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1. Abstracts

1.1 Kurzfassung

Strukturbasiertes Design ermöglicht es Forschenden, gezielt Moleküle zu entwickeln,
die spezifisch mit Zielstrukturen, häufig Proteinen, interagieren, und diese weiter
zu optimieren, um schließlich zu einem zugelassenen Medikament zu gelangen. Das
Matched Molecular Pair (MMP) Sorafenib und Regorafenib, zwei zugelassene Medi-
kamente, wurde mit isothermaler Titrationskalorimetrie (ITC) untersucht, da struk-
turelle Vorarbeiten auf eine große Änderung ausgehend von der H → F Substitu-
tion an einem aromatischen Ring schließen ließen. Obwohl die Substitution die
Affinität um mehrere Zehnerpotenzen verändern kann, wie in einer MMP-Analyse
basierend auf Kinom-Aktivitätsdaten aus der ChEMBL-Datenbank gezeigt wurde,
hatten sowohl die Affinitäten als auch die thermodynamischen Profile der Bindungs-
reaktion mit der Mitogen-aktivierten Proteinkinase p38α nur marginale Unterschiede
aufweisen können.

Fragmentbasierte Ansätze erwiesen sich sowohl im akademischen Umfeld als auch in
der pharmazeutisch-industriellen Forschung bei der Entwicklung von zugelassenen
Wirkstoffen erfolgreich. Drei von fünf Hits aus zwei kristallographischen Fragment-
Screens konnten kalorimetrisch validiert werden. Für ein weiteres Fragment konnten
pK a-Rechnungen einen Protonierungseffekt durch die Komplexierung an der Pro-
teinkinase A aufzeigen.

Diese Ergebnisse waren der Ausgangspunkt für weitere detaillierte Untersuchun-
gen zu Protonierungseffekten, da deren korrekte Behandlung die Erfolgschancen im
strukturbasierten Design erhöhen kann. Die Interaktion der Aspartylprotease Endo-
thiapepsin und Pepstatin A wurde mittels verschiedener Labor- und Computermeth-
oden untersucht. ITC-Experimente ergaben eine Aufnahme von über 1 mol Protonen
bei der Bindung von Pepstatin A an Endothiapepsin. Da diese Experimente unter
physiologischen Bedingungen durchgeführt wurden (und nicht bei pH=4.6, bei dem
eine große Anzahl an Kristallstrukturen verfügbar ist), wurde eine neue Kristall-
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1 Abstracts

struktur bei pH=7.6 bestimmt, die nur kleine strukturelle Änderungen durch das
Erhöhen des pH-Werts hervorbrachte. Dies war die Basis für computerbasierte Stu-
dien, um den genauen Ort des Protonierungsereignisses zu ermitteln. Beide comput-
erbasierten Ansätze zeigten eine signifikante pK a-Verschiebung, die zu einem nicht-
standardmäßigen Protonierungszustand führt, und dass die katalytische Dyade für
die Aufnahme von Protonen bei der Komplexierung verantwortlich ist. Diese Studie
zeigt, dass die Bewertung der Protonierungszustände für zwei getrennte Systeme
(Protein und Ligand) zu einer falschen Zuordnung der Protonierungszustände und
damit zu einer falschen Berechnung der Bindungsenergie führen kann.

Weitere Fallstudien an Komplexen zweier Aspartylproteasen mit unserem comput-
erbasierten Ansatz zeigten, dass die Interaktion von Ligand und Protein zu großen
pK a-Verschiebungen von mehr als drei Einheiten führen kann, die es in Folgeexper-
imenten zu bestätigen gilt.

Der pK a-Wert der Thiol-/Thiolatgruppe des Cysteins spielt in der Wirkstoffen-
twicklung eine besondere Rolle, da diese häufig das Ziel kovalenter Inhibitoren sind.
Diesen Wert experimentell zu bestimmen ist sehr schwierig. Durch die Bestimmung
des pK a von Cystein13 in der G13C-Mutante der GTPase KRas mit einem comput-
erbasierten Ansatz wurde gezeigt, dass das Schwefelatom von kovalenten Inhibitoren
angegriffen werden kann.

Ligandenbasiertes virtuelles Screening ist eine weit verbreitete Methode in der mo-
dernen Wirkstoffentwicklung, die es ermöglicht, große Datenbanken von Verbindun-
gen schnell nach ähnlichen Strukturen zu durchsuchen und diese zu identifizieren.
In diesem Rahmen wurde ein Open-Source-Kommandozeilentool entwickelt, das ein
substruktur-, fingerprint- und shapebasiertes virtuelles Screening umfasst. Die meis-
ten der implementierten Funktionen basieren vollständig auf dem Chemieinformatik-
Framework RDKit. VSFlow akzeptiert eine breite Palette von Eingabedateifor-
maten und ist in hohem Maße konfigurierbar. Darüber hinaus können die Screening-
Ergebnisse als pdf- und/oder pymol-Datei visualisiert werden.
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1.2 Abstract

1.2 Abstract

Structure-based design enables researchers to develop molecules that specifically
interact with target structures, often proteins, and optimize them to ultimately
become approved drugs.

The matched molecular pair (MMP) sorafenib and regorafenib, two approved drugs,
were investigated using isothermal titration calorimetry (ITC), because structural
groundwork suggested a significant change resulting from the H → F substitution
on an aromatic ring. Although the substitution can alter affinity by several orders
of magnitude, as shown in an MMP analysis based on kinase activity data from
the ChEMBL database, both affinities and thermodynamic profiles of the binding
reaction with mitogen-activated protein kinase p38α (p38α) showed only marginal
differences.

Fragment-based approaches have proven successful in both academia and pharma-
ceutical industry research for developing approved drugs. Three out of five hits from
two crystallographic fragment screens could be calorimetrically validated. For an-
other fragment, pK a calculations revealed a protonation effect upon complexation
with protein kinase A.

These results served as the starting point for further detailed investigations of proto-
nation effects, as their correct handling can increase success rates in structure-based
design. The interaction of the aspartic protease Endothiapepsin and Pepstatin A
was studied using various laboratory and computational methods. ITC experiments
revealed an uptake of over 1 mol of protons upon binding of Pepstatin A to Endo-
thiapepsin. Since these experiments were performed under physiological conditions
(and not at pH = 4.6, where a large number of crystal structures are available), a
new crystal structure was determined at pH = 7.6, which showed only minor struc-
tural changes due to the increase in pH value. Based on this, computational studies
were performed to determine the exact location of the protonation event. Both
computational approaches showed a significant pK a shift leading to a non-standard
protonation state and that the catalytic dyad is responsible for proton uptake upon
complexation. This study demonstrates that evaluating protonation states for two
separate systems (protein and ligand) can lead to incorrect assignment of protona-
tion states and, consequently, to inaccurate calculation of binding energy.

Further case studies on complexes of two aspartic proteases with our computational
approach showed that the interaction of ligand and protein can lead to large pK a

shifts of more than three units, which need to be confirmed in follow-up experiments.

The pK a value of the thiol/thiolate group of cysteine plays a special role in drug
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1 Abstracts

development, as it is often the target of covalent inhibitors. Experimentally deter-
mining this value is very difficult. By determining the pK a of cysteine13 in the
G13C mutant of the GTPase KRas with a computational approach, it was shown
that the sulfur atom can be attacked by covalent inhibitors.

Ligand-based virtual screening is a widespread method in modern drug development,
allowing rapid searching and identification of similar structures within large com-
pound databases. In this context, an open-source command-line tool has been devel-
oped that encompasses substructure-, fingerprint-, and shape-based virtual screen-
ing. Most of the implemented functions are entirely based on the cheminformatics
framework RDKit. VSFlow can process a wide range of input file formats and is
highly configurable. Additionally, screening results can be visualized as pdf and/or
pymol files.
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2. Introduction

2.1 Rational Drug Design

The origins of medicinal therapy can be found in folk medicine. The effects of
meadow saffron on gout and the narcotic properties of poppy juice were already
known in ancient times. In the 19th century, due to the advances in science, all
types of natural products were isolated from its herbal origin; the spectrum ranged
from today’s everyday active ingredient caffeine from the coffee plant to the now
illegal drug cocaine from the leaves of the coca bush.[1] The first synthetic active
substance was also discovered during this time, chloral hydrate. Introduced as a
sedative-hypnotic, it is still available in some countries.[2] While serendipity played
a major role in the drug discovery process until the mid-20th century, more rational
approaches to drug design have gained prominence.[3, 4]

In the drug development process, many parameters must be optimized and taken into
account, which requires a lot of money, time and thought.[4] As the name suggests,
for structure-based drug design (SBDD) a three-dimensional structure of the target
of interest is needed.

2.1.1 Success Stories in SBDD: HIV-1 Protease Inhibitors

The acquired immunodeficiency syndrome (AIDS) is an infectious disease caused by
the human immunodeficiency virus (HIV). Firstly recognized in the early 1980s, it
has taken the lives of 40 million people, with about 39 million people living with
HIV at the end of 2022, according to the World Health Organization (WHO).[5, 6] In
addition to the reverse transcriptase and integrase enzymes of the virus, the HIV-1
protease (HIV) in particular has emerged as a target in recent decades.

HIV-1 PR is an enzyme encoded in the Gag-Pol precursor polyprotein in the viral
genome that is required for viral replication. Its function is to process polypeptides
into functional proteins by cleavage. HIV-1 PR belongs to the aspartic protease (AP)
family of enzymes. The mature enzyme is a homodimer of 99 amino acid residues
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2 Introduction

Figure 2.1: Proposed catalytic mechanism for APs

per subunit with the conserved catalytic residues Asp-Thr s-1er-Gly. In the properly
folded enzyme, the Asp of both subunits of HIV-1 PR, namely Asp25 and Asp25’,
are in close proximity and responsible for the hydrolysis of the peptide bond in
the polyprotein.[7] The proposed catalytic mechanism of aspartic proteases requires
one Asp to be protonated and the other deprotonated (Figure 2.1). Furthermore,
a nucleophilic water molecule participates in the cleavage of the peptide bond by
attacking the carbonyl carbon atom. It is assumed that the water molecule is closer
to the deprotonated Asp residue. The interaction of the water and the deprotonated
side chain activates the water. The attack results in the formation of a tetrahedral
geminal diol intermediate. Then, the hydroxy group is deprotonated by one Asp of
the catalytic dyad and concurrently, the leaving amine is activated by the protonated
Asp which leads to the cleavage of the peptide bond.[8]

The first three-dimensional structure of an AP was determined in the 1970s by X-
ray crystallography, namely the digestion enzyme pepsin of porcine origin.[9] With
15 members, the AP group is relatively small in the human genome, but it contains
several medically relevant targets, including human pepsin, the beta-secretase 1
involved in Alzheimer’s disease, the tissue-degrading cathepsin D and the blood
pressure-increasing renin.

In addition to HIV-1 PR, renin was the first AP to become a pharmaceutical target.
A model compound for finding new AP inhibitors in this early era was pepstatin Ald
type (pepA), a naturally occurring small peptide which was obtained from Strep-
tomyces filtrates.[10] This hexapeptide, Iva–Val–Val–Sta–Ala–Sta–OH (Figure 2.2),
containing the γ-amino acid statine, was originally declared as a specific pepsin in-
hibitor, but is rather a multi-AP inhibitor, showing also high affinity towards renin
and HIV-1 PR.[11, 12]

Based on the findings that the hydroxy group of pepA mimicks the transition state
of the enzymatic reaction, peptide analogues have been developed, as pepA A itself
does not have sufficient biopharmaceutical properties.[8]
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Figure 2.2: 2D molecular depiction of hexapeptide pepstatin A.

Figure 2.3: One of the first HIV-1 PR structures, co-crystallized with a substrate-
based hydroxyethylamine inhibitor (PDB entry: 7HVP). The protease is present as a
C2-symmetric homodimer. The two peptide chains are shown in grey and blue.

The timeline from the identification of HIV-1 PR as a target in the fight against
HIV to the first approved inhibitor(s) is truly remarkable: the existence of HIV-1
PR was postulated in 1985, and three years later, experimentally confirmed. In
1989, the three-dimensional structures of both apo and several protein-inhibitor
complexes were determined.[13, 14] One of the first published structures of HIV-1
PR co-crystallized with a substrate-based hydroxyethylamine inhibitor, a Gag-Pol
polypetide derived heptapeptide (Protein Data Bank (PDB) entry: 7HVP), shows
the two subunits forming a dimer, together with some crucial protein-ligand interac-
tions, e.g., with the catalytic dyad and the water-mediated interaction of Ile50 and
Ile50’ with the backbone carbonyl O of the ligand (Figure 2.3).[15]

The availability of such structures greatly accelerated the development of more ef-
fective inhibitors, the first of which was Roche’s saquinavir (brand name: Invirase),
approved by the U.S. Food and Drug Administration (FDA) in December 1995,
making it also one of the first drugs to be developed using structure-based drug de-
sign (Figure 2.4).[16] It is a pentapeptide analogue based on one of the natural HIV-1
PR cleavage sites between Phe and Pro. This peptide sequence was not known to be
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cleaved by human proteases at the time, and so saquinavir was designed with a hy-
droxylethylamine transition state analogue in place of the cleavable peptide bond, a
bulky decahydroquinoline instead of proline at P1’ and a quinoline at P3.[17] Within
two years, three other HIV-1 PR inhibitors were approved: ritonavir (Norvir) and
indinavir (Crixivan) in 1996 and nelfinavir (Viracept) in 1997.

Figure 2.4: Saquinavir - first HIV-1 PR inhibitor on the market.

While this example of a drug designed using an SBDD approach was based on
structural data and a lead compound (an oligopeptide) with high affinity for the
target, another widely used approach also is fragment-based drug design (FBDD).

2.1.2 Fragment-based Drug Design

As the name suggests, the starting point of FBDD are fragments, small molecules
for which the "Rule Of Three" (RO3) applies, i.e. a molecular weight of ≤ 300 Da, a
number of hydrogen bond donors and acceptors of ≤ 3, and a cLogP of ≤ 3.[18] Begin-
ning with molecules of this relatively small size, the objective is to identify functional
groups or motifs that would otherwise remain undetected due to the hindrance by
other parts of the molecule.[19] Screening a target with a fragment library can effi-
ciently sample the chemical space.[20] The subsequent phase following the screening
process is the generation of lead compounds, which are drug-sized molecules that
serve as the foundation for the advancement of clinical drug candidates.

The development of a lead compound from fragments with generally weak affinity
presents a significant challenge. In such cases, information on the fragment’s behav-
ior within the binding site is often essential.[19] Having sensitive and robust methods
for detecting weak binding interactions is a crucial aspect of FBDD. A range of
methodological approaches have been employed to detect the binding of fragments,
with nuclear magnetic resonance (NMR) spectroscopy and X-ray crystallography
being the two most commonly utilized techniques.[20]

Fragment growing is the main approach to optimize the fragment, involving cycles
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of X-ray structures and biophysical assays to guide the atom by atom development
of the series, an example for this approach emanating in a drug is vemurafenib.
Fragment linking/merging strategies have also been successfully applied and turned
into the approved drug venetoclax.[20, 21]

Approved drugs typically have an affinity (K d) in the nano- to picomolar range
towards their target as shown for saquinavir and HIV-1 PR.

To achieve this, the focus is on finding molecules that bind to the target of interest in
the early stages of drug development - in most cases a protein - and improving these
molecules in terms of potency and physicochemical parameters.[1] Protein-ligand
binding can be represented by the reaction:

P + L
Ka

Kd

PL (2.1)

where a ligand (L) binds to a protein (P) forming a protein-ligand complex (PL).
The forward reaction can be characterized by the association constant (K a), the
backward reaction by the dissociation constant (K d), which is mathematically its
reciprocal (equation 2.2). The K d is the equilibrium concentration of the free ligand
at which half of the initial amount of free protein is complexed with the ligand.[22]

Since the K d has the unit of molarity, it is used in preference to K a.

Ka =
[PL]

[P ][L]
=

1

Kd

(2.2)

There are many established methods to determine K d.[23] However, a more compre-
hensive view of the interaction is obtained by taking thermodynamics into account.

2.2 Thermodynamics of Protein-Ligand Binding

The thermodynamic relation is applicable to chemical reactions, binding events (such
as enzyme-substrate interactions), and is expressed as:

∆G = ∆H − T∆S (2.3)

Equation 2.3 represents the change in Gibbs free energy (ΔG) and is determined
by the changes in enthalpy ΔH and entropy ΔS at a given temperature T. In the
context of protein-ligand binding, which is the major topic of this thesis, the Gibbs
free energy refers to the Gibbs free energy of binding.[24] According to the Equation
2.3, the binding of a ligand to a target protein involves both an enthalpic and an
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entropic contribution. Freire emphasized in 2008 that thermodynamic profiles should
be considered in drug development and that more enthalpic binders should be given
preference.[25] The medicinal chemistry community was very enthusiastic about this
approach. More recently, Klebe has pointed out that it is very important to collect
systematic data on, for example, congeneric series of ligands to learn more about
changes in binding mode, water-mediated interactions or protonation states.[26]

In this context, the entropic binding contribution should not be underestimated as
it can negatively affect the overall ΔG balance. In general, the larger the negative
amount, the more favorable a binding is. If ΔG<0, a chemical reaction in general,
or in this case an interaction, will spontaneously take place.[27] There is a direct
thermodynamic relation between K d and ΔG:

∆G = −RT ∗ lnKa = RT ∗ lnKd (2.4)

which means that thermodynamics provide direct information about the affinity of a
new drug, in addition to a detailed description of the enthalpic and entropic binding
contribution. However, many other factors such as pharmacokinetics, bioavailability
and the physiological responses contribute to the efficacy and are neglected here.
Nevertheless, one of the first steps in the search for new drug candidates should be
the determination of thermodynamic parameters. Isothermal titration calorimetry
(ITC) is a possible method for determining these variables.

2.2.1 Isothermal Titration Calorimetry

For studying molecular interactions in solution, ITC has become the gold standard.[28]

The calorimetric measurements carried out in the ITC require a highly sensitive mi-
crocalorimeter. This device is able to detect very small amounts of heat, at micro-
joule level. The interior of such a calorimeter is composed of two cells, the sample
cell and the reference cell, both made of a highly efficient thermally conductive ma-
terial, e.g., Hastelloy (Figure 2.5). Each drop creates a heat signal, resulting in a
temperature difference between the sample and reference cell that can be detected
by thermopile/thermocouple circuits. A syringe titrates small amounts of solution
into the sample cell: in a standard ITC experiment, the syringe contains a ligand
solution while the sample cell is equipped with a solution of the macromolecule of
interest.[29]

The successful ITC experiment, designed to detect a protein-ligand interaction, gives
rise to heat signals during titration, the integration of which produces a sigmoidal
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2.2 Thermodynamics of Protein-Ligand Binding

Figure 2.5: Schematic illustration of an ITC instrument. (a) The two identical cells
in the device used here are coin-shaped and are contained within an adiabatic jacket. A
small constant power (e.g., 10 µcal s-1) is applied to the reference cell by the heater. The
temperature difference between the reference and sample cell is detected by thermocouple
detectors (TP). The cannula of the syringe, which can inject and stir simultaneously, is
connected to the sample cell. (b) In the experiment, small aliquots of titrant (ligand) are
titrated into the titrand (e.g., a protein). During intermolecular interaction, heat is either
absorbed or released. Depending on the type of association, the feedback loop increases or
decreases the power to the cell to maintain the temperature with the reference. The signal
observed in an ITC experiment is the heat per time unit. This is a direct measure of the
heat generated by a ligand-macromolecule interaction. Adapted from Bastos et al.[28]

curve from which the parameters K d, ΔH and the stoichiometry N can be deter-
mined (Figure 2.6).

Automated instruments can enhance the throughput and facilitate the handling,
since "manual" ITC devices are regarded as low-throughput and loading of the cell
requires careful procedure to avoid air in the system.[28]

Of great importance in checking whether an ITC experiment is suitable for the
interaction being studied is the c value. It is defined as c = [M ]0

Kd
with [M ]0 being the

concentration of the titrand and should ideally be between 1 and 1000 for reliable
determination of the dissociation constant.[30] This means that there is both an upper
limit and a lower limit for the determination of the thermodynamic parameters.

There are two ways to determine affinity parameters of weakly binding fragments
using ITC: a direct low c value titration and a displacement titration. Low c value
titration is feasible and has been shown to give valid K d values, but it requires a lot
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Figure 2.6: (a) Thermogram measured for the interaction of endothiapepsin (EP) and
SAP114. (b) Integrated heat values from the thermogram in (a). ΔH is represented by
the difference between the two plateaus, N is the value of the molar ratio at the inflection
point.

of both fragment and protein and errors regarding ΔH are likely.[31]

Displacement titrations have been carried out for weak binding fragments as well as
for ligands with a high affinity in the one-digit nanomolar range. The displacement
experiment for compounds showing low affinity towards the target requires the pres-
ence of a high affinity ligand that binds to the same binding site as the weak one.
Prior to the titration, the protein is incubated with the fragment and in the following
ITC experiment, the strong ligand displaces the weak binder from the binding site.
The displacement titration as well as the one with the strong ligand yield affinities
(K observed for the displacement titration and K reference for the titration with just the
ligand) that can be used to calculate the K fragment of the weakly binding molecule:

Kfragment = (
Kreference

Kobserved

− 1) ∗ 1

cfragment

(2.5)

It should be noted that in this case K observed, K reference and K fragment are association
constant. Together with the determined enthalpies ΔHobserved and ΔHreference, the
enthalpy of the protein-fragment interaction ΔHfragment can be calculated[32]:
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∆Hfragment = (∆Hreference ∗∆Hobserved − 1) ∗ (1 + 1

Kfragment ∗ cfragment

) (2.6)

2.3 pK a Value and Protonation States

According to Brønsted-Lowry theory, an acid is defined as a proton donor capable
of donating its proton to a base, a proton acceptor, according to equation 2.7:

HA+ B A- + BH+ (2.7)

In the context of medicinal chemistry and biomolecules, we consider an aqueous
environment with the following reaction:

HA+H2O A- +H3O
+ (2.8)

The molar concentration of water is assumed to be constant and can therefore be
removed from the equation. We obtain the value of K a, which is an equilibrium
constant, by:

Ka =
[A−][H+]

[HA][H2O]
(2.9)

The acid dissociation constant K a is not to be confused with the association constant
in connection with protein-ligand interactions (equation 2.1). The acid dissociation
constant is mostly given as the negative decadic logarithm, the pK a

pKa = − log10Ka (2.10)

Similarly, the potentia hydrogenii (pH) is defined as the negative logarithm of the
concentration of protons[27]:

pH = − log
c(H+)

1M
(2.11)

The Henderson-Hasselbalch equation correlates the acid dissociation constant (pK a)
and the pH:

pH = pKa + log10
[A−]

[HA]
(2.12)
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and can be best visualized if the concentration of deprotonated A- and protonated
species HA is equal, because in this case pH = pK a.

There are several known methods for obtaining pK a values of small molecules
experimentally.[33] Larger (bio)molecules with multiple titratable groups, such as
proteins, are more challenging.

2.3.1 Protonation States in Protein-Ligand Interactions

The titratable side chains of amino acids play a key role in the structural and
functional properties of proteins, which are pH dependent.[34] Moreover, protonation
states of both ligand and receptor before as well as after binding are very important
since the binding process can involve an uptake or release of protons.[35] Out of the
20 proteinogenic amino acids in the standard genetic code, seven have ionizable side
chains: Asp, Glu, Tyr, Cys, His, Lys, Arg. Depending on the solvent-accessible
surface area, protein residues can be categorized as buried or exposed. Ionizable
residues located on the solvent-exposed surface tend to have pK a values very close
to those of the intrinsic pK a as a result of minimal perturbation by the protein.[36]

The intrinsic pK a is the pK a at which the titratable group would be fully exposed
to the solvent, with no hydrogen bonds formed and no formal charges nearby.

Model values for this condition have been determined experimentally, for example,
with pentapeptides of the sequence Ala-Ala-X-Ala-Ala, where X is the amino acid
with the titratable group, with the N- and C-terminus blocked.[37] Usually, ionizable
amino acids tend to be at solvent-exposed surface of a protein, with a pK a similar
to the intrinsic one. Conversely, buried ionizable residues embedded in the internal
region of a protein are likely to have pK a values significantly different from those of
the model compound due to complex intramolecular interactions.[36]

The Poisson-Boltzmann equation (PBE) 2.13 can be used to calculate the electro-
static potential (ϕ) in such a system:

∇ · ϵ(r)∇ϕ(r) = −4πρ(r) + ϵ(r)κ2(r) sinh
ϕ

kBT
(2.13)

It contains the following parameters: the dielectric permittivity ϵ(r), the electro-
static potential ϕ(r), the permanent change density ρ(r), the Boltzmann constant
kB, the Debye-Hückel parameter κ and the temperature T. For a large macromolec-
ular system such as a protein, it is too complicated to solve the PBE analytically,
so it has to be solved numerically.[38]
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In a continuum electrostatics based approach to determine pK a values for protein-
ligand complexes, protein and solvent (water) are treated as continuum media with
separate and widely distinct dielectric constants. While the dielectric constant as-
signed to water is ε=80 for water and is usually not changed, the ε for the protein
can be less than 10, but it is reasonable to increase it to 20 in some cases considering
the conformational flexibility of proteins and their dynamic side chains.[38–40]

For deciphering the electrostatic interaction in a protein-ligand complex, the ligand
is first placed in water. It is then moved into the less polarizable protein. This
process is associated with a free energy difference ΔGs→p (s is for solvent, p for
protein), which can be obtained from solving the PBE for the system.

A pK a shift of an ionizable amino acid side chain or of a ligand with a titratable
group in a complex is then detected using the thermodynamic cycle. (Figure 2.7).[41]

Figure 2.7: The thermodynamic cycle for calculating the pK a shift. s refers to aqueous
solution and p to protein. Protein-AH corresponds to the protonated residue (or ligand)
in the protein, while AH corresponds to the protonated compound in solution.

The ΔGp and ΔGs free energy differences for the ligand’s deprotonation in the
solvent and protein, respectively, are included in this cycle. The ΔpK a, which is
the relevant value here, is determined using:

∆pKa =
1

2.303RT
(∆Gp −∆Gs) =

1

2.303RT
(∆Gs→p(A

−)− (∆Gs→p(AH)) (2.14)

Depending on the pH value of the environment, a pK a shift can lead to a change in
the protonation state or the degree of protonation, respectively.

The charge state of drugs and drug candidates is an eminent feature in drug dis-
covery. Manallack et al. report in their study that almost 80% of drugs contain an
ionizable group.[42] Such ionizable groups can either occur in the neutral or charged
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state. This depends on the pK a value (and, of course, the present pH value): exam-
ples of unexpected large pK a shifts of small molecules can be found in Table 2.1.

Table 2.1: Examples of small molecules with large pK a shifts.

Structural similar compounds with their pK a values Effect of pK a shift
Reduced volume of dis-
tribution in the mouse
with unchanged cellular
activity on the kinase
Met.[43]

Reduction of the
spleen/plasma ratio
by a factor of 13 and
constant excellent
cellular activity on
CathepsinS.[44]

Minimization of hERG
activity and phospho-
lipidosis and increase
of selectivity towards
other cathepsins.[45]

The charge state can influence all sorts of properties ranging from solubility to distri-
bution coefficient to other absorption, distribution, metabolism, excretion, toxicity
(ADMET) properties and even PK/PD properties of the drug inside the human
body are influenced by the charge state of the drug. The charge state of these
amino acids can also be modulated either by the protein environment or by a bound
ligand. This, in turn, can then influence drug binding or structural properties of the
protein.

Why is it so important to know the charge state of molecules, whether on the protein
or ligand side? In terms of non-covalent interactions between two molecules, salt-
bridge interactions contribute significantly to the exothermic binding signature.[46] A
salt bridge in a protein-ligand interaction, e.g., between a deprotonated, negatively
charged Asp and a protonated basic group of the ligand, such as an amine, or
between a positively charged Arg and a deprotonated carboxylic group is often
supported by an additional hydrogen bond. While a salt-bridge interaction can be
favorable, it is countered by an energetic penalty resulting from the desolvation
of charged groups, but it strongly depends on the environment of the protein.[47]

Rational design of charge-assisted contacts based on pK a calculations of the complex
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can improve affinity. Moreover, the uncharged form of a drug can cross biological
membranes more easily than its corresponding charged form. An approach might be
to design a molecule that remains uncharged during transport across membranes, but
becomes charged by proton release upon binding to the target through electrostatic
interactions.[48]

As mentioned above, the protonation states of a protein and a ligand can change
during complex formation, which can be determined experimentally by ITC and
computationally by calculating pK a values of functional groups and their changes
during complex formation.[49]

2.4 Targets - from Model Enzymes to relevant Drug
Targets

Protein-ligand interactions are being studied on a wide range of targets: some serve
as model enzymes to study fundamental biophysical properties, while others are
medically relevant, i.e., a target involved in a disease.

2.4.1 Aspartic Proteases

APs are a widely distributed class of enzymes found in vertebrates, plants, fungi,
viruses and even archaea.[50, 51] In humans, there are 15 different human APs, in-
volved in processes as diverse as protein-digesting pepsin and blood pressure-regula-
ting renin. One of the best studied APs is the HIV-1 PR (see 2.1.1).[8]

Endothiapepsin

However, the AP EP originates from the fungus Endothia parasitica (now called
Cryphonectria parasitica and belongs to the family of pepsin-like APs that have been
identified as molecular targets for the treatment of various diseases.[52] The structural
similarity to APs relevant to medicinal chemists, as well as the easy availability and
handling of EP, has led to its use as a model enzyme for mechanistic studies and
the development of corresponding inhibitors.[53]

2.4.2 Protein Kinases

Since their discovery, protein kinases have been of major importance in medicinal
chemistry research in both academia and the pharmaceutical industry. More than
500 of all genes (1.7%) in the human genome encode protein kinases, making this
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family of enzymes a protagonist in cell signalling.[54] Protein kinases are phospho-
transferases and thus catalyze the transfer of the γ-phosphate group (PO4

3–) of the
co-substrate adenosine 5’-(tetrahydrogen triphosphate) (ATP) to hydroxy groups
on the amino acid side chains of their substrates. Due to their substrate specificity,
serine-threonine protein kinases are distinguished from tyrosine kinases.

Phosphorylation often induces a conformational change due to the introduced high
negative charge density, which in turn influences the activity of the substrate, either
by activating or inhibiting effector-mediated regulation.[55]

Abnormal or impaired kinase activity is often associated with diseases resulting in in-
flammatory and proliferative responses. Cancer, rheumatoid arthritis, cardiovascu-
lar and neurological diseases, asthma and psoriasis are the most important examples.
These diseases make protein kinases important targets for drug development.[56–58]

Although protein kinases are structurally highly conserved, particularly in the ATP-
binding site, it is possible to design small molecules that target a specific kinase
with high selectivity and also show beneficial pharmaceutical properties.[59] The
ATP-binding site is located in the catalytic centre of the catalytic kinase domain
between the predominantly α-helical, C-terminal subdomain and the β-sheet-rich,
N-terminal subdomain. These two subdomains are connected by the flexible ’hinge’
region. Upon binding to the active centre, the adenine moiety of ATP forms hy-
drogen bonds with the hinge region, while the triphosphate moiety is bound by
catalytic amino acid side chains (Glu in α-helix C and Lys in β-sheet 3) and further
complexed by two Mg2+ ions coordinated via the Asp184 of the DFG (Asp-Phe-Gly)
motif in the activation loop. In addition, polar interactions with the glycine-rich
loop provide precise positioning of ATP, which is essential for the catalytic reac-
tion. The coordination and the negative charge of the Asp166 side chain towards
the hydroxy group of serine or threonine leads to an increase in the nucleophilicity
by a proton transfer from serine/threonine to the aspartate, enabling the attack of
serine/threonine towards the γ-phosphate group (Figure 2.8).[60]

Two conformational states, DFG-in and DFG-out, are characteristic of kinases: in
the ATP-bound state, the kinase adopts an active, so-called DFG-in conformation,
in which the DFG-Asp points towards the active centre, while the DFG-Phe is
oriented towards the α-helix C, the latter occupying an allosteric pocket adjacent
to the ATP binding site. Accordingly, in the inactive DFG-out conformation, there
is a reorganization of the two side chains so that the DFG-Asp rotates out of the
active centre and the DFG-Phe releases the previously blocked pocket.[61]
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Figure 2.8: Mechanism of a protein kinase phosphorylating its substrate protein at the
Ser/Thr-OH. Adapted from [1]

2.4.3 Small GTPases

Small GTPases are a protein superfamily of guanine nucleotide-dependent molecular
switches that regulate diverse cellular processes. The superfamily consists of more
than 150 family members and can be divided into five smaller subfamilies based on
their sequence, structural similarity and functions in the cell: Ras, Rho, Ran, Rab
and Arf. Small GTPases cycle between an inactive guanosine diphosphate (GDP)-
bound form and an active GDP-bound state, and this cycle is tightly regulated by
guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs)
and guanine nucleotide dissociation inhibitors (GDIs). Small GTPases are involved
in a wide variety of biological responses and their functional specificity depends on
the cellular system, the type of stimulus and their intracellular localization. The
rat sarcoma virus (Ras) subfamily is responsible for regulating signalling pathways
involved in cell proliferation, morphology, differentiation and survival, while the
Rho subfamily regulates actin organization, gene expression and cell cycle progres-
sion. The Rab subfamily is involved in vesicle and protein trafficking, while the Arf
proteins regulate intracellular transport. The Ran subfamily consists of only one
protein involved in nuclear transport.[62, 63]

2.5 Aims of this Work

This work is divided into six projects that aim to find or better understand protein-
ligand interactions using different methods in vitro, mainly calorimetric using ITC,
and in silico, using an open source screening tool as well as a commercial PBE solver.
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This work was preceded by studies of a matched molecular pair, two approved
kinase inhibitors, on the medicinal relevant protein kinase mitogen-activated protein
kinase p38α (p38α). In this project (Chapter 3), the general influence of fluorine
substituents in medicinal chemistry was investigated by an matched molecular pair
analysis (MMPA) of protein kinase activity data in the public ChEMBL database,
and the interaction of a specific MMP with p38α was then studied calorimetrically.

In another project (Chapter 4), fragment hits for two targets were investigated: first,
an unusual binding mode of benzoic acid to the hinge region of the model protein
cAMP-dependent protein kinase A (PKA), in particular with respect to the buffer
conditions used in a crystallization experiment in which the low-affinity fragment
is soaked in the protein crystal, and second, fragment hits from a virtual library
screen targeting the model aspartic protease EP again were further investigated
thermodynamically.

In addition, the interaction of EP with the multiprotease inhibitor pepA was inves-
tigated in another project (Chapter 5), both calorimetrically and computationally,
with particular emphasis on the protonation effects that occur as a result of the
binding reaction.

More computational case studies focusing on shifts in protonation were performed
in another project on the aspartic proteases HIV-1 PR and EP (Chapter 6).

Another small project (Chapter 7) focused on covalent inhibitors targeting the cys-
teine residue of the oncogenic KRasG13C mutant. This particular mutant has not
yet been targeted and the protonation state of Cys13 is important in the design of
these inhibitors.

In the absence of structural data, ligand-based virtual screening is used to iden-
tify close analogues of known active compounds. The Virtual Screening WorkFlow
(VSFlow), an open source command line tool based largely on the RDKit chemin-
formatics framework, was developed in the last project (Chapter 8).
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3. Protein Kinase p38α and
Inhibitors Sorafenib/Regorafenib - a
Matched Molecular Pair

3.1 Introductory Remarks

This part takes a deeper look into the approved drugs and matched molecular pairs
regorafenib and sorafenib and their interaction with the protein kinase p38. More-
over, a general overview of the matched molecular pair (MMP) H-F in medicinal
chemistry is given. This work has been made possible thanks to the contributions
of Mike Bührmann, Christiane M. Ehrt and Daniel Rauh. The crystal structures
and cited affinities are part of Mike Bührmann’s PhD thesis whereas the KNIME™
workflow was provided by Christiane M. Ehrt.

3.2 Introduction

One of the protein kinase targets of pharmaceutical research is p38α. Activation
of this serine-threonine kinase has been demonstrated to increase the activities of
tumor necrosis factor-α and interleukin 1β, both proinflammatory cytokines.[57]

3.2.1 Fluorine and its major Role in Medicinal Chemistry

Fluorine plays an important role in medicinal chemistry: of the 3594 currently
approved small molecule drugs (database: ChEMBL32), 405 contain one or more
fluorine atoms (11%).[64] After its isolation in 1886, for which Henri Moissan was
awarded the Nobel Prize in 1906, its use in the following decades was limited to
military applications and special materials due to the violent reactivity of fluorine
gas.

The first pharmaceutical product containing fluorine was fludrocortisone, a hydro-
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cortisone in which the 9α-hydrogen is replaced by fluorine. Interestingly, fluorine
was not part of the original halogenated series that was synthesized and tested,
apparently for reasons of handling the violent reactivity of fluorine gas and the
poisonous properties of the fluoroorganic compound occurring in nature.[65] The
anti-inflammatory activity of the 9α-halo-17α-hydroxycorticosterone acetates was 1
for the H (cortisone acetate), 0.1 for the I, 0.28 for the Br and 4.0 for the Cl, in-
dicating higher potency for smaller halogen substituents.[66] In a follow-up study,
the F analogue fludrocortisone, was investigated and showed a remarkable ten-fold
increase in activity compared to the parental hormones.[65, 67] This breakthrough
was the starting point for the success of fluorine in medicinal chemistry: not only
is fludrocortisone still in use and on the WHO list of essential medicines, but in
2021, seven of the top 20 small molecule drugs – in terms of retail sales - were
organofluorines.[68, 69] The incorporation of fluorine into new drugs is a trend still
ongoing. This is illustrated by the fact that a total of 33 out of 149 new drugs ap-
proved by the FDA between 2019 and 2021 contain at least one fluorine substituent
(2019: 11, 2020: 13, 2021: 9).[70–72]

Some of the essential features that give rise to desirable properties in terms of
ADMET parameters are: its inductive effects influencing the pK a of neighbouring
titratable groups, the ability to increase metabolic stability and a higher membrane
permeability, which conversely can lead to lower solubility. In addition, fluorine
atoms are (specifically) incorporated into active compounds to increase potency: a
single substitution of a hydrogen atom on an aromatic ring with a fluorine can result
in a tenfold increase in affinity – or even more.[73, 74]

Two extreme MMPs of these activity cliffs are presented here as examples (Ta-
ble 3.1): one of these striking differences, where the ΔpChEMBL is almost three
orders of magnitude, involves the target vascular endothelial growth factor receptor
(VEGFR-2). The H variant has an IC50 of 200 nM while the F variant has an IC50

of 3 nM. With no structural data available for either compound in complex with
VEGFR-2, a docking approach revealed a potential hydrogen bonding of fluorine to
NH of K868. This interaction is not possible in the absence of fluorine.[75]

The other striking pair in this data set showed a 40-fold increase in potency towards
Bruton’s tyrosine kinase (BTK) upon fluorination. Various MMPs from closely re-
lated scaffolds were tested and, in addition to IC50 assays, crystallization studies
were performed on the respective fluorine variants. The cause of the increase in
affinity is explained here by a substituent synergy: the isoquinolone ring system
mediates an optimal position for both the cyclopropyl group and the fluorine atom.
The fluorination in this series does not require any reduction in the optimal hy-
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drophobic interactions of the cyclopropyl group and the full, mutually reinforcing
effect of the fluorine atom can be realized.[76]

Table 3.1: Examples of MMPs with activity cliffs.

MMP Target
Affinity
Ratio
(H:F)

Structural
data

BTK 666
No structural
data

VEGFR-2 40
Crystal struc-
ture of F variant

3.2.2 MMPA – a Means to evaluate the Influence of Fluorine
Substitution

A MMP is a pair of structurally related molecules that differ by a specific chemical
transformation, such as the replacement of a functional group or the addition/re-
moval of a substituent (3.1).[77]

Figure 3.1: Example of a matched molecular pair (MMP).

Relationships between molecular structures can be established by applying the ap-
propriate structural transformations and searching for the products of these trans-
formations in the original database. This is called MMPA and has been found to be
widely applicable to structure-property relationships.[77]

There is a plethora of MMPA tools based on different algorithms, both commercial
and open-source. In general, all published MMP algorithms can be classified as
either supervised or non-supervised methods. Supervised methods are based on a
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predefined chemical transformation that generates the MMP. This ensures precise
control of the definition of the MMP, which is advantageous for a particular ques-
tion. Unsupervised methods use an algorithm to try to find all possible pairs in
a set of compounds. These are usually maximum common substructure (MCS) or
fragmentation approaches. Unlike supervised methods, these methods can lead to
the discovery of new and surprising MMPs.[78]

3.2.3 Matched Molecular Pair Drugs - Sorafenib & Rego-
rafenib

Although MMPA is most commonly used in hit-to-lead drug discovery projects to
optimize your future drug at a particular site and keep only the one with superior
properties, there are several MMPs that have gone through the entire drug discov-
ery process and become approved drugs.[79] One of these is a pair of protein kinase
inhibitors: sorafenib (4-4-[3-(4-chloro-3-trifluoromethyl-phenyl)ureido]phenoxy-py-
ridine-2-carboxylic acid methylamide-4-methylbenzenesulfonate) and regorafenib,
which differ in only one atom - sorafenib has a hydrogen substituent on the middle
aromatic ring, while regorafenib has a fluorine substituent (Figure 3.2). Sorafenib
was developed by Bayer in the 1990s as an inhibitor of the serine-threonine kinase
Raf1 (IC50 =6nM) and has been proven to be effective in reducing tumour growth
in xenographic models.[79, 80] It also inhibits the cancer-associated BRAF kinase and
p38α. It also inhibits the cancer-associated BRAF kinase and p38α. Regorafenib,
also developed by Bayer, has a similar but more advanced efficacy profile.[81] Struc-
tures of both compounds obtained by co-crystallization experiments showed signif-
icant differences in the binding modes of this specific MMP (Figure 3.3). The part
beyond the urea moiety remains largely unchanged. However, in the hinge region,
the 4-oxy-N-methylpicolinamide moiety is rotated 180° around the O-C bond of the
phenoxy group, resulting in fundamentally different interactions with the enzyme.[82]

Although biochemical assays showed very similar IC50 and Kd values, the thermody-
namic profiles of both compounds could potentially have different enthalpy-entropy
contributions.[82] Therefore, ITC measurements were performed.

3.3 Results & Discussion

To get a more general overview of the effect of an Ar–H → Ar–F substitution on
an aromatic ring, the activity data for protein kinases in the ChEMBL database
were screened (Figure 3.4). The values have been calculated as the difference be-
tween the fluorine and hydrogen variants of the MMP. Negative numbers indicate a
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3.3 Results & Discussion

Figure 3.2: Molecular depiction of the matched molecular pair sorafenib (R=H) and
regorafenib (R=F).

Figure 3.3: Structural alignment of p38α co-crystallized with the matched molecular pair
sorafenib (blue) and regorafenib (red).

higher activity of the hydrogen-substituted molecule, while positive numbers reflect
a higher activity of the fluorine variant. Over 50% of the 6133 MMPs (3098) have
a ΔpChEMBL between – 0.3 and 0.3, corresponding to a doubling/halving in inhi-
bition/affinity (Figure 3.5). Otherwise, there is no general tendency for fluorine to
increase IC50, K d or K i: the data depicts a normal distribution and both fluorine
and hydrogen variants can, in extreme cases, be a hundred times more active than
the other.

This is the case for 34 H and 21 F variants. It is certainly desirable to achieve these
activity cliffs, because a higher affinity for an active substance could mean that a
lower dose would have to be applied as a consequence.

The two extreme MMPs presented earlier were part of the data set (Table 3.1).

There was activity data for eleven different protein kinases for the MMP drugs
sorafenib and regorafenib. Regorafenib was more effective against nine of these
targets. ChEMBL data for sorafenib-regorafenib were not available for the target of

25



3 p38α and MMP Sorafenib/Regorafenib

Figure 3.4: Distribution of the pChEMBL of the analysed 6133 H/F MMPs.

interest in this project, p38α.

Next, ITC measurements were performed. Due to the very low solubility of both
compounds, the standard ITC protocol, where the protein is in the cell and the
ligand ligand in the syringe, had to be reversed. This allowed the concentration of
the ligands to be reduced from 200 to 20 µM and later to 10 µM. Even at this con-
centration, some of the compound precipitated, resulting in an apparent N of > 1.5
when evaluated with the compound concentration added. If the concentration had
been reduced further, the detection limit of the instrument would have been reached.
Sorafenib tosylate and free regorafenib base were used for the initial measurements
(Figure 3.6).

Phan et al. found that the hydrochloride salts of both regorafenib and sorafenib had
higher aqueous solubilities than the free bases, both at around 70 µmol l-1.[83]

While these measurements were carried out in distilled water containing 0.2% sodium
lauryl sulfate, one explanation for the higher solubility of the hydrochlorides of the
compounds is that the dissolution of the hydrochloric acid molecule decreases the
pH of the solution. 70 µmol l-1 HCl – assuming a complete dissociation – results in
a pH of 4.15. The pK a of both compounds is not known, but at this pH, the weak
basic compounds potentially take up a proton from the solution, and the ionized
form has a higher solubility than the neutral form. According to Bhattacher et al.
solubility data without reference to pH and pK a are irrelevant for an ionizable com-
pound. On the other hand, metastable crystalline forms may have a higher apparent
solubility.[84]
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3.3 Results & Discussion

Figure 3.5: Distribution of the ΔpChEMBL of the analysed 6133 MMPs. Negative
numbers indicate a higher potency of the Ar–H, positive numbers a higher potency of the
Ar–F molecule of the MMP.

Figure 3.6: Initial thermograms of inverse titration of p38α and sorafenib tosylate (red,
left) and regorafenib free base (blue, right).

As a result, the corresponding HCl salts were generated and subsequently tested in
the ITC setup. In contrast to the free base of regorafenib and sorafenib tosylate,
the hydrochloride salts of the compounds were completely dissolved in the buffer.
Control measurements with the better soluble protein kinase inhibitor SB203580
gave affinities in agreement with the literature (Figure A.1).

The stoichiometry N was 1.16 ± 0.06 for sorafenib (Figure 3.7) and 1.17 ± 0.03 for
regorafenib (Figure 3.8), respectively.

N values greater than one may result from inaccurately determined concentrations,
since available structural data indicate that there is a single binding site, and the
ideal N should therefore be 1. Often the value is < 1 because not 100 % of the
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3 p38α and MMP Sorafenib/Regorafenib

Figure 3.7: Thermograms of inverse titration of p38α and sorafenib hydrochloride (up-
per row, triplicate measurement) and corresponding control titrations (lower row, left to
right: sorafenib (cell) - buffer (syringe); buffer (cell) - p38α (syringe); buffer (cell) - buffer
(syringe)).

Figure 3.8: Thermograms of inverse titration of p38α and regorafenib hydrochloride
(upper row, triplicate measurement) and corresponding control titrations (lower row, left
to right: regorafenib (cell) - buffer (syringe); buffer (cell) - p38α (syringe); buffer (cell) -
buffer (syringe)).

protein used is active.

While the determined ΔG is essentially the same for both inhibitors, the p38α-
sorafenib binding shows a higher enthalpic contribution than the regorafenib binding
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3.4 Conclusion & Outlook

Figure 3.9: Thermodynamic profile of the interaction of p38α and regorafenib/sorafenib,
determined by ITC measurements.

(Figure 3.9). The slight differences in enthalpy and entropy are within the error,
with –32 ± 1 and –36 ± 2 kJmol-1 for the enthalpy of regorafenib and sorafenib,
respectively (Table 3.2). Overall, the two binding reactions are enthalpically and
entropically favored, with minimal differences that are within the range of error.

Compared to a previous affinity assay, the calorimetric measurements revealed an
affinity that was a power of ten higher in terms of K d. This is not unusual for dif-
ferent approaches.[82] Nevertheless, three independent measurements taken together
showed almost the same results for both regorafenib and sorafenib. Therefore, the
shown calorimetric measurements did not provide an explanation for the structural
differences between the two crystal structures.

It is already difficult to compare X-ray crystallography results with calorimetric
measurements. The conditions in the X-ray are different: in the ITC there should
be only as many components in the solution as necessary, whereas the complex
crystallization solution contains many more components (MgCl2, DTT, glycerol).
As in the initial ITC measurements, regorafenib as free base and sorafenib tosylate
were used in the crystallization experiments. That could have had an impact on
the structure. It was shown that single crystals of the free bases had different
conformations.[83]

3.4 Conclusion & Outlook

In general, the success of fluorine in medicinal chemistry is a good justification for
its use. We see that Ar–H → Ar–F exchange is often not very effective and can even
cause a loss of affinity. For example, the fluorination of one compound could lead
to a higher specificity towards one target. Conversely, this means that the potency
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Table 3.2: Thermodynamic parameters of the interaction of p38α and regorafenib/so-
rafenib, determined by ITC measurements.

Regorafenib Sorafenib
K d [nM] 24 ± 2 21 ± 2
N 1.17 ± 0.03 1.16 ± 0.06
ΔG [kJmol-1] –44 ± 2 –44 ± 0
ΔH [kJ mol-1] –32 ± 1 –36 ± 2
–TΔS [kJ mol-1] –12 ± 2 –8 ± 2

towards other (off-)targets decreases and in the end, the ΔpChEMBL could indicate
a higher affinity for the H variant.

The thermodynamic profiles showed no significant differences in the binding of so-
rafenib/regorafenib to p38α. To improve the accuracy of the measurements, the
parameters could be optimized. As the c value was close to 1000 and thus almost
at the upper limit, lowering the concentrations, e.g., 100 µM protein and 10 µM
ligand, could lead to a more sigmoidal curve and a stoichiometry closer to 1. An
optimized ITC protocol would, in principle, be able to provide not only thermody-
namic but also kinetic information in a single experiment. This label-free approach
where no immobilization is needed could be of great interest.[85] Regarding the crys-
tal structures, it would be interesting to crystallize the different forms (free base,
hydrochloride salts) to check if the salt form really has an effect on the conformation
in the complex structure, as was seen in the single crystals.[83]

3.5 Experimental Procedure

3.5.1 Expression and Purification of p38α

The expression and purification of p38α was performed as described in the literature.[86]

Briefly, the p38α wild type (wt) construct was transformed into chemically compe-
tent Escherichia coli BL21(DE3), expressed and purified. Overexpression was per-
formed overnight (20 h) at 18°C with shaking at 160 rpm. The target protein was
then purified by Ni affinity, anion exchange and finally size exclusion chromatogra-
phy after proteolytic cleavage of the His6 tag. The protein was then concentrated to
approximately 20 mg ml-1, snap frozen in liquid nitrogen and stored at –80 °C until
further use. Prior to ITC measurements, the required amount of p38α was thawed
and purified again via a size exclusion chromatography column and concentrated to
approximately 10 mg ml-1 in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer at pH 7.5 containing 50 mM NaCl and 1 mM tris(2-carboxy-
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ethyl)phosphine (TCEP).

3.5.2 ITC Measurements on p38α and Sorafenib/Regorafenib

Due to the low solubility of the hydrochloride salts of sorafenib and regorafenib, a
reverse titration was performed, i.e., the protein solution in the syringe was titrated
into the ligand solution in the cell. Therefore, 20 µM solutions of both compounds in
the same HEPES buffer used for p38α was prepared from 10 mM dimethyl sulfoxide
(DMSO) stocks with an intermediate dilution step of a 1 mM compound solution in
100% DMSO, so that the final DMSO concentration in the protein solution was at
2% (v/v). The same amount of DMSO was added to the protein solution. Titrations
were performed with 19 injections, with a smaller first injection of 0.4 µl followed
by 18 injections of 2 µl. The obtained thermogram peaks of all titrations were
integrated and fitted with MicroCal PEAQ-ITC Analysis Software 1.41.

3.5.3 Matched Molecular Pair Analysis

The MMPA was carried out with a workflow developed in the Konstanz Informa-
tion Miner (KNIME) Analytics Platform.[87] The protein kinase targets were se-
lected based on the most recent list provided by the openkinome project containing
552 Uniprot IDs that were used to get activity data from ChEMBL32.[88] For the
ChEMBL target IDs obtained from the UniProt IDs, all activity data were pulled
from the database, and only IC50, K i and K d activities ≤10 µM were used for further
analysis.

The dataset was then further adjusted by applying the RDKit Salt Stripper node
to remove salts and then using MarvinSketch nodes and other RDKit nodes: Sub-
structure Filter to filter out the aromatic F molecules (Figure 3.1, right molecule),
Chemical Transformation node to remove the F and then look for matches between
the canonical SMILES of the "transformed" molecules and the original H variant
for which activity data is available. This approach was similar to that one published
by Hajduk and Sauer.[89] Only MMP activity data for the same assay and from the
same publication/dataset based on the Assay ChEMBL ID and Document ChEMBL
ID were taken into account, respectively. Based on the pChEMBL of the MMP,
ΔpChEMBL was calculated as ΔpChEMBL = pChEMBL(F) – pChEMBL(H). A
list containing the ΔpChEMBL values were exported to a csv file and for the graph-
ical analysis, the python libraries matplotlib and seaborn were used.
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4. Identification & Characterization
of Protein-Fragment Interactions

4.1 Introduction

4.1.1 Fragtory

In order to implement a pharmacophore-based design concept in an academic setting,
"Fragtory", an automated KNIME-based workflow has been developed using a
modular approach. This workflow allows virtual enumeration of reaction sequences
and classifies generated product structures based on filtering criteria and fingerprint-
ing calculations. A comparative PCA helps to identify the most dissimilar product
pharmacophores from existing fragments, which serve as potential synthesis candi-
dates. By iteratively expanding the pharmacophore coverage, we aimed to increase
the diversity of the library. To evaluate this design concept, we used a well-known
model system with an intermediate fragment library of 288 exclusive members, fo-
cusing on the identification and characterization of new sp3-rich protease ligands.

4.1.2 PKA – Benzoic Acid

In another crystallographic fragment screen on PKA, benzoic acid was identified as
a binder to the hinge region.[90] The interaction of the carboxylic group with the
backbone consists of one oxygen atom of benzoic acid interacting with the backbone
nitrogen of Val123 at a distance of 2.9Å while the other oxygen atom of the car-
boxylic acid is 2.6Å away from the backbone oxygen of Glu121 (Figure 4.1). The
latter clearly indicates a protonation of the benzoic acid oxygen which is surprising
at a crystallization pH of 6.9. The pK a of benzoic acid in H2O is 4.2, so it should
be completely dissociated at pH 6.9.[91] Therefore, a protonation effect due to the
interaction of benzoic acid with the hinge region can be assumed and this effect can
be identified with ITC.
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4 Protein-Fragment Interactions

Figure 4.1: PKA-benzoic acid complex (PDB entry: 6SNN) with detailed view of the
hinge binding site; distances in Å.

4.2 Results & Discussion

4.2.1 Fragtory

For the initial screening hit, a pyrrolidine-based fragment, no detectable contribution
to the ligand binding is made by the bromopyridine residue that faces the solvent
(Figure 4.2). There are no interactions between the catalytic dyad Asp35/Asp219
and the fragment, the conserved crystal water is still in place. In contrast, there is a
water-mediated contact between the backbone nitrogen of Thr223 and the pyrroli-
dine nitrogen. In addition, hydrogen bonds are formed between the triazole nitrogen
and the backbone NHs of Gly80 and Asp81.

As shown by Rühmann et al., the displacement ligand has an influence of the
enthalpy-entropy profile of the fragments. Therefore, only the affinity of the frag-
ments are discussed here, since the ΔG reveals a more robust parameter.[31] The
ITC displacement titrations revealed a K d of 352 µM and a c value of 31.

The next fragment examined 10b had the same triazole linker in the middle, but
contained a piperidine instead of a pyrrolidine ring, and the methoxy-bound pyridine
with a bromine substituent was replaced by a pyridine (Figure 4.3).

For this interaction, the ITC experiments revealed a K d of 1.17mM with a c value
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4.2 Results & Discussion

Figure 4.2: Molecular representation of fragment 1 and crystal structure of the EP-
fragment complex (PDB: 8C70, top). ITC thermograms of EP (50 µM) and reference
compound SAP114 (500 µM) and two displacement titrations where EP was pre-incubated
with fragment 1 (500 µM) and titrated against SAP114 (bottom) with corresponding fits.

of 63.

The third investigated fragment 5b had the original pyrrolidine ring of fragment 1,
but instead of the triazole, it was bound to a tetrahydroisoquinoline (Figure 4.4).

Here, the nitrogen of the pyrrolidine ring interacted with the catalytic dyad and
replaced the crystal water, but remained the only significant interaction. The K d

of fragment 5b was 436 µM with a c value of 37.

When EP was incubated with fragment 10d (Figure 4.5) prior to displacement titra-
tion, the solution became cloudy, indicating protein precipitation.

Decreasing the fragment concentration while increasing the DMSO content to 5%
was also unsuccessful, although no precipitation was visible before starting the ITC
experiment. Although the compounds were quite pure at >95%, impurities may
be responsible. The only differences between fragment 1 and fragment 10d are the

35



4 Protein-Fragment Interactions

Figure 4.3: Molecular representation of fragment 10b and crystal structure of the EP-
fragment complex (PDB: 8C72, top). ITC thermograms of EP (50 µM) and reference
compound SAP114 (500 µM) and two displacement titrations where EP was pre-incubated
with fragment 10b (500 µM) and titrated against SAP114 (bottom) with corresponding
fits.

exchange of the bromopyridine moiety for aniline and that the amino group is in para
position to the methoxy group while the bromine is in ortho position. The poses of
the compounds in the crystal structure are almost identical. When predicting the
pK a values of fragment 10d, a small fraction of 11% of the molecule has a double
positive charge on both the amino group and the pyrrolidine-3-ol nitrogen, while
89% is charged only on the pyrrolidine-3-ol nitrogen. For fragment one, only 3%
of the species is double positively charged, here at the bromopyrodine N and the
pyrrolidine-3-ol nitrogen, while 97% is single positively charged. Thus, fragment
10d increases the ionic strength slightly more than fragment 1, which could be a
reason for the precipitation of EP.
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Figure 4.4: Molecular representation of tetrahydroisoquinoline-decorated fragment 5b
and crystal structure of the EP-fragment complex (PDB: 8C71, top). ITC thermograms
of EP (50 µM) and reference compound SAP114 (500 µM) and two displacement titrations
where EP was pre-incubated with fragment 5b (500 µM) and titrated against SAP114
(bottom) with corresponding fits.

Figure 4.5: Molecular representation of fragment 10d and crystal structure of the EP-
fragment complex (PDB: 8C74). This fragment could not be studied thermodynamically.
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4 Protein-Fragment Interactions

Figure 4.6: Overview of the different ITC experiments to investigate the PKA - benzoic
acid interaction. Upper row: raw thermograms. Bottom row: integrated data of the heat
signals observed for the measurements and corresponding fitted lines.

4.2.2 PKA – Benzoic Acid

A similar ITC approach was used to study the interaction of PKA with the benzoic
acid fragment. However, in addition to the displacement titration with the high-
affinity PKA inhibitor fasudil as displacement ligand, a direct low c value titration
was performed. As a control, not only for the displacement titration, but also as a
quality check as to whether the protein is active, the PKA was titrated with fasudil
only. Although no thermodynamic parameters have been published for human PKA,
they have been published for the homologous variant from Cricetulus griseus, which
differs only at six terminal amino acids.[92] The result of this control measurement
revealed a stoichiometry of N = 0.9, meaning that most of the protein is intact and
active (Figure 4.6, left column). The overall ΔG of –37.3 kJmol-1 is also in close
proximity of the hamster variant (ΔG = –36.1 kJmol-1).[92]

In order to test the benzoic acid fragment, we firstly performed a direct titration of
PKA and benzoic acid (Figure 4.6, middle column). The used concentrations were
140 µM for the protein and 2.8 mM for the benzoic acid, respectively. Unfortunately,
a binding signal could not be detected.

Next, a displacement titration (Figure 4.6, right column) was carried out. For
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this purpose, the protein concentrated at 20 µM was incubated with the fragment
(4.2mM) prior to the titration with strong binding fasudil (300 µM), the displacing
ligand.

The differences in the thermodynamic profiles of PKA and fasudil and in the dis-
placement titration are so small that they are within the error of the experiments.

There is no experimentally determined affinity for this interaction. However, SeeSAR,
a computational tool can estimate the affinity based on the crystal structure and
its integrated HYDE algorithm calculates an affinity in the range of 3.8–380 µM.
At this range, the displacement titration could probably have confirmed a binding
event with the used experimental conditions in the calorimetric measurements.

The equation 4.1 from Rühmann et al. was used to estimate whether the chosen
concentrations were reasonable:

[fragment]cell =
Dsat[Protein]− [Protein]−Kd fragment

1− 1
Dsat

(4.1)

Since the K d of benzoic acid is not known, we have to assume different affinities.
Assuming a K d of 1mM corresponds to a saturation (Dsat) of about 80%, while
a lower affinity of 10 mM saturates only 30% of the protein. As a rule of thumb,
to achieve sufficient saturation of PKA or any other protein to be tested with the
fragment during titration, the final concentration of the fragment added to the
sample cuvette must be greater than its estimated K d value.[31] In the case of benzoic
acid, the concentration used would be correct for a hypothetical dissociation constant
of 1mM, whereas for a K d of 10mM the fragment concentration should be higher.
However, at even higher fragment concentrations, more non-specific binding may
occur.

The composition of the soaking solution that led to the structure is given in Table 4.1.
This solution contains a significant amount of organic solvents, namely methanol,
DMSO and 2-methyl-2,4-pentanediol (MPD), totalling more than 50% (v/v). In
addition, the final concentration of benzoic acid is the same as the buffering capacity
of the solution, so a pH shift to a more acidic pH is likely. Therefore, this soaking
solution was reconstituted and the pH was measured. And indeed, the pH value
decreases 1.6 units, from 6.9 to 5.3. Since water is the most polar solvent in the
soaking solution, and more apolar solvents like DMSO, MeOH and MPD tend to
prefer an uncharged, in case of benzoic acid protonated form, we can assume that
there is some undissociated acid in the solution, which is then soaked into the crystal.
In contrast, in an ITC experiment, where the pH is constant at 6.9 due to the
higher buffer capacity and much lower fragment and organic solvent concentration,
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binding may not take place because the benzoic acid is completely dissociated and
the negatively charged benzoate cannot form a hydrogen bond with the backbone
oxygen of Glu121.

Table 4.1: Composition of the solution used for soaking benzoic acid into the PKA crystal.

Components v/v [%]
100mM MES-BIS-TRIS pH 6.9
75mM LiCl, 0.03mM Mega8, 1mM DTT 60
0.1mM EDTA, 23% (v/v) MeOH
MPD 30
1M benzoic acid in DMSO 10

Finally, an additional PB calculation was performed on the complex. The ΔpK a of
the benzoic acid carboxyl group was 1.2, thus shifting from 4.2 (experimental value)
to 5.4. This, together with the pH shift due to the composition of the solution,
makes a protonated benzoic acid molecule very likely.

4.3 Conclusion & Outlook

As we saw for the three of four fragments in the fragment screen with EP, dis-
placement titrations work well for weak binders. For fragment 10b it could be that
the enthalpies have equalized and nothing was seen in the thermogram. On the
other hand, the fragment is too similar to fragment 1, as can be seen in the crystal
structure, so the enthalpy-entropy profile should be similar. A direct, low c value
titration could be performed. This in turn could cause other problems, including
possible solubility issues, as a much higher fragment concentration would be re-
quired. It remains a challenging undertaking, especially if one wants to rely on
entropically or enthalpically more favorable binders/fragments right from the start
of drug development.

Due to the sufficiently high solubility the benzoic acid fragment investigated with
its target PKA, both approaches were carried out, not revealing any interaction.
In this specific case, the protonation state of the carboxy group is essential for the
interaction. Structural data obtained from X-ray crystallography, can only provide
information on the protonation states in the binding site in high-resolution crystals,
while most crystallographic experiments do not resolve hydrogen atoms.[93]

Therefore, other approaches are needed. Protonation effects have been demonstrated
in numerous studies using ITC experiments, but this might only be suitable for
ligands with an affinity K d < 1mM and/or a high enthalpic contribution.[48, 94, 95]
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However, for low affinity fragments, high resolution crystallography combined with
neutron diffraction structure could be used.[96]

In general, X-ray (fragment) hits often cannot be validated by other experimental
methods: for EP, almost half (44%) out of 71 X-ray hits could not be confirmed
by six different biophysical assays.[97] This is not surprising as the experimental
conditions between X-ray crystallization and in vitro assays can vary greatly in terms
temperature – often cryogenic in crystallization experiments, fragment concentration
– mostly higher, and buffer composition – a high amount of organic solvents (e.g.,
DMSO, MeOH). Moreover, these different conditions can have an impact on the
protonation state of a ligand which was recently discussed by Huang et al. who
argue that high DMSO concentrations shift the pK a of of ionizable groups involved
in protein–ligand interactions.[98] The influence of organic solvents on the ionization
states of small molecules needs to be further investigated. Therefore, the pK a of
benzoic acid in the crystallization solution will be determined experimentally.

4.4 Experimental procedure

4.4.1 Protein Preparation

The isolation of EP from Suparen (kindly provided by DSM Germany GmbH – Food
Specialties, Düsseldorf) in 0.1M NaOAc buffer pH 4.6 was performed as previously
described.[99]

For PKA, the expression and purification was performed as follows: the PKA con-
struct was ordered from Addgene, PCR-amplified with an N-terminal His9-tag and
an HRV 3C-cleavage site and cloned into the pET15b plasmid with NcoI/BamHI
restriction site. The construct was then transformed into chemically competent
Escherichia coli Rosetta2 (DE3) and expressed. Purification of the target protein
was then performed by Ni affinity chromatography, dialysis with PreScission pro-
tease, reverse Ni affinity chromatography, cation exchange and finally size exclusion
chromatography. Afterwards, PKA was concentrated to 15mgml-1, frozen in liquid
nitrogen and stored at –80°C until it was used again. Prior to ITC measurements,
the required amount of PKA was thawed and purified again via a size exclusion
chromatography column and concentrated to approximately 10mgml-1 in 30mM
HEPES, 100 mM NaCl, 10mM MgCl2 at pH 7.4.

41



4 Protein-Fragment Interactions

4.4.2 Isothermal Titration Calorimetry

For the ITC measurements with EP, experimental set-up was similar as described
previously.[97] Based on the reasoning of Krimmer and Klebe, the ITC protocol was
adapted to 13 injections.[100] The same buffer used for isolation of the EP batch
was used for every other solution needed for the ITC experiments. Affinities of
the weakly binding fragments were determined with a strongly enthalpic binder
SAP114 used as a displacement ligand.[101] A 500 µM SAP114 solution containing
0.1M NaOAC (pH 4.6), 3% (v/v) DMSO and 0.1% polyoxyethylene-20-sorbitan
monolaurate (Tween® 20) was titrated into a 50 µM EP solution of the same buffer
that additionally was pre-incubated with 500 µM of the investigated fragments until
a final stoichiometry of N=2 (SAP114:EP) was reached. For the reference titration,
the same titrant was titrated into the buffer solution without the ligand.

ITC measurements with PKA were carried out in a buffer containing 30mM HEPES,
100mM NaCl, 10mM MgCl2, pH 7.4, 2% (v/v) DMSO at 25°C. The titration
protocol consisted of 19 injections, the first of which was 0.4 µl, followed by 18
titrations of 2 µl each.

All measurements were conducted on a MicroCal PEAQ-ITC Automated ITC (Mal-
vern Panalytical). The obtained thermogram peaks of all titrations were integrated
and fitted with MicroCal PEAQ-ITC Analysis Software 1.41. The dissociation
constant K d and the enthalpy ΔH of the fragments was determined as previously
described.[32]

4.4.3 PBE Solver

For protein pK a calculations a program from OpenEye based on the Zap finite differ-
ence Poisson-Boltzmann (PB) solver was used. For the partial charges of the protein,
Delphi radii and CHARMM36 all-hydrogen partial charges were used. The benzoic
acid fragment outside the hinge was removed from the structure. The am1bccsym
method was used to assign appropriate charges to the benzoic acid. The pK a of the
ligand’s carboxylic group was set to 4.2 according to the experimental value.[91] An
inner dielectric of 15, an ionic strength of 0.05M, and an ionization (i.e., pH) of 6.9
were used.
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5. Protonation Effects in
Protein-Ligand Complexes - Case
Study of Endothiapepsin and
Pepstatin A with Computational and
Calorimetric Methods

5.1 Introductory Remarks

This chapter has been adapted from the eponymous paper available at bioRxiv.[102]

The submission was made possible by contributions from Oscar Palomino-Hernández,
Janis Müller, Phillip Galonska, Serghei Glinca and Paul Czodrowski.

5.2 Introduction

The correct determination of protonation states in a protein-ligand complex is cru-
cial, since ionizable amino acids play a key role in the pH-dependent structure,
binding interactions and catalysis.[34, 39, 103] From a protein perspective, 7 of the 20
proteinogenic amino acids contain an ionizable group, which is about 1/3 of the
amino acid pool found in natural proteins. The charge state of these amino acids
can be modulated either by the protein environment or by a bound ligand, or the
protein environment can strongly influence ligands with ionizable groups. This in
turn can influence the strength of drug binding or the structural properties of the
protein.

From a ligand perspective, rational design of charge-assisted contacts between a
protein and its ligand, guided by pK a calculations of the respective complex has
been shown to improve affinity, e.g., for a series of lin-benzoguanines binding to
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tRNA-guanine transglycosylase.[48] Moreover, the uncharged form of a drug can
cross biological membranes more easily than its corresponding charged form. One
approach could be to design a molecule that remains uncharged during transport
across membranes, but becomes charged by proton release upon binding to the target
through electrostatic interactions.[48]

One prominent example of modulated protein charge states is HIV-1 protease (PR).
HIV-1 PR is an aspartic protease (AP) and its catalytic dyad is made up of two
aspartic acids. It has its pH optimum range at 4.0–6.0, at which one of these
aspartates is protonated whereas the other aspartate is deprotonated.[104] If the
pH value is lowered to more acidic conditions, both aspartates become protonated.
Thus, different pH values can alter the protonation states of ionizable residues,
which can lead to a conformational change on either the protein or the protein-
ligand complex.[105]

To reveal the protonation state in a protein-ligand complex we can employ methods
such as high resolution X-ray crystallography, or a combination of high resolution
X-ray and neutron diffraction data (Figure 5.1), or isothermal titration calorimetry
(ITC). The first two methods are capable of resolving structures with an estimated
standard deviation of 0.02Å in bond length, allowing the distinction between a
C-O single bond (1.34 Å) of a carboxyl group with a proton attached and a C=O
double bond (1.20Å) of the carboxyl side chain of an aspartate.[106, 107] Moreover, the
addition of neutron diffraction data improves the data-to-parameter ratio, and allows
for the hydrogens to also be resolved.[96] The second method, ITC, is regarded as the
gold standard for the investigation of intermolecular interactions in solution.[28] In
addition to obtaining thermodynamic parameters such as enthalpy and equilibrium
constant (from which changes in free energy and entropy can be calculated) this
method is able to determine the overall changes in the protonation setup during the
binding reaction.[100] This can be achieved by performing measurements in different
buffers with different ionization enthalpies, and these protonation events have been
demonstrated for a variety of enzyme classes, including aspartic proteases, serine
proteases and methyltransferases.[48, 94, 108] However, ITC is not capable to retrieve
the exact (at an atomistic level) localization of the protonation events.

In this work, we use EP, an exemplary aspartic protease, as a model enzyme to study
protonation effects associated with ligand binding. The present protonation effect
in the interaction of EP with the pan-protease inhibitor pepA was demonstrated by
thermodynamic investigations using ITC measurements. Our results are compared
with a published ITC study [94] and lead to new experiments such as crystal structure
determination at physiological pH and novel computational approaches. These new
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Figure 5.1: Polar interactions in the active site of the aspartic protease Sapp2p structure.
Left : Schematic diagram with bond distances (values are in Å; estimated standard devi-
ations of the distances are in parentheses). H atoms in bold are unambiguously assigned
(the hydroxyl H atom of pepA was visible in the difference electron density; the H atom
on the protonated carboxyl of Asp211 was deciphered from the C-O bond distances). The
H atom in brackets is hypothetical. Right : Detailed structure of the active site in rod
representation (PDB code: 4Y9W); hydrogen bonds are shown as dotted lines (numbers
represent distances in Å). The 2Fo-Fc electron density map contoured at the 1.5 level is
shown in light blue; the Fo-Fc difference electron density map contoured at the 2 level is
shown in red. Figure modified from [107]

experiments underline our experimentally (via ITC) determined protonation event
upon pepA/EP complexation.

5.3 Results & Discussion

5.3.1 ITC Measurements reveal Proton Transfer Events

The total proton exchange (ΔnH+) in a binding event can be determined by ITC
measurements in different buffers with distinct heats of ionization (ΔHionization),
according to the formula 5.1:

∆Hobserved = ∆Hcorrected +∆nH+(∆Hionization) (5.1)

Integrating the raw thermograms yields the experimentally observed enthalpies
(ΔHobserved), which can be used for a linear regression with the slope corresponding
to ΔnH+ and the y-axis intercept corresponding to the buffer-corrected enthalpy of
the binding reaction (ΔHcorrected).

The ITC measurements investigating the interaction of pepA and EP were car-
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Figure 5.2: Overlay of raw thermograms of the binding reaction between EP and pep-
statin A measured in phosphate, ADA, HEPES and TRIS at pH 7.0 (left); integrated data
of the heat signals observed for the measurements in the four different buffers (right).

ried out in in phosphate, ADA, HEPES and TRIS buffers at pH 7.0 with ranging
ΔHionization from 3.60 to 47.45 kJmol-1 (Figure 5.2). A neutral pH was selected since
the binding reaction was shown to be pH-dependent and at a lower pH, which would
be more suitable for the mykotic enzyme, the dissociation constant is beyond the
detection limit of the calorimetric device (K d<10 nM). Moreover, pepA is not sol-
uble at pH 4.6.[94] From the overlay of the raw thermograms we observe a strong
buffer dependency. It is clear that the ΔnH+ is not equal to zero, otherwise the raw
thermograms would be congruent with each other (ΔHobs = ΔHcorrected).

The ITC measurements indicated an uptake of 1.67 ± 0.12 protons per binding reac-
tion (Figure 5.3). The TRIS "outlier" is not an outlier in the narrower sense since it
can be explained by its high positive ionization energy (47.45 kJmol-1), which leads
to a positive enthalpic contribution (30.7± 2.9 kJ mol-1) due to the proton uptake
of the buffer.

This deviates - at least in terms of the absolute value - with the ΔnH+ previously
published values of this interaction: 1.1 ± 0.1 protons revealed by ITC by Gómez
and Freire.[94] In the following, we will compare our ITC setup with that one of
Gómez and Freire, the major differences are given in Table 5.1.

Cacodylate was excluded as a buffering agent due to its toxicity. Measurements in
ADA buffer were only performed here, while we did not perform measurements in
ACES buffer. PepA was applied from a 20 mM DMSO stock solution, resulting in a
final concentration of 2.5% (v/v). This changed parameter could be a reason for the
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Figure 5.3: Left: Calculation of the heat of ionization. The experimentally ob-
served enthalpies ΔHobs are plotted against the heat of ionization ΔHion of the respec-
tive buffers (phosphate: 3.60 kJmol-1 ADA: 12.23 kJ mol-1, HEPES: 20.04 kJ mol-1, TRIS:
47.45 kJ mol-1[109]). The slope of the line describes the proton uptake during the formation
of the protein-ligand complex (on average 1.67± 0.12 mol), while its intersection with the
ordinate describes the buffer-corrected enthalpy of the binding reaction (ΔHcorrected = –
53.3 kJmol-1). Right: Thermodynamic profiles of complex formation in phosphate, ADA,
HEPES and TRIS buffers and the buffer-corrected thermodynamic profile. For the buffer-
corrected profile, the change in Gibbs free energy ΔG is calculated as the average of ΔG
observed in the four buffers, ΔH is obtained as described above, and the entropic contri-
bution –TΔS is calculated from the numerical difference between ΔG and ΔH.

Table 5.1: Experimental conditions used here compared to those used by Gómez and
Freire[94]

Parameter This study Literature
c[EP] 50 µM 80 µM
c[pepA] 500 µM 1200 µM
c[Buffer] 100 mM 20 mM
Temperature 25°C 16°C
pH 7.0 7.0
DMSO (v/v) 2.5 % -
Tween20 (v/v) 0.1 % -
Cell volume 0.2 ml 1.36 ml
Used buffers ADA, HEPES, ACES, Cacodylate, HEPES,

Phosphate, TRIS Phosphate, TRIS
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different results, since it has been shown for several protein-ligand complexes that
a higher concentration of DMSO in the samples leads to a decrease in affinity, even
at a low concentration of 1% (v/v).[110] 2.5% (v/v) DMSO corresponds to a molar
concentration of 0.35M.

Furthermore, different experimental conditions could have affected the proton trans-
fer:

• higher temperature

• concentration of the reagents and buffer/salt

• the presence of DMSO as solvent (already described in the previous paragraph)

• the calorimetric device used

Each parameter alone can have a clear effect on the thermodynamic properties.[100]

We used the MicroCal PEAQ-ITC Automated ITC with a cell volume of 200 µl; 25°C
is a standard temperature, where most of the experiments are carried out, not only
ITC. We followed standard protocols for protein, ligand, and buffer concentrations.[97]

Another parameter influencing the thermodynamic properties with respect to K d,
∆G, ∆H and −T∆S is the protein concentration used. For a ligand binding to
thermolysin with an affinity in the low micromolar range, the determined K d in-
creases with protein concentration by an order of magnitude from 0.86 µM at the
lowest protein concentration of 50 µM to over 14 µM at 300 µM thermolysin.[100]

The affinity of pepA is pH dependent and becomes higher at more acidic pH, with a
K d < 10 nM for pH ≤ 5, reaching the upper detection limit of the ITC instrument.
This could be another explanation for the deviation between our ITC results and
those published by Goméz and Freire[94].

The stoichiometry of the EP-pepA binding reaction is illustrated in Figure 5.4.
There is a noticeable difference between the stoichiometry in the respective buffers.
Assuming that pepA was taken from the same stock solution, i.e., the ligand con-
centration is correct, this could indicate that EP is more unstable/less active in
HEPES: over 90% activity (N ≥ 0.9) in phosphate versus 70%activity (N ≈ 0.9)
in HEPES, since crystallization and previous calorimetric measurements show a 1:1
binding of the ligand to the active site of the protein. At least in TRIS, the results
suggest an increasing degradation of the protein: N decreased from above 0.8 to
below 0.6 after about 10 hours of exposure at room temperature (RT), according to
the batchwise measurements in the automated ITC device. It should be noted that
the ITC is able to cool the samples in the tray prior to titration, but there have
been no stability problems with EP at RT. We assume that the different stoichiome-
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tries should not affect the overall protonation event: it will be constant throughout
different measured stoichiometries.

However, EP as fungal enzyme has its optimum at an acidic pH, and most of the
published experimental data, whether crystallographic or calorimetric, have been
collected almost exclusively in an acetate buffer at pH 4.5–5.0, except for the study
by Gómez and Freire.[94] Thus, pH of 7.0 together with temperature (25°C versus
16°C) may have caused the decrease in activity of EP.

The available EP crystal structures in the PDB are exclusively available at an acidic
pH of 4.5–5.0 due to the stability of EP. In contrast, the ITC experiments were
performed at pH 7.0 which might have affected protein conformational changes.
Therefore, we aimed for the determination of EP X-ray at pH values in the neutral
range. Additionally, we used two different computational approaches to interpret
the ITC data from a structural point of view, because the ITC data itself does not
reveal the exact atomistic location of the protonation event.

Figure 5.4: Overview of stoichiometry N of ITC measurements of the binding reaction
between EP and pepA in different buffers of 100mM concentration at a pH of 7.0.

5.3.2 Novel Crystal Structures at higher pH Values reveal no
major Conformational Changes

In order to have a structure at the same pH as the calorimetric measurements,
EP and pepA were co-crystallized and soaked for 24 hours in soaking conditions
with buffers of pH 7.6 and analyzed. The resolution was 1.23Å, higher than the
published 2.0Å structure (PDB entry: 4ER2), and the all-atom RMSD between the
pH 7.6 structure and 4ER2 amounts to 0.89Å (Figure 5.5). However, the biggest
variation within the binding site was located at both termini, where the α-carbon of
the the isovaleryl residue at the N-terminus and the C-terminal α-carbon of statine is
"flipped" (pepA sequence: Iva-Val-Val-Sta-Ala-Sta). This is because soaking at pH
7.6 results in a modified orientation compared to the structure in the acidic range.
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Figure 5.5: Comparison of EP-pepA complexes crystallized at pH 4.6 (purple, PDB entry
4ER2) and soaked at pH 7.6 (yellow, PDB entry 9GFY) with detailed view of pepA in the
binding site, with the flip at the N-terminal isovaleryl residue (rear left) and the alternative
conformation at the C-terminal statine (upper right).

Although there is a tiny residual density for the "acidic" conformation at pH 7.6
(i.e., a second conformation is observed for the crystal structure at different pH
values) and vice versa, these are negligible.

5.3.3 Implicit Solvent pK a Calculations allow for a structural
Interpretation

As a starting point, we used HIV-1 protease (HIV-1 PR) to calibrate our Poisson-
Boltzmann (PB) methodology. The pK a values resulting from the protein pK a

calculations for HIV-1 PR demonstrate that our calculations are in very good agree-
ment to the experimental values: while Asp25 carboxylic side chain is the more acidic
one with a pK a of 3.2, Asp25’ carboxylic group has a pK a of 5.7. The corresponding
experimental values are 3.1 and 5.2 (Table 5.2).

Table 5.2: Results of the pK a calculations on HIV-1 PR (PDB entry: 1XL5).

Method Asp25 Asp25’
Experiment[111] 3.1 5.2
ZAP-based PBS 3.2 5.7

The structural similarity between HIV-1 PR and EP in the active site is evident, the
distances between the aspartates are almost identical (Figure 5.6). This convinced
us to apply the HIV-1-PR validation protocol also for EP.
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Figure 5.6: Comparison of the active site of HIV-1 PR ligand-deleted (left, PDB entry:
4EJ8) and EP (right, 4Y5L) apo structures. Distance between the relevant atoms inÅ.

Next, we carried out pK a calculations with our PB solver on the three different EP-
pepA structures (Table 5.3). The C-terminal carboxy group of pepA was titrated
analogous to the titratable amino acid side chains. The only slight pK a shift of the
pepA carboxy group can be explained by the solvent exposure and the associated
lack of interactions with amino acid side chains. The overall exchange of protons
transferred during the binding reaction (ΔnH+) is 0.79 for the structure 4ER2 and
0.5 for the pH 7.6 structure. In all three structures, the three amino acids Asp33,
Asp35 and Asp 219 are mainly responsible for the shift. While Asp81 shows a delta
ΔpK a of 0.5 to 0.6, it does not lead to a protonation shift at an assumed pH of 7.0,
since the aspartate is more acidic than the other three. The calculated ΔnH+ of
the complex at pH 7.6 was 0.5, probably due to the structural changes mentioned
above.

Table 5.3: Results of the pK a calculations on the EP-pepA complexes crystallized and
afterwards soaked at different pH and the resulting protonation change ΔnH+ (in mols) at
pH 7.0 (the pH value of the ITC experiments). The ligand pK a is the C-terminal carboxy
group.

Crystal pH Asp35 Asp219 Asp33 Asp81 Ligand
∑
ΔnH+ (pH 7.0)

4.6

Ligand-deleted 5.8 5.5 6.3 4.6 4.32

Complex 6.4 7.0 6.8 5.2 4.4 0.79

ΔnH+ 0.14 0.47 0.22 0.02 0

7.6

Ligand-deleted 6.2 5.5 6.4 4.6 4.32

Complex 6.3 7.0 6.7 5.1 4.2 0.5

ΔnH+ 0.03 0.47 0.13 0.01 0
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A closer look was then taken at the binding pocket with pepA in the active site
of EP, and in particular at the interacting aspartate residues (Figure 5.7). The
structures differ by a maximum of 0.2Å. The most prominent interacting groups
are the carboxylic side chain of both Asp35 and Asp219, the catalytic dyad, with
the hydroxyl group of statine 4 of pepA. While the distance between the side chains
oxygens of Asp33 and Asp35 is too high to form a hydrogen bond (6.3Å), one oxygen
is in distance of 3.6Å to the acylic side chain of the pepA ligand. This interaction
is probably responsible for the slight pK a shift of Asp33.

Figure 5.7: pepA (purple) in the active site of EP. The three carboxylic side chains of
Asp33, Asp35 and Asp219 are the main contributors to the protonation effect revealed with
PB solver. Asp81 is the fourth Asp within the binding site, but not part of the protonation
effect according to the calculations. Distance between the relevant atoms in Å (PDB entry:
9GFY - pH 7.6 structure).

Most of the protonation effect based on our calculations occurs at the catalytic dyad.
Since Asp35 and Asp219 behave like a dicarboxylic acid due to the given structural
conditions and the small distance between them, Asp219 is most likely protonated
at pH 7.0, whereas no change for the catalytic dyad occurs at pH 4.6 during complex
formation (Figure 5.8).
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Figure 5.8: Overview of the hypothesized protonation states of the catalytic dyad of
EP without ligand at pH 4.6 and 7.0, and with pepA at both pH values. At pH 4.6 the
catalytic dyad is monoprotonated without ligand and with pepA, while at pH 7.0 both
Asp are deprotonated, but Asp219 takes a proton upon binding of pepA.
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5.3.4 Constant-pH MD Simulations further underline the ob-
served Proton Transfer Event

Intrigued by the above results, we set out to understand the behavior of the se-
lected aspartates through constant pH molecular dynamics (CpHMD) simulations.
CpHMD is well-suited for investigating molecular systems characterized by pH-
dependent dynamics and functions.[112] Thus, we performed simulations in both
apo and pepA-bound EP at different pH values.

From a structural point of view, the root mean square deviation (RMSD) of apo and
pepstatin-bound EP with respect to the crystal structure of 4ER2 do not show a
strong dependence on the pH of the environment (Figure 5.9). Overall, unliganded
EP shows higher RMSD values that fluctuate strongly. In comparison, pepstatin-
bound EP shows remarkably lower RMSD values, as well as a reduced amount of
fluctuations.

Focusing further on Cα fluctuations (RMSF), we observed that the five top regions
with the largest contribution to the RMSF correspond to loop-related motions, with
no significant change on structured regions. In the pepstatin-bound structure, the
motion of the loop covering residues 70–90 (commonly known as the binding flap,
[113]) is strongly reduced, likely due to the stabilization with the binding partner.
Moreover, we found that there are no large scale conformational motions that show
dependence to the pH conditions.

In the previous section, our results suggested that a protonation event should take
place upon binding, and that it should be connected to the aspartic acid residues.
Thus, we evaluated the protonation propensities at different pH values for the aspar-
tates within the binding site (i.e., Asp33, Asp35, Asp81 and Asp219), as they were
the ones closer to pepA. With the protonation propensities, we obtained theoretical
deprotonation curves and computed the theoretical pK a (Figure 5.10).

Indeed, the fraction of deprotonation curves suggest that the binding event shifts
up the pK a of all of the identified aspartates. Moreover, we can observe a high shift
in the case of Asp219, from a pK a of 3.6 to a pK a of 7.6. This would also support
the previous findings: that at pH 4.6 and 7.0, there is a change on total protonation
(ΔnH+) close to one. At higher pH values such as pH 7.6, this effects become less
prominent.

54



5.4 Conclusion & Outlook

Figure 5.9: (a), Left : Root mean square deviations (RMSD) of EP alone ("EP apo")
and in presence of pepA ("EP + PepA") at different pH values, with respect to the crystal
structure. The boxes represent the interquartile range (from 25th to 75th percentile), while
the whiskers extend from the box within 1.5 * IQR, excluding outliers. Labels show the
simulation repeat. Right : Averaged root mean square fluctuations (RMSF) of the Cα of
each residue at different pH values. (b): structure of the EP complex with residues 70-90
and the corresponding sequence highlighted in blue.

5.4 Conclusion & Outlook

We were able to detect a proton transfer event for the complexation of pepA to
EP. This was found in ITC experiments which revealed an overall proton uptake of
1.67 ± 0.12 moles of protons. This deviates from a published study [94] and can be
explained by differences in the experimental setup. However, both ITC studies (our
own and the published one [94]) were run at a pH of 7 which is significantly different
from pH of 4.6 at which crystal structures exclusively were determined so far.
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Figure 5.10: Titration curves of EP obtained from constant pH MD simulations for the
single protein (top) and with pepA (bottom). For each of the four selected residues in this
protein, the dots show the fraction of conformations in which the residue was deprotonated.
Errors were estimated from the standard error of the mean for the three different replicas.
The lines show the best fits to the Henderson–Hasselbalch equation. The pK a values for
each titratable residue are listed.

This prompted us for follow-up studies such as a novel protein crystal structure de-
termined at higher pH. Its analysis did not reveal any major conformational changes
and therefore rules out its impact on the experimentally determined proton transfer
event. Furthermore, this outcome justifies the usage of the already existing crystal
structure (pH 4.6) as starting point for pK a calculations.
These calculations were performed in an implicit and explicit solvent manner and
both agree in the structural interpretation of the proton transfer event. Additionally,
constant pH molecular dynamics simulations show that the different pH conditions
do not strongly affect the conformational dynamics of EP. This is in accordance with
the novel crystal structures and underlines the power of this simulation technique.
The findings from our study underline the necessity to crucially inspect possible pro-
ton transfer events. If those are not correctly accounted for the follow-up structure-
based studies might easily evolve in an undesired direction.

5.5 Experimental Procedure

5.5.1 Protein Purification

The isolation of EP from Suparen (kindly provided by DSM Germany GmbH – Food
Specialties, Düsseldorf) in 0.1M NaOAc buffer pH 4.6 was performed as previously
described by Köster et al.[99] For the experiments performed at a pH of 7.0, EP
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was dialyzed using the Slide-A-lyzer® G2 cassette (ThermoFisher, Waltham, MA,
USA) with a 10 kDa molecular weight cutoff. The dialysis was performed in a
600ml beaker. The membrane of the cassette was soaked in the dialysis buffer for
2min by holding it (with gloves) in the beaker filled with dialysis buffer at pH 7.0
(TRIS, ADA, HEPES and phosphate, respectively). After pre-soaking, the cassette
was carefully dried with a paper towel to prevent buffer from entering the cassette,
but without touching the membranes. 3ml of at least 4 mgml-1 protein solution
was added to the cassette using a 200 µl micropipette. When the cassette was closed
with the stopper, any remaining air was gently evacuated from the dialysis chamber.
The protein was then dialyzed against 500 ml of dialysis buffer for 2 hours at RT
with slow stirring. The buffer was then replaced with 500ml of fresh buffer and
stirred again for 2 hours at RT. After another change of buffer, the dialysate was
stored in the refrigerator overnight (12-20 hours). The next day, the protein solution
was removed using a syringe with a long cannula. The protein was stored on ice
before being shock frozen in liquid nitrogen to determine the concentration using
NanoDrop™2000c (Thermo Scientific, USA).

5.5.2 Protein Crystallization

The protein was crystallized using an adapted protocol by Köster et al.[99] The pro-
tein was concentrated to 5mg ml-1 and stored in 100 mM sodium acetate pH 4.6.
Crystals of suitable size were grown in 4 µl drops consisting of 1:1 protein:reservoir
solution, equilibrating against 1 ml of 100 mM sodium acetate pH 4.6, 100mM am-
monium acetate, 24% PEG4000 on Cryschem plates (Hampton Research, USA) at
19°C. More reliable crystal growth could be achieved using streak seeding. Crystals
suitable for data collection usually grew in 1-2 weeks. Co-crystallization with pepA
was performed similarly, but solid pepA was first immobilized on the crystallization
plates by evaporating 2 µl of a saturated pepA DMSO stock (<100mM) and then
crystallization drops were set up on top of the solid. A soaking condition with pH
7.6 was prepared with a saturated concentration of pepA. Then, two crystals grown
with pepA were soaked per condition for 24 hours. Crystals were then harvested
from the drops with nylon loops and flash frozen with liquid nitrogen.

Data was collected at DESY P11.[114] The data was processed with XDS.[115] The
structure was solved via molecular replacement and iterative cycles of model building
in Coot[116] and refinement in Phenix[117] were performed.
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5.5.3 Isothermal Titration Calorimetry

ITC measurements were performed using the MicroCal PEAQ-ITC Automated ITC
(Malvern Panalytical, Worcestershire, UK). A 500 µM pepA solution containing
0.1M of the different buffers (HEPES, TRIS, ADA, phosphate) of pH 7.0, 2.5% (v/v)
DMSO and 0.1 % (v/v) Tween20 was titrated into a 50 µM EP solution of the same
buffer to a final stoichiometry of N = 2 (pepA:EP). For the reference titration,
the same titrant was titrated into the buffer solution. The obtained thermogram
peaks of all titrations were integrated and fitted with MicroCal PEAQ-ITC Analysis
Software 1.41.

5.5.4 Implicit Solvent pK a Calculations

The protein pK a prediction was performed using a program based on the Zap finite
difference PB solver by OpenEye, Cadence Molecular Sciences.[34, 118] As input, the
workflow required a PDB file of the complex of interest and starting values for
the pH and the pK a of the ligand. The initial pK a of pepA was predicted using
ChemAxon’s Marvin pK a plugin.[119] The ligand was then extracted from the original
PDB file and hydrogens were added. Then, partial charges were assigned to both
microspecies using the AM1BCC algorithm using the SZYBKI program by OpenEye,
Cadence Molecular Sciences.[120] For the partial charges of the protein, Delphi radii
and CHARMM36 all-hydrogen partial charges were used. An internal dielectric of
15, an ionic strength of 0.05M and a pH of 7.0 were used. Reference pK a values were
as follows: Asp 4.0, His 6.5, Glu 4.5, Tyr 9.8, Lys 10.4 and Arg 12.5. Cys residues
were not titrated and modeled in a neutral, protonated state. After protein and
ligand were merged into one file and missing hydrogens were added to the protein,
the processed microspecies, meaning the protonated and deprotonated form, were
saved in a text file, which was used as input for subsequent steps. For the titratable
amino acid residues listed above and the ligand, titration reactions were performed
and pK a values were calculated. All hydrogen atoms were explicitly modelled, and
except for the orientation of the OH protons, which were sampled in 10° steps,
the rest of the structure was static. Optimization of the ionization state and OH
orientation was achieved by applying ten million Monte Carlo steps.[118]

For the pK a calculation of the two aspartates in the catalytic dyad in the HIV-
1 PR, the initial results were post-processed due to the electrostatically strongly
coupled system: the two residues are in close proximity to each other at about 3Å
and therefore behave more like a diprotic acid (e.g. maleic acid). This has already
been described by Czodrowski et al.[49]
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5.5.5 Constant pH Molecular Dynamics Simulation

The initial structure of bound EP was taken from the PDB data bank (PDB ID:
4ER2 [121]) For the apo structure, the ligand was removed from the binding site
manually. Excepting the aspartates, standard protonation states for all side chains
were assumed through an in-house script. Both apo and pepstatin-bound structures
were solvated in truncated octahedron water boxes with 1 nm between the protein
and the boundaries of the box.
Constant pH molecular dynamics (CpHMD) simulations were performed using the
GROMACS 2021-dev-beta implementation, where the constant pH approach was
implemented by leveraging continuous lambda dynamics.[122] The proteins were rep-
resented using the implementation of Buslaev et. al. of CHARMM36m all-atom, due
to the improved dihedral sampling in constant-pH simulations.[123] Missing parame-
ters were obtained through the CHARMM Force Field server.[124] Ionic strength was
set to 0.15mM. The systems went through energy minimization, 1 ns heating with
the V-rescale thermostat[125] to 300K , 1 ns pressure coupling with the C-rescale
barostat[126] to 1 atm. For the van der Waals interactions, a switching function of
10 to 12Å was used. A real-space cutoff of 12Å was applied in the electrostatics
calculations with the particle-mesh Ewald method.
In the production run, the lambda dynamics is allowed, effectively exploring the pro-
tonation/deprotonation space of the selected residues at a given pH. In the CpHMD
simulations, the side chains of the selected aspartates were allowed to titrate. The
simulation of both apo EP and EP+pepstatin used 17 pH replicas in the pH range
2.5 to 10.5, with a spacing of 0.5 pH units, and 300 ns per pH-replica. Each system
was simulated by triplicate to reduce dependency from the starting seed. The initial
50 ns from each replica were discarded in the analysis.
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6. Protein pK a Prediction on various
Protein-Ligand Complexes

6.1 Introductory Remarks

The results of this chapter emerged from Luca Kröll’s Master’s thesis and are ac-
companied by figures, tables and, where available, comparisons with experimental
data from the literature.

6.2 Introduction

As already mentioned in Chapters 2.3.1 and 5, respectively, the protonation states
of proteins and ligands can be crucial in determining how they interact. Here, we
focused on protonation effects in protein-ligand complexes of the aforementioned
APs EP and HIV-1 PR.

6.3 Results & Discussion

6.3.1 HIV-1 Protease

The wrapper around the protein pK a prediction tool Zap has been made technically
operational. It was to be tested on the basis of published data; a study in which
five HIV-1 PR complexes were examined was used for this purpose: all complexes
had the typical protonation pattern for HIV-1 PR in its ligand-deleted state, with
one protonated and one deprotonated Asp residue in the catalytic dyad.[49]

In all cases, theΔpK a between the ligand-deleted Asp25/Asp25’ and the Asp25/Asp25’
complex increased. In four out of five cases, a hydroxy group of the ligand interacted
with the two aspartates of the catalytic dyad; in the other case, a pyrrolidine-N.

For the interaction of HIV-1 PR and the asymmetric peptidomimetic VX-478 (the
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active ingredient in amprenavir, Figure 6.1), the ΔnH+ at pH 5.0 from the previous
study was –0.01 and here, it was 0.55. ITC measurements in different buffers with
distinct ionization enthalpies underline the correctness of the initially published
calculations, yielding a ΔnH+ of 0.02 ± 0.03.[127]

Figure 6.1: 2D-depiction of peptidomimetic compound VX-478 (left), interaction with
the catalytic dyad of HIV-1 PR (PDB entry 1HPV, middle) and comparison of pK a values
in ligand-deleted and complex structure and corresponding ΔnH+ at pH 5.0 in literature
study[49] and from Zap[128] (right).

In the literature, the asymmetric peptidomimetic KNI-272 showed a similar trend,
leading to an increase in the pK a of one of the aspartates in the complex, whereas
with Zap both pK as increase, causing a shift in the protonation setup (Figure 6.2).
ITC measurements in different buffers at different pH values showed alternating
proton release/uptake depending on the pH. At pH 5, ΔnH+ is about -0.2.[129]

Figure 6.2: 2D-depiction of peptidomimetic compound KNI-272 (left), interaction with
the catalytic dyad of HIV-1 PR (PDB entry 1HPX, middle) and comparison of pK a values
in ligand-deleted and complex structure and corresponding ΔnH+ at pH 5.0 in literature
study[49] and from Zap[128] (right).

Binding of the symmetrical inhibitor DMP-323, which contains a cyclic urea core,
shows a proton uptake in both approaches, 0.63 in the literature and 1.2 with Zap
(Figure 6.3. In both cases, the catalytic dyad, which is assumed to be monoproto-
nated prior to complexation, takes up 1 mol of protons. NMR and X-ray studies
support the diprotonated state and therefore underline the predictions.[130]

The binding mode of the asymmetric compound S6 (Figure 6.4) containing a hy-
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Figure 6.3: 2D-depiction of symmetric cyclic urea compound DMP-323 (left), interac-
tion with the catalytic dyad of HIV-1 PR (PDB entry 1QBS, middle) and comparison of
pK a values in ligand-deleted and complex structure and corresponding ΔnH+ in literature
study[49] and from Zap[128] (right).

droxyethylene sulfone resembles that of KNI-272. While the computation from the
literature did not indicate a shift and the catalytic dyad remains monoprotonated
at pH 5, the Zap tool revealed a proton uptake from the complex of 0.54.

Figure 6.4: 2D-depiction of asymmetric compound S6 (left), interaction with the catalytic
dyad of HIV-1 PR (PDB entry 1XL5, middle) and comparison of pK a values in ligand-
deleted and complex structure and corresponding ΔnH+ at pH 5.0 in literature study[49]

and from Zap[128] (right).

Complexation of compound S7 with HIV-1 PR (Figure 6.5) leads to a predominant
deprotonation of both aspartates in the complex with both tools, although the cal-
culated pK a values of the aspartates are much lower in the literature (–9.6 and –1.0)
compared to Zap (2.2 and 3.7). Interestingly, the pyrrolidine is expected to be pos-
itively charged at pH 5.0, the moiety which is interacting mostly with the catalytic
dyad. For both S6 and S7 there are no experimental data from which protonation
and pK a changes can be deduced.

6.3.2 Endothiapepsin

A real strength of the Zap-based tool is that it is able to calculate the pK a not only
for the ionizable amino acid side chains, but also for the titratable functional groups
of the bound ligand, resulting in protein-ligand complexes with large protonation

63



6 Protein pKa Prediction on various Protein-Ligand Complexes

Figure 6.5: 2D-depiction of pyrrolidine-containing compound S7 (left), interaction with
the catalytic dyad of HIV-1 PR (PDB entry 1XL2, middle) and comparison of pK a values
in ligand-deleted and complex structure and corresponding ΔnH+ at pH 5.0 in literature
study[49] and from Zap[128] (right).

shifts. This was not evident in the EP-pepstatin A interaction, since the C-terminal
carboxy group of pepA had a predicted pK a of 4.3, which was not affected upon
complexation (Chapter 5). In the work of Kröll, more than 200 published EP struc-
tures from the PDB were analyzed with the Zap-based tool.[128] The top 7 ligands
with the largest protonation shifts upon protein-ligand binding are given (Table 6.1):
for the EP crystal structure binding 6-(dimethylamino)pyridine-3-carboxylic acid in
its active site (PDB entry 4Y3S), they were 1.4 in total. The results of the three
complexes with the largest protonation shifts are discussed here.

The ΔnH+ of 1.4 results mainly from the shift at the secondary amine of the ligand
(0.76) and the carboxylic acid side chain of Asp35 (0.54), suggesting that one mol
of protons is taken up by one of them (Figure 6.6). The interaction between the
pyridine nitrogen of the ligand and the carboxyl side chain of Asp81 leads to a ΔpK a

of 3.5 for the amine (shifting from 6.5 to 10) and to a shift of –0.6 for the Asp81
side chain (from 4.8 to 4.2), indicating that the amine is protonated and forms an
H-bond with the deprotonated carboxyl group of Asp81.

The catalytic Asp residues are located near the carboxyl group of the ligand, which
could explain the positive shift of Asp35. This is because the protonation of this
residue could potentially create a network of H-bonds. A smaller positive pK a shift
of 0.3 takes place at the Asp33 side chain, likely due to the proximity of the aromatic
ring of the ligand.

The other six ligands show a smaller shift in protonation for the entire complex, with
the next greatest shift induced by the binding of 7-aminoheptanoic acid (4ZE6),
which is predicted to take up 1.0 mol of protons per binding reaction, mostly due
to the protonation of Asp35 (0.57) and Asp33 (0.55). Unlike structure 4Y3S, the
fragment does not have an impact on the proton setup of the Asp81 carboxyl group
(Figure 6.7). It is interesting to note that the ΔpK a of the amino group of the
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Table 6.1: EP-ligand complexes with significant shifts in protonation at pH 7.0. ΔpK a:
changes of the pK a upon complex formation. ΔnH+ : mol of protons taken up or released
upon complex formation for the specific residues (ligand, catalytic dyad Asp35/Asp219,
Asp33) and the whole complex (Cpl). Modified from [128]

.

Ligand Asp35 Asp219 Asp33 Cpl
PDB
entry

Structure ΔpK a ΔnH+ ΔpK a ΔnH+ ΔpK a ΔnH+ ΔpK a ΔnH+ ΔnH+

4Y3S 3.5 0.76 1.3 0.54 0.2 0.02 0.3 0.15 1.4

4ZE6 -2.6 -0.20 1.6 0.57 -0.1 0 1.1 0.55 1.0

4ZEA 1.0 0.01 2.6 0.9 0.4 0.05 0.1 0.04 0.9

4Y5C 2.9 0.93 -0.8 -0.06 -0.3 -0.02 0.1 0.03 0.8

4Y3P 2.5 0.88 -0.7 -0.05 -0.6 -0.03 0.1 0.03 0.8

5DQ5 2.5 0.89 -1.3 -0.09 -0.3 -0.02 -0.3 -0.08 0.6

4YD7 3.3 0.93 -1.5 -0.09 -0.2 -0.01 -0.3 -0.09 0.5

ligand is –2.6 (from 10.2 to 7.6), resulting in a release of 0.2 mol of protons.

For the 2-iminobiotin ligand of complex 4ZEA (Figure 6.8), the pK a shift is 1.0:
the carboxyl group shifts from 4.1 to 5.1, resulting in a negligible ΔnH+ of 0.01 at
pH 7.0. This means the the carboxyl group remains deprotonated. The shift of the
Asp35 carboxyl group is much higher (ΔpK a=2.6), though, and as a consequence,
the side chain is likely to be fully protonated at a pH of 7.0.

However, these observations and hypotheses are based on calculations using a static
crystal structure and need to be confirmed by experimental methods. Therefore, it
would be beneficial to conduct ITC measurements or apply other techniques, such
as NMR spectroscopy, to study protonation effects in vitro and further understand
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Figure 6.6: Investigated titration reaction of the 6-(dimethylamino)pyridine-3-carboxylic
acid fragment in EP structure 4Y3S (left) and three-dimensional depictions of protein-
ligand interactions (right). Figure modified from [128]

Figure 6.7: Investigated titration reaction of the 7-aminoheptanoic acid fragment in
EP structure 4ZE6 (left) and three-dimensional depictions of protein-ligand interactions
(right). Figure modified from [128]

the formation of this complex.

6.4 Conclusion & Outlook

Prediction tools for protein pK a values are important because they influence many
factors in biology. A clear advantage of pK a calculations against experimental meth-
ods is the rapid availability of results, if access to a structure is given. What is known
about the problems of this method is that the results and thus the accuracy of a PB
solver depend on the choice of the dielectric constant, the protein conformation and
the charge distribution.[36] Moreover, if the ligands tend to have a low affinity, like
the fragments binding to EP discussed here, it is rather difficult to analyze them in
an ITC setup.
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Figure 6.8: Investigated titration reaction of the 2-iminobiotin fragment in EP structure
4ZEA (left) and three-dimensional depictions of protein-ligand interactions (right). Figure
modified from [128]

6.5 Experimental Procedure

6.5.1 Implicit Solvent pK a Calculations

The calculations were carried out analogous to Chapter 5.5.4.
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7. Protein pK a Prediction on KRas
Mutant Cysteine Residue

7.1 Introductory Remarks

The calculations addressed in this chapter are part of the publication "Targeting
oncogenic KRasG13C with nucleotide-based covalent inhibitors" that was published
in eLife.[131] This work has been made possible thanks to the contributions of Lisa
Goebel, Tonia Kirschner, Sandra Koska, Amrita Rai, Petra Janning, Stefano Maffini,
Paul Czodrowski, Roger S. Goody, Matthias P. Müller and Daniel Rauh. My part
was the determination of the cysteine pK a with the help of our in-house Poisson-
Boltzmann solver.

7.2 Introduction

The Ras protein is a contributing factor in many human cancers. [132] The most com-
mon features of Ras are that it is a small GTPase that normally switches between a
guanosine triphosphate (GTP)-bound active state and a GDP-bound inactive state,
enabled in part by the stimulation of GTP hydrolysis by GTPase-activating proteins
(GAPs).[133] This switch mechanism can be disrupted by oncogenic Ras mutations,
that are found in approximately 25% of all human cancers, including three of the
deadliest forms (pancreatic, colon and lung cancer). KRas, with mutation hotspots
at amino acid positions G12, G13 and Q61, is the most frequently mutated Ras iso-
form (85%).[133, 134] Glycine at position 12 is the most commonly mutated residue.
However, G13 is the second most abundant mutation (14% of tumours have a muta-
tion at this position) and in 6% of these cases an acquired cysteine is found.[135, 136]

Of the amino acids, cysteine is one of the least abundant, and yet it plays an
important role in a wide range of enzymes such as oxidases, peroxidases, reductases
and disulfide isomerases. The pK a value of a cysteine represents the equilibrium
between the thiol-SH and the thiolate-S–. The protonated thiols are significantly less
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reactive than the negatively charged thiolate residue. Since reactivity is important
for the functions of most cysteines, in addition to experiments for the determination
of the pK a values of cysteines, it is also important to make progress with the aid of
calculations.[137]

7.3 Results & Discussion

In this project, covalent inhibitors targeting the Cys13 of the KRasG13C mutant
were designed and the X-ray structures of the covalently bound complexes were pre-
sented. In order to calculate the effect of the ligands on the pK a of Cys13, it was
necessary to remove the covalent bond between ethylenediamine guanosine diphos-
phate (edaGDP)/ butylenediamineguanosine diphosphate (bdaGDP) and Cys13.
The PB solver is only able to calculate the pK a of a free cysteine. The removal
of the linker and the resulting KRasG13C-GDP structure is examplarily shown for
bdaGDP (Figure 7.1).

Figure 7.1: The nucleotide-based covalent inhibitor bdaGDP bound to KRasG13C (left,
purple; PDB entry: 7OK4) and with the linker to Cys13 removed (right), a step necessary
to perform the pK a calculation.

For the two KRasG13C structures with the modified ligand, the results for the Cys13
pK a values are the same, whether if the ligand is present (9.85) or not (8.85), the
ΔpK a is therefore 1.0 (Table 7.1). The calculations for Cys12, on the other hand,
differ by 0.3 between the structures 4L8G and 4LDJ, but the ΔpK a between the
ligand-deleted structure and the complex is the same for both, namely 1.3. The
differences between 4L8G and 4LDJ could be explained by the fact that the X-ray
structure of 4L8G is not resolved between residues 60–69, which is a significant part
of the switch II region of KRas.

In general, the cysteine pK a values of both KRasG12C and KRasG13C are thus

70



7.4 Conclusion & Outlook

Table 7.1: pK a calculations. Overview of calculated pK a values of the KRasG12C and
G13C mutants in the presence (+) and absence (–) of GDP. The linker in case of the
G13C mutants was removed so that all featured structures had GDP and a free cysteine in
its active center. The pK a calculations showed that both cysteines at position 12 and 13
have similar pK a values indicating that also position 13 should generally be addressable
by covalent warheads.

KRas structure pK a Cys (12/13)
KRas Mutant PDB Ligand + – Δ

7OK3 GDP (from edaGDP) 9.85 8.85 1.0
G13C

7OK4 GDP (from bdaGDP) 9.85 8.85 1.0
4LDJ GDP 10.65 9.35 1.3

G12C
4L8G GDP 10.35 9.05 1.3

higher in presence of GDP. This is also logical, because the negative charges of the
diphosphate residue lead to the avoidance of another negative charge in the form of
the thiolate residue. The KRasG13C structures lack the Mg2+ ion, presumably due
to precipitation in the buffer used, unlike the KRasG13C structures where Mg2+

is present. For the calculations, we did not want any other artifact beyond the
pruned ligand in the KRasG13C structures, so the Mg2+ ions were removed from
both structures.

Conflicting pK a values for the cysteine of the G12C mutant are found in the liter-
ature: Hansen et al. reported a pK a of 9.0 ± 0.2, which is very close to our calcu-
lations, whereas a recent study by Huynh et al. revealed a pK a of ∼ 7.6 with two
different methods, by NMR and an independent biochemical assay.[138, 139]

7.4 Conclusion & Outlook

In general, our results show that KRasG13C, analogous to KRasG12C, can be tar-
geted by covalent inhibitors.

In order to obtain an absolute, more realistic picture of the pK a value of the cysteine,
further calculations should be carried out. In this case, however, the Mg2+ ion would
have to be included in the calculation or, regarding the KRasG13C structures (7OK3
and 7OK4), modelled. It is then expected that the pK a value will deviate less
in the calculations in the presence or absence of GDP, respectively, because the
electrostatic environment will be less negative and a negative charge on the sulfur
atom will be facilitated as a result of the deprotonation of the thiol.

Analogous experiments, such as those performed by Huynh et al. for KRasG13C,

71



7 Protein pKa Prediction on KRas Mutant Cysteine Residue

could provide information on the pK a value of Cys13.[139] The tendency of the cal-
culations is that Cys13 is slightly less basic, and the binding of GDP has a slightly
smaller influence on the pK a, shifting it less towards basic. If this is confirmed,
KRasG13C would be easier to target with covalent warheads than KRasG12C, steric
considerations aside.

While the calculations presented lead to plausible pK a values and can be done
in minutes, due to the immense advances in computing power it is now possible
to perform constant pH molecular dynamics (cpHMD) simulations on a desktop
computer equipped with a single graphics processing unit (GPU) card, as suggested
by Harris, Liu, and Shen.[140]

To date, computational approaches cannot replace wet-lab experiments. However,
as the determination of pK a values can be very complex, e.g., using NMR methods,
calculations or simulations based on the crystal structure are essential. Depending
on the assay being used, it may be necessary to create point mutations in the proteins
in order to remove off-target cysteines.[139]

With the rise of covalent inhibitors, determination of cysteine pK a values has gained
importance. Depending on their solvent accessibility and function, the pK a of cys-
teine ranges from < 3 to > 9.[141] Since a negatively charged thiolate is much more
electrophilic than the thiol residue, the question of whether your protein of interest
can be targeted at this or that cysteine stands and falls with the pK a. In a recent
publication by Gao and Günther, a structure- and sequenced based tool employing
Machine Learning algorithms called HyperCys was presented.[142]

While machine learning approaches seem promising, they rely heavily on the amount
and quality of experimental data. Cysteine residues are particularly difficult to
predict because they are less abundant and more buried in proteins than all other
titratable residues. This results in an underrepresentation of the residues that show
the largest pK a shifts.[143]

7.5 Experimental Procedure

7.5.1 Implicit Solvent pK a Calculations

The calculations were carried out analogous to Chapter 5.5.4, with following amend-
ments and differences, respectively: The linker was removed in the bda/edaGDP
structures. An inner dielectric of 10, an ionic strength of 0.05M and ionization (i.e.,
pH) of 7.5 was applied. For cysteine, a reference pK a of 8.6 was used. All hydrogen
atoms were modeled explicitly, and except for the orientations of the OH and SH
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protons, which were sampled in 10° steps, the rest of the structure was static. Op-
timizing ionization state and SH orientation was achieved by applying ten million
Monte Carlo steps.
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8. Virtual Screening Command-Line
Tool VSFlow

8.1 Introductory Remarks

This chapter has been adapted from the eponymous paper published in the Journal
of Cheminformatics.[144] The publication was made possible by contributions from
Sascha Jung and Paul Czodrowski. My part was the creation of the use cases,
together with the corresponding illustrations and the continuous text.

8.2 Introduction

Virtual screening approaches are extensively used computational methods in modern
drug discovery projects and they often replace or help to reduce more expensive
and time-consuming high-throughput screenings nowadays.[145] There are two major
categories of screening approaches: ligand-based and structure-based methods.[146]

Ligand-based methods are typically used if no X-ray structure of the target receptor
is available. A single compound or a set of compounds known to bind to a spe-
cific target or to be active in a functional assay is typically used as the template to
identify similar compounds in a large virtual database. In general, similarity can
be evaluated on the basis of 2D and 3D molecular representations.[147] The classical
2D chemical similarity representations is based on molecular fingerprints (e.g., cir-
cular fingerprints, topological fingerprints, substructure fingerprints) transforming
the molecular representation into a bit vector. The similarity between two vectors
is then calculated with various similarity measures, most common is the Tanimoto
coefficient. 3D similarity methods mainly consider the shape comparison of two
molecules, typically extended by 3D pharmacophoric features, e.g., ROCS is consid-
ered the industry-leading commercial program for shape-based screenings.[148]

Structure-based approaches, in most cases classical docking methods, are typically
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preferred if the target 3D structure information is available.[149] However, 2D ligand-
based methods often require only a fraction of second for a single structure com-
parison task which allows to perform large screenings within a few hours even on a
single, standard CPU. In contrast, docking methods are already considerably more
resource demanding and time-consuming, not to mention more elaborated meth-
ods such as molecular dynamics simulations.[150] As a consequence, ligand-based
methods are very attractive options for initial attempts to identify or filter rele-
vant compounds in large and ultra-large virtual databases.[151] Furthermore, they
are valuable tools to identify close analogues of known active compounds in a time
efficient manner. In the last couple of years, several methods have been developed
to screen non-enumerated chemical spaces up to 1015 compounds and beyond in
seconds to minutes on standard hardware.[152] The most elaborated technique for
large space screening are chemical fragment spaces with corresponding connection
rules, e.g., BioSolveIT’s fragment spaces in connection with FTrees similarity im-
plemented in their infiniSee software allows the screening of huge chemical spaces
(e.g., Enamine REAL space) in seconds on standard hardware.[153, 154]

There are many open-source web servers available for the screening of enumerated
compound libraries using a variety of different structure- and ligand-based methods,
recently reviewed by Singh et al.[155] For example, many well-known databases such
as CHEMBL, PubChem or ZINC include ligand-based similarity search function-
alities with molecular fingerprints and/or substructure searches.[64, 156, 157] The web
tool SwissSimilarity allows for the 2D fingerprint and 3D shape screening of com-
mon public databases and compound libraries of most commercial vendors such as
Enamine or ChemDiv.[158, 159] Pharmit additionally offers the possibility to screen
large databases based on pharmacophore queries.[160]

Several standalone tools focusing on enumerated 2D ligand-based screening ap-
proaches are available, most of which are commercial products.[152] Prominent ex-
amples are Schrödinger’s GPUSimilarity integrated in their LiveDesign suite us-
ing a GPU-powered server in the background, Arthor’s NextMove software with a
SMARTS-based pattern matcher and Andrew Dalke‘s chemfp commandline tool.[161–163]

To the best of our knowledge, there is no open-source commandline tool available
which is similar to the SwissSimilarity or Pharmit web server and which allows for
the comprehensive screening of databases and library files using different 2D and 3D
ligand-based screening approaches, all combined in one tool.

In the following, we report an open-source command-line tool called "Virtual Screen-
ing WorkFlow" (VSFlow) written in Python and containing three different ligand-
based screening modes. It relies on the open-source cheminformatics sofware RDKit.[164]
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8.3 Implementation

VSFlow includes a substructure-based and fingerprint-based screening mode (2D)
as well as a 3D shape-based screening mode (Figure 8.1). Additionally, it possesses
two tools for preparing and managing compound databases for virtual screening.

Figure 8.1: Different screening functionalities of VSFlow

8.3 Implementation

VSFlow is written in Python, is open-source and can be downloaded from https:
//github.com/czodrowskilab/VSFlow. It is licensed under the MIT license.
As a prerequisite, a working installation of Anaconda or Miniconda is needed.[165]

VSFlow including all dependencies can then be installed with the provided yml file
as follows:

conda env create --quiet --force --file environment.yml
conda activate vsflow
pip install .

The Python dependencies are rdkit, xlrd, xlsxwriter, pdfrw, fpdf, pymol-open-
source, molvs and matplotlib.[166, 167] VSFlow requires Python version 3.7 or higher.

VSFlow includes 5 separate tools: preparedb, substructure, fpsim, shape and man-
agedb (Figure 8.1). All functionalities of VSFlow can also be run in parallel on
multiple cores/threads. Parallelization is implemented via Python’s built-in multi-
processing module.

8.3.1 preparedb: Prepare Databases

VSFlow contains a tool to prepare compound libraries for virtual screening (pre-
paredb). It allows for standardization of the molecules, generation of fingerprints
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and generation of multiple conformers (Figure 8.2). The output file is a "virtual
screening database" (.vsdb) file. The vsdb file is a Python pickle file containing all
information in a special Python dictionary format which significantly enhances load-
ing speed compared to SD files, particularly relevant for larger databases. Standard-
ization is done on the basis of the MolVS rules and includes charge neutralization,
salt removal and optionally tautomer cannibalization.[166] Fingerprints are generated
with the RDKit chemistry framework. Conformers are generated with the RDKit
ETKDGv3 method and optimized with the MMFF94 forcefield. [168] The following
options are available:

• standardize: standardizes molecules, removes salts and associated charges

• conformers: generates multiple 3D conformers for database molecules

• canonicalize: adds the canonical tautomer to the database

• fingerprint: generates the respective fingerprint for each molecule and stores
it in the database

It is also possible to directly download the PDB ligands and the chembl database
and store them as .vsdb databases, e.g.::

vsflow preparedb -d pdb -s -f ecfp -r 2 -o pdb_ligands.vsdb

The above command will download all pdb ligands, standardize the molecules (-s
argument), calculate the ECFP2 fingerprint (-f and -r argument) for every molecule
and store it along with the molecule in the database (-o argument). You can repeat
this for the chembl database, e.g., with a different fingerprint:

vsflow preparedb -d chembl -s -f fcfp -r 4 -o chembl_cpds.vsdb

Figure 8.2: Preparedb functionality of VSFlow: prepare compound libraries for virtual
screening

8.3.2 substructure: Substructure Search

The substructure search (substructure) is performed based on the GetSubstruct-
Matches() functionality available for RDKit MOL objects.
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fpsim: Fingerprint similarity search

The fingerprint generation relies on the RDKit framework. All fingerprints cur-
rently implemented in the RDKit (Morgan, RDKit, Topological Torsion and Atom
Pairs fingerprint and MACCS keys) are supported and different similarity measures
(Tanimoto, Tversky, Cosine, Dice, Sokal, Russel, Kulczynski and McConnaughey
similarity) can be used.

shape: Shape-based Screening

Several functionalities of RDKit were combined to perform a screening based on
a compounds’ molecular shape (Figure 8.3). First, generation of conformers (RD-
Kit ETKDGv3 and MMFF94 forcefield) is done for 2D query structures. Con-
formers for database compounds can be generated using the preparedb function-
ality. Then, conformers of each query molecule are aligned to all conformers of
each database molecule with the RDKit Open3DAlign functionality, either using
MMFF94 force field parameters or Crippen atomic logP contributions (user-defined).
In the next step, for every conformer pair the shape similarity is calculated (Tanimo-
toDist, TverskyShape or ProtrudeDist) and the most similar conformer pair for every
query/database molecule pair is selected (RDKit rdShapeHelpers). For the selected
most similar conformer pair a 3D pharmacophore fingerprint is generated (RDKit
Pharm2D) and the fingerprint similarity is calculated. By default, a combined score
(combo score), the average of shape similarity and 3D fingerprint similarity, is used
to rank the database molecules. The intended use case of the shape screening mode
is to screen a database of compounds with multiple conformers (prepared e.g., us-
ing the preparedb functionality of VSFlow) and to use a query ligand in a single,
bioactive conformation, e.g., from the pdb database.

8.3.3 managedb: Manage Databases

The mode managedb is a convenience tool to update and manage compound databases
which are integrated into VSFlow. A detailed description can be found in the VS-
Flow wiki.[169]

8.4 Results & Discussion

In the following section, the intended usage of VSFlow including some example
commands are presented. A detailed description of the multiple possibilities to use
VSFlow along with specific examples can be found in the VSFlow GitHub wiki.[169]
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Figure 8.3: Different steps and RDKit functionalities which were combined to perform a
screening based on pharmacophore alignment and shape similarity.

In order to demonstrate the three main functionalities of VSFlow together with
both its versatile input and output formats, we took the tyrosine-kinase inhibitor
dasatinib as query molecule. As database, an SD file of the FDA-approved drugs
generated from the ZINC database was used, comprising over 1600 molecules [157].
This database is also available in our GitHub repository.

8.4.1 Substructure Search

For the substructure search, a SMARTS representation of the thiazol function of
dasatinib was taken as input to see how many other drugs might have that specific
group. Besides the 36 hits (one of them, of course, dasatinib itself) in which the
thiazole group was found, three molecules even have two thiazole groups, namely
cefditoren, cobicistat and ritonavir. A pdf (supporting information) was generated
displaying a table of the found hits with the 2D structures and the found substructure
match highlighted in red as well as the information of the hit (e.g., ID, SMILES,
Figure 8.4). It should be mentioned that a pdf can only be generated in addition to
an sdf, excel or csv file.

vsflow substructure -sma "s:1:c:n:c:c:1" -d fda.sdf
-o substructure.sdf --pdf
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Figure 8.4: Exemplary page of the pdf file generated after substructure search. The left
column shows the hits with the substructure matches highlighted in red, the right column
the ID of the hits as well as the SMILES and the query SMARTS .

8.4.2 Fingerprint Similarity

For the fingerprint similarity function fpsim, a SMILES input of the molecule was
used with default parameters, i.e., an FCFP4-like Morgan 2048 bits of radius 2 for
which the Tanimoto coefficient was calculated. A pdf file was selected as output
format as well as an Excel file. The simmap parameter will generate a similarity
map that visualizes the contribution of the specific atoms to the similarity between
the molecules in the database and dasatinib (Figure 8.5). [170]

vsflow fpsim -d fda.sdf -o fingerprint.xlsx --pdf --simmap
-smi "Cc1cccc(c1NC(=O)c2cnc(s2)Nc3cc(nc(n3)C)N4CCN(CC4)CCO)Cl"

8.4.3 Shape Similarity

In order to perform a shape screening, a new database, containing a maximum of 20
conformers, was generated with the -c argument because the original database only
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Figure 8.5: Exemplary page of the pdf file generated after fpsim search. The fingerprint
similarity (FCFP4-like Morgan 2048 bits) of the molecules with the query molecule dasa-
tinib is visualized in the left column, the right column shows IDs of the molecule as well
as the search parameters and the calculated Tanimoto similarity.

had one conformer per compound.

vsflow preparedb -i fda.sdf -np 8 -c 20
-o fda_multiple_confs.vsdb

Since that is a rather resource-intensive step, multiprocessing was carried out with
the help of the -np parameter. The following shape search, also multiprocessed, was
then done with the previously prepared vsdb pickle file using the instance coordinates
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of dasatinib in complex with tyrosine protein kinase ABL1 (PDB: 2GQG).

vsflow shape -i 2gqg_C_1N1.sdf -np 8
-d fda_multiple_confs.vsdb -o shape.sdf --pymol

More than half of the top 10 hits were other kinase inhibitors. By default, the shape
functionality creates two sd files, one with the query molecule (shape_1_query.sdf)
and the found hits as a second file (shape_1.sdf). Additionally, a PyMOL session file
was generated (–pymol parameter) so that the aligned structures could be visually
inspected directly (Figure 8.6).

Figure 8.6: Screenshot from the PyMOL session file generated after shape similarity
screening. By default, the first ten hits (one of them shown here in blue) are aligned with
the query molecule dasatinib (green).

The RMSD spread of the conformer generation process (ETKDG3 followed by
MMFF94 minimization) is given in Figure 8.7). It shows a clear upwards trend:
the more rotatable bonds, the larger the RMSD.

8.4.4 Runtime Performance

To give the user an idea of the expected runtime performance, we performed a
substructure and 2D similarity search in the pdb and chembl28 database.[64, 171] We
performed the searches on up-to-date standard notebook hardware, namely a 12th
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Figure 8.7: RMSD spread of the conformer generation process (ETKDG3 followed by
MMFF94 minimization) for the search of the bioactive conformation (Platinum data set)

Gen Intel(R) Core(TM) i7-12700H with 2.70 GHz and 20 cores and 32GB RAM
running Windows 11. To get an idea of the performance on your own system, you
may execute the following commands accordingly. Both chembl and pdb database
can be downloaded and prepared directly within VSFlow:

vsflow preparedb -d pdb -o pdb_ecfp4 -f ecfp -np 6
vsflow preparedb -d chembl -o chembl_ecfp4 -f ecfp -np 6

With the above calls, the pdb and chembl databases are downloaded into VSFlow
and 2048-bit ECFP4 fingerprints are generated for each compound and stored within
the output vsdb file. Preparation of the pdb database (containing 36796 unique com-
pounds at 22/05/2022) took 11 seconds on our system, preparation of the chembl28
database (2066377 compounds) took 511 seconds. Now, we performed a substruc-
ture and similarity screening using a SMILES as query, once in single-core mode
and once on 6 cores:

vsflow substructure -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d pdb_ecfp4.vsdb
-o pdb_subsearch.sdf
vsflow substructure -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d pdb_ecfp4.vsdb
-o pdb_subsearch.sdf -np 6
vsflow fpsim -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d pdb_ecfp4.vsdb
-o pdb_fpsim.sdf -f from_db
vsflow fpsim -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d pdb_ecfp4.vsdb
-o pdb_fpsim.sdf -f from_db -np 6
vsflow substructure -smi "C(C1=CC=CC=C1)C1=CC=NC=C1"
-d chembl_ecfp4.vsdb -o chembl_subsearch.sdf
vsflow substructure -smi "C(C1=CC=CC=C1)C1=CC=NC=C1"
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-d chembl_ecfp4.vsdb -o chembl_subsearch.sdf -np 6
vsflow fpsim -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d chembl_ecfp4.vsdb
-o chembl_fpsim.sdf -f from_db
vsflow fpsim -smi "C(C1=CC=CC=C1)C1=CC=NC=C1" -d chembl_ecfp4.vsdb
-o chembl_fpsim.sdf -f from_db -np 6

The following table (Table 8.1) summarizes the overall runtime for each call, e.g., it
contains the loading time for the database file, the substructure or similarity search
and the generation of the output file.

Table 8.1: Runtime performance of substructure and similarity search on 12th Gen In-
tel(R) Core(TM) i7-12700H with 2.70 GHz and 20 cores and 32GB RAM running Windows
11

pdb chembl cores
substructure 1 s 162 s 1

0.8 s 89 s 6
similarity 1 s 157 s 1

0.75 s 77 s 6

8.4.5 Virtual Screening Performance

To give the user an idea about the performance of the tool in virtual screening prac-
tice, i.e., whether it could identify active compounds, we did some basic simulated
screenings using the maximum unbiased validation (MUV) dataset.[172] The MUV
dataset is based on PubChem bioactivity data and consists of 17 targets, each with
30 actives and 15000 decoys. The choice of actives and decoys is done based on
confirmatory and primary screens, which makes the dataset very difficult for vir-
tual screening methods. We performed sample screenings based on 2D fingerprint
and 3D shape similarity (mode fpsim and shape). The general performance of 2D
fingerprints implemented in RDKit has been studied extensively before, with the
MUV dataset being part of a larger evaluation set.[173] We adapted a simplified ver-
sion of the workflow described before by Riniker and Rohrer.[172, 173] In short, for
each of the 17 subsets in the MUV dataset, one of the 30 active compounds was
selected as query molecule and the remaining 29 actives were pooled together with
the 15000 decoys and used as validation set. This query/validation split was done
for all 30 actives. For the resulting 30 query/validation test splits per subset the vir-
tual screening performance was measured by the area under the receiver operating
curve (AUC, example curve shown in Figure 8.8) and the mean value was calculated
for each subset (mean AUC). The screening consisted of two steps: 1) generation
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Figure 8.8: Example of a receiver operating curve (ROC) obtained for a query/valida-
tion test split after a 2D similarity screening with ECFP2 fingerprint. The MUV subset
MUV_548 was the validation set, the query was compound MUV_548_A_5. The area
under the curve (AUC) is 0.744. FPR = false positive rate, TPR = true prositive rate.

of a vsdb database with standardized molecules ans pre-computed fingerprints or
conformers for the validation set; 2) 2D or 3D similarity screening of the validation
set against the query molecule.

The results for 2D similarity screening with various descriptors is summarized in Fig-
ure 8.9. They follow, in general, the trend observed by Riniker et al. for 2D finger-
prints on the MUV dataset.[173] For some targets, a significant enrichment of actives
(e.g., meanAUC = 0.74 for ECFP3 fingerprint for target FactorXIa [MUV_846])
is observed, whereas for other targets no enrichment could be observed based on
simple 2D similarity calculations.

Figure 8.10 summarizes the results for the 3D shape-based virtual screenings. Best
performance is observed when using the combo score for result ranking for most
MUV subsets. However, for MUV_737 (estrogen receptor alpha) and MUV_832
(cathepsin G) scoring with 3D fingerprint yields a better overall enrichment.
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Figure 8.9: Results of virtual screening validation with the MUV dataset for 2D finger-
print similarity. The expectation of mean AUC of 0.5 for random rankings is indicated by
the blue dashed line.

Figure 8.10: Results of virtual screening validation with the MUV dataset for 3D shape-
based screenings. The expectation of mean AUC of 0.5 for random rankings is indicated
by the blue dashed line.
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9. Devices, Consumables and
Chemicals

Unless otherwise described, chemicals and reagents from the following companies
were used for the preparation of buffer solutions and cultivation media: Carl Roth
(Karlsruhe, DE), Sigma-Aldrich (St. Louis, MO, US), Thermo Fisher Scientific
(Waltham, MA, US), Merck Millipore (Burlington, MA, US), and Invitrogen (part
of Thermo Fisher Scientific).

9.1 Devices

FPLC systems: ÄKTA pure (GE Healthcare, Chicago, IL, US); ÄKTA start (GE
Healthcare, Chicago, IL, US)

Incubators: Minitron (Infors HT, Einsbach, DE); Multitron Pro (Infors HT, Eins-
bach, DE); MaxQ™ 8000 (Thermo Fisher Scientific, Waltham, MA, US); Certomat ®

BS-1 (Sartorius, Göttingen, DE)

Microcalorimeter: MicroCal PEAQ-ITC Automated ITC (Malvern Panalytical,
Worcestershire, UK)

Microfluidizer: Model M-110L (Microfluidics, Westwood, MA, US)

Pipettes: Research plus (Eppendorf, Hamburg, DE); Xplorer (Eppendorf, Hamburg,
DE)

Rotors: Sorvall SA-600 (Thermo Fisher Scientific, Waltham, MA, US); FiberLite™
F20-6x100, FiberLite™ F8-6x1000y (Thermo Fisher Scientific, Waltham, MA, US)

Spectrophotometer: NanoDrop™ 2000 (Thermo Fisher Scientific, Waltham, MA,
US)

Thermomixer: ThermoMixer® C (Eppendorf, Hamburg, DE)
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Centrifuges: 5424, 5424R, 5804R (Eppendorf, Hamburg, DE); Sorvall Evolution RC
(Thermo Fisher Scientific, Waltham, MA, US)

9.2 Consumable Materials

Dialysis tube/cassette: Slide-A-Lyzer® MWCO 10000 (Thermo Fisher Scientific,
Waltham, MA, US)

Centrifugal concentrators: Vivaspin MWCO 10 kDa (Sartorius, Göttingen, DE);
Vivaspin MWCO 30 kDa (Sartorius, Göttingen, DE)

9.3 Test Substances

Sorafenib (LC Labs, Woburn, MA, US)

Regorafenib (LC Labs, Woburn, MA, US)

SB203580 (LC Labs, Woburn, MA, US)

SAP114 (Chemspace, Riga, Latvia)
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A.1 Thermodynamic Data
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A Supplementary Material

Figure A.1: Thermogram of the titration of p38α with reference inhibitor SB203580
(molecular representation top right) and inherent thermodynamic parameters and stoi-
chiometry (bottom right). The K d for this interaction is 15 nM in the literature[174], but
measured with ITC at 30°C and not at 25°C as here.
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Abbreviations

pK a acid dissociation constant

ADMET absorption, distribution, metabolism, excretion, toxicity

AIDS acquired immunodeficiency syndrome

AP aspartic protease

ATP adenosine 5’-(tetrahydrogen triphosphate)

bdaGDP butylenediamineguanosine diphosphate

BTK Bruton’s tyrosine kinase

cpHMD constant pH molecular dynamics

DMSO dimethyl sulfoxide

edaGDP ethylenediamine guanosine diphosphate

EP endothiapepsin

FBDD fragment-based drug design

FDA U.S. Food and Drug Administration

GDP guanosine diphosphate

GPU graphics processing unit

GTP guanosine triphosphate

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HIV human immunodeficiency virus

HIV-1 PR HIV-1 protease

ITC isothermal titration calorimetry

KNIME Konstanz Information Miner
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MMP matched molecular pair

MMPA matched molecular pair analysis

MPD 2-methyl-2,4-pentanediol

NMR nuclear magnetic resonance

p38α mitogen-activated protein kinase p38α

PB Poisson-Boltzmann

PBE Poisson-Boltzmann equation

PDB Protein Data Bank

pepA pepstatin Ald type

pH potentia hydrogenii

PKA cAMP-dependent protein kinase A

Ras rat sarcoma virus

SBDD structure-based drug design

TCEP tris(2-carboxyethyl)phosphine

Tween® 20 polyoxyethylene-20-sorbitan monolaurate

VEGFR-2 vascular endothelial growth factor receptor

WHO World Health Organization

wt wild type
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