-C6-C1-C2 1 0.00 0.0 2
C8-C7-C6-C5 1 1.31 180.0 2
C8-C7-C6-C1 1 1.31 180.0 2
C9-C8-C7-C6 1 4.26 180.0 2
C10-C9-C8-C7 1 1.51 180.0 2
C11-C10-C9-C8 1 3.68 180.0 2
C12-C11-C10-C9 1 2.55 180.0 2
C13-C12-C11-C10 1 3.85 180.0 2
C14-C13-C12-C11 1 2.92 180.0 2
C15-C14-C13-C12 1 3.57 180.0 2
C16-C1-C2-C3 1 2.45 180.0 1
C16-C1-C2-C3 1 -0.10 180.0 2
C16-C1-C2-C3 1 -0.00 0.0 3
C16-C1-C6-C7 1 0.00 0.0 2
C16-C1-C6-C5 1 0.00 0.0 2
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C17-C1-C2-C3 1 2.45 180.0 1
C17-C1-C2-C3 1 -0.10 180.0 2
C17-C1-C2-C3 1 -0.00 0.0 3
C17-C1-C6-C7 1 0.00 0.0 2
C17-C1-C6-C5 1 0.00 0.0 2
C18-C5-C6-C7 1 5.08 180.0 2
C18-C5-C6-C1 1 5.08 180.0 2
C18-C5-C4-C3 1 0.00 0.0 2
C19-C9-C10-C11 1 3.68 180.0 2
C19-C9-C8-C7 1 1.51 180.0 2
C20-C13-C14-C15 1 3.57 180.0 2
C20-C13-C12-C11 1 1.31 180.0 2
C4-C6-C5-C18 1 0.15 180.0 2
C5-C1-C6-C7 1 0.15 180.0 2
C8-C10-C9-C19 1 0.15 180.0 2
C12-C14-C13-C20 1 0.15 180.0 2
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