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Kurzfassung

Proteine sind fiir das Leben essenziell und folglich auch fiir lebenswissenschaftliche
Fragestellungen wie der Wirkstoffentwicklung. Die Bindung von Liganden an Pro-
teine aktiviert, deaktiviert oder reguliert biologische Prozesse in Organismen und kon-
trolliert deshalb deren Entwicklung, Féahigkeiten und Erhaltung. Dreidimensionale
Strukturen von Protein-Ligand-Komplexen und Proteinen werden in Datenbanken wie
der Protein Data Bank (PDB) gesammelt und stellen eine kontinuierlich wachsende
und immer wichtigere Datenquelle fiir den computergestiitzten Wirkstoffentwurf dar.
Fiir die Forschung sind Softwareanwendungen erforderlich, um die Ligandenbindung er-
moglichenden Eigenschaften von Protein-Ligand-Bindestellen im Rahmen des Wirkstof-
fentwurfs zu analysieren. Insbesondere die Visualisierung und 3D-Suche dieser Daten
generiert wertvolle Erkenntnisse. Die Visualisierung einer Protein-Ligand-Bindestelle in
Berichten, Prasentationen und Artikeln unterstiitzt Wissenschaftler dabei, die Affinitét,
Selektivitdt und daraus resultierende biologische Aktivitéit eines Liganden darzustellen,
zu analysieren und zu modifizieren. Die 3D-Suche in Protein-Ligand-Schnittstellen
hilft Forschende dabei, dhnliche Bindungsstellen zu identifizieren, um beispielsweise
Off Target-bezogene Forschungsfragen wie Drug Repurposing oder Nebenwirkungen zu
beantworten. Teilweise basierend auf neu implementierten, iiberarbeiteten und um-
fassend weiterentwickelten Grundlagen wurden zwei Methoden und Tools entwickelt,
um den jeweiligen Stand der Wissenschaft voranzutreiben.

Neben der Anwendbarkeit der Tools lag das Hauptaugenmerk auf der Entwicklung
von intuitiv nutz- und bedienbaren Methoden, um die komplexen Daten und die
entsprechende funktionale Komplexitdt der beiden Tools zu adressieren. Beide Tools
sind iiber einen kostenlosen Webdienst und einen Software-Container verfiighar. Fiir
das erste Tool wurde ein Visualisierungskonzept fiir Protein-Ligand-Schnittstellen en-
twickelt, das interaktive und synchronisierte Text-, 2D- und 3D-Darstellungen syn-
ergetisch integriert. Die innovativste Komponente des Tools ist der 2D-Editor, der
hochgradig anpassbare 2D-Diagramme von Ligandenbindungsmodi anzeigt. Das Visual-
isierungskonzept wurde dann fiir das zweite Tool genutzt, um die Benutzerfreundlichkeit
der Suchoberfliche angesichts der hohen Komplexitdt der Suchanfrage zu adressieren.
Eine Abfrage kann einfache textbasierte Schliisselworter und benutzerdefinierte 3D-
Objekte umfassen, die relative rdumliche Anordnungen verschiedener chemischer Kom-
ponenten wie Atome darstellen. Der Suchraum besteht aus algorithmisch vorherge-
sagten ligandengebundenen und ligandenungebundenen Bindungsstellen der gesamten
PDB. Beide Anwendungen erwiesen sich als einzigartige Alternativen zu anderen en-
twickelten Tools und ermdglichen eine umfassende und benutzerfreundliche Analyse
von Protein-Ligand-Bindestellen zur Beantwortung biologischer funktionsbezogener

Fragestellungen.
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Abstract

Proteins are essential to life and, therefore, to life science-related topics like drug de-
velopment. The binding of ligands to proteins activates, deactivates, or regulates bio-
logical processes in organisms, thereby controlling their development, capabilities, and
maintenance. Three-dimensional structures of proteins and protein-ligand complexes
are collected in databases like the Protein Data Bank (PDB) and represent a continu-
ously growing and increasingly important data source for computer-aided drug design.
Scientific research requires software applications to study the ligand binding-enabling
characteristics of protein-ligand interfaces in the context of drug development. No-
tably, the visualization and 3D searching of that data generates valuable knowledge.
The visualization of a protein-ligand interface in reports, presentations, and articles
supports scientists to present, analyze, and modify a ligand’s affinity, selectivity, and
consequential biological activity. 3D searching in protein-ligand interfaces, on the other
hand, helps scientists identifying similar binding sites to, for example, address off target-
related research questions like drug repurposing or drug side effects. Partly based on
reimplemented, refactored and extensively further developed groundwork, two methods
and tools were developed to advance the respective state of the art.

In addition to the applicability of the two tools, a major focus was centered on the
development of usability-enhancing methods to address the complex data and the cor-
responding functional complexity of the tools. Both tools are available via a free-to-use
web service and a standalone software container, ensuring their accessibility to all re-
searchers in the field. A visualization concept for protein-ligand interfaces was devel-
oped for the first tool, synergistically integrating interactive and synchronized textual,
2D, and 3D representations. The tool’s most innovative component is the 2D editor,
which generates and displays highly user-customizable 2D diagrams of ligand binding
modes. The visualization concept was then exploited for the second tool to address
the search interface’s usability in view of the query’s high complexity. A query can
include basic text-based keywords and user-customized 3D objects describing relative
spatial arrangements of different chemical features like atoms. The search space is com-
posed of algorithmically predicted ligand-bound and ligand-unbound binding sites of
the complete PDB. Both applications were demonstrated to be unique alternatives to
other existing tools, enabling comprehensive and user-friendly analyses of protein-ligand

interfaces to answer biological function-related research questions.






Acknowledgments

I want to thank Matthias Rarey for the interesting doctoral topic and the excellent
supervision. I would also like to thank Christiane Ehrt, Joel Graef, and Martin Poppinga
for their helpful collaboration on GeoMine and several scientific publications. I would
also like to thank the BMBF for funding this work. I would especially like to thank all
members of the AMD group for the relaxed working environment and cooperative work
ethic that enables the group’s extensive technical infrastructure. Lastly, I would like to

thank Joel Graef and Christiane Ehrt for proofreading my doctoral thesis.

VII






Contents

1 Introduction
1.1 Protein-Ligand Interactions . . . . . . . . . . ... ... ... ... ...,
1.2 Structural Data Quality . . . . . . . ... ... oo

2 2D Visualization of Ligand Binding Modes
2.1 Relevance for Scientific Research . . . . . . .. .. ... ... ... ...,
2.2 Stateof the Art . . . . . . . .
2.3 Perspectives and Objectives . . . . . . . . . . ... L.
2.4 Technical Groundwork and Challenges . . . . . . . . ... ... ... ...
2.5 Conceptual Summary . . . . . . . . ... L
2.6 Application . . . . . . ...
2.7 Outlook . . . . . . .

3 3D Structural Searching of Large Binding Site Collections

3.1 Relevance for Scientific Research . . . . . . . . . ... ... ... .....
3.2 Relevance of the Datainthe PDB . . . . . ... ... ... ... .. ...
3.3 Stateof the Art . . . . . . . . . ...
3.4 Perspectives and Objectives . . . . . . . . . . ... ... ... ...
3.5 Technical Groundwork and Challenges . . . . . . . .. .. ... ... ...
3.6 Conceptual Summary . . . . . . . ...

3.6.1 Query Generation Workflow . . . . .. ... ... ... ... ...,

3.6.2 Results Analysis and Refinement Workflow . . . . . . . . ... ...
3.7 Application . . . . . ...
3.8 Outlook . . . . . . . ..

4 Summary and Conclusion

Bibliography

IX

11
20
24
28
35
38

41
41
42
44
54
o7
60
60
65
68
71

75

79



Contents

Bibliography of the Cumulative Dissertation 93
Appendix 95
A Scientific Contributions 95
A.1 Publications . . . . . . ... 95
A.2 Conferences and Workshops . . . . . . . . . ... ... ... 98
A.2.1 Oral Presentations . . . . . ... .. .. ... .. ... ... ... 98

A.2.2 Poster Presentations . . . . . .. .. ... L 98

B Software 99
B.1 PoseView . . . . . . 99
B.1.1 Usage . . . . . . . 99

B.1.2 MOL2 Input . . . . . . . ..o 100

B.2 InteractionDrawer . . . . . . . . . . ... 105
B21 Usage . . . . . . . e 105

B.22 Config . . . . . . . 107

B.23 JSON Input . . .. .. . ... .. 131

B.2.4 Technical Implementation . . . .. .. ... ... ... ....... 146

B.25 Code . . . . . 147

B.3 ProteinsPlus Web Server . . . . . . .. .. ... ... 152
B.3.1Usage . . . . . . e 152

B.3.2 Technical Implementation . . . . . . ... ... .. ... ...... 154

B.4 PoseEdit . . . ..o 155
B.4.1 REST API Usage . . . . . . . . . . i 155

B.4.2 Container Usage . . . . . . . . . .. .. ... 161

B.4.3 Editor Features . . . . . . .. ... o 163

B.5 GeoMine . . . . . ... 167
B.5.1 Tool Usage . . . . . . . . . o o e 167

B.52 REST API Usage . . . . . . . . . . o o 169

B.5.3 Container Usage . . . . . . . . . .. .. ... 175

B.5.4 Binding Site Calculation . . . . . .. ... ... ... .. ...... 177

B.5.5 XML . oo 178

B.5.6 JSON . . . . . 192

B.5.7 Technical Implementation . . . . . . ... ... .. ... ...... 204



Contents

C Journal Articles 205
C.1 PoseEdit: enhanced ligand binding mode communication
by interactive 2D diagrams . . . . . . .. ... Lo 205
C.2 GeoMine: interactive pattern mining of protein-ligand
interfaces in the Protein Data Bank . . . . . . . .. ... ... .. .... 219

C.3 Searching Geometric Patterns in Protein Binding Sites

and Their Application to Data Mining in Protein Kinase Structures . . . 251
C.4 Database and Workflow Optimizations for

Spatial-Geometric Queries in GeoMine . . . . . . ... ... L. 276
C.5 User-centric design of a 3D search interface for

protein-ligand complexes . . . . . . ... 289
C.6 ProteinsPlus: interactive analysis of protein-ligand binding interfaces . . 302

C.7 ProteinsPlus: a comprehensive collection of web-based

molecular modeling tools . . . . . ... o Lo 309

XI






Chapter 1

Introduction

The existence of all life forms is based on the information encoded in their genetic mate-
rial. Its decoding generates a large variety of macromolecular chemical structures called
proteins. According to the Human Proteome Project, 19,778 proteins are predicted to
be encoded by the human genome, of which 18,397 have been identified as of April 1,
2023, resulting in 93.01% human proteome coverage [1].

The high number of unique proteins is based on the combinatorial diversity of their
building blocks, the 20 proteinogenic a-amino acids. Each encoding gene generates a
different sequence of these building blocks, which folds into a unique three-dimensional
(3D) protein structure [2]. Proteins carry out specific functions within organisms to
control their development, maintenance, and abilities. From hormones that promote
the organism’s growth to antibodies that protect it against a virus, from enzymes that
catalyze the digestion of nutrients to receptors that enable pain perception, the bio-
logical functions of proteins are highly diverse. The functional diversity of proteins is
primarily based on their differentiating a-amino acid sequences and resulting 3D struc-
tures. These varying properties lead to the formation of unique regions on a protein’s
surface that can bind to other small chemical structures, which in this context are called
ligands. The spatial shape of a binding site and the electrical charges of the amino acid
atoms exposed on its surface determine the affinity for ligands that are complementary
in shape and atomic charges. During the ligand binding process, the ligand spatially
fits into the binding site, and attractive forces occur between oppositely charged bind-
ing site and ligand atoms. The subsequent binding of a ligand to the binding site can
alter the protein’s functional state by either enhancing or inhibiting its activity. Online
resources like the Catalytic Site Atlas (CSA) [3] and PROSITE [4] provide descriptions

of important amino acid motifs for ligand recognition in binding sites.
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Due to their ubiquitous presence in all life forms and essential functional importance
to life, proteins are also an important research topic in life sciences, especially in the
context of drug development to treat human diseases. This process exploits the previ-
ously described molecular control mechanism of protein activity. The drug development
process includes the visualization, analysis, and identification of proteins with disease-
related activity, of their activity-associated binding sites, and of already existing ligands
or newly designed ones that bind these binding sites with high affinity. The ultimate
goal is to obtain a ligand that manipulates a target protein’s disease-related biological
activity in such a way that a therapeutic effect is achieved in the patient [5-7]. To
ensure the effectiveness of an administered drug, it is important also to investigate and
improve other drug-related effects in the human body that may lead to complications
such as side effects due to low target protein selectivity, insufficient bioavailability, or
short metabolic half-life.

Due to the significant complexity of a drug development process and the resulting
timeframe, costs, and risk of failure in clinical phases [8], computational approaches
have become increasingly important as an efficiency-enhancing support to experimental
ones, particularly in the early stages of development. Both approaches are used for the
early discovery of compounds with more favorable absorption, distribution, metabolism,
excretion, toxicological, and affinity profiles [9-12|. For example, the identification of
ligands that bind to a protein target can be approached through an in silico or in vitro
high-throughput screening, in which screening libraries of potential drug candidates
are tested in computational experiments or in the laboratory using a computational
3D model or a biological assay of a protein target respectively [13—-15|. Subsequently,
the visualization and analysis of a computational 3D model of a ligand-bound binding
site and its calculated intermolecular interactions can provide medicinal chemists in-
sights into how a drug and its intermolecular interactions might be further optimized

to improve its affinity [16, 17].

As the example described previously also illustrates, the knowledge about the func-
tionally relevant 3D structures of proteins, ligand-unbound binding sites, ligands, and
ligand-bound binding sites can particularly support the visualization, analysis, and
identification tasks in computer-aided drug design. The determination of molecular 3D
structures can be accomplished through X-ray crystallography [18] and nuclear magnetic
resonance (NMR) spectroscopy [19]. In addition, the importance of electron microscopy
(EM) is growing as it improves speed, costs, and resolvable structure size [20, 21]. X-ray
crystallography is still a frequently used technology for 3D structure determination (Fig-

ure 1.1 taken from [22]). An X-ray crystallographic experiment generates an electron



1 Introduction

density map, which is processed to build and refine a 3D structural model in agreement
with the experimental data. In addition to the experimental technologies, a compu-
tational approach in this context is the artificial intelligence(Al)-based tool AlphaFold
[23], which predicts 3D structures of proteins based on 3D reference structures and

sequence alignments as training data.
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Figure 1.1: Number of released PDB structures per year. Red: x-ray diffraction, fiber diffraction, or
powder diffraction. Blue: solution NMR or solid-state NMR. Yellow: electron microscopy,
electron crystallography, or electron tomography. Turquoise: Multiple experimental meth-
ods. Taken from [22]

The experimental and computational advancements in 3D determination technolo-
gies have led to a significant increase in 3D structures, which is collected by databases
such as the Cambridge Structural Database (CSD) [24], the above-mentioned AlphaFold
database, the Protein Data Bank (PDB) [25], and the sc-PDB [26]. The CSD contains
experimental 3D structures of organic, metal-organic, and organometallic molecules.
As previously highlighted, the AlphaFold database includes 3D structures of proteins
predicted by artificial intelligence. The PDB contains experimentally determined 3D
structures of proteins, nucleic acids, and corresponding hybrids and ligand complexes.
In addition, the PDB provides access to a subselection of 3D structures of the AlphaFold
database. The sc-PDB contains a subselection of PDB entries for which binding sites
that were predicted to be druggable are annotated. The content of the PDB is freely
accessible on a web page and updated weekly with 3D structures submitted by scien-
tists from all over the world. The PDB has established itself as a central exchange
platform for molecular 3D structures and, thus, as an important resource for life scien-
tists to visualize, analyze, and identify proteins, binding sites, and binding ligands for

the development of new drugs.
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The PDB itself provides several internal tools for the therefore necessary data ex-
ploration. For example, the search options include keyword-based searches, sequence
searches utilizing the BLAST algorithm [27], chemical substructure searches, and 3D
structural searches. The 3D structural data of the PDB entries can also be down-
loaded in various file formats (PDB, PDBx/mmCIF, XML, BinaryCIF) [28]. The
PDBx/mmCIF is an improvement to the PDB file format supporting data of large
3D structures, complex chemistry, and new and hybrid experimental methods [29]. Al-
though the PDB file format is no further developed and will become outdated due to the
PDBx/mmCIF format’s evolvement [30], it is still widely used to exchange 3D struc-
ture data of proteins and protein-ligand complexes. External visualization and analysis
tools can also use PDB files as input. The origin of PDB files is not limited to the PDB
website and other publicly accessible internet sources. For example, external sources
like molecular docking tools that use PDB files as input might also generate PDB files
as output [31]. A PDB file contains atomic 3D coordinates and other atomic properties
such as the element and amino acid. In addition, the PDB file content includes infor-
mation about the source organism, the protein, its amino acid sequence, and secondary
structure elements, as well as experimental metadata, for example, regarding the 3D
structure’s quality. The 3D structural data in the PDB files might be parsed and further
processed by computational tools to complement and represent it regarding user-specific
requirements. For example, ligand-unbound binding sites [32], polar hydrogen atoms
[33], and intermolecular ligand interactions [34] could be predicted computationally. As
previously described, proteins, their binding sites, and binding ligands are of essential
importance for life and, consequently, for life sciences and drug development in partic-
ular. Furthermore, the corresponding 3D structural data, such as the one in the PDB,

is a significant source for computer-aided drug design due to its functional relevance.

Based on this context, this doctoral project resulted in two mutually dependent new
tools to explore structural data called PoseEdit [D1] and GeoMine [D2-D5]. PoseEdit
takes a 3D structure in PDB format of a protein in complex with one or multiple
ligands as input and allows the automatic depiction of ligand-specific and interactive
two-dimensional (2D) interaction diagrams. A diagram illustrates a ligand’s binding
mode, i.e., the ligand in its binding site and its intermolecular interactions. GeoMine,
which is the main tool of this doctoral project, is a search engine for querying predicted
ligand-bound and ligand-unbound binding sites in large collections of 3D structures. The
comprehensive 3D structural data of the PDB was selected as a searchable data basis
for GeoMine. GeoMine’s search functionality includes a text-based and a 3D structural

query type, which describes relative spatial arrangements of binding site characteristics
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like atoms. The query design process of GeoMine can partially be done using PoseEdit
diagrams, while the interaction detection done by GeoMine is the basis for their gener-
ation. The development of both tools is highly focused on the structural data’s com-
plexity and the associated usability of their graphical user interfaces, i.e., user-centric
design problems and concepts. Both tools are available as software containers and are
embedded in the publically available ProteinsPlus web server (https://proteins.plus)
[35], which was further developed for this doctoral project [36, D6, D7]. In addition,
software container-based and publically available standalone web servers were developed
(https://poseedit.proteins.plus, https://geomine.proteins.plus).

In sections 1.1 and 1.2, the chemical and physical principles of protein-ligand inter-
actions and the corresponding structural data quality are described in detail. PoseEdit
and GeoMine are then addressed in the following two chapters (Chapter 2 and Chapter
3). In both chapters, the general motivations for tools like PoseEdit and GeoMine are
presented by highlighting the exploitability of the 3D structures in the PDB by such
tools and the research questions they can answer. Subsequently, the specific motivations
for developing PoseEdit and GeoMine are outlined based on the respective tool-specific
state of the art. The strengths and limitations of existing tools are highlighted regard-
ing application examples of interest to identify the perspectives and objectives for the
development of PoseEdit and GeoMine. Next, the technical groundwork on which both
tools are based and the corresponding technical challenges are summarized, followed
by a description of the tools and potential applications. Lastly, a respective outlook
section proposes further developments, followed by a conclusion (Chapter 4) about the

final results of this doctoral project.

1.1 Protein-Ligand Interactions

A sequence of the 20 a-amino acids forms the primary structure of a protein in which
the amino acids are linked by covalent peptide bonds. The backbone of a protein
consists of the peptide bonds, the a-carbons of the amino acids connected by the pep-
tide bonds, and the amino group and carboxyl group of the terminal amino acids. The
variable side chains of the amino acids are connected to the a-carbon atoms of the back-
bone. Intramolecular interactions between the backbone atoms lead to the secondary
structure of a protein, causing local spatial conformations of the backbone. Secondary
structure elements include a-helices, B-sheets, and turns. The 3D structure of a pro-
tein chain, commonly referred to as tertiary structure, is determined by intramolecular
interactions between the side chain atoms. Furthermore, proteins may also have a qua-

ternary structure. This structure classification level refers to large protein complexes,
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which are themselves composed of multiple identical or different protein chains through
intermolecular interactions. For the formation of a protein-ligand complex, a ligand
must first fit sterically into an often hollow-shaped binding site on the protein’s surface.
Opposite transient, partial, and formal atomic charges are then the basis for forming
non-covalent and attractive electrostatic forces between binding site and ligand atoms,
such as hydrogen bonds, ionic interactions, and van der Waals forces. The 20 a-amino
acids have side chains with different functional groups and consequently varying atomic
charges. However, in this context, some amino acids are more similar than others.
Based on the properties of the side chains, amino acids can be classified as acidic if neg-
atively charged, basic if positively charged, polar if they have polar atoms, hydrophobic
if composed of non-polar atoms, and aromatic if aromatic rings are present.

The binding affinity depends, besides other factors, on the extent to which the charge
distribution on the binding site’s surface complements the charge distribution on the
ligand’s surface. Furthermore, geometric properties of intermolecular interactions, such
as the distance between two interacting atoms, determine the binding strength. Hydro-
gen bonds are based on the opposite partial charges of a hydrogen atom donor and a
heavy atom acceptor. Ionic interactions occur between a cationic and anionic atom due
to their opposite formal charges. Van der Waals forces are formed between two atoms
by the spontaneous occurrence of transient atomic charges. Protein-ligand interactions
can occur directly or be mediated through other interaction partners in the binding site,
such as the solvent molecules or cofactors.

From the thermodynamic perspective, protein-ligand binding is based on the Gibbs
free energy, which is described by the formula AG= AH-TAS. AH describes the total
enthalpy change caused by the disruption and formation of intermolecular interactions
between the protein, ligand, and solvent. AS is the total entropy change resulting
from solvent release and the conformational, translational, and rotational degrees of
freedom before and after protein-ligand complex formation. A negative change in Gibbs
free energy expresses that the final bound state has a lower energy than the initial
unbound state at a fixed temperature. A low Gibbs free energy is the prerequisite for
a high binding affinity and consequential formation of a stable protein-ligand complex.
Consequently, the protein-ligand binding benefits from a negative total enthalpy change

and a positive total entropy change.
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1.2 Structural Data Quality

The quality of visualization and analysis results of 3D structures depends on the qual-
ity of the 3D structures themselves. When using experimental or artificial intelligence-
predicted 3D structures, the associated limitations of the underlying data and sub-
sequential 3D structural model generation must be considered. For example, certain
regions of a 3D structure may not be sufficiently resolved due to a lack of experimental
or Al training data. A local lack of experimental data for a specific region could, for
example, be caused by its high structural flexibility. Furthermore, the 3D structural
model building and refinement process can introduce errors that result in atomic col-
lisions and distortions of atomic geometry, such as bond length deviations. The PDB
provides several reports and quality measures for 3D structures.

The validation of experimental 3D structures is based on experts’ recommendations
for X-ray crystallography, NMR, and EM [37-39]. For example, the overall quality of
an X-ray-determined 3D structure is highlighted by its resolution. A low resolution
indicates that two adjacent atoms are well distinguishable. The local quality of regions
of 3D structures predicted by artificial intelligence is commonly validated using the
pLDDT (Predicted Local Distance Difference Test) score. A high pLDDT value for
a region indicates that the region is predicted with high confidence based on the 3D
reference structure and sequence alignment training data. Consequently, the quality
of a 3D structure determines its reliability and should be assessed before its visual-
ization and analysis by computational tools. Another specific limitation to consider
is the technological capability to resolve hydrogen atoms. In PDB files of structures
solved by X-ray crystallography, hydrogen atoms are usually absent. In contrast, NMR
analysis and theoretical models typically determine hydrogen atom positions [40]. Con-
sequently, without hydrogen atoms, the exact position of oxygen and nitrogen atoms in
the sidechains of, for example, asparagine and glutamine is difficult to determine due

to the similar electron numbers of the atoms.






Chapter 2

2D Visualization of Ligand Binding
Modes

The general motivation for the 2D visualization of ligand binding modes and, conse-
quently, the specific motivation for the development of PoseEdit is presented in the
following sections. The motivations are based on the scientific applicability, the ex-
ploitability of the 3D structures in the PDB (section 2.1), and the strengths and limi-
tations of respective state-of-the-art tools (section 2.2). The consequential perspectives
and objectives for developing PoseEdit are summarized in section 2.3. Subsequently, the
technical groundwork and challenges of the development of PoseEdit (section 2.4), the
tool’s description (section 2.5), and its application (section 2.6) are presented. In the
outlook (section 2.7), extensions of PoseEdit are suggested. [D1] references the scien-
tific publication about PoseEdit. The second tool, GeoMine, which was also developed
for this doctoral project (Chapter 3), integrates PoseEdit’s functionality [D5]. [D2-D4]
reference additional GeoMine-related scientific publications. The PoseEdit-hosting Pro-
teins Plus web server and its associated development performed for this doctoral project

are described in [36, D6, D7].

2.1 Relevance for Scientific Research

Experimental and computational approaches like in vitro or in silico high-throughput
screening provide large numbers of candidate compounds in the context of drug devel-
opment. Despite all the related workflow automatizations, the visual examination of
chemical and spatial aspects of a ligand binding mode by scientists is still an indispens-

able task. It can help to answer research questions such as the following:
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e Which residues form intermolecular interactions with the ligand?

Which intermolecular interaction types occur?

Which functional groups and atoms of the protein and ligand are interacting?

What is the 3D conformation of the ligand?

What is the 3D shape of the binding site?

The 3D structure of a protein-ligand complex is the basis for the computational gener-
ation of corresponding 2D and 3D representations of a ligand binding mode [41]. Both
visualization concepts provide a familiar environment for scientists to visualize chemical
structures. Furthermore, such graphical representations enable scientists to concisely
communicate a ligand’s binding mode to themselves as well as to others through re-
ports, presentations, and scientific articles. Therefore, a suitable 2D or 3D visualization
of a ligand binding mode must contain a sufficient amount of relevant chemical and
spatial information that is presented clearly and attractively. Subsequently, the visual
examination of a ligand’s binding mode enables scientists to analyze it in the context
of the above-described research questions and subsequently improve a ligand’s affinity,
selectivity, and consequential biological activity based on their expert knowledge. The
chemical and spatial complementarity of the ligand and the binding site and, conse-
quently, the strength of intermolecular interactions has, therefore, to be optimized to
this end.

Dimensionality reduction from 3D to 2D may seem counterintuitive. However, both
representation concepts have specific advantages and disadvantages depending on what
type of information scientists want to focus on. A 3D representation is a suitable choice
to comprehend spatial information relevant to the ligand binding mode, for example, the
ligand’s conformation or the binding site’s shape. However, the large amount of chemi-
cal and spatial information of a 3D representation requires a time-consuming navigation
through the 3D scene, which complicates the ligand binding mode’s examination. Fur-
thermore, a 2D screenshot of a 3D scene prevents a clear and immediate communication
of a ligand binding mode due to the large amount of spatially overlapping chemical in-
formation. A 2D scene provides a decreased amount of chemical and spatial information
due to its planarity, limiting boundaries, and consequential risk of graphical collisions.
However, by excluding unnecessary chemical information, a 2D representation can pro-
vide a faster communication of chemical key aspects of a ligand’s binding mode while
maintaining a collision-free diagram layout. For example, a 2D representation might

not depict all amino acids of a binding site but only those that directly interact with the

10
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ligand. The precise and quickly communicated chemical information of a 2D representa-
tion is valuable to present and compare ligand binding modes in reports, presentations,
and scientific publications. Furthermore, when a large number of ligand binding modes
needs to be examined sequentially, the speedup of a 2D representation is particularly
helpful.

2.2 State of the Art

Compared to other computational tools for structure-based modeling, only a few pub-
lished tools exist for automatically generating 2D diagrams of ligand binding modes
based on 3D structures of protein-ligand complexes in PDB format: PoseView [34, 42,
43|, LeView [44], LigPlot+ [45, 46|, and MOE [47]. All tools were published more than
ten years ago. In particular, LigPlot+ and PoseView became popular. As of June 18,
2024, the scientific publications of LigPlot+ and its predecessor LIGPLOT counted on
Google Scholar amount to 11,290 citations [48, 49| and of the more recent PoseView
[50-55] in 985 citations.

Figure 2.1, Table 2.1, and the following paragraphs summarize the differences of
the diagrams generated by these tools in terms of chemical information content and
graphical styles. Furthermore, the following paragraphs highlight the corresponding
tool-specific strengths and limitations. The above-mentioned tools and their interaction
models specify which chemical structures are considered ligands and potential interac-
tion partners, as well as which and how intermolecular interaction types are calculated.
All tools allow the generation of diagrams based on the 3D structure of a protein in
PDB format and one of its ligands as input. These tools also support diagrams for
DNA-ligand and RNA-ligand complexes. A ligand can be any small molecule. In addi-
tion, diagrams for simple ions like metal ions can be generated using PoseView, LeView,
and LigPlot+.

All tools calculate and display direct intermolecular interactions of a ligand to protein
and nucleic acid residues. PoseView also draws intermolecular ligand interactions with
metal ions and LeView with water molecules. LigPlot+ and MOE support both men-
tioned interaction types. Furthermore, LigPlot+ also visualizes intermolecular ligand
interactions with other small molecules, for example, organic cofactors. In LeView and
MOE, all residues within a tool-specific cut-off radius of the ligand’s heavy atoms are
displayed, thereby including also those residues that do not form intermolecular interac-
tions with the ligand. While LeView only considers hydrogen bonds, MOE and PoseView
visualize a large variety of intermolecular interactions. The chemical and spatial crite-

ria that the tools apply to calculate the supported intermolecular interaction types are

11



2 2D Visualization of Ligand Binding Modes

based on different scientific studies and are, therefore, highly tool-specific. For example,
PoseView defines a hydrogen bond by a specific donor hydrogen (hydrogen atoms of ni-
trogen, oxygen, or sulfur atoms) and specific acceptor atom (solvent-exposed uncharged
or negatively charged nitrogen, oxygen, or sulfur atoms) with an optimal distance of 1.9
A, 0.5 A tolerance, and an acceptor-hydrogen-donor angle above 120°. LigPlot+ and
MOE detect covalent bonds between the ligand and residues. Explicit polar hydrogens
and atom charges are displayed in the diagrams of PoseView and MOE.

All tools show the ligand in its skeletal representation and calculated intermolecular
interactions as connecting lines. The visualization of the interaction partners differs
between the tools. While LigPlot+ and PoseView use the skeletal representation for
residues, LeView and MOE visualize them as circles or text labels. LigPlot+ displays
the complete residue. In contrast, PoseView shows its backbone, its sidechain, or both,
depending on which residue parts form intermolecular interactions. Only PoseView
strictly follows the Union of Pure and Applied Chemistry (IUPAC) [56] guidelines for
drawing chemical structures in skeletal representation. The IUPAC constraints-based
depiction style ensures drawings of chemical structures with, for example, consistent
bond lengths and angle sizes. With PoseView, hydrophobic contacts are represented
by the labels of contacting residues that annotate specific spline segments at the corre-
sponding hydrophobic ligand parts. LigPlot+ represents hydrophobic contacts through
spiked arcs, which are individually labeled by contacting residues and oriented towards

the corresponding hydrophobic ligand parts.

Table 2.1: Comparison of the diagrams of PoseView, LeView, LigPlot+, and MOE regarding chemical
information content and graphical styles. Taken and adapted from [D1]

PoseView LeView LigPlot+ MOE
chemical structures
ligands small small small small
molecules, molecules, molecules, molecules
metal ions metal ions metal ions
interaction amino acids, amino acids, amino acids, amino acids,
partners nucleic acid nucleic acid nucleic acid nucleic acid
residues, metal | residues, water | residues, wa- residues, wa-
ions ter, metal ter, metal ions
ions, small
molecules

12
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intermolecular interactions

covalent lig- | - - X b
and bonds
to the pro-
tein
hydrogen X x (+ H2O- x (+ H20- x (+ H20O-
bonds mediated) mediated) mediated)
ionic inter- - - - X
actions
metal coor- | x (direct) - x (direct and | x (direct and
dination coordinated) coordinated)
pi-pi interac- | x - - X
tions
cation-pi in- | x - - X
teractions
pi-H interac- | - - - be
tions
hydrophobic | x - (near - - (near
contacts residues) residues)
explicit hy- X - - X
drogens
charges b - - X
representation styles

ligand skeletal skeletal skeletal skeletal
interaction skeletal (side circle skeletal circle
partners chain only,

backbone only,

or both)
IUPAC X - - -

13
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Figure 2.1: Diagrams of different tools of the inhibitor 4-[[6-(cyclohexylmethoxy)-7TH-purin-2-

yllamino]benzenesulfonamide in complex with a cyclin-dependent kinase [57] (PDB iden-
tifier: 1H1S). a LeView. b LigPlot+. ¢ PoseView. d MOE. Taken from [D1]

Depending on the complexity of the ligand binding mode, for example caused by

a large number of interacting residues and intermolecular interactions, a 2D diagram
layout can show graphical deficiencies, such as:
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e overcrowded diagrams due to a large number of closely located graphical objects

like chemical structures, text labels, etc.

e overlapping graphical objects, like covalent bond lines and atom labels of chemical

structures
e intersecting intermolecular interaction lines

e intermolecular interaction lines crossing other graphical objects like chemical

structures

Therefore, the algorithmic challenge of these tools is to create a clear and collision-free
2D diagram layout while maintaining a sufficient amount of relevant chemical informa-
tion and attractive graphical styles. The algorithmic performance might reach its limits
for specific diagrams. For example, a large-scale application of PoseView in 2010 on
201,245 ligand-bound binding sites from the PDB resulted in 155,612 (77.3%) calcu-
latable diagrams, including 123,535 (79.4%) diagrams with a good layout and 32,077
(20.6%) diagrams with improvable or insufficient layout quality. The remaining 45,633
(22.7%) diagrams could not be calculated due to technical reasons like a computing
timeout (>450 s, 1,038) or because PoseView’s interaction model did not detect any
(32,549) or too many (897) intermolecular interactions (>18) or interaction partners
(>14) causing the diagram’s omission. Both limitations are internally set. While
graphical collisions in the diagram are objective layout quality deficiencies, the dia-
gram’s chemical information content and graphical styles both depend on the user’s

subjective preferences regarding, for example:

e the presence or absence of specific intermolecular interactions or interaction part-

ners
e the protonation states of specific atoms
e the ligand’s structural 2D layout
e the overall 2D arrangement of chemical structures
e the colors of intermolecular interactions

The relevance of some of the previously described objective and subjective criteria for
diagram quality is further illustrated in Figure 2.2. Figure 2.2 shows a PoseView diagram
with objectively and subjectively suboptimal quality. The corresponding PDB structure

is lysine-specific histone demethylase 1A in complex with a cofactor and inhibitor in
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the same binding site [58] (PDB identifier: 5LGT; ligand identifiers: FAD A 901 and
6W3 A 902). The diagram is generated using the cofactor FAD A 901 as input
ligand.
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Figure 2.2: Example of an improvable PoseView diagram showing lysine-specific histone demethylase
1A in complex with a cofactor [58] (PDB identifier: 5LGT; ligand identifier: FAD A -
901)

Due to the highly complex ligand binding mode, the algorithmically generated dia-
gram shows numerous intersections and overlaps between intermolecular interactions,

chemical structures, and text labels, for example:

e the hydrogen bond of Arg316A’s backbone intersects its side chain

the double bonds of the ligand’s two diphosphate groups intersect

the two hydrogen bonds of Ser289A intersect the ligand’s charge annotation

the structure diagram of Ser289A and the ligand overlap

the hydrogen bond of Val590A intersects the text label of Ser289A

Furthermore, graphical aspects like the bent structural 2D layout of the cofactor or

the black color of intermolecular interactions could be subjectively unattractive style
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choices. In addition, the chemical information content of the diagram excludes the in-
hibitor 4-methyl-N-|2-[[4-(1-methylpiperidin-4-yl)oxyphenoxy|methyl|phenyl|thieno|3,2-
b|pyrrole-5-carboxamide and therefore an important interaction partner.

The tool-specific algorithmic approaches and diagram contents provide users with
different solutions and trade-offs to address such problems, some of which are highlighted

in the following:

e LeView and MOE visualize all residues as simple circles or text labels and are,
therefore, convenient workarounds for users that want to reduce graphical colli-

sions

e PoseView and LigPlot+ display all chemical structures in the atomic skeletal rep-
resentation and are consequently appropriate options for users that want ligand

binding modes displayed with a high level of chemical detail

e PoseView applies the IUPAC guidelines, making it a suitable choice for users who

want chemical drawings of high aesthetic quality

e LigPlot+ does not exclude any specific small molecule types as interaction partners
like organic cofactors or water, making it a good solution for users interested in

ligand binding modes of high complexity

However, for a specific ligand binding mode, none of the tools might sufficiently address
all objective graphical issues or subjective user preferences regarding the diagram’s
chemical content and graphical styles, forcing users to accept dissatisfactory compro-
mises. For example, a ligand binding mode might be too complex to be algorithmically
drawn without graphical collisions by any tool or users might need PoseView’s IUPAC-
based depiction style but do not favor its interaction model. Therefore, some tools pro-
vide interactive graphical user interfaces to support users to manually adapt diagrams
according to objective and subjective criteria. Table 2.2 and the following paragraphs
provide a comparative summary of the graphical user interfaces of these tools regard-
ing their accessibility, and the distribution, comprehension, exploration, and especially
editing functionalities of diagrams. Furthermore, the following paragraphs highlight the
corresponding tool-specific strengths and limitations.

LigPlot+, LeView, MOE, and PoseView are desktop tools. In addition to its desktop
version [59|, PoseView is also available via a web server. Web-based tools offer users
high accessibility independent of device, operating system, software installation, and
manual updates. In contrast, the accessibility of desktop tools is relatively limited.

However, desktop tools can provide users with more data privacy and are accessible
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without an internet connection. LeView and the web version of PoseView are free to use
and, therefore, accessible to the general public. LigPlot+ requires an academic license.
MOE and the desktop version of PoseView are commercially available tools, with the
latter being free for academic usage. All tools allow saving diagrams in various im-
age file formats for their integration in reports, presentations, or scientific articles. The
comprehension and exploration of diagrams are further addressed by LeView, LigPlot—+,
and MOE. LigPlot+ and MOE annotate the 2D diagram with a legend facilitating the
comprehension of drawn chemical features like the types of intermolecular interactions.
A text file with information about the depicted ligand binding mode, e.g., the inter-
molecular interactions, is provided by LigPlot+, MOE, and LeView. Therefore, users
do not need to extract related information from the diagram into text themselves. They
can directly analyze the text file’s content and integrate it into reports, presentations,
or scientific publications. LigPlot4+ and MOE provide a corresponding 3D visualiza-
tion for each diagram. Both visualization concepts can synergistically complement each
other regarding the analysis of a ligand binding mode’s chemical and spatial aspects.
Multiple diagrams, for example, of the same ligand bound to different proteins, can be
displayed together for comparison using the 2D editor of LigPlot-.

While the diagrams of PoseView are static, LeView, LigPlot+, and MOE offer 2D
editors for modifying a diagram’s content. The relative arrangement of chemical struc-
tures and text labels in the 2D scene can be changed using LigPlot+ and, to a limited
extent, using LeView. Furthermore, chemical structures can be mirrored at covalent
bonds with LigPlot+. Graphical collisions and personal layout preferences of the auto-
matically generated diagrams can, therefore, be manually addressed by users.

The chemical information content of diagrams can only be customized with LeView
by removing chemical structures. Graphical styles in the diagram, like the coloring of
chemical structures, can be set with LeView, LigPlot+, and MOE and thereby adapted
to personal preferences. The export and import of diagrams via a specific file type
is possible using LigPlot+. Consequently, LigPlot+ enables users to reload and subse-
quently modify previously generated diagrams in its interactive 2D editor. Furthermore,
LigPlot+ provides additional features that assist in modifying diagrams. The complete
diagram can be zoomed, translated, rotated, and recentered, supporting its interactive
editing by users. Furthermore, LigPlot+ offers a 2D editor history to undo the last ten

tracked changes or to reset the diagram to its initial unmodified state.
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Table 2.2: Comparison of the graphical user interfaces of PoseView, LeView, LigPlot+, and MOE
regarding accessibility, and the distribution, comprehension, exploration, and editing of
diagrams. Taken and adapted from [D1]

PoseView LeView LigPlot+ MOE
accessibility | free free desktop commercial commercial

web applica- application desktop ap- desktop appli-

tion/commercial plication (free | cation

desktop ap- with academic

plication (free license)

with academic

license)

diagram comprehension/exploration/distribution

diagram ex- PDF, PNG, PNG, JPG, PS, DRW PNG, JPG,

port SVG GIF, PDF, EPS, PS,
SVG, EPS, BMP, TIF,
TXT EMF, SVG

diagram im- | - - DRW -

port

interactions - X X X

list export

3D visualiza- | - - x (only inter- | x (complete

tion action part- binding site)
ners)

multiple dia- | - - X -

grams

diagram leg- | - - X X

end

diagram editing

graphical - X b X

styles (sizes,

colors, ...)
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interactive - chemical chemical -
objects structures structures,
atoms, text la-
bels
object trans- | - X X -
lation
object rota- - - X -
tion
object re- - X - -
moval
mirror - - X -
structure
at bond
diagram re- - X - b
set
editing his- - - x (undo of the | -
tory last ten struc-
tural move-
ments)

2.3 Perspectives and Objectives

This doctoral project addresses two goals in the context of the 2D visualization of lig-
and binding modes. The first goal is the development of a new tool, called PoseEdit,
to generate 2D diagrams of ligand binding modes. The low number, limited acces-
sibility, and advanced age of the existing state-of-the-art tools, in contrast to their
high and continuously growing number of citations, suggest potential for further de-
velopment. The objective of PoseEdit is to ensure that quality issues of automatically
generated diagrams no longer present an insuperable obstacle to their usability. This
issue can be addressed by enabling the manual refinement of diagrams. Since a tool’s
layout algorithm and its chemical and graphical default settings might generate insuf-

ficient compromises, manually modifying diagrams is a helpful approach for resolving
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objective graphical deficiencies and satisfying subjective preferences regarding chemical
information content and graphical styles. PoseEdit is based on the tool PoseView and
provides diagrams with improved chemical information content, graphical styles, and,
most importantly, a high level of interactivity via a freely accessible web-based graphical
user interface. PoseEdit’s feature list, i.e., its improvements relative to PoseView, are
summarized in Tables 2.3 and 2.4. The list is inspired by the previously described re-
search questions of interest and related strengths and limitations of the state-of-the-art
tools. A central aspect in this context was to build the 2D visualization functionality
on top of a corresponding 3D visualization concept to exploit the strengths of both.

Another primary focus was developing an easily accessible and user-friendly frontend
solution to provide PoseEdit’s comprehensive functionality. The second and foremost
goal in the context of the 2D visualization of ligand binding modes is the integration
of PoseEdit’s functionality into the tool GeoMine, the second tool developed for this
doctoral project, see Chapter 3.

Table 2.3: Comparison of the diagrams of PoseView and PoseEdit regarding chemical information
content and graphical styles

PoseView PoseEdit

ligands small molecules, metal small molecules, metal
ions ions

interaction partners | amino acids, nucleic amino acids, nucleic
acid residues, metal acid residues, metal
ions ions

intermolecular interactions

covalent ligand - X

bonds to the pro-

tein

hydrogen bonds X X

ionic interactions - X

metal coordination x (direct) x (direct)

pi-pi interactions X (complete ring sys- x (single rings)
tem)

cation-pi interac- x (complete ring sys- X (single rings)

tions tem)
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hydrophobic con- X X

tacts

explicit hydrogens X X

charges X X

diagram import - X
representation styles

ligand skeletal skeletal /circle

interaction partners

skeletal (side chains up
to p-carbon)

skeletal /circle (side

chains up to a-carbon)

IUPAC

X

X

intermolecular inter-

actions/bonds

color gradients, consis-
tent length of lines/line
dashes, minimal atom

radius against collisions

Table 2.4: Comparison of the graphical user interfaces of PoseView and PoseEdit regarding accessi-

bility, and the distribution, comprehension, exploration, and editing of diagrams

PoseView

PoseEdit

accessibility

free web applica-
tion/commercial desk-
top application (free

with academic license)

free web applica-
tion/standalone con-

tainer application

diagram com

prehension/exploration/distribution

diagram export

PDF, PNG, SVG

SVG, TXT, JSON

diagram import

JSON

interactions list ex-

port

X
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3D visualization

x (complete binding
site, 2D-3D synchro-
nization of structure
highlighting triggered
by mouse pointer hover

and selection)

diagram legend

x (SVG export)

info section X
diagram editing

diagram rotation X
diagram translation X
zoom X
diagram recentering X
graphical styles X
(sizes, colors, ...)

merge multiple dia- X

grams

interactive objects

chemical structures,
atoms, bonds, rings,
intermolecular interac-
tions, hydrophobic con-
tact splines and spline
control points, text la-
bels

object selection, X
grouping, highlight-

ing

object translation X
object rotation X
object adding X
object removal X
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object editing (atom | - X
charge, bond type,
$)
mirror structure at - X
bond
mirror structure at - X
line
diagram reset - X
editing history - x (all changes undo &
redo)

2.4 Technical Groundwork and Challenges

The technical groundwork and challenges to address the development of the key con-
cepts and components of PoseEdit described in Tables 2.3 and 2.4 are summarized in
this section. To this end, this section presents a brief overview of the tool’s primary
development steps. Corresponding general aspects regarding, for example, the technical
implementation, are described in more detail in the Appendix.

PoseEdit is based on the 2D layout algorithm of PoseView. The first technical chal-
lenge in this context was to enable the building and execution of the tool PoseView.
This is because the build scripts of the tool were no longer available. Furthermore, the
archived C and C++ code of PoseView and corresponding legacy libraries are uncom-
mented and have not been maintained for more than ten years, requiring time-consuming
code revision, bug fixing, and reimplementation.

PoseView’s layout algorithm had to be decoupled from the tool’s diagram prepro-
cessing steps, which include the calculation of the chemical content of a diagram based
on a PDB file and a corresponding MOL2 ligand file. The chemical diagram content,
e.g., the interacting chemical structures and intermolecular interactions, is now exter-
nally calculated by the tool GeoMine and directly parsed by the command line interface
of PoseView via its adapted input functionality that accepts files with chemical data
in MOL2 format. The calculated intermolecular interaction types and corresponding

calculation criteria are described in B.5.4. The MOL2 file content, which was further
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adapted for this doctoral project, is described in B.1.2. Consequently, PoseView applies
a new and shared interaction model to generate the chemical information content for
PoseEdit, additionally detecting ionic interactions, covalent bonds between the ligand
and the protein, cation-pi and pi-pi interactions to single aromatic rings instead of com-
plete aromatic ring systems, and a side chain depiction including not only the S-carbon
but also the a-carbon. These changes address additional user preferences and support
GeoMine’s query design process.

PoseView’s layout algorithm had to be decoupled from the tool’s image drawing func-
tionality and desktop-based graphical user interface. The output of PoseView’s com-
mand line interface was extended by a new output file type that stores textual diagram
data directly generated by the algorithm in JSON format. The JSON file content is
described in B.2.3. The new command line interface version of PoseView was inte-
grated into the backend of the ProteinsPlus web server. The general usage and tech-
nical implementation of the ProteinsPlus web server are described in B.3.1 and B.3.2,
respectively. The usage of the newly implemented and web server-integrated function-
ality of GeoMine’s and PoseView’s command line interfaces are described in B.1.1 and
B.5.1, respectively. The frontend of the ProteinsPlus web server was extended by a
corresponding new graphical user interface.

The graphical user interface is based on the newly implemented InteractionDrawer
library and the further developed ProteinsPlus web server’s source code and frontend
components like its molecular 3D viewer. The previously mentioned JSON file generated
by PoseView is usable as data input by the InteractionDrawer library, which draws
interactive 2D diagrams of ligand binding modes in a web-based graphical user interface.
The new drawing engine enables addressing specific graphical aspects like color gradients
for intermolecular interactions and bonds, bonds of constant length, intermolecular
interaction lines with dashes of constant length, and a minimal atom radius beyond
which bonds and intermolecular interactions cannot extend to avoid collisions. The
resulting web-based tool is called PoseEdit. The previously described technical workflow

of PoseEdit is graphically illustrated in Figure 2.3.
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Figure 2.3: Technical workflow of PoseEdit

The InteractionDrawer library’s JavaScript code is freely available for reuse and fur-
ther development at [60]. The usage, configuration, and technical implementation of
the InteractionDrawer library are documented in B.2.1, B.2.2, and B.2.4, respectively.
The InteractionDrawer library is based on a prototype implemented in the context of
the bachelor thesis of Lennart Weihs [61]. The prototype was then integrated into the
frontend of the Proteins Plus web server for the master thesis of Bennet Krause [62|. The
prototype’s code quality required a high level of additional documentation, refactoring,
bug fixing, and testing to develop new features. The prototype’s untested and mono-
lithic JavaScript code structure provided 21 files containing 31 classes with up to 10,000
lines and correspondingly long methods, making the library challenging to read and de-
velop. The prototype code and the refactored, fully tested, and further developed code
of the resulting InteractionDrawer library are described in B.2.5. The consequential
reusability and extendability of the InteractionDrawer library are of particular impor-
tance to implement the tool GeoMine, the second tool developed during this doctoral
project (Chapter 3). The additional feature development regarding the prototype of
the InteractionDrawer library and its usability-improving Proteins Plus web server inte-
gration to implement PoseEdit’s feature list (Tables 2.3 and 2.4) is summarized in the

following and includes:

e adaptions to represent the new chemical information content and graphical styles
specific to PoseEdit

e new Fdit mode to edit visualized chemical and general graphical properties of

specific atoms, bonds, text labels, and chemical structures

e extended Add mode for also adding text labels, atoms, covalent bonds, ionic
interactions, and various chemical structures like specific amino acids or nucleic
acid residues via a list and the Simplified Molecular Input Line Entry Specification

(SMILES) language at the user-specified position in the drawing area
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extended Move mode and Remove mode that also affect single atoms, bonds, and

rings
extended Rotation mode that also affects complete hydrophobic contact splines

extended Select mode to also affect text labels and intermolecular interactions,
and that allows modifying, e.g., rotating or removing, selected graphical objects
together as a group. Furthermore, the mode was further extended to enable

GeoMine’s 2D query interface (Chapter 3)

various graphical configuration options for general styles of the 2D viewer and
graphical objects, i.e., color themes, bond line width, atom label colors, circle

representation for individual structures

extended editing history that also tracks all graphical configuration changes and

modifications of extended and new editing modes

the complete ligand-bound binding site that corresponds to the diagram is visual-
ized as a 3D representation in the 3D viewer of the Proteins Plus web server. Un-
like the diagram, the 3D representation’s chemical content is not limited, thereby
showing the complete binding site, including all residues and additional inter-
molecular interactions like hydrogen bonds with water from both the binding site
residues and the ligand. Various chemical features, such as the intermolecular
interactions, are highlighted in the 3D binding site. 3D binding sites and their
chemical features are calculated by the tool GeoMine, which also provides re-
lated chemical information as input to PoseView for generating corresponding 2D

diagrams

2D viewer-3D viewer synchronization that allows the highlighting and focusing
of mouse pointer-hovered and mouse pointer-selected atoms, bonds, and chemical

structures simultaneously in both scenes

user-friendly handling of the 2D viewer’s functionality through, for example, user-
activatable modes in a button toolbar instead of numerous and complex mouse

and keyboard combinations

a diagram legend illustrating all intermolecular interaction types and an info sec-

tion that textually highlights focused scene objects

export of a diagram in JSON format, the diagram and its legend in SVG format,
and textual data about the ligand binding mode (intermolecular interactions, the

interacting structures, and atoms) in TXT format
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e import of a diagram in JSON format to reload a modified diagram in JSON or to

load and simultaneously visualize multiple diagrams in the 2D viewer

e usage of PoseEdit via its integration in the Representational State Transfer Ap-
plication Programming Interface (REST API) of the ProteinsPlus web server, see
B.4.1 for its documentation. Since the JavaScript-based InteractionDrawer library
cannot be technically integrated into the Ruby-based ProteinsPlus web server’s
backend, REST API-derived diagrams are directly generated by PoseView’s own
image drawing functionality. The graphical default styles of PoseView’s images,
for example, the colors of intermolecular interactions, have been adapted to match
the ones set by PoseEdit

In addition, a distributable standalone version of PoseEdit was implemented. The in-
house version of PoseEdit is based on a containerized version of the ProteinsPlus web
server, which was simplified to PoseEdit. The build process and usage of the PoseEdit

container are documented in B.4.2.

2.5 Conceptual Summary

This section illustrates the newly developed graphical user interface of PoseEdit and
its capabilities, which were previously summarized in Tables 2.3 and 2.4. The general
description of the PoseEdit-hosting Proteins Plus web server and its usage are available
in B.3.1. To start a PoseEdit calculation, a ligand from the central Ligands list (see
B.3.1) must be selected by clicking on the corresponding 2D structure diagram. Figures
2.4 and 2.5 illustrate the key concepts and components used by PoseEdit in more detail:
the 2D viewer and the 3D viewer. When a 2D ligand interaction diagram is calculated
and subsequently visualized in the 2D viewer, the corresponding 3D binding site is
also automatically displayed in the 3D viewer. The visual correspondence of chemical
structures between both dimensions can be obtained by mouse hover highlighting or
selection highlighting of displayed structural objects like atoms, bonds, and text labels
representing structures. To provide an example, all 2D diagram structures were high-
lighted in transparent green via the Select mode in Figure 2.4. Due to the 2D-3D viewer
synchronization, these structures are also highlighted in the corresponding complete 3D
binding site.

The section at the top of the 2D editor (Figure 2.4a) shows the names of all dia-
gram structures. Name-associated checkboxes can be marked to display or hide specific

structures in the diagram. The two button toolbars below provide several interactive
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diagram editing modes (Figure 2.4b), like modes for the adding or removing of struc-
tures and general viewer controls (Figure 2.4c), such as the diagram’s download as an
image file or the scene’s zooming. Furthermore, the second toolbar provides a toggle
list of general viewer settings to directly modify graphical styles in the diagram, such as
the text size or colors of intermolecular interactions. All buttons are labeled with text
and icons to highlight their functionality. A diagram editing mode is activated by a
button click, which changes the button’s color to blue. Buttons with an additional icon
represent diagram editing modes whose activation requires additional input by users.
For example, the Add mode requires the user-specification of the object type that shall
be added. Table 2.5 describes the diagram editing modes from left to right through the
toolbar’s icon buttons. The complete list of general viewer settings is given in B.4.3.

The general viewer controls in the second toolbar are listed in the following and include:
e upload and loading of a new diagram via a JSON file
e download of diagram data and the general viewer settings as JSON file
e download of a diagram image file in SVG format
e download of a legend image file in SVG format
e download of interaction data as TXT file

e upload and loading of other additional diagrams that are placed next to the already
loaded ones via a JSON file

e Undo and Redo buttons to move stepwise through the editing history, which tracks

all changes of diagram editing modes and changes of general viewer settings
e (lenter button, which centers the scene’s content to fill the drawing area
e Zoom buttons to zoom in and out of the scene
e Reset button to revert all scene changes
e Opts button to access and modify a list of general viewer settings

Usage information about corresponding control elements of the 2D editor, like the button
of a diagram editing mode, can be obtained via tooltips that are triggered by mouse
hovering. The diagram is displayed in the drawing area below the two toolbars (Figure
2.4d). The section below the drawing area displays textual information about atoms,

bonds, and structures hovered by the mouse pointer in either the 2D diagram or the
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2 2D Visualization of Ligand Binding Modes

complete 3D binding site (Figure 2.4e). The last section shows a legend illustrating the
supported intermolecular interaction types (Figure 2.4f). A new diagram calculation
for another ligand can be started by clicking the red button below the legend section
(Figure 2.4g).

Table 2.5: Diagram editing modes of PoseEdit

mode options function
Move Structure free- translate the complete scene, a structure,
dom level structure circle, hydrophobic contact

spline, spline control point, or annota-
tion. Individual atoms, bonds, and rings
can be translated by setting the option
Structure freedom level to Atoms and
bonds or Rings, respectively. Intermolec-
ular interactions, hydrophobic contact
splines, spline control points, and anno-
tations are linked to a specific structure
and specific structure atoms. Translat-
ing a structure, structure circle, ring, or
atom, all linked intermolecular interac-
tions, hydrophobic contact splines, spline
control points, and annotations follow

that translation

Rotation - rotate the complete scene, a structure,
structure circle, or hydrophobic contact
spline regarding their midpoints. Ro-
tating a structure or structure circle, all
linked intermolecular interactions, hy-
drophobic contact splines, spline control
points, and annotations follow that rota-

tion
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Select Click, Lasso, select one or multiple diagram objects
Rectangle via mouse click or multiple ones at once
via a rectangular or lasso selection tool.
Deselect a specific diagram object with
the Click selection mode by mouse click-
ing on it again and deselect everything
by clicking in the blank of the 2D scene.
Selected objects are highlighted in trans-
parent green. The selection highlight-
ing is also visualized in the complete

3D binding site in the 3D viewer. Fur-
thermore, the selection highlighting is
also shown in the downloadable SVG di-
agram. Atoms, bonds, structures, and
structure circles can be moved, rotated,
and removed together when grouped by

selecting them

Mirror Bond, Line mirror a structure at a specific bond or a
structure or hydrophobic contact spline
at a user-adjustable line that intersects
the diagram object’s midpoint. Mirroring
a structure, all linked intermolecular in-
teractions, hydrophobic contact splines,
spline control points, and annotations are

also mirrored
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2 2D Visualization of Ligand Binding Modes

Add Annotation, specify an object type from a list to draw
Atom with cova- a new object of that type at the mouse
lent bond, Atom- | pointer’s position. Several properties
atom interac- can be set via a popup window to spec-
tion, Cation-pi ify atoms (text label, element, charge,
interaction Pi- number of implicit hydrogens), annota-
pi interaction, tions (text label, color, linkage to nearest
Explicit H with atom for synchronizing repositionings),
covalent bond, and structures (text label, SMILES, or
Hydrophobic con- | structure from list). The complete list of
tact, Structure structures that can be added from a list

is given in B.4.3

Remove Structure free- remove a structure, structure circle, hy-

dom level drophobic contact spline, spline control
point, annotation, or intermolecular in-
teraction. Individual atoms, bonds, and
rings can be removed, setting the option
Structure freedom level to Atoms and
bonds or Rings, respectively. Removing
a structure or structure circle, all linked
intermolecular interactions, hydrophobic
contact splines, spline control points, and
annotations are also removed. Removing
a ring or atom, all linked intermolecular
interactions are also removed

Edit Annotation, specify from a list an object type to edit
Atom, Bond, several properties of a specific object of
Structure this type via a popup window: atom

(text label, element, charge, number of

implicit hydrogens), bond (type), anno-
tations (text label), and structures (text
label, skeletal or circle representation)
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6W3_A_902 Asp555A Tpe9sA
» -
b 2 ® 7
Move v Rotation Select v Mirror v Add w Remove v Edit »
[ (o} 3 [+] < > © Q Q C =
JSON Export JSON Undo Redo Center Zoom Zoom Reset Opts.
————— hydrogen bond metal interaction ® - - - —-@pi-pi interaction
————— ionic interaction - ————@ cation-pi interaction hydrophobic contact
g

Figure 2.4: 2D viewer showing a PoseEdit diagram of lysine-specific histone demethylase 1A in com-
plex with an inhibitor [58] (PDB identifier: 5LGT; ProteinsPlus ligand identifier: 6W3_ -
A 902). All structures are highlighted in transparent green. a Names of all diagram
structures with checkboxes to toggle their visualization status. b Button toolbar with
diagram editing modes. ¢ Button toolbar for general viewer controls. d Drawing area
showing the 2D ligand pose diagram. e Info section displaying information of atoms,
bonds, and structures on mouse hover in the 2D viewer and 3D viewer. f Diagram legend
showing the supported intermolecular interaction types. g Button to restart PoseEdit
with another ligand
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2 2D Visualization of Ligand Binding Modes

Figure 2.5: 3D viewer showing the complete binding site of lysine-specific histone demethylase 1A and
an inhibitor [58] (PDB identifier: 5LGT; ProteinsPlus ligand identifier: 6W3 A 902).
All structures that are displayed in the 2D diagram are highlighted in transparent green
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2.6 Application

Scientific publications [63] about PoseEdit’s development or that cite the correspond-
ing scientific article [D1]| provide various application examples. The following appli-
cation example taken and adapted from [D1| comprehensively demonstrates the ca-
pabilities of PoseEdit to interactively solve diagram issues, which have been identi-
fied as problematic for scientists (sections 2.1-2.2). The two diagrams in Figures 2.6,
2.7, and 2.8 are based on the previously mentioned PDB entry 5LGT, which rep-
resents lysine-specific histone demethylase 1A with a binding site containing flavin
adenine dinucleotide (FAD) and the inhibitor 4-methyl-N-|2-[[4-(1-methylpiperidin-4-
yl)oxyphenoxy|methyl|phenyl|thieno[3,2-b|pyrrole-5-carboxamide. Figure 2.6 and Fig-

ure 2.7 show the cofactor’s and inhibitor’s PoseEdit diagram.

Arg316A

Py
Py

GIu801A
Tyr761A

Ala331A

Thr810A

Leu625A
Trp756A

Ala309A

\
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Ser289A ! N
H

\
N

N
8
Valg11A ~Rr o
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/NH
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o
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Figure 2.6: Unmodified PoseEdit diagram showing lysine-specific histone demethylase 1A in complex
with a cofactor [58] (PDB identifier: 5LGT; ProteinsPlus ligand identifier: FAD A 901)
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Asp555A

His564A

Phe538A
Ala539A

Trp695A

Figure 2.7: Unmodified PoseEdit diagram showing lysine-specific histone demethylase 1A in complex
with an inhibitor [58] (PDB identifier: 5LGT; ProteinsPlus ligand identifier: 6W3_ A -
902)

Figure 2.8 shows a corresponding diagram after its manual modification with PoseEdit
based on objective and exemplary subjective criteria. The general viewer controls,
like the editing history or the zooming functionality, support users in applying the
diagram editing modes precisely and via a trial-and-error approach. The 2D editor’s
functionality to hide and show specific chemical structures in the diagram helps users
to focus on specific issues and subsequently solve them with diagram editing modes.
The following diagram changes addressing objective graphical issues and subjective

preferences regarding chemical information content and graphical styles were performed:
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removal of intersections and overlaps of intermolecular interactions, chemical

structures, and text labels with the Mowve, Rotate, and Mirror modes

relative rearrangements of individual chemical structures, hydrophobic contact
splines, and text labels with the Move, Rotate, and Mirror modes to generate

sufficient space and consequently improve the diagram’s comprehensibility

elongation of the cofactor’s bent structural 2D layout to obtain a chemically more

attractive representation

exploring the corresponding complete 3D binding site supported by the 2D-3D
synchronization of the mouse hover highlighting and the Select mode highlight-
ing, users can verify additional chemical information content, like residues or water
molecules that are relevant for the ligand binding mode’s representation but not
included by default. For this application example, the inhibitor 6W3 A 902 and
its intermolecular interactions with the cofactor and with the binding site residues
are manually added, which can be achieved either with the JSON file upload func-
tionality that directly adds the diagram content of 6W3 A 902 or by individually
adding all chemical structures, intermolecular interactions, hydrophobic contact
splines, and text labels displayed in the diagram of 6W3 A 902 with the Add
mode. Using the first approach, the complete diagram content of 6W3 A 902
can be aesthetically arranged relative to the cofactor FAD A 901 with the Se-
lect, Move, and Rotate modes. Subsequently, the missing pi-stacking interactions
displayed between the inhibitor and cofactor in the complete 3D binding site can
be added to the diagram with the Add mode.

removal of the hydrogen bond and corresponding explicit hydrogen atom of the
Ne nitrogen atom of the Arg316A side chain with the Remove mode. Labeling of
the Ne atom with one implicit hydrogen atom with the Edit mode. Consequently,
only the stronger intermolecular interaction between the Ne atom and the ligand,

the ionic one, is included in the diagram

visualization of chemical structures by the circle representation with the FEdit
mode to reduce the visual overload and focus on interactions partners of interest,

like the residues that interact with the cofactor

highlighting important chemical features like intermolecular interactions, inter-
acting atoms, and functional groups by transparent green color with the Select

mode
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2 2D Visualization of Ligand Binding Modes

e recoloring the diagram using the Oldschool theme via the general viewer settings

to reduce the visual overload by too many colors
e recoloring the hydrophobic contact splines and corresponding text labels to an

eyestrain-reducing darker color
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Figure 2.8: Modified PoseEdit diagram showing lysine-specific histone demethylase 1A in complex
with a cofactor and inhibitor [58] (PDB identifier: 5LGT; ProteinsPlus ligand identifier:
FAD A 901 and 6W3_A 902). Taken and adapted from [D1]

2.7 Outlook

Some additional improvements of PoseEdit might enhance the tool’s usability and the

diagram’s information content:

e users might already have a custom interaction model that they want to apply
to calculate 2D diagrams. A corresponding input option to specify the preferred
intermolecular interaction types and their parametrization might reduce the ne-

cessity of manually adjusting the chemical information content of the diagram

e a chemical structure can be added via a SMILES string, a preselected list of
commonly appearing chemical structures, or a previously exported JSON file of a
diagram. However, chemical structures of interest may be present in the complete
3D binding site but missing in the 2D diagram. Therefore, an alternative approach
might involve selecting chemical structures of interest directly in the complete 3D

binding site, which consequently adds them to the 2D diagram
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2.7 Outlook

e the visualization of additional information, like the annotation of intermolecu-
lar interactions by geometric properties or hydrophobic contacts by the involved
residue atoms, might simplify communicating and analyzing ligand binding modes.
However, to address the layout quality-associated trade-off between the simplicity
and the level of detail in the 2D scene, the visualization of such additional infor-

mation might be kept optional, initially deactivated, and manually activatable

Furthermore, a new version of the ProteinsPlus web server will be available in the
near future. PoseEdit will not be included anymore due to its complex graphical user
interface. Consequently, the tool is made independently available via its containerized

web server version on https://poseedit.proteins.plus [64].
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Chapter 3

3D Structural Searching of Large Bind-

ing Site Collections

The general motivation for a 3D structural search engine for large 3D structure collec-
tions like the PDB and, consequently, the specific motivation for developing GeoMine
is presented in the following sections. The motivation is based on the scientific applica-
bility (section 3.1), the exploitability of the 3D structures in the PDB (section 3.2), and
the strengths and limitations of respective state-of-the-art tools (section 3.3). The con-
sequential perspectives and objectives regarding GeoMine’s development are highlighted
in section 3.4. The following sections present the technical groundwork and challenges
of the development of GeoMine (section 3.5), the tool’s underlying methodology (section
3.6), and its application (section 3.7). Section 3.8 gives an outlook on GeoMine’s limita-
tions and corresponding further tool development. [D2-D4| provide the tool’s scientific
publications. The tool PoseEdit [D1], which was also implemented for this doctoral
project and is addressed in Chapter 2, is a building block of GeoMine’s functionality
[D5]. The ProteinsPlus web server and its further development to integrate GeoMine
are described in [36, D6, D7].

3.1 Relevance for Scientific Research

Similarity searches in large 3D structure collections like the PDB provide valuable in-
sights in the context of drug development. There are many research questions that life
scientists could ask. For illustrative purposes, two application examples are described

below:
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3 3D Structural Searching of Large Binding Site Collections

e side effect analysis: a drug candidate resulting from an in vitro high-throughput
screening binds with high affinity to a functionally relevant binding site of a target
protein. Life scientists want to investigate the drug candidate’s selectivity based
on that ligand-bound binding site. Does a similar relative spatial arrangement of
interacting residues also occur in ligand-unbound binding sites of other proteins
or protein classes? Resulting proteins might be off-targets of the drug candidate

and, therefore, relevant for side effect analyses or selectivity optimization.

e drug repurposing: life scientists predict a ligand-unbound binding site of a protein
drug target. The potential binding site is located between two a-helices of distinct
protein chains. It is assumed that the disruption of the protein complex through a
ligand’s binding could be functionally relevant. The binding site is characterized
by a relative spatial arrangement of conserved residues that might be relevant for
protein-protein complex formation and consequently exploitable for ligand recog-
nition [65]. Do ligand-bound binding sites of different proteins contain ligands
that interact with a similar spatial arrangement of residues? Resulting ligands

might be potential candidates for a drug repurposing endeavor.

The common aspect of these research questions is the search for user-specified rela-
tive spatial arrangements of chemical features based on and found in ligand-bound or
predicted ligand-unbound binding sites. Binding sites are the basis for a protein’s func-
tion and, consequently, are commonly addressed by drugs, leading to a pharmaceutical
effect. Therefore, searchable chemical features and relative spatial relationships of in-
terest may include those that are important for protein-ligand complex formation. For
example, solvent-exposed atoms of amino acids are the ones that undergo intermolecu-
lar interactions with ligands. Relative spatial arrangements of chemical features might
then be specified through various geometric relationships such as distances, directions,
and relative orientations. As illustrated, through 3D structural searches, life scientists
can uncover valuable scientific knowledge and similarity relationships hidden in large
3D structure collections based on chemical and spatial similarity, thereby enabling a
comprehensive functional analysis of proteins, ligands, and protein-ligand complexes in

the context of drug discovery.

3.2 Relevance of the Data in the PDB

Due to the significant size and growth of the PDB, a purely visual approach to capture
common chemical and spatial aspects of binding sites in the PDB is infeasible. As of
January 1, 2024, the PDB has released 214,226 experimental entries, of which 185,697

42



3.2 Relevance of the Data in the PDB

are proteins, 12,476 are protein-nucleic acid complexes, and 16,053 are nucleic acids [66].
Since a PDB entry represents a 3D structure at a specific point in time under specific
experimental conditions, the same protein can be represented by multiple entries. For
example, structures of the same protein in the presence or absence of ligands have
separate PDB entries and individual structural characteristics. On January 1, 2024,
the PDB contains over 800,000 single protein chains in the asymmetric unit. Since each
protein chain is assumed to have four functionally relevant binding sites on average [67],
it is predicted that the PDB contains at this date more than 3.2 million binding sites
[68]. The number of experimental 3D structure submissions to the PDB has increased
exponentially in the past, with 10,959 new 3D structures before 2000, 17,726 from 2000
to 2004, 33,064 from 2005 to 2009, 43,311 from 2010 to 2014, 53,742 from 2015 to 2019,
and 55,424 from 2020 to September 2, 2024 [69], see Figure 3.1.

before 2000 (10,959)
@ 2000 - 2004 (17,726)
2005 - 2009 (33,064)
® 2010 - 2014 (43,311)
2015 - 2019 (53,737)
@ 2020 - 2024 (65,404)

Figure 3.1: PDB structures by release date till September 2, 2024. Taken from [69]

An extrapolation based on that growth rate suggests that by 2030, 294,000 3D struc-
tures, 1.38 protein chains, and 5.52 million binding sites will be stored in the PDB [68].
In addition to the experimentally determined 3D structures, as of October 23, 2024, the
PDB provides access to 999,251 artificial intelligence-predicted 3D structures of proteins
from the AlphaFold database.
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The current size of the PDB is sufficiently large enough to be considered for a 3D
structural search engine that aims to extract meaningful chemical and spatial similarities
to a query, answering research questions like the above-described ones. The more data
is available, the more likely such queries can detect relevant matches. Therefore, the
exponential growth of the PDB also indicates an increasingly attractive opportunity to
exploit this data source with a 3D structural search engine even more successfully in
the future.

3.3 State of the Art

Algorithmic advancements for the 3D querying of protein structures range back to
1991 [70]. 3DinSight [71] and SPASM [72]|, which were released in 1998 and 1999,
respectively, were the first tools to feature such search functionalities supporting queries
of a-carbons and pairwise distance ranges on complete protein structures. Both tools
are not available anymore. A decade later, various tools for the 3D structural querying
of the continuously growing PDB were published, including the search functionality of
the PDB itself [73], CSD-CrossMiner [74], PRDB [75], PROLIX [76], Relibase+ [77],
PDBeMotif [78|, PELIKAN [79], and GSP4PDB [80]|. To provide a complete overview
of features, this section also includes tools that are no longer available.

Table 3.1, Table 3.2, and the following paragraphs highlight the applicability of the
state-of-the-art tools in comparison, considering the supported PDB search space and
query content. Furthermore, the following paragraphs highlight the corresponding tool-
specific strengths and limitations.

The PDB enables querying complete protein structures. Consequently, it is not possi-
ble to limit the search space to protein binding sites. However, as highlighted in the two
application examples described above, protein binding sites are the target of important
research questions like off-target prediction for side effect analyses and drug repurposing.
All other tools search in ligand-bound binding sites, which is necessary for drug repur-
posing. However, none of the tools allows searching in predicted ligand-unbound binding
sites, which is required for off-target-based side effect analyses. Ligand-bound binding
sites are defined by a reference ligand and amino acids located within a tool-specific dis-
tance to one of the reference ligand’s heavy atoms. For example, CSD-CrossMiner and
PELIKAN consider all ligands with more than five atoms and fewer than 100 atoms as
reference ligands and include amino acids within a radius of 6 A and 6.5 A, respectively.
The binding site definitions of CSD-CrossMiner, Relibase+, and PELIKAN also include
all simple ions like metal ions and additional small molecules within that radius, such as

cofactors or water molecules. Their extended search spaces enable additional queries of
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interest. For example, PELIKAN allows the search of water-mediated hydrogen bonds
between a reference ligand and amino acids. In contrast to such a radius-based defi-
nition of ligand-bound binding sites, a predictive approach that analyzes the protein’s
surface might lead to a more comprehensive determination of a binding site’s shape and
boundaries [32].

A query of the PDB web service can have two to ten amino acids, which can have
up to four alternative amino acid types. The spatial arrangement of the amino acids is
automatically defined by distance ranges with a tolerance of 1 A between their a-carbons
and S-carbons. All other tools provide users more control over the spatial query content,
for example, to incorporate the known spatial flexibility of specific amino acid positions
into the query. The query of CSD-CrossMiner is based on the spatial arrangement of
pharmacophore spheres, which represent predefined chemical features, including specific
atom types and aromatic ring centers. The radius of a pharmacophore sphere can be
individually adjusted to increase or decrease the spatial tolerance regarding the chemical

feature’s position.

With Relibase+ and PELIKAN, arbitrary pairs of atoms and aromatic ring centers
of the reference ligand and other small molecules, amino acids, and simple ions can be
connected by distance ranges. Using PRDB, distance ranges can be specified between
atoms of the reference ligand and amino acids. Distance ranges between amino acids can
also be added, but only regarding their a-carbons. GSP4PDB supports distance ranges
between the reference ligand and amino acids and between amino acids considering the

reference ligand’s center of mass and the a-carbons of amino acids.

PROLIX and PDBeMotif only support distance ranges between a-carbons of amino
acids. Consequently, these tools cannot define the relative position of a reference ligand.
However, this could be useful, for example, regarding the application example about
side effect analysis. The corresponding query could alternatively be searched in ligand-
bound binding sites. Consequently, the additional incorporation of the ligand structure
into the query could further support off-target detection based on the similarity of the
ligand binding modes.

PROLIX, PDBeMotif, and PELIKAN allow to specify intermolecular interactions.
With PROLIX, the exact interacting atoms of amino acids cannot be set. This chemical
feature is useful, for example, in the context of the application example about side effect
analysis. The relative spatial arrangement of intermolecular ligand interactions of the
ligand could be alternatively searched in ligand-bound binding sites to identify potential
off-targets.

45



3 3D Structural Searching of Large Binding Site Collections

PRDB, Relibase+, and PELIKAN allow the specification of angle ranges between
pairs of distance ranges. With Relibase+ and PELIKAN, aromatic ring normal can
also be used to define angle ranges. Furthermore, PELIKAN supports angle ranges
with intermolecular interactions. Angle ranges can be useful, for example, to specify
the relative orientation of two interacting functional groups like two aromatic rings that
interact via pi-stacking interactions.

Tools that offer a 3D structural query with full atomic precision are CSD-CrossMiner,
Relibase+, and PELIKAN. Since intermolecular interactions occur at the atomic level,
a query with full atomic precision is useful to describe where and how a ligand and a
binding site interact or could interact with each other. For example, regarding the ap-
plication example about side effect analysis, specifying the relative spatial arrangement
of the interacting atoms of amino acids instead of their a-carbons could return more
relevant results.

The atomic precision of the 3D structural query also depends on the supported chem-
ical atom properties. The queries of CSD-CrossMiner, Relibase+, and PELIKAN can
include various properties, which are highlighted in Table 3.2. In PELIKAN, all prop-
erties that are not atom-specific can also be set for aromatic ring centers. Chemical
specifications of atoms can be used to further refine the results. For example, in the
two previously described application examples, users might be interested in specifying
the class of amino acids instead of their exact types, which may be too restrictive to
screen for potential off-targets.

PELIKAN offers the largest number of chemical atom properties. However, sev-
eral important ones are missing. Atoms or aromatic ring centers belonging to protein
residues or nucleic acids cannot be differentiated, which prevents a targeted search in
protein structures. Furthermore, PELIKAN does not allow to quantify the solvent
exposure of atoms. However, only solvent-accessible atoms can undergo molecular in-
teractions. Also, the position, length, and orientation of secondary structure elements
like a-helices and strands of S-sheets cannot be specified. Secondary structure speci-
fications could be useful, for example, to detect reactive cysteine residues as potential

targets for covalent inhibitors [81].
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Table 3.1: Comparison of the search capabilities of tools for the 3D structural querying of the PDB
regarding search space and query content

PDB user- inter- | user- atomic PDB
search specified| actions | specified precision filter
space dis- angles

tances

PDB entire - - - - X
proteins
(amino
acids)

CSD- ligand- - - - X X

CrossMiner bound
binding
sites (6
A, amino
acids + all
other small
molecules
and simple
ions)

PRDB ligand- X - X x (only X
bound for ligand-
binding amino acid
sites (8 distances)

A, amino
acids)

PROLIX ligand- x (only X - x (only for | -
bound for intermolec-
binding amino ular inter-
sites (4.5 acids) actions and
A, amino the refer-
acids) ence lig-

and)
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Relibase-+ ligand- X - X X
bound
binding
sites (7

A, amino
acids + all
other small
molecules
and simple

ions)

PDBeMotif | ligand- x (only X - x (only for
bound for intermolec-
binding amino ular inter-
sites (16 acids) actions)

A, amino

acids)

PELIKAN ligand- X b X X
bound
binding
sites (6.5
A, amino
acids + all
other small
molecules
and simple

ions)

GSP4PDB ligand- p'e - - -
bound
binding
sites (7
A, amino

acids)
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Table 3.2: Comparison of the supported atom properties of tools that offer 3D structural queries with
full atomic precision

atom properties

CSD- halogen, bromine, chlorine, fluorine, heavy atom, ac-
CrossMiner ceptor, donor, hydrophobic, metal, water, amino acid
type from list (e.g., alanine), nucleic acid type from

list (e.g., adenosine)

Relibase+ atom defined by its element and user-depicted chemi-

cal substructure to which it is covalently bound to

PELIKAN atom element from list, acceptor, donor, anion,
cation, hydrophobic, metal, water, reference ligand,
ligand, residue, functional group from list, residue
class and type from list (e.g., hydrophobic or ala-
nine), backbone, sidechain, helix, sheet, no secondary

structure, SMARTS environment, all properties can

be set to match all properties

An additional text-based query type for filtering PDB entries based on keywords and
scalar values like the PDB identifier or the experimental resolution is offered by the
PDB, CSD-CrossMiner, PRDB, Relibase+, PELIKAN, and GSP4PDB. This feature
helps to limit the 3D structural search. For example, a filter for a low experimental res-
olution reduces the experimental uncertainty of resulting structures that might prevent a
precise matching with atomistic detail. PELIKAN offers the largest quantity of textual,
numerical, and chemical filters, including 48 searchable properties regarding the ligand,
binding site, protein, and experimental methodology. However, corresponding data is
not displayed for query template binding sites, making it difficult to filter efficiently for
properties like a binding site’s depth or volume. PELIKAN provides a SMARTS-based
search for ligands [82]. However, PELIKAN does not support fingerprint-based simi-
larity searches, which are widely used in drug discovery to detect similar ligands [83].
Furthermore, PELIKAN lacks several other useful filters that, for example, return only
binding site matches that satisfy a specific RMSD range to the 3D structural query or
are composed of multiple protein chains.

The differences of the graphical user interfaces of state-of-the-art tools regarding

accessibility, query specification, and results presentation are summarized in Table 3.3
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and in the following paragraphs. In addition, the following paragraphs highlights the

corresponding tool-specific strengths and limitations.

PRDB, PROLIX, Relibase+, and PDBeMotif are not available anymore. Of the
tools still available, the PDB search functionality and GSP4PDB are freely accessible
web applications, and CSD-CrossMiner and PELIKAN are desktop applications. CSD-
CrossMiner is a commercial tool and PELIKAN is freely accessible to academic users
only, limiting their accessibility. While a desktop application like PELIKAN offer more
data privacy and its usage without an internet connection, a web-based platform like
the PDB is independent of the device, operating system, software dependencies as well

as installation and update obstacles.

The PDB, CSD-CrossMiner, and PELIKAN provide a 3D editor for generating
queries. The query formulation process via the 3D editor requires a structural tem-
plate from the PDB. Furthermore, CSD-CrossMiner and PELIKAN allow to load a
custom 3D structure file as a query template. While the PDB web service allows query
selection anywhere in the template structure, CSD-CrossMiner and PELIKAN provide
corresponding 3D visualizations of ligand-bound binding sites. The chemical content of
the visualizable query template binding sites of CSD-CrossMiner and PELIKAN is the

same as the one described above regarding their search spaces.

In addition, CSD-CrossMiner supports query generation from scratch with the 3D
editor by placing the query directly in the 3D space. PROLIX, Relibase+, PDBeMotif,
and GSP4PDB provide a 2D editor for drawing queries and no query templates. PRDB
requires a purely textual query design in SQL format. A PELIKAN query can also be
formulated textually via a file in Extensible Markup Language (XML) format and by
tables, which are synchronized with the 3D editor.

In contrast to enabling text-based queries on the PDB, e.g., with keywords or amino
acid sequences, realizing a user-friendly interface for 3D structural queries is a challeng-
ing task. The purely textual formulation of 3D structural queries, as in PRDB, can
be difficult. However, it could enable a tool’s integration via a command line interface
(CLI) in automated computational workflows. 3D and 2D scenes are familiar graphical
environments for life scientists to visualize chemical structures. Particularly, 2D depic-
tions of molecules as IUPAC style-based chemical structure diagrams are widely used.
Therefore, constructing a query in 2D or 3D space is a reasonable approach. Both vi-
sualization concepts have advantages and disadvantages, which are outlined in Chapter
2.

Unlike a 2D scene, a 3D scene provides precise 3D spatial information, which supports

the generation of 3D structural queries. A 2D scene shows only distorted 3D spatial

50



3.3 State of the Art

information, for example, through the explicit depiction of distance constraints between
chemical features. However, depending on the level of 3D spatial information required
for formulating a specific query, a 2D scene can enable easier query generation with and
without template structure and a faster overview of its content. In contrast to a 2D
scene, a 3D scene requires complex and time-consuming user operations in 3D space to
formulate and inspect a query. Due to the 3D spatial information, it might be neces-
sary to intensively zoom, rotate, and translate the 3D scene to place and rearrange the
query’s components. The query generation with the 3D editor is also complicated using
a query template structure. In contrast, a 2D scene offers a simplified visualization of a
query template through chemical structure diagrams. While a 3D scene displays a query
template structure without limitations, its chemical information content is restricted in
a 2D scene to avoid layout issues like graphical overlaps caused by dimensionality re-
duction. Consequently, although a 2D scene only displays a limited amount of chemical
information of a template structure, it has the advantage of highlighting those chemical

features that are most important to search for.

A template-based query generation approach in 2D and 3D can significantly support
users in translating a research question into a query. For example, as in the two previ-
ously described application examples about off-target prediction, users might want to
use a protein binding site as a starting point for generating queries. None of the tools
provides 3D visualizations of predicted ligand-unbound binding sites as templates pre-
venting query formulation for the application example about drug repurposing. In con-
trast, 3D visualizations of ligand-bound binding sites are provided by CSD-CrossMiner
and PELIKAN, which enables query formulation for the application example about side
effect analysis. Directly providing 3D visualizations of binding sites as query templates
directs the focus on these important aspects, thereby simplifying the query generation
process. In contrast, the complete 3D structure as a query template provides the ad-
vantage to select queries beyond the limitations of tool-specific binding site definitions.
Although 3D structures of the AlphaFold database can be loaded with CSD-CrossMiner
and PELIKAN via corresponding PDB files, the direct loading of database entries via

the corresponding UniProt accession numbers is not supported.

Template-free query editing in 2D or 3D can be useful when the query template struc-
ture is insufficient to describe the complete query, e.g., due to a missing ligand, which
can be included by placing a point in the part of the binding site where a ligand might
be situated. This can be the case, for example, regarding the application example about
drug repurposing to annotate binding sites with potential ligands. A relative spatial

arrangement of amino acids is selected in a ligand-unbound binding site. The query
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is then searched in ligand-bound binding sites to detect potential ligands. However,
the matching amino acids in the ligand-bound binding sites may not be in a sufficient
proximity of ligands. Therefore, to obtain more relevant results, users might also be
required to incorporate the ligand structure into the query via a template-free query

editing approach.

The additional textual editing of the query’s elements, for example, via its tabu-
lar representation in PELIKAN, can be useful to examine their chemical and spatial
properties and adapt them to user-specific requirements, for example, the element of a

hydrogen bond acceptor or the width of a distance range.

All tools provide a list of search results with information about matching PDB en-
tries, such as the PDB identifier code or the title of the PDB entry. Depending on the
specificity of the query, the number of results can vary significantly, from a few to several
thousand. Therefore, an intuitive navigation through the result set is required. The
result lists of the PDB and CSD-CrossMiner are ranked by the root-mean-square devi-
ation (RMSD) between the 3D structural query points and the corresponding matching
structural parts. The RMSD ranking helps to browse through results more quickly and
helps to filter the best-matching results.

The 3D superimposition of results onto the query and the export of results statistics
are supported by the PDB, CSD-CrossMiner, and PELIKAN. The 3D visualization of
individual query-superimposed results is important to visually inspect how they match
the query’s chemical and spatial constraints. 3D viewer options to change the rep-
resentation styles and displayed chemical content of results support result inspection
by simplifying unnecessarily overloaded visualizations or by improving the visibility of
specific aspects. For example, PELIKAN provides the option to display the complete
binding sites for all results or only those residues or ligand parts that were directly
matched by the query. Statistics and query-based 3D superimpositions of multiple re-
sults can be helpful in elucidating common or varying chemical and spatial aspects. The
applicability of these two approaches depends on the number of results and if the query
is kept generic, which leads to more different results. Furthermore, both approaches
can be of additional benefit if they include not only the structural parts of the template
and the results that were matched by the query and consequently superimposed onto
it. For example, regarding the application example about off-target-based side effect
analysis, statistics and query-based 3D superimpositions of multiple results might reveal
alternative interacting amino acid types or additional ones, which could be relevant for
the off-target’s affinity. Furthermore, clashes between the ligand and a query site are

not reported and these can only be found by visual inspection.
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A query might not return results of interest. Therefore, users may want to modify
it. CSD-CrossMiner and PELIKAN support query refinements. Users can interactively
modify an already-used query and continue to search in the results of the previous query.
For example, the search for relative spatial arrangements of amino acids, like in the two
previously described application examples, might return more relevant results with a
lower spatial query flexibility.

Only the PDB provides a history functionality, which tracks all performed searches.
Furthermore, a query file can be imported and exported with CSD-CrossMiner and
PELIKAN. Both features help users to archive, share, and later modify a query and to
reproduce or update its results. None of the tools offer the export of results in PDB

format, which complicates their postprocessing with other tools.

Table 3.3: Comparison of graphical user interfaces of tools for the 3D structural querying of the PDB
regarding accessibility, query specification, and results presentation

accessibility query specifica- results presenta-
tion tion
PDB web application, 3D editor, 3D RMSD-ranked list of
free template-based any- | results, 3D, query-
where in the com- based 3D superim-
plete structure of a positions, results
PDB entry history
CSD- desktop applica- 3D editor, 3D RMSD-ranked list of
CrossMiner tion, commercial | template-based results, 3D, query-
in ligand-bound based 3D superim-
binding sites (6 positions
A, amino acids
+ all other small
molecules and
simple ions) of a
PDB entry or cus-
tom PDB file, 3D
template-free, refine-
ment, import/export
PRDB desktop applica- SQL list of results
tion, discontinued
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PROLIX desktop applica- 2D editor, 2D list of results, 3D,
tion, discontinued | template-free statistics
Relibase+ web application, 2D editor, 2D list of results, 3D
discontinued template-free
PDBeMotif | web application, 2D editor, 2D list of results, 3D,
discontinued template-free statistics
PELIKAN desktop applica- 3D editor, 3D list of results, 3D,
tion, commercial, | template-based statistics, query-
free for academic | in ligand-bound based 3D superim-
use binding sites (6.5 positions
A, amino acids
+ all other small
molecules and sim-
ple ions) of a PDB
entry or custom
PDB file, text-based
via tables or XML
file, refinement, im-
port /export
GSP4PDB web application, 2D editor, 2D list of results, 2D,
free template-free 3D

3.4 Perspectives and Objectives

As indicated by the presentation and analysis of state-of-the-art tools, the development

of a 3D structural search engine is based on three initial key problems:

e Usability: due to the large amount of data and the high complexity of the three-
dimensional data type, the development of a user-friendly search engine represents
a significant challenge. Search engines that handle such data must offer easily ac-
cessible, comprehensively functional, yet reasonably intuitive graphical user inter-
faces for query generation and results presentation. Therefore, the development of

a 3D structural search engine is highly focused on usability-centric design aspects.
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e Applicability: the supported search space and 3D structural query must be rele-
vant to research questions of life scientists, including searchable regions, chemical
features, and spatial relationships of interest. In addition, the 3D structural search
engine must be supplemented by a text-based query type for the specification of
relevant search terms, such as the molecular weight of a ligand, the volume of a
binding site, the organism the protein is derived from, or the experimental resolu-
tion of the PDB entry. Both query types can then be used synergistically to limit

and explore the search space.

e Efficiency: due to the high complexity and large amount of data, the search
engine’s performance represents an additional challenge. Runtime and memory
requirements of the search algorithm and database must be optimized and scalable

with a rapidly growing search space.

The primary aim of this doctoral project is to develop a search engine for the 3D
structural querying of chemical features in large molecular 3D structure collections like
the PDB, focusing on protein-ligand interfaces. The resulting tool is called GeoMine.
The starting point of GeoMine’s development is the tool PELIKAN and the data of the
PDB. PELIKAN has been improved in terms of usability, applicability, and efficiency.
GeoMine’s usability is the primary focus of this doctoral project. Its efficiency is ad-
dressed in the doctoral projects of Joel Graef and Martin Poppinga and in the cor-
responding scientific publications [D3, D4|. Therefore, the primary objective of this
doctoral project is to enable life scientists to intuitively apply GeoMine’s search algo-
rithm. All mentioned doctoral projects deal with applicability-related issues since the
search space and query content must be integrated from the search algorithm’s and
graphical user interface’s perspective. GeoMine’s development is based on application
examples like those previously described, i.e., off-target prediction for side effect anal-
ysis and drug repurposing, as well as the strengths and limitations of state-of-the-art
tools. Table 3.4 highlights GeoMine’s development goals with PELIKAN as a starting

point.
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Table 3.4: Development of the graphical user interface of GeoMine regarding accessibility, query spec-
ification, and results presentation, and of GeoMine’s search capabilities regarding search
space and query content with PELIKAN as starting point. GeoMine provides all features
of PELIKAN. The right column only lists those GeoMine features that are new or were

further developed with respect to PELIKAN

PELIKAN

GeoMine

accessibility

desktop application, commer-

cial, free for academic use

free web application, stand-

alone version

query speci-

fication

3D editor, 3D template-based
in ligand-bound binding

sites (6.5 A, amino acids +
all other small molecules

and simple ions) of a PDB
entry or custom PDB file,
text-based via tables or an
XML file, refinement, im-
port /export

3D template-based anywhere
in the complete structure and
in predicted ligand-bound
and ligand-unbound bind-
ing sites (amino acids + all
other small molecules and
simple ions) of a PDB en-
try, AlphaFold entry, or cus-
tom PDB file, 3D template-
free, 2D template-free, 2D
template-based in interactive
2D ligand interaction dia-
grams, XML (REST API),
JSON file (GUI), textual
data for template binding

sites

results pre-

list of results, 3D, statistics,

RMSD-ranked list of results,

other small molecules and

simple ions)

sentation query-based 3D superimposi- | download of resulting bind-
tion ing sites in PDB file format,
results history, extended 3D
visualization options
PDB search | ligand-bound binding sites predicted ligand-bound and
space (6.5 A, amino acids + all ligand-unbound binding sites

(amino acids + all other
small molecules and simple

ions)
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chemical atom element from list, ac- amino acid, amino acid type
properties ceptor, donor, anion, cation, and class (e.g., hydrophobic
of atoms hydrophobic, metal, wa- or alanine) from list, nucleic
ter, reference ligand, lig- acid, nucleic acid type (e.g.,
and, residue, functional adenosione) from list, sol-
group from list, residue class | vent exposure, midpoints and
and type from list (e.g., endpoints (a-carbons) of a-
hydrophobic or alanine), helices and B-sheet strands
backbone, sidechain, helix,
sheet, no secondary struc-
ture, SMARTS environment,
all properties can be set to
match all values
PDB filter fingerprint-based ligand sim-
ilarity, RMSD range, bind-
ing sites consisting of sin-
gle/multiple chains, ligand-
bound /ligand-unbound bind-
ing sites, no symmetrical re-
sults, maximum number of
results per pocket

3.5 Technical Groundwork and Challenges

This section summarizes the technical groundwork and challenges to develop the key
concepts and components of GeoMine, which are described in Table 3.4. To this end,
the main development steps of GeoMine are briefly introduced. The Appendix explains
corresponding general aspects like the technical implementation in more detail. Ge-
oMine is based on the desktop tool PELIKAN, which was further developed for this
doctoral project, resulting in the new tool GeoMine. The primary aim and technical
challenge was rebuilding and further developing PELIKAN’s functionality on a freely
available and easily accessible web-based platform. Therefore, PELIKAN’s graphical

user interface and functionality had to be completely decoupled from its desktop-based
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graphical user interface and rebuilt on a web server. The tool code for communicating
with the database and its API regarding query delivery and retrieval of search results
was refactored and reimplemented. The input and output functionalities of the com-
mand line interface of PELIKAN were further specialized to develop GeoMine. The
tool’s main input, i.e., the query, is provided via an XML file. The XML file content is
described in B.5.5. The capability to read query files in XML format already existed
and has been further developed in this doctoral project to integrate new features. The
tool’s main output, i.e., the search results, is saved in a JSON file. Furthermore, two
additional JSON file-based command line interface outputs were implemented. The first
JSON returns the number of stored PDB entries and binding sites. The second JSON
contains chemical and spatial data of binding sites for a specific PDB entry, which is re-
quired for a template-based query generation. The content of the respective JSON files
is described in B.5.6. The usage of GeoMine’s command line interface is described in
B.5.1. The command line interface version of GeoMine was integrated into the backend
of the Proteins Plus web server. B.3.1 and B.3.2 describe the general usage and technical
implementation of the Proteins Plus web server. Based on the web server’s source code
and frontend components like the molecular 3D viewer, a new graphical user interface
was built for GeoMine, which requires the JSON output of the tool’s command line
interface as input. Details about the technical implementation of GeoMine’s backend
and frontend are given in B.5.7.

The graphical user interface is based on a prototype, which was developed by the
author of this doctoral thesis for his master’s thesis [84] and further developed regard-
ing code quality and features. Furthermore, the InteractionDrawer library, which was
implemented in the context of this doctoral project, see Chapter 2, is reused and in-
tegrated into GeoMine’s frontend to develop one of its primary components, the 2D
query editor. The library’s editing modes were extended to enable the selection and
placement of query components in 2D. Furthermore, the functionality of the 2D inter-
face was synchronized with other frontend components, including the 3D query editor
and the tabular query representation. The previously described technical workflow of
GeoMine is graphically illustrated in Figure 3.2. The additional feature development
of the prototype to implement GeoMine’s features list (see Table 3.4) is summarized in

the following and includes:

e the searching and loading of AlphaFold entries via the ProteinsPlus web server

e the on-the-fly calculation and visualization of predicted ligand-bound and ligand-
unbound binding sites in the 3D viewer for an entry of the PDB database, Al-

phaFold database, or a custom PDB file. The calculation criteria for binding sites
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and the displayed additional chemical binding site content like solvent-exposed

atoms or aromatic ring centers are described in B.5.4

the calculation and visualization of a 2D ligand interaction diagram for a specific

ligand of the input structure in the 2D viewer

the template-based design of queries in predicted ligand-bound and ligand-unbound
3D binding sites or 2D ligand interaction diagrams by selecting visualized chemical

features

the template-free query generation from scratch in the 3D viewer and 2D viewer

by placing new hypothetical chemical features

the support of the query design process through 2D-3D synchronization and in-
stant visual correspondence of the query and chemical features between both di-
mensions and the query tables through a synchronized mouse-hover and color

highlighting
the download and upload of a query as JSON file
an optional full-screen mode of the 3D viewer to design queries

the structural template and query visualization can be switched on and off, guiding
a query generation process that mixes a template-based and template-free design

approach

the visualization of corresponding textual, numerical, and chemical properties of

template binding sites that can be set as values for corresponding PDB filters

extension of GeoMine’s search capabilities by new textual, numerical, and chem-
ical PDB filters, such as the fingerprint-based ligand similarity filter, and by
PELIKAN-derived and completely new 3D query content like aromatic ring nor-
mals and secondary structure points. As highlighted in section 3.4, the devel-
opment and implementation of the search algorithm is addressed by two other
doctoral projects. The new filters that include or exclude results based on the
RMSD similarity to the 3D query and a maximal number of matches per binding
site are post-processing steps on the results that were completely implemented in

this doctoral project

a results refinement functionality and browsable results history, which adds one

history step for each executed search step
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e aresults table with a sortable, searchable, and RMSD-ranked list of query matches

e additional 3D visualization options that can also be set for individual results

instead of all results
e the download of resulting superposed binding sites as PDB files

e integration of GeoMine in the REST API of the Proteins Plus web server, see B.5.2

for its documentation

4 Y N

JSON JSON
GeoMine < proteinsPlus «——2 GUI
XML XML
Backend PoseEdit <on visve Frontend
REST API <+——» |InteractionDrawer
PDB

- AN %

Figure 3.2: Technical workflow of GeoMine

In addition to the ProteinsPlus web server version of GeoMine, a distributable stan-
dalone version of GeoMine was created. A containerized version of the ProteinsPlus
web server reduced to GeoMine was the basis for developing an in-house version of the

tool. A description of the GeoMine container’s build process and usage is given in B.5.3.

3.6 Conceptual Summary

The new graphical user interface of GeoMine and its features (see Table 3.4) are out-
lined in this section. B.3.1 provides the general description of the GeoMine-hosting Pro-
teins Plus web server and the usage of its graphical user interface. The workflow concept
of the user interface of GeoMine can be subdivided into three parts: query generation,
results analysis, and results refinement. A cyclin-dependent kinase structure bound to
the inhibitor 4-||6-(cyclohexylmethoxy)-7H-purin-2-yllamino|benzenesulfonamide [57]
(PDB identifier: 1H1S; ProteinsPlus ligand identifier: 4SP A 1298) is used as query

template to illustrate the workflow.

3.6.1 Query Generation Workflow

The query generation workflow of GeoMine is subdivided into two steps: template selec-

tion and query design. Figure 3.4 illustrates the associated concepts and synchronized
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user interface components of GeoMine in more detail: the 2D viewer (Figure 3.4a) and
3D viewer (Figure 3.4b), and the 3D query tables (Figure 3.4c). Additional graphical
user interface components include the textual, numerical, and chemical PDB filter ta-
ble and the PDB subselection list. The 2D viewer, 3D query tables, PDB filter table,
and PDB subselection list are GeoMine-specific and, therefore, separately accessible via
the 8D query, PDB filter, and PDB subselection tabs in the tool-specific graphical user
interface on the right of the main page. GeoMine employs the 3D viewer on the left of

the main page, whose functionality is shared by all the ProteinsPlus web server tools.

Template selection:

Loading a chemical structure entry in PDB format from the AlpahFold database, PDB
database, or a custom PDB file on the ProteinsPlus landing page, GeoMine automati-
cally calculates ligand-bound and ligand-unbound binding sites of the input structure.
The calculated binding sites are loaded into the central Pockets list of the main page,
while all ligands of the input structure are loaded in its central Ligands list. A predicted
ligand-bound or ligand-unbound binding site of the input structure can be loaded into
the 3D viewer from the Pockets list. A 2D ligand interaction diagram can be displayed
for all ligands of the input structure in the 2D viewer by selecting a ligand from the
Ligands list. The 2D or 3D scene can be rotated with a left mouse click and translated
with a right mouse click. Alternatively, to directly load a diagram from a PoseEdit
session, a diagram file in JSON format can be uploaded into the 2D viewer of GeoMine.
This approach is useful, for example, if users want to manually optimize the diagram’s
layout with PoseEdit before designing a 3D query. Binding sites can be independently
visualized from the complete input structure in the 3D viewer. Consequently, the com-
plete input structure, except the binding site, can be set invisible to enable the binding
site’s visual focus for 3D query generation. Alternatively, the complete input structure
can be displayed, for example, in the Cartoon representation, to better understand the
secondary structure elements beyond the binding site boundaries. The loading of a
2D ligand interaction diagram for a ligand of the Ligands list automatically displays
the corresponding ligand-bound binding site of the Pockets list in the 3D viewer while

hiding everything else, accelerating the template-based 3D query generation.

Figure 3.3 illustrates and compares the selectable content of a 3D binding site and a
corresponding 2D diagram. In the 2D and 3D viewer, displayed chemical features that
are selectable for 3D query design include buried atoms represented by small colored
spheres, solvent-exposed atoms, aromatic ring centers, secondary structure points rep-
resented by big colored spheres, and intermolecular interactions highlighted by dashed

colored lines. Furthermore, 3D binding sites display arrows representing ring normals
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of aromatic ring centers and directions of secondary structure elements for correspond-
ing secondary structure points. Buried atoms and covalent bonds are transparently
visualized to set a focus on chemical features that are particularly important for ligand
recognition, like solvent-exposed atoms. Furthermore, a grid that visually highlights
spatial aspects like the binding site’s surface, volume, and depth can be loaded into the
3D viewer. Each Pockets list entry provides textual, numerical, and chemical properties
of the represented binding site, like its surface, volume, and depth, which facilitate the

specification of corresponding PDB filter values.

feature 2D 3D

secondary structure point §
hydrogenbond | = @————— Bl TP
ionic interaction @=@==0 | @ o - = e

aromatic ring center

cation-pi interaction

pi-stacking interaction @)

buried/surface atom
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hydrophobic contact —_— only 2D
metal interaction Ecccccmeeeea

Figure 3.3: Selectable content of 2D diagrams and 3D binding sites displayed in the left and right
column respectively

Query definition:

A selection mode can be set via a drop-down list on the right of GeoMine’s tool-specific
graphical user interface to add specific 3D query objects in the 2D diagram and 3D
binding site with a left mouse click. 3D query objects include so-called points rep-

resented by big transparent colored spheres, and distances and interactions displayed
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by continuous and dashed transparently colored cylinders between points, respectively.
Figure 3.4 shows an example query selected in a 2D diagram (Figure 3.4a) and a corre-
sponding 3D binding site (Figure 3.4b). All 2D and 3D selected points, distances, and
interactions are automatically added to the respective 3D query tables (Figure 3.4c)
to examine and adjust chemical and spatial properties, e.g., residue type and distance
ranges. Figure 3.4 illustrates the table data of all query object types, showing one row
for each 3D query table. The 3D query design is synchronized between the 2D and 3D
spaces and the 3D query tables. The 2D-3D-3D query tables correspondences regard-
ing 3D query and structure visualization are easily detectable by the unique coloring
and synchronized mouse hover highlighting of 3D query objects and chemical binding
site features like atoms or intermolecular interactions. The 3D query table section is
scrollable to allow the simultaneous visualization of the 2D viewer, 3D viewer, and the
3D query table entries of interest. Furthermore, the 3D viewer can be switched to full

screen, facilitating query generation in 3D.
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Figure 3.4: Example 3D query selected in a cyclin-dependent kinase structure bound to the inhibitor
4-[[6-(cyclohexylmethoxy)-7H-purin-2-yl|amino|benzenesulfonamide [57] (PDB identifier:
1H1S; ProteinsPlus ligand identifier: 4SP A 1298) and visualized in GeoMine’s primary
and synchronized graphical user interface components. a 2D viewer showing a 2D pose
diagram. b 3D viewer displaying the corresponding complete binding site. A zoomed-in
view highlights the 3D query. ¢ 3D query tables listening chemical and spatial data of
the 3D query objects
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In the Point mode, buried and solvent-exposed atoms, aromatic ring centers, and
secondary structure points can be left mouse-clicked to select points. Furthermore,
undefined points can be directly placed and moved in the 2D or 3D scene. Placing
a hypothetical point in a 2D diagram automatically adds it to the center of the cor-
responding ligand-bound 3D binding site. Consequently, the point’s relative position
must be manually adapted by its translation in 3D and its subsequential connection to
other points via distances and interactions via the 2D or 3D viewer. Alternatively, the
relative positioning of the point can be purely specified in 2D, adjusting only the range
sizes of connecting distances in the 3D query tables.

Using the Distance or Interaction mode, any pair of atoms, aromatic ring centers,
secondary structure points, or selected points can be left mouse-clicked to connect them
by a distance or interaction. The missing points, for example, when directly specifying
a distance constraint between two atoms, are automatically added. Non-hypothetical
intermolecular interactions can be defined by directly selecting them in the 3D binding
site or 2D diagram with a left mouse click. The corresponding points are also automat-
ically added if missing. With the Angle mode, angle constraints represented by colored
arcs can be set between any pair of connected distances, interactions, aromatic ring
normals, and secondary structure point directions by left mouse click.

A checkbox allows to automatically load all template binding site-derived chemical
and spatial properties of a 3D query object into the corresponding 3D query table row.
Otherwise, only the primary properties are automatically set, including the element,
interaction type and molecule type for atoms, the interaction type and molecule type
for aromatic ring centers, and the element, molecule type, residue location (backbone
or side chain), and secondary structure type for secondary structure points. All other
properties are set to generic default values. A 3D query object can be removed from the
2D viewer, 3D viewer, and respective 3D query table by activating the corresponding
selection mode and clicking on it again either in one of the two scenes or on the cross
icon in its respective 3D query table row. If a 3D query object is removed, for example,
a point, all dependent 3D query objects, in this case, connected distances, interactions,
and angles between those, are also deleted.

Various PDB filters can be added to the PDB filter table (Figure 3.5), restricting
the search by textual, numerical, and chemical properties of the ligand, binding site,
protein, PDB entry, and results. This search functionality can also be used without a
3D query, for example, to limit the 3D search space in advance. Figure 3.5 highlights
one exemplary row of the PDB filter table.
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Filtertype T o e

Pocket - Property (Volume v Min Max

500

<>
<>

Figure 3.5: Example table row of the PDB filter table limiting the search space to all binding sites
with a volume between 0 A® and 500 A®

Finally, a list of PDB identifiers can be provided in the PDB subselection list (Figure
3.6) to avoid searching the complete GeoMine database, but only specific entries of
interest. A GeoMine query can be downloaded and re-uploaded in JSON file format.
Furthermore, a GeoMine query file can be exported in XML format. The XML format
is usable by the REST API of GeoMine. Multiple XML queries could be automatically
generated and used in a GeoMine search, for example, by subsequently increasing the
sizes of the 3D query’s distances before each request to the REST API. Clicking the
Search button starts the GeoMine query search. If the query is invalid or unsuitable, for
example, due to incorrect PDB filter values or a highly unspecific 3D query, the search

is stopped and the user gets a corresponding feedback.

Clear PDB selection

Number of PDBs in list: 32

TMMT
1K4H
5WJ6
7595
6GYX
8DXB
654A
1Q63
6HVL
2C50
S

Figure 3.6: PDB subselection list limiting the search space to 32 PDB entries

3.6.2 Results Analysis and Refinement Workflow

After the search is performed, GeoMine’s tool-specific graphical user interface on the
right shows an additional Results tab (Figure 3.7) to inspect the database matches.
The corresponding section provides the total number of matched PDB entries, matched
binding sites of those PDB entries, and the total number of 3D query hits in those
binding sites if the GeoMine search comprehends a 3D query (Figure 3.7a). The results
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3 3D Structural Searching of Large Binding Site Collections

are ranked by RMSD. The RMSD is calculated between the 3D query’s points, like
atoms and aromatic ring centers, and the corresponding matching chemical features in
the detected binding sites. The 150 hits with the lowest RMSD are listed in a searchable
and sortable table (Figure 3.7b). The 3D visualizable result set is limited to 150 to
improve the search’s runtime and because a larger result set is difficult to thoroughly
inspect in 3D. A larger set might contain results that are too unspecific regarding the
associated application scenarios. The size of the result set and the query’s specificity
can be iteratively adapted through the refinement functionality described below. Each
table entry represents a 3D query hit and is annotated by the corresponding RMSD
value, the title, identifier, and protein class of the matched PDB, the name of the
detected binding site based on the concatenated names of all contained ligands, and the
binding site-specific unique identifier of the match. The table allows to visualize results
in the 3D viewer individually or as superimpositions onto the 3D query together with
the template binding site (Figure 3.7c). If only PDB filters are specified, the first 150
results are listed in the table. With such a GeoMine query, the table entries are not
annotated by RMSD values and resulting binding sites are overlayed in the 3D viewer on
their centers. Various toggleable options can be set for individual 3D-visualized results

(Figure 3.7d), including:

e visualization of a result via the complete corresponding PDB structure, the match-
ing binding site, the relevant residue parts, the relevant ligand parts, or the rel-
evant residue and ligand parts. Chemical structures, structural parts like func-
tional groups, and intermolecular interactions that were directly matched by the

3D query are considered relevant to limit and clarify the result’s visualization

e hiding of all residues or ligands or their visualization in the Licorice, Line,

Ball+Stick, or Spacefill representation

e highlighting of the 3D query match and the result’s visualized chemical structure

by a unique color
e visualization of intermolecular interactions

The refinement functionality (Figure 3.7e) permits to continue to search in a result set
after modifying the corresponding GeoMine query. The PDB identifiers of the result
set are loaded into the PDB subselection list and the corresponding GeoMine query is
loaded into the 2D viewer, 3D viewer, 3D query tables, and PDB filter table as a new
starting point for the query’s further refinement. In addition, with the results history

functionality (Figure 3.7f), any set of results and corresponding queries is reloaded to
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3.6 Conceptual Summary

continue the refinement process. The following files can be downloaded (Figure 3.7g)

on the results page:
e a statistics file

e the transformed and superimposed binding sites of the 150 matches with the lowest
RMSD or the 150 first matches in PDB files format

e results table data in CSV and JSON file format

The statistics file is generated not only for the visualizable results but for the complete

search result set. The statistics file contains the following information about the results:
e list of PDB entries that match the query
e unique SMILES and names of all ligands in binding sites that match the query
e list of RMSD values for all 3D query matches

e list of query points annotated each with the number of respective detected hits and
the percentages of atom elements, molecule types, amino acid types, secondary

structure types, and atom types

e list of point-to-point constraints in the 3D query (distances and intermolecular
interactions) annotated each with the number of respective detected hits, a list of
matching distances in A, and the distribution of matching intermolecular interac-

tion types expressed in percentages

e list of 3D query angles annotated each with the number of respective detected

hits and a list of matching angles in degree

Results are cached for 30 days and can be reaccessed through a link provided by the

results page.
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(c)
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Figure 3.7: Results of an example GeoMine search designed in a cyclin-dependent ki-

nase structure bound to the inhibitor 4-[[6-(cyclohexylmethoxy)-7H-purin-2-
yllamino]benzenesulfonamide [57] (PDB identifier: 1H1S; ProteinsPlus ligand identifier:
4SP A 1298). a Number of search results. b Results table with at most 150 hits. ¢ 3D
viewer superimposition of two query matches in the table. d Visualization options for
the first match in the table. e Button for the results refinement functionality. f Buttons
for the search history. g Button for the download of results-related files

3.7 Application

Examples of GeoMine’s application can be found in the corresponding scientific publi-

cations [D2-D5]. In particular, application examples underscoring the benefits of new

GeoMine features developed in this doctoral project, like AlphaFold structures as 3D

query templates or the geometric query design-supporting 2D interface, are available in

[D3] and [D5].
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The following application example (Figure 3.8) taken and adapted from [D5| demon-
strates GeoMine’s applicability to find off-targets, a scientifically relevant research ques-
tion that helps, for example, to explore the potential side effects of drugs. The query
is designed in an S-adenosyl methionine (SAM)-bound site of the enzyme alpha N-
terminal protein methyltransferase 1 of Leishmania major [85] (PDB identifier: 1XTP,
ProteinsPlus ligand identifier: SAT A 401) and searched for in human protein struc-
tures in the PDB that are bound to SAM-related compounds. The aim is to predict
potential off-targets for SAM-competitive inhibitors, i.e., compounds that competitively
bind to the SAM binding site and thereby inhibit the enzyme’s function. Solvent-
exposed residue atoms and aromatic ring centers that interact with SAM are selected
and connected by distance ranges with a tolerance of 1 A. The selected search points
were specified by their pharmacophoric properties (acceptor, donor, hydrophobic, or
aromatic center). The interacting atoms of Thr167, Argl06A, and Glnl65 were omit-
ted to focus on the adenosyl moiety and to exclude weak hydrogen bond acceptors.
The 45 results include several hits that indicate selectivity-related challenges for SAM-

competitive inhibitors.

Tyr170(ARO) Tyr170(ARO)
G50(0E2) 108 AR0) G150(0E2)
Gin175(0E1)
-
a - it
4 Leut7a(N)
Gluison 4
b F— C J—
N\ Asp146(0E1,0E2)
Giy101(0) 2 Giy101(0)
o Gly124(0)
i
NTM1A_HUMAN NTM1B_HUMAN
PDB entry 5eto (rmsd = 0.3 A) PDB eniry 5ubb (rmsd = 0.34 A)
Tyr70(ARO) Tyr70(ARO)
TrzsARO) Glut50(0E2) Trrssiaroy Gluts0(0E2)
Asp97(0D1) G1u102(0)
Mso149(N) o Mse149(N)
Sora8(N) [ Giy104(N)
Glu123(0E1,0E2) & < GIu123(0E1,0E2)
. ASpG3(OE1,0E2) - o= X' 31200, cys2760)
Giy101(0) Giy101(0) |
Gy Gly41(0) Mot275(0) f
- ]
————— hydrogen bond metal interaction @~ -~ ~@pi-pi interaction
77777 ionic interaction .~ ~@cation-pi interaction ——— hydrophobic contact MCES_HUMAN SETD3_HUMAN
@aromatic ring center i3 secondary structure element @surface atom (e.g. O) | PDB entry 3bgv (rmsd = 0.59 A) PDB entry 6wk2 (rmsd = 0.90 A)

Figure 3.8: Example 3D query to search off-targets of SAM-competitive inhibitors based on a SAM-
bound binding site of the enzyme alpha N-terminal protein methyltransferase 1 of L. ma-
jor [85] (PDB identifier: 1XTP, ProteinsPlus ligand identifier: SAT A 401). Taken and
adapted from [D5]. a A 2D editor-designed query, which models SAM-interacting atoms
and aromatic ring centers of binding site residues. b-e Template binding site-aligned hits
and the RMSD between the query and matched points after superposition. The alignments
of the first three results (PDB identifier: 5E10, 5UBB, 3BGV) are convincing, indicating
potential off-targets. In contrast, the alignment with actin-histidine N-methyltransferase
(PDB identifier: 6WK2) is suboptimal and presents structural clashes, indicating a dif-
ferent SAM binding mode
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Besides GeoMine’s applicability, the application example also highlights several ad-
vantageous frontend features that enhance GeoMine’s usability. The 2D query editor
(Figure 3.8a) enables a fast and intuitive selection to design complex queries, such as
queries with many points and distances like in the described application example. In
contrast to the binding site’s 3D representation, the 2D pose diagram clearly focuses on
the ligand binding mode, selectively highlighting information such as solvent exposure,
interacting atoms, and intermolecular interactions. The RMSD-ranked result list pro-
vides easy prioritization of results of relevance. Figure 3.8 shows four matches with low
RMSD values for further visual validation. The alignments of the 3D query template
site and results regarding the query’s points and the matching points of the results en-
able easy comparison of structural aspects. Additional fine-tuned visualization options
presented in Figure 3.8 improve the visual analysis by highlighting relevant aspects and

enabling a straightforward comparison:

e the individual coloring of a result’s and 3D query template site’s chemical struc-

tures helps to compare them structurally

e individual representation styles for residues (Ball-+Stick) and ligands (Licorice)

support their visual discrimination

e the visualization of the 3D query consisting of points and distances and the visu-
alization of the matching points and distances in the results helps to understand
how the result fulfilled the query’s chemical and spatial constraints. In the appli-
cation example, the 3D query match is colored like the result’s chemical structures
to emphasize their correspondence. Furthermore, the semi-transparent color of a
3D query match does not affect the visibility of chemical structures covered by it

in the 3D scene, for example, spheres around atoms highlighting matches of points

e the visualization of only those residues of a result that were matched by the 3D

query enables focusing on ligand binding mode-relevant information
Further application examples of the previously mentioned scientific articles include:
e off-target searches for acetazolamide and celecoxib
e the intermolecular interaction geometry analysis for halogen-aromatic interactions
e selective protein kinase inhibitor design

e binding site function prediction and off-target analyses for methyltransferases from

parasites of the genus Leishmania
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In some of the GeoMine-citing non-technical articles, GeoMine was applied in the
context of interaction profiling of the eucalyptus essential oils targeting angiotensin-
converting enzyme 2 and lipoxygenase to explore and verify its therapeutic effect on
upper respiratory tract diseases [86] and of the chromobacterium violaceum-produced
pigment violacein targeting low molecular weight protein tyrosine phosphatase to ex-
plore violaceum’s effect on the energetic metabolism to inhibit tumor cells [87]. Addi-
tional application examples for 3D structural searches of some other related tools can
be found in the corresponding scientific articles [74, 79, 88, 89|, further highlighting the

general relevance of similarity searches in 3D structural data.

3.8 Outlook

Some additional usability-related and applicability-related enhancements of GeoMine

regarding query specification, results presentation, and search space include:

e AlphaFold database entries that are already utilizable for a template-based 3D
query design could enhance GeoMine’s search space currently encompassing the
PDB database. For example, the search space could provide a significantly larger
number of potential search results of interest to identify new targets in drug repur-
posing or side effect analyses. The database’s and search algorithm’s performance
regarding runtime and memory requirements must be further improved to process

the significantly increased amount of searchable data

e since important chemical information of results might be communicated more con-
veniently in 2D than in 3D, the 2D viewer utilized for query design could also be
usable to display 2D diagrams of results representing ligand-bound binding sites.
Multiple results could be simultaneously visualized in 2D by displaying and over-
laying the 3D query-matching parts of the respective 2D diagrams highlighting
chemical similarities and dissimilarities. Since the current 2D diagram implemen-
tation shows only structures interacting with the ligand, structures that do not

interact but are included by the query must be visualized in addition

e a 2D visualization of ligand-unbound binding sites by PoseEdit could be imple-
mented and integrated into GeoMine to facilitate the generation of 3D queries
and the inspection of results. However, due to the unlimited maximal number
of residues that a DoGSite3-predicted empty binding site can include, a com-
prehensible 2D visualization must reasonably simplify the represented chemical

information content to be advantageous compared to the 3D binding site. For
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example, all residues could be positioned in a circle and initially displayed by the
simple circle representation type. Subsequently, the skeletal representation type
might be set for specific relevant residues. Furthermore, visualizing only a prese-
lection of potentially relevant residues can also lead to a helpful 2D simplification.
Corresponding selection criteria might include the level of solvent exposure of side

chain atoms or the sequence-based or spatial conservation levels of residues

e a GeoMine query can only include chemical features that are present at specific
positions and that have specific chemical property values. A query object to define
a space not occupied by chemical features like atoms and the option to exclude
specific chemical properties for points could extend the application scenarios and
quality of results. For example, structural clashes between results and the query
template binding site could be reduced. A query object to define an unoccupied
space could be graphically represented by a sphere with a user-specified radius

and corresponding tolerance value

e without prior knowledge on which chemical features are important to select in a
template binding site, the combinatorial space of generatable queries can be too
large to be manually processed through multiple results refinement steps. The
GeoMine search only returns complete results, i.e., all chemical features and their
chemical properties of the query were matched. Query flexibility is integrable
by setting chemical properties to "Any" and by specifying the relative spatial ar-
rangement of chemical features through varying sizes of distance and angle ranges.
Furthermore, query points can be specified by a residue class, e.g., polar or hy-
drophobic, rather than its precise residue type and by multiple interaction types,
e.g., donor and acceptor. For example, in a search for ligands that interact with
a ligand-unbound template binding site, the binding site might present a large
variety of solvent-exposed donor and acceptor residue atoms. All atoms could be
potential interaction partners for a ligand and are, therefore, query points of inter-
est. Consequently, users have to manually include and exclude specific atoms and
corresponding properties through numerous and time-consuming results refine-
ment steps to cover every combination of atoms. Two solutions to this challenge
are addressable. Defining optional chemical features like atoms or intermolecular
interactions and optional values for corresponding chemical properties. The solu-
tions allow to specify, for example, a query that matches the presence or absence
of a residue atom, which belongs either to alanine or leucine. Both extensions of
the query features can make a results refinement process obsolete since the com-

binatorial space of queries is automatically processed by only one search. Valid
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results can be priorly defined in the graphical user interface by a minimum number
of matching chemical features and subsequently ranked in the results table by the
level of completeness. The extended search is of increased complexity due to the
calculation of incomplete matches, therefore requiring additional optimizations of

GeoMine’s performance

e the on-the-fly loading of results can address searches with elevated runtimes and
consequently improve the tool’s usability. However, the algorithm returns all re-
sults at once after processing the complete query. Binding site clusters can be
precalculated to independently search in those and return only cluster represen-
tatives as results on the fly. A careful evaluation of clustering results is important

to verify if valuable results get lost by the initial focus on cluster representatives

e a prediction of a search’s runtime would improve the user’s acceptance of long
waiting times, which can also occur with highly specific queries. For example,
a query consisting of a large number of residue atoms connected by distance
ranges and specified by generic chemical property values would only produce a low
number of results but still cause a high runtime due to the low chemical specificity
of the atoms. To predict a search’s runtime, the associated impact of query
object combinations must be specified by comprehensive statistical analyses of
the database occurrences and extraction times of corresponding chemical features

and their chemical properties under various geometric constraints

e a PDB filter for user-specified protein sequences, for example, implemented with
the tool STENA [90], could enhance GeoMine’s search capabilities by providing a

sequence-based preselection of interesting binding sites

In addition to general improvements, a new version of the ProteinsPlus web server is
currently in development. Due to its complex graphical user interface, GeoMine will
not be included in the ProteinsPlus web server anymore. Therefore, the tool is made
separately available via its containerized web server version on https://geomine.prot

eins.plus [91].
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Chapter 4

Summary and Conclusion

This doctoral project resulted in two new tools called PoseEdit and GeoMine and a
respectively further developed version of the ProteinsPlus web server hosting the two
tools. In addition, a software container-based standalone web server was developed for
each tool. Both standalone web server versions are also publicly available via webpages.
The new developments resulted in several corresponding scientific publications [D1-
D7]. Both tools are partly based on previous existing technical groundwork, which was
reimplemented, refactored, and extensively further developed. The general goal of the
tools is to advance the respective state of the art in exploring chemical and spatial
data of protein binding sites in the context of drug development. In addition to the
applicability of the two tools, another major aspect explored by this doctoral project
was their usability. Well-designed graphical user interfaces significantly simplify the use
of such highly complex tools for scientists with varying levels of experience regarding
computational analyses. A corresponding focus is on facilitating complex structural

data exploration by developing different and complementing graphical representations.

e Posekdit offers a new way to display ligand binding modes of ligand-bound binding
sites through a comprehensive visualization concept. Gained information helps
scientists to communicate and explore reasons for a ligand’s affinity, selectivity,

and consequential biological activity, which is a common task in drug development

e GeoMine enables 3D query-based searches in ligand-bound and ligand-unbound
binding sites of large binding site collections via its comprehensive and intuitive
query design and results inspection interfaces. Various drug development-related
applications for a 3D structural similarity search are thinkable, including protein

function elucidation, drug repurposing, and drug side effect analyses
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PoseEdit stands out relative to other state-of-the-art tools in several aspects. The high
number of tool features to explore and modify diagrams down to the atomistic level dis-
tinguishes PoseEdit from other state-of-the-art tools, which provide significantly more
static 2D representations. PoseEdit’s capabilities support users to overcome limitations
of the layout algorithm and the tool’s chemical and graphical presets that could other-
wise result in unsolvable diagram issues ranging from objective lacks to highly subjective
deficiencies. Automatically generated diagrams with such shortcomings are rejected by
scientists to communicate a ligand’s binding mode. With PoseEdit, all diagrams can
still be highly usable thanks to various editing options. Additional preset improvements
to the PoseEdit diagram’s represented information, like covalent bonds between ligands
and residues and esthetic graphical styles, such as color gradients for covalent bonds,

round off its revised content.

PoseEdit seamlessly integrates classic textual ligand binding mode data, chemical
data-focused 2D diagrams, and algorithmically predicted complete 3D binding sites
into one unique synchronized visualization concept. This approach offers a synergistic
way to explore and verify chemical and spatial key features of binding sites based on the
strengths and limitations of the three representation types. For example, it can help to
generate ideas about how to modify the restricted chemical content of a 2D diagram by

examining the corresponding complete 3D binding site.

Unlike other state-of-the-art tools, PoseEdit is accessible to a large user community
through its free web interface. In particular, academic research will significantly benefit
from its easy accessibility, which, as of October 25, 2024, is highlighted by 35 references
[63] to the PoseEdit publication. In contrast, the distributable standalone PoseEdit
container also makes the tool applicable to confidential in-house data, providing a high
level of control over data privacy while keeping a flexible and dependency-free usage via
a web browser. Furthermore, the reasonably compressed but highly functional graphical
user interface and the required minimum usage of mouse and keyboard controls allow
a quick overview, instant comprehension, and easy application of PoseEdit’s features,

rendering the tool a user-friendly solution compared to other state-of-the-art tools.

The code base of the interactive frontend is publicly available on GitHub and the cor-
responding JSON input is accessible via PoseEdit’s REST API, facilitating the integra-
tion of PoseEdit’s functionality in other scientific software projects, which is exemplarily

demonstrated by GeoMine, the second tool of this doctoral project.

GeoMine is set apart from other state-of-the-art tools by multiple aspects. First,
GeoMine’s usability regarding query formulation and results representation is relatively

enhanced through various user-centric design concepts. Second, the possibilities of
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search space definition and query definition options are the most comprehensive ones
of all available tools. GeoMine is the only tool that enables a comprehensive 3D query-
building process, smoothly integrating text-based tabular, 2D, and 3D input types,
enabling users to profit from their respective advantages. Furthermore, all three in-
put types are synergistically synchronized and comprehensively providable through in-
put structure-based query templates as well as from scratch. In particular, generating
queries with the easy-to-use 2D editor in protein-ligand interactions-focused PoseEdit
diagrams is a unique feature of GeoMine, which further supports scientists in obtaining
and realizing query ideas. In contrast, other related state-of-the-art tools only allow

drawing of 3D queries in 2D space without providing 2D templates.

Unlike other state-of-the-art tools, GeoMine’s template binding sites are not ligand
radius-based but computationally predicted, enabling a more comprehensive determi-
nation of a binding site’s shape and structural boundaries. Furthermore, this approach
provides ligand-bound but also ligand-unbound binding sites as query templates, en-
abling scientists to easily address query design for additional relevant research questions,
such as drug repurposing. If the template binding sites of a specific input structure are
insufficient, scientists can still go beyond the spatial limitation of query templates by
verifying and performing query design anywhere in the complete 3D input structure.
Finally, supporting not only PDB database entries and custom structures but also Al-
phaFold database entries as input structures provides scientists with a wide range of
usability-enhancing starting points for generating queries of interest. GeoMine’s result
browser enables a comprehensive analyses of the retrieved query matches through the
visual examination of ranked tabular data and various overlaid 3D representations, as
well as further analyses with other tools through exportable statistical data. The over-
all usability of the GeoMine is rounded off by the import and export functionality for
queries, the history and refinement functionality, and the RMSD-based results ranking.
These features help scientists to accustom themselves to GeoMine’s functionality and

to explore different queries and results.

Like PoseEdit and unlike the state-of-the-art tools, GeoMine’s free web service and
its standalone container version make the tool highly accessible to a large user com-
munity with different requirements, including academia and industry. For example,
the GeoMine container was integrated for in-house application by a large pharmaceu-
tical company. Furthermore, GeoMine’s functionality can be directly integrated into

scientific workflows via its REST API and the XML query representation.

The calculated query templates of input structures display the same information

content calculated for PDB entries stored in the searchable GeoMine database. In
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comparison to other state-of-the-art tools, a relatively large variety of comprehensively
visualized chemical features and corresponding properties are specifiable via query tem-
plates for 3D query formulation. GeoMine-specific chemical features of scientific interest
include, for example, solvent-exposed atoms and secondary structure points. A distin-
guishing aspect of GeoMine is the large number of text-based filters, which can be set
in addition to or without a 3D query to limit the search space and results based on
various chemical and spatial properties.

In summary, PoseEdit and GeoMine provide new, unique approaches to a comprehen-
sive and user-friendly visualization and searching of 3D structural data, enabling the
analysis of intermolecular interfaces and the investigation of biological function-related

research questions.
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Appendix B

Software

The following sections and subsections explain the tools described in Chapter 2 and

Chapter 3 in more detail.

B.1 PoseView

B.1.1 Usage

This subsection describes the command line interface of PoseView, highlighting the
corresponding development done during this doctoral project. The following command

executes PoseView’s new functionality, creating a diagram in JSON and SVG format:
./bin/poseview -f ./input.mol2 -o ./output.svg -w ./output.json

The command line arguments are listed and further described in Table B.1.

Table B.1: Extended command-line interface options of PoseView used by PoseEdit

option description

-f <file path> provide chemical input data for diagram calcula-
tion by other tools, for example, GeoMine, via a
MOL2 file

-0 <file path> print the diagram in various image file formats

(.png, .pdf, .svg)

-w <file path> store textual diagram data in a JSON file
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B.1.2 MOL2 Input

This subsection describes the MOL2 file content generated by GeoMine based on a
PDB file and one of its ligands. MOL2 files are provided to PoseView’s command line
interface as input to specify the chemical information content of corresponding PoseEdit
diagrams. The command line interface functionality to process MOL2 files already exists
in PoseView. For this doctoral project, adjustments were made to the MOL2 content and
its processing. Heavy atoms of molecular entities are listed by their PDB file-extracted
serial numbers instead of newly created sequence indices. This adjustment enables later
atomic assignment necessary, for example, regarding the 2D-3D synchronization of atom
selection in PoseEdit and GeoMine. Hydrogen atoms were assigned incremental serial
identifiers starting with the highest serial number of all heavy atoms. The MOL2 file
content exemplary described below is based on the PDB entry 4DFR and one of its two
ligands (ligand identifier: MTX A 161) [96].

The first part is a comment block listing all interacting structures and corresponding
intermolecular interactions, including hydrophobic contacts. The comment block is
illustrated in the following text and Table B.2:

O<TRIPOS>COMMENT
MTX_A_161
%AMINO_ACIDS 6

# Format: <mol_id> <mol_nr> <chain_id> <name> <m_id>
2 4 A TlebA 4

3 26 A Asp27A 26

4 30 A Phe31A 30

5 51 A Argb2A 51

6 56 A Argb7A 56
93 A Tle94A 93
%DIRECTED_BONDS 16

# Format: <aa_nr> <type> <pi_cat_type> <energy>

~

# <nof_lig_ia_atm> <lig_ia_center> <lig_ia_atml> ...
# <nof_aa_ia_atm> <aa_ia_center> <aa_ia_atml> ...

4 0 0 0.000000

1 39 13

122

26 0 0 0.000000

1 36 12

177
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26 0 0 0.000000
1346

188

30 4 0 0.000000
677 14 6 15 17 16
666789 10 11
30 4 0 0.000000

6 99 21 19 8 17 15
666789 10 11
51 1 0 0.000000
155

124 11

56 1 0 0.000000
133

121 10

56 1 0 0.000000
111

123 11

93 0 0 0.000000

1 38 13

122

26 4 0 0.000000
166

177

26 4 0 0.000000
166

188

51 4 0 0.000000
122

111 11

56 4 0 0.000000
111

1 10 10

56 4 0 0.000000
133

1 10 10

101



B Software

56 4 0 0.000000
111

111 11

56 4 0 0.000000
133

111 11

%HYDROPHOBIC_CONTACTS 3

# Format: <aa_name> <aa_nr> <aa_pdb_nr> <aa_chain_id><nof_cons> <conl> <con2> ...

LEU 28 28 A 5 9 20 21 25 31
PHE 31 31 A 8 7 8 14 15 16 17 23 25
ILE 50 50 A 3 18 22 23

Table B.2: MOL2 definition of interacting structures, intermolecular interactions, and hydrophobic

contacts

interacting structures

mol id

index of the interaction partner based on the order in

which they are listed as molecular entries below in the
MOL2 file. Since the ligand (ligand identifier: MTX -
A 161) is internally always indexed with 1, its interac-

tion partners start with index 2

mol nr

structure sequence number taken from the correspond-
ing PDB file

chain_id

chain identifier the structure belongs to

name

name of the structure

m_id

additional structure identifier (here set same as mol nr)

intermolecular interactions

aa_nr

structure sequence number from the corresponding PDB

file (same as mol nr)

type

type of the intermolecular interaction. 0 if hydrogen
bond and the donor atom belongs to the ligand, 1 if hy-
drogen bond and the donor atom belongs to the residue,
3 if it is a metal interaction, and 4 for ionic, cation-pi,

and pi-stacking interactions
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pi_cat_ type 1 if the interacting cationic atom belongs to the ligand
and 2 if the interacting cationic atom belongs to the
residue

energy additional energy values of hydrogen bonds for their

labeling. Energy values are not provided by GeoMine

nof lig ia atm

number of ligand atoms participating in the intermolec-

ular interaction

lig ia_center

MOL2 file index of the interacting heavy atom if the
atom is the acceptor or of the interacting hydrogen

atom if the atom is the donor

lig ia_ atml,

lig ia atm?2, ...

all ligand atoms participating in the intermolecular in-
teraction. In the case of cation-pi and pi-stacking inter-
actions, all atoms of the interacting aromatic ring are
listed

nof aa ia atm

number of atoms of the interaction partner that partici-

pate in the intermolecular interaction

aa_la_center

MOL2 file index of the interacting heavy atom if the
atom is the acceptor or of the interacting hydrogen

atom if the atom is the donor

aa_ia_ atml,

aa_ia_atm?2, ...

all interaction partner atoms participating in the in-
termolecular interaction. In the case of cation-pi and
pi-stacking interactions, all atoms of the interacting aro-

matic ring are listed

hydrophobic contacts

aa_name name of the residue with hydrophobic contact to the
ligand

aa_nr residue sequence number from the corresponding PDB
file (same as mol nr)

aa_pdb_nr additional residue identifier, here set like aa_nr

aa_chain _id

chain identifier the residue belongs to

nof cons

number of ligand atoms with hydrophobic contact to

the residue
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conl, con2, ...

indices of ligand atoms with hydrophobic contact to the
residue. The indices are based on the order of the ligand

atoms in the ligand’s MOL2 entry located below

Chemical and spatial information about the ligand and all its interaction partners are
listed below the above-described comment block. All atoms are listed with their serial

numbers taken from the corresponding PDB file. The corresponding MOL2 content is

illustrated in the following text:

O<TRIPOS>MOLECULE
MTX_A_161

54 56

SMALL
FORMAL_CHARGES
O<TRIPOS>ATOM

2569 02 19.921 68.75 23.149 0.co2 1 LIG -0.5
2574 0E2 19.441 69.469 27.489 0.co2 1 LIG -0.5
2568 01 20.289 66.659 22.848 0.co2 1 LIG -0.5

@<TRIPOS>BOND
1 2569 2567 ar
2 2574 2572 ar
3 2568 2567 ar

O<TRIPOS>MOLECULE
I1lebA

21 20

SMALL
FORMAL_CHARGES
O<TRIPOS>ATOM

33 C 23.282 55.874 19.045 C.2 1 RES O
34 0 22.074 56.043 19.096 0.2 1 RES O
32 CA 24.107 56.528 17.919 C.3 1 RES O
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©<TRIPOS>BOND
70 32 33 1
74 33 34 2
78 33 39 am

B.2 InteractionDrawer

B.2.1 Usage

This subsection describes the usage of the InteractionDrawer library regarding test
execution, drawer configuration, and diagram generation and its manipulation. The
InteractionDrawer library is available on GitHub [60]. Files with information about the
library and how to use it can be accessed in the README.md file and via files in the
help folder of the repository:

e Setup.md: how to set up the library’s drawing functionality
e Options.md: how to configure the library (styling, key bindings, etc.)
e JSON.md: how to provide the input to the drawing area (format of JSON input)

The library is compatible with Ruby on Rails applications whose assets pipelines auto-
matically handle the library’s code compression into one file. Integrating the library’s
source code and tests into a Ruby on Rails project, the library’s tests can be executed
as follows.

Start a Jasmine server:
rake jasmine

Start a browser and open:
http://localhost:8888/7spec=InteractionDrawer

These commands run all library tests in a web browser. Specific tests can be exe-
cuted with a URL precision based on the library’s given folder structure. For example,
http://localhost:8888 /?spec=InteractionDrawer GeometryCalculation runs all tests in

the GeometryCalculation subfolder.
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A diagram can be displayed for an SVG with id="draw-area" as described below.
Users can provide various options during the initialization of an InteractionDrawer in-
stance (see B.2.2) as part of the opts parameter. Any option that is not manually set is
filled by a default value. In the following example, the general text size and the colors
of dashed lines representing ionic interactions and text labels representing the element

aluminum are set.

//set options as you like
const opts = {

textSize: 6.5,

colors: {

ionicInteractions: ’#ff00ff’,

AL: °#BFAGA6’

}
3
//initialize the drawing area

const drawer = new InteractionDrawer.Drawer (’draw-area’, opts);

For each SVG drawing area users want to fill with the InteractionDrawer library, a
separate InteractionDrawer instance is required, which can be provided with several

types of input as illustrated below:

JSON

Via a json variable containing a JSON diagram string (see B.2.3).
drawer.addByJSON(json) ;

PDB identifier and ligand name

Via an id variable that can either be a string representing a four-letter PDB identifier
or a ProteinsPlus identifier of an uploaded PDB file and a ligandName variable that
contains a ligand name as string in the format molecule chain number, e.g., 4SP -
A 1298.

drawer.addById(id, ligandName) ;

PDB file and ligand name

Via a fileContent variable that contains the content of a PDB file as string and a
ligandName variable that contains a ligand name as string in the format molecule -
chain _number, e.g., 4SP_A 1298.
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drawer.addByFile(fileContent, ligandName);

The InteractionDrawer library calls with this information the PoseEdit REST API of
the ProteinsPlus web server for calculating diagram data in JSON format, which is
subsequently drawn by the InteractionDrawer library as interactive SVG images. The
PoseEdit REST API documentation can be found in B.4.1. If users want to handle the
communication with the REST API or the diagram calculation themselves, a scene in
JSON format can be directly provided to an InteractionDrawer instance as input.
After the setup of the InteractionDrawer instance, several callbacks functions can be
set with drawer.setCallbacks(), for example, a callback that is triggered after a scene
element has been hit by mouse hover. Users can access and manipulate the diagram
data in drawer.sceneData and the view in drawer.svgComponent directly or via class in-
stances and methods exposed by drawer.userInteractionHandler and drawer.svgDrawer.
In addition, the InteractionDrawer library also provides several classes and methods
contained in files in the DataProcessing (functions for manipulating the data), Utils
(generic helper functions), and GeometryCalculation (functions for geometric calcula-
tions) folders that can be used to process the scene. A diagram can be exported as
an SVG file (drawer.getSvgBlob()), a JSON file with and without the current config
(drawer.getJsonBlobWithConfig(), drawer.getJsonBlob()), or a text file containing in-

formation about all intermolecular interactions (drawer.getTxtBlob()).

B.2.2 Config

This subsection describes the configuration options (see Options.md) of the Interaction-

Drawer library.

B.2.2.1 Debug Information

Debug text can be displayed on top of atom text /bond lines. This text can be completely
disabled (so as not to take up any SVG elements). Otherwise, its current visibility can

be controlled. See Table B.3 for the corresponding configuration options.

Table B.3: Options to display debug information

option effect default
value
debug.atoms whether atom debug text can ever be shown | true
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debug.showAtoms | whether to immediately show atom debug false
text
debug.edges whether bond debug text can ever be shown | true

debug.showEdges | whether to immediately show bond debug false
text

debug.textSize size of debug text (in px) 6.5

B.2.2.2 User Interaction

Allowed modes:
The drawer offers different user interaction modes which can be included or excluded.

See Table B.4 for the corresponding configuration options.

Table B.4: Options to include or exclude specific user interactions

option effect default value

allowInteraction whether user interac- true

tion is allowed at all

allowedInteraction JavaScript array of al- ["movement", "rotation",
lowed user interactions; | "scaledRotation", "rectS-
all others are disabled. | elect", "freeSelect", "line-

By default, all interac- | Mirror", "bondMirror",

tion types are enabled. | "zoomlIn", "zoomOut",
Users can use this pa- "advanceHistory", "rever-
rameter if they only tHistory", "center", "struc-
want to specify a few tureReset", "remove",
interaction types "addIntermolecular", "ad-

dAnnotation", "global-
Movement", "doNothing",
"addStructure", "clickSe-
lect", "addAtom", "edit"]
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excludedInteraction | JavaScript array of []
explicitly not allowed
interactions (to be re-
moved from allowed-
Interaction). If users
need to disable only a
few interactions (but
keep the rest), this
parameter is advan-
tageous instead of al-

lowedInteraction

Mouse bindings:

Many interaction modes follow the same drag-and-drop pattern. These modes are all
applicable with the mouse. Different modes are applicable depending on the pressed
mouse button (field "key") and additionally pressed keyboard modifiers (field "modi-
fiers"). Users can also add more than one binding to a specific interaction by expanding
the JavaScript array. A single mode can also be set as the default mode (option default-
Interaction) if no other mode conditions are met. A preselection of modes is already

set. See Table B.5 for the corresponding configuration options.

Table B.5: Options to bind user interaction modes

option effect default value

buttons.mouse.rotation mouse key bind- | [key’: 1, 'modifiers”: [|]
ings to trigger
the rotation in-

teraction mode

buttons.mouse.addAnnotation mouse key bind- ['key’: 1, 'modifiers’:
ings to trigger [’shift’]|

the input popup
window to add a

new annotation
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buttons.mouse.addIntermolecular

mouse key bind-
ings to trigger
the adding of
new intermolecu-

lar interactions

[key’: 1,
[ctrl’]]

‘'modifiers’:

buttons.mouse.addStructure

mouse key bind-
ings to trigger

the input popup
window to add a

new structure

[key’: 1,
[alt’]]

‘modifiers’:

buttons.mouse.movement

mouse key bind-
ings to trigger
the movement in-

teraction mode

['key’: 2,

‘'modifiers’:

i

buttons.mouse.bondMirror

mouse key bind-
ings to trigger
the mirror inter-
action mode on a
bond of a struc-

ture

[key’: 2,
[alt’]]

‘'modifiers’:

buttons.mouse.lineMirror

mouse key bind-
ings to trigger
the mirror inter-
action mode on a

free line

[key’: 2,
[ctrl’]]

‘'modifiers’:

buttons.mouse.scaledRotation

mouse key bind-
ings to trigger

the scaled rota-
tion interaction

mode
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buttons.mouse.addAtom

mouse key bind-
ings to trigger
the input popup
window for draw-

ing a new atom

buttons.mouse.edit

mouse key bind-
ings to trigger
the input popup
window to edit a
specific annota-
tion, atom, bond,

or structure

buttons.mouse.doNothing

no interaction

mode is triggered

Other bindings:

Other interactions can be bound to different keyboard buttons ("type": "key", with
"button" set to the desired key) or the mouse wheel (type "wheel", with "button" set

to "up" or "down"). Multiple buttons can be bound for one interaction type. See Table

B.6 for the corresponding configuration options.

Table B.6: Options to bind additional user interaction modes

option

default value

buttons.zoomlIn

key bindings to zoom

into the scene

["type": "wheel", "but-
ton ”.ur)ll7 ”.type":
"key||7 "button": ||+l|]

n.

buttons.zoomOut

key bindings to zoom

out of the scene

["type": "wheel", "but-
ton": "down", "type":
"key” "buttonll: H_"]
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buttons.advanceHistory | key bindings to ad- ["type": "key", "button":
vance the Interaction- "ArrowRight"|
Drawer’s history by one
step

buttons.revertHistory key bindings to revert ["type": "key", "button":
the InteractionDrawer "ArrowLeft"|
’s history by one step

buttons.center key bindings to center ["type": "key", "button":
the scene in its drawing | "c"|
area

buttons.structureReset | key bindings to reset ["type": "key", "button":
the current scene to its | "r"|
initial (after processing
JSON input) state

buttons.remove key bindings to remove | ["type": "key", "button":
hovered /selected ob- "Delete"|
jects

Mode behavior:
The behavior of some interaction modes can be further specified by setting certain

properties. See Table B.7 for the corresponding configuration options.

112



B.2 InteractionDrawer

Table B.7: Additional options to bind user interaction modes

option

effect

default value

moveFreedomLevel

size of molecular units
to be moved at once in
the movement interac-
tion mode:

1. "structures": can
only move full struc-
tures

2. "free": can freely
move atoms and bonds
3. "rings": can freely
move atoms and bonds
outside of ring systems,
but move all atoms and
bonds of ring systems

together

"structures"

moveAllSelection

whether to move all se-
lected elements at once
when a selected ele-
ment is moved during
the movement interac-
tion mode (while move-
FreedomLevel is set to

structures)

true

hoverAfterDeselection

keeps hover highlight-
ing of an element active

after its deselection

tfrue
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selectionGrace

how far the mouse
pointer must be moved
from its initial click
position before a move-
ment is committed in
the movement interac-
tion mode (to allow se-
lection for minor mouse

slips, in px)

0.4

scaledRotationThreshold

threshold after which
rotation is committed
during the scaledRota-
tion interaction mode

(in degree)

zoomStrength

relative strength of

zoom operations

sceneMaxScale

maximum scaling fac-
tor, which can be ap-

plied to the scene (can
be set to null to allow

infinite zoom-out)

sceneMinScale

minimum scaling fac-
tor, which can be ap-
plied to the scene (can
be set to null to allow

infinite zoom-in)

0.5

114




B.2 InteractionDrawer

handleCollisionWith

how collision detec-
tion on scene elements
should be done:

1. "selector": checks
collision against the se-
lection shape(s) around
draw elements

2. "drawingOnly":
checks collision against
the drawn shapes of
draw elements only (so
against much smaller
elements than the se-

lection shapes)

"selector"

historyCanClearScene

whether reverting the
history can set the
scene back to its empty
state before adding el-
ements (if set to false,
the latest state that
can be reverted back to
the state in which ele-

ments were just added)

true

addIntermolecularSnapDist

the distance from the
nearest atom, ring,

or hydrophobic con-
trol point to the mouse
pointer position where
to snap the intermolec-
ular interaction to the
object during addInter-
molecular interaction

mode

15
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resetMode to what state to reset 0
during reset interaction
(initial state off; 0 =
all present elements; 1
= only the first loaded
JSON, discard other
elements; 2 = only all
loaded JSONs which

contain at least one

structure)

B.2.2.3 Representations

There are currently two different representations of structures.

e default is the skeletal representation. Internally, this is always present because

the drawer relies on that information

e circle visualizes the structures as a circle

The allowed representations can be specified for each moleculeType defined in the loaded
JSON. As stated above, the default representation must always be present. See Table

B.8 for the corresponding configuration options.
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Table B.8: Options to enable representation types for structures

option effect default
value
allowedStructureRepresentations | can contain a key with a default:
JavaScript array of allowed ["default",
representations for every "circle"|

moleculeType of loaded
structures. The first item

in the JavaScript array de-
fines the initial representa-
tion. The JavaScript array at
key default is applied when
moleculeType of a loaded
structure does not match any

other key.

Circle options:

Additional styling and functional options can be applied to the structure when in circle
representation. The label of the circle shown inside the circle (JSON field "moleculeLa-
bel") can be split into a maximum of three rows so as not to extend outside the circle.

There are two split methods available:

e Automatic: splits the label so that all rows have the same number of characters.
Note that this mode does not guarantee rows of the same width because the width

of characters differ
e Manual: splits the label at the first occurrences of characters in a defined array

Further options on how splitting should be handled are described in the table below.

See Table B.9 for the corresponding configuration options.
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Table B.9: Options to style and functionally adapt the circle representation

option

effect

default value

structureCircleOpts

can contain a key that
holds a JavaScript ob-
ject of additional op-
tions (described below)
for every moleculeType
of loaded structures.
The object at key de-
fault is applied when
moleculeType of a
loaded structure does
not match any other

key

"default":

"rad": 20,
"textColor":
"000000",
"circleCss":
"stroke":
"000000", "fill":
"808080", "opac-
ity": "0.4"

, "labelAu-
toSplit": true,
"label AutoSplit-
MinCharsPer-
Line": 3, "la-
belManualLine-
BreakChars":
(RN
"labelManualln-
cludeSplitChar":
[false, false]|, "la-
belMaxLines": 3,

SVG element. Every
style attribute that fits
an SVG circle element
can be set. (Hint: use
"stroke": undefined for

no border)

"labelSameFont-
Size": true
structureCircleOpts JavaScript object con- "stroke":
.moleculeType.circleCss taining all relevant "000000", "fill":
styling that is directly "808080", "opac-
applied to the circle ity": "0.4"
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structureCircleOpts

.moleculeType.rad

radius of the circle

20

structureCircleOpts

.moleculeType.textColor

Cascading Style Sheets
(CSS) color of the label
in the middle of the

circle

"000000"

structureCircleOpts

.moleculeType.labelMaxLines

maximal number of
lines the label string
should be split into.
Only 1, 2, and 3 are

supported currently

structureCircleOpts

.moleculeType.labelSameFontSize

whether each line of
the label should fill
the available space and
may produce a differ-
ent font size for each
row (false) or each line
should have the same
font size (true). The
max font size will al-

ways be textSize

true

structureCircleOpts

.moleculeType.label AutoSplit

the split mode. true:
automatic mode; false:

manual mode

true

structureCircleOpts
.moleculeType
JabelAutoSplitMinCharsPerLine

minimal number of

characters that should
be present in each row
of the label. Only ap-
plies if label AutoSplit

is true
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structureCircleOpts JavaScript array con- [,
.moleculeType taining characters at
JabelManualLineBreakChars which to split the label.

Only applies if label Au-
toSplit is false

structureCircleOpts if the character on [false, false]
.moleculeType which the label string
JabelManuallncludeSplitChar was split should be in-
cluded in the final la-
bel. First value for first
split, second value for
second split. Only ap-
plies if labelAutoSplit

is false

B.2.2.4 Styling

The configuration options directly control the styling of scene elements. Parameters
usually correspond directly with CSS properties to set. For styling of the structure circle
representation, see the previous subsection. See Table B.10-14 for the corresponding

configuration options.

Text:
Table B.10: Options to style SVG element representing atoms and text labels
option effect default value
atomMode how atoms are depicted. Cur- "name"

rently only supports "name"
mode, which displays atoms by

a textual label
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textSelector

kind of selection shape to draw
around text selectors: "circle":
only draw a simple circle; "full":
draw a more sophisticated shape
which fully flows around the
text

"n full "

fontFamily

font family to use for text labels

"arial"

textSize

text size to use for text labels

(in px)

6.5

textCrop

estimated extra space be-
low/above glyphs in the cur-
rent font (to get hydrogen text

above/below atom text closer)

"0.285em”"

textBorderCorrection

estimated excess space on bor-

der boxes of larger text elements

(in px)

labelSideCorrection

correction to apply to anchor
points (as selectors around la-

bels are very large, in px)

hOffset

distance between atom text and

hydrogen text

"0.2em"

chargeFontSize

percentage of regular font size
to apply to the charge text font

size

0.775

chargeOffset

percentage of regular font size
to set as y offset between atom

text and charge text

0.3

hNumberFontSize

percentage of regular font size
to apply to the font size of hy-
drogen number text (the small
number as subscript of hydrogen
text)

0.6
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hNumberOffset

percentage of regular font size
to set as y offset between the
middle line of hydrogen text and
the upper line of bounding box

of hydrogen number text

0.235

atomRadius

radius around atoms in which
bonds are not allowed to be

drawn (in px)

3.75

atomSelectorRadius

radius around atoms/distance
from atoms to base selection

shape

smallestBboxWidth

when first drawing a scene, scale
the scene such that a text of

T’ is rendered with a bbox at
least of this width (in px) to
avoid a too small drawing where
rounding errors may distort the

scene

20

Edges:

Table B.11: Options to style SVG elements representing bonds and intermolecular interactions

option effect default value
lineWidth width of drawn lines (in px) 0.65
wedgeBaseWidth width of stereo bonds at their 0.3

smallest (in px)
wedgeFullWidth width of stereo bonds at their 2.5

widest (in px)
wedgeSpacing space between individual seg- 1

ments of stereo bonds (in px)
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spaceBetweenDouble

space between individual lines of

double bonds (in px)

1.3

spaceBetweenTriple

space between individual lines of

triple bonds (in px)

0.75

spaceToRing

space between bonds and inner

bonds of aromatic rings (in px)

1.3

cutoffAngleDouble

for double bonds where not both
bonds are drawn full length: in
which angle does the endpoint
of the smaller bond lies relative
to the endpoint of the larger
bond (in degree)

60

edgeSelectorOffset

distance from lines representing
bonds and the surrounding se-

lection shape (in px)

2.25

lineDashDrawn

length of individual segments of

dashed lines (in px)

lineDashGap

gap between segments of dashed

lines (in px)
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Coloring:

Table B.12: Options to color SVG elements

option

effect

default value

colors. DEFAULT

color of annotations
that do not belong to
a hydrophobic contact
or with no given color.
Color for atoms that
have an unknown ele-
ment. Color of unde-
fined interactions and
bonds

H222H

colors. BACKGROUND

background color of the

drawing area

n ﬁ‘fll

colors. HOVER

color of hovered ele-

ments

"8eft7d"

colors. SELECTION

color of selected ele-

ments

"10£00"

colors. MIRROR

color of the line to mir-
ror during lineMirror

interaction mode

"ff6600"

colors.multiSelectionToolBorde

r

border color of lasso
and rectangle selection

tool line

Hﬁ‘33ﬁ'"

colors.multiSelectionToolFill

color of lasso and rect-

angle selection tool line

"fFe6fF"

colors.cationPiStackings

color of cation-pi stack-

ing interactions

"99¢c33"

colors.piStackings

color of pi-stacking in-

teractions

"33ccee"

colors.atomPairInteractions

color of atom pair in-

teractions

"6699f"
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contacts

colors.ionicInteractions color of ionic interac- "TTOOf"
tions

colors.metallnteractions color of metal interac- "f7de3a"
tions

colors.hydrophobicContacts color of hydrophobic "019a4d"

Atom colors can be set as hex values for each element. The property of colors is defined

by the element. There is also the possibility of adding colors for custom elements (e.g.,

"R" for a side chain)

Table B.13: Options to color atoms by type

option default value
colors.C 222"
colors.N "3050F8"
colors.O "FFODOD"
colors.H 222"
colors.HE "D9FFFE"
colors.LI "CC80FF"
colors.BE "C2FF00"
colors.B "FFB5B5"
colors.F "90E050"
colors.NE "B3E3F5"
colors.NA "AB5CF2"
colors. MG "7CE500"
colors.AL "BFAGAG"
colors.SI "FOC8AOQ"
colors.P "FE8000"
colors.S "F7TDE3A"
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colors.CL "IFFO1F"
colors.AR "80D1E3"
colors.K "8F40D4"
colors.CA "33D800"
colors.SC "E6EGEG"
colors. T1 "BFC2CT"
colors.V "A6AGAB"
colors.CR "8A99CT"
colors. MN "9CTACT"
colors.FE "E06633"
colors.CO "FO90A0"
colors.NI "50D050"
colors.CU "C88033"
colors.ZN "7D80BO"
colors.GA "C28F8E"
colors.GE "668F8EF"
colors.AS "BD80E3"
colors.SE "FFA100"
colors.BR "A62929"
colors. KR "5CB8D1"
colors.RB "7T02EBO"
colors.SR "00FF00"
colors.Y "94FFFE"
colors.ZR "94E0EQ"
colors.NB "73C2C9"
colors. MO "54B5B5"
colors. TC "3BIEIE"
colors.RU "248F8F"
colors.RH "0A7TD8C"
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colors.PD "006985"
colors. AG "CoCoC0"
colors.CD "FFEDOSE"
colors.IN "A67573"
colors.SN "668080"
colors.SB "9E63B5"
colors. TE "D47A00"
colors.I "940094"
colors. XE 940094"
colors.CS "5TLT8EF"
colors.BA "00C900"
colors.LA "T0D4FF"
colors.CE "FFFFCT"
colors.PR "DIFFCT7"
colors.ND "CTFFCT"
colors.PM "A3FFCT"
colors.SM "SFFFCT"
colors. U "61FFCT"
colors.GD "45FFCT"
colors. TB "30FFCT7"
colors.DY "IFFFCT"
colors.HO "00FF9C"
colors.ER "O0E675"
colors. TM "00D452"
colors.YB "00BF38"
colors.LLU "00AB24"
colors.HF "4ADC2FE"
colors. TA "ADAGFE"
colors. W "2194D6"
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colors.RE "267TDAB"
colors.OS "266696"
colors.IR "175487"
colors.PT "DODOEO"
colors. AU "FFD123"
colors. HG "B8B8DO"
colors. TL "A6544D"
colors.PB "575961"
colors.BI "9E4FB5"
colors.PO "AB5C00"
colors. AT "754F45"
colors.RN "428296"
colors.FR "420066"
colors.RA "007D00"
colors.AC "TOABFA"
colors. TH "OOBAFE"
colors.PA "O0OA1FF"
colors.U "OO8FFEF"
colors.NP "0080FF"
colors.PU "006BFE"
colors.AM "545CEF2"
colors.CM "785CE3"
colors.BK "SA4FE3"
colors.CF "A136D4"
colors.ES "B31FD4"
colors.FM "B31FBA"
colors.MD "B30DAG"
colors.NO "BDODS8T7"
colors.LR "C70066"
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Other:

colors.RF "CC0059"
colors.DB "D1004EF"
colors.SG "D90045"
colors.BH "E00038"
colors.HS "E6002E"
colors. MT "EB0026"
colors.DS "FFFFFEF"
colors.RG "FFFFFEF"
colors.CN "FFFFFE"
colors.UUT "FFFFFE"
colors.FL "FFFFFE"
colors.UUP "FFFFFE"
colors.LLV "FFFFFEF"
colors. UUH "FFFFFEF"
colors.D "FFFEFCO"
colors.T "FEFFFAQ"

Table B.14: Additional options to influence the rendering of the scene and specific SVG elements

option

effect

default value

decimalPrecision

decimal precision to
which SVG attributes

are rounded

8

129



B Software

svgElementOrder | order of elements ["hydrophobicContactSelectors",
within the SVG draw- "cationPiStackingsSelectors",
ing area (later elements | "piStackingsSelectors", "atom-
are drawn on top of PairInteractionsSelectors", "hy-
earlier elements) drophobicContacts", "cation-
PiStackings", "piStackings",
"atomPairInteractions", "dis-
tancesSelectors", "interaction-
sSelectors", "bondSelectors",
"atomSelectors", "annotation-
Selectors", "structureCirclesSe-
lectors", "bonds", "atoms", "an-
notations", "structureCircles",
"bondDebugTexts", "atomDe-
bugTexts"|
selectorDashArray | value of "stroke- 4
dasharray" for lines of
rectangle /lasso selector
(in px)
selectorDashWidth| value of "stroke-width" | 3
for lines of rectan-
gle/lasso selector (in
pX)
mirrorLineWidth | line width of the line 0.65
used in the mirror line
mode (in px)
piPiRadius radius of circles as part | 3.75
of pi-stacking interac-
tion representations (in
px)
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drawAreaPadding

space to leave between
elements of the scene
and the border of the
drawing area (in any

direction, in px)

15

B.2.3 JSON Input

This subsection describes the JSON file content (see JSON.md) generated by PoseView
based on a MOL2 file of GeoMine. JSON files are provided as input to the Interaction-

Drawer library to draw interactive SVGs of ligand binding modes.

The JSON contains a single JSON object with just one key: "scene". Mapped to

this key are several JSON arrays detailing specific diagram element types and the cor-

responding elements a scene is composed of.

{

"scene": {
"structures": [...],
"atomPairInteractions": [...],
"piStackings": [...],
"cationPiStackings": [...],
"hydrophobicContacts": [...],
"annotations": [...],

}

}

Structures:

Different structures of the scene are given as JSON objects inside a JSON array provided
in the "structures" field (Table B.15). Each such JSON object has to contain a unique
identifier. The structure JSON object can further contain the fields "atoms" (Table
B.16), "bonds" (Table B.17), "rings" (Table B.18), and "ringsystems" (Table B.19), all
optional, but potentially dependent on each other).

"structures": [

{
"id": 0,

131



B Software

"structureName": "xyz",
"structureType": "residue",
"structurelLabel": "abc",

"representation": 1,
"additionalInformation": {7},
"atoms": [
{
"id": 0,
"element": "C",
"label": "C",
"coordinates": {
"x": b,
"y": 5,
1+,
"color": "black",
"charge": O,
"hydrogenCount": O,
"aromatic": false,
"stereoCenter": false,
"additionalInformation": {J},

3,

1,
"bonds": [
{
"id": 0,
"from": O,
"to": 1,
"type": "single",
"aromatic": "false"

b,

1,
"rings": [
{

"id": O,
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"atoms": [0,1,2,3,4,5]

+s

1,
"ringsystems": [

{

"id": 0,
"atoms": [0,1,2,3,4,5,6,7,8,9]
1,
]
1,
]
Table B.15: JSON definition for structures
field type description
"id" (Number|mandatory) unique identifier of the
structure within this
scene
"structureName" (String|optional) name of the structure
"structureType" (String|optional) type of the structure,

for example residue.
This information is
used to set allowed
structure representa-
tions and graphical
styles specific to that

structure type
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"structureLabel" (String|optional) label of the structure,
which is displayed in-
side the structure circle
of the circle representa-
tion. "structureName"
is used as an alterna-
tive in case the full

name is too long

"representation" (Number|optional) initial representation
of the structure (1 for
skeletal representation,
2 for circle representa-

tion)

"additionallnformation" | (Object|optional) any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be
relevant to external

sources during runtime

Atoms:
Given as JSON array of JSON objects, each JSON object describes an individual atom.

Table B.16: JSON definition for atoms

field type description

"id" (Number|mandatory) unique identifier of the
atom within this struc-

ture

"element" (String|mandatory) element by periodic
table letter code
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"label"

(String/mandatory)

atom text to draw

"coordinates"

(Object/mandatory)

x- and y-coordinates to

place atom at

"color"

(String|optional)

valid CSS color of the
drawn text (otherwise
deduced from atom’s

element)

"charge"

(Number|optional)

charge of the atom to
appear as text (other-
wise deduced from the

atom’s neighbors)

"hydrogenCount"

(Number|optional)

number of hydrogens
bound to this atom
(otherwise deduced
from the atom’s neigh-

bors and charge)

"aromatic"

(Boolean|optional)

whether the atom is
part of an aromatic

system

"stereoCenter"

(Boolean|optional)

whether the atom is
a stereo center (can
be inferred from bond

types of neighbors)

"additionallnformation"

(Object|optional)

any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be
relevant to external

sources during runtime

Bonds:
Given as a JSON array of JSON objects, each JSON object describes an individual
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bond. Provides information on which atoms are connected. Positions and colors

derived from the connected atoms.

Table B.17: JSON definition for bonds

field

type

description

Ilidll

(Number|mandatory)

unique identifier of the
bond within this struc-

ture

Nfromll

(Number|mandatory)

identifier of first atom

the bond connects

"tO"

(Number|mandatory)

identifier of second
atom the bond con-

nects
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"type"

(String/mandatory)

type of bond - can take
either of the follow-

ing values: "single",
"double", "triple" (re-
ferring to the chemical
bond types), "stere-
oFront", "stereoBack",
" stereoFrontReverse",
"stereoBackReverse"
(for front and back
facing stereo bonds,
either from atom refer-
enced in the field "to"
to atom referenced in
the field "from" or in
backward direction),
"up
front and back fac-

" " down" (for

ing stereo bonds with
unspecified direction,
which is deduced by
surrounding stereo cen-

ter atoms)

"aromatic"

(Boolean|optional)

whether the bond is
part of an aromatic

system

Rings:

Given as a JSON array of JSON objects, each JSON object describes an individual ring.

Rings must be provided for cation-pi/pi-stacking interactions.
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Table B.18: JSON definition for rings

field type description

"id" (Number|mandatory) unique identifier of the
ring within this struc-

ture

"atoms" (Array|mandatory) identifiers of atoms of

this ring

Ring systems:
Given as a JSON array of JSON objects, each JSON object describes an individual ring

system. Describes the cyclic regions of the structure.

Table B.19: JSON definition for ring systems

field type description

"id" (Number|mandatory) unique identifier of the
ring system within this

structure

"atoms" (Array|mandatory) identifiers of atoms of

this ring system

Hydrogen bonds, metal interactions, ionic interactions ("atomPairInterac-
tions"):

Given as a JSON array of JSON objects, each JSON object describes an individual
atom pair interaction (Table B.20). It provides information on which atoms of which

structures shall be connected.

"atomPairInteractions": [
{
"id": 0,
"fromStructure": O,
"toStructure": 1,

"from": O,
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"to": 1

Table B.20: JSON definition for hydrogen bonds, metal interactions, and ionic interactions

field type description

"id" (Number|mandatory) unique identifier of the
atom pair interaction
within this scene

"fromStructure" (Number|mandatory) identifier of the first
structure to connect

"toStructure" (Number|mandatory) identifier of the second
structure to connect

"from" (Number|mandatory) identifier of the atom
to connect in the first
structure

"to" (Number|mandatory) identifier of the atom

to connect in the sec-

ond structure

"additionallnformation"

(Object|optional)

any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be
relevant to external

sources during runtime

tures shall be connected.

Pi-Stacking Interactions ("piStackings"):
Given as a JSON array of JSON objects, each JSON object describes an individual

pi-stacking interaction (Table B.21). Provides information on which ring of which struc-
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"piStackings": [

{

"id": 0,

"fromStructure": O,

"toStructure": 1,

s

"from": O,
"to": 1,
Table B.21: JSON definition for pi-stacking interactions
field type description
"id" (Number|mandatory) unique identifier of the
pi-stacking interaction
within this scene
"fromStructure" (Number|mandatory) identifier of the first
structure to connect
"toStructure" (Number|mandatory) identifier of the second
structure to connect
"from" (Number|mandatory) identifier of the ring
to connect in the first
structure
"to" (Number|mandatory) identifier of the ring to

connect in the second

structure

"additionallnformation"

(Object|optional)

any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be
relevant to external

sources during runtime
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Cation-Pi Interactions ("cationPiStackings"):
Given as a JSON array of JSON objects, each JSON object describes an individual

cation-pi interaction (Table B.22). It provides information on which ring to connect

with which atom.

"cationPiStackings": [
{
"id": 0,
"fromStructure": 0,
"toStructure": 1,
"from": O,
"to": 0
1,
]
Table B.22: JSON definition for cation-pi interactions
field type description
"id" (Number|mandatory) unique identifier of the
cation-pi interaction
within this scene
"fromStructure" (Number|mandatory) identifier of the struc-
ture containing the ring
to connect
"toStructure" (Number|mandatory) identifier of the struc-
ture containing the
atom to connect
"from" (Number|mandatory) identifier of the ring to
connect
"to" (Number|mandatory) identifier of the atom
to connect
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"additionallnformation" | (Object|optional) any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be

relevant to external

sources during runtime

Hydrophobic contacts ("hydrophobicContacts"):
Given as a JSON array of objects, each JSON object describes an individual hydrophobic
contact (Table B.23). Hydrophobic contacts are rendered as splines, which are defined

by a series of control points.

"hydrophobicContacts": [
{

"id": 0,

"belongsTo": O,

"controlPoints": [

{
llel . 5’
llyll : 5,
"atomLinks": [0, 1]
},
1,
"controlPointsInsertId": O
.
]
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Table B.23: JSON definition for hydrophobic contacts

field type description

"id" (Number|mandatory) unique identifier of the
hydrophobic contact
within this scene

"belongsTo" (Number|mandatory) identifier of the struc-
ture the hydrophobic
contact interacts with

"controlPoints" (Array|mandatory) JSON objects of con-

trol points to define
the spline, which repre-
sents the hydrophobic
contact in the draw-
ing area. Each con-
trol point is defined by
its position of x- and
y-coordinates. Each
control point can also
optionally be provided
with atom identifiers
("atomLinks"): if one
of the atoms referenced
in this JSON array

is moved, the control
point follows the move-
ment. If not set, the
nearest atom is auto-
matically linked to the

control point
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"controlPointsInsertIld" | (Number|optional) if a hydrophobic con-
tact with "id" already
exists, the control
points are added to
that hydrophobic con-
tact. This information
defines the position in
the hydrophobic con-
tact where the given
control points are in-
serted. Control points
will be inserted at the
end if undefined

Annotations:

Given as a JSON array of JSON objects, each JSON object describes an individual
annotation. Annotations represent text labels in the scene (Table B.24). They can be
bound to structures/hydrophobic contacts to mimic movement applied to the associated

element.

"annotations": [

{

"id": 0,

"label": "Asp86A",

"coordinates": {

"x": b,
"y": b
1,
"color": "black",

"isStructurelLabel": true,
"additionalInformation": {}
"belongsTo": {

"type": "structure",

"id": 0,

"atomLinks": [0, 1]
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Table B.24: JSON definition for annotations

field

type

description

Hidll

(Number|mandatory)

unique identifier of the
annotation within the

scene

"label"

(String/mandatory)

text to draw

"coordinates"

(Object/mandatory)

x- and y-coordinates to

place annotation at

"color"

(String|optional)

valid CSS color of the
drawn text (defaults

to black or the color of
splines when associated
with a hydrophobic

contact)

"isStructureLabel"

(Boolean|optional)

true if the annota-

tion should be hidden
when the corresponding
structure’s current rep-

resentation is "circle"

"additionallnformation"

(Object|optional)

any additional infor-
mation that is not re-
quired by the Inter-
actionDrawer library
directly and may be
relevant to external

sources during runtime

145




B Software

"belongsTo" (Object|optional) binds the annotation
to an element of the
scene, defined by its
type (either a "struc-
ture" or a spline as
type "structureSpline")
and its identifier. This
binding can also op-
tionally be extended by
"atomLinks": if one of
the atoms referenced
by its identifier in this
JSON array is moved,
the annotation follows
the movement. If not
set, the nearest atom
is linked to the annota-

tion

B.2.4 Technical Implementation

This subsection summarizes technical implementation details of components of the Inter-
actionDrawer library. The InteractionDrawer library’s functionality requires additional

JavaScript libraries:
e D3.js JavaScript library for SVG manipulation [97]
e Fraction.js JavaScript library for drawing partial atomic charges as fractions [98]

e SmilesDrawer JavaScript library for adding new structures via SMILES strings
[99, 100]

e Jasmine Ruby on Rails library (https://github.com/jasmine/jasmine-gem) for
writing tests for the InteractionDrawer library and executing them in a browser

[101]
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B.2.5 Code

This subsection describes the code of the InteractionDrawer library regarding its file
and folder structure and class dependencies. The src folder contains the library’s source
code. Most files represent one specific JavaScript class named like the file. The test
folder contains one corresponding file with tests for each file in the src folder. The
library consists of 20 folders with 105 files and 106 classes. The directory tree and
included files of the InteractionDrawer library and its prototype are shown in Figure
B.1 and Figure B.2, respectively.

The InteractionDrawer class instance initializes the library’s basic components (User-
Interactionhandler, SvgDrawer, SceneData, SvgComponent) and dependent instances
to expose its main functionalities to users, like the loading and file saving of diagrams.
Furthermore, it subscribes several callbacks to enable the implementation of user-defined
actions. For example, the selectionCallback callback provides users information about
scene objects selected via the mouse pointer to postprocess that user interaction based
on individual requirements.

The dependent UserInteractionhandler class instance binds event listeners to specific
elements of the drawing area. Dependent instances of specialized event handlers process
corresponding user interactions. For example, the ClickSelectionHandler processes the
user-performed selection of scene objects via mouse click.

Based on the performed user interactions, the UserInteractionhandler class instance
and the dependent instances of specialized event handlers update the data (SceneData)
and the view (SvgComponent) via a SvgDrawer class instance and dependent instances
of specialized drawers. For example, the AddHanlder’s AtomDrawer class instance
specifically stores and draws new atoms via the SceneData-dependent AtomsData class
instance and SvgComponent-dependent AtomGroupsComponent class instance.

Furthermore, the Userlnteractionhandler class instance and dependent instances of
specialized event handlers always track the state of current user interactions, such as the
drawing area’s mouse hover via the InteractionState class instance. The above-described
dependency of the primary classes of the InteractionDrawer library is illustrated in
Figure B.3.
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InteractionDrawer /src

— InteractionDrawer.js

— UserInteractionHandlers

— UserInteractionhandler.js

— AddHandler.js

— RemoveHandler.js

— HoverHandler.js

— Movement
MirrorHandler.js

|E RotationHandler.js

TranslationHandler.js

L— Selection

— ClickSelectionHandler.js

— LassoSelectionHandler.js

L— RectangleSelectionHandler.js

— Drawers

— SvgDrawer.js

— AnnotationDrawer.js

— HydrophobicDrawer.js

— IntermolecularDrawer.js

— Structure

— StructureDrawer.js

—— AtomDrawer.js

— EdgeDrawer.js

— RingDrawer.js

— StructureCircleDrawer.js

L— StructureRepresentationDrawer.js

— TextLabelDrawer.js

— HistoryDrawer.js

— ViewerDrawer.js

— Components

— SvgComponent.js

— TransformGroupsComponent.js

—— AnnotationGroupsComponent.js

— HydrophobicGroupsComponent.js

—— IntermolecularGroupsComponent.js

— Structure

— AtomGroupsComponent.js

— EdgeGroupsComponent.js

L— StructureCircleGroupsComponent.js

— Utils

— SvgUtils.js

— SelectorUtils.js

— GroupUtils.js

— TextUtils.js

— BaseUtils.js

— CircleUtils.js

L— LineUtils.js
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L— Viewer

— AnnotationFormComponent.js

— BackgroundComponent.js

— DefsComponent.js

— Edit AnnotationFormComponent.js
— EditAtomFormComponent.js

— EditEdgeFormComponent.js

— EditStructureFormComponent.js
— InteractionElementsGroupComponent.js
— IntermolecularLineComponent.js
— MirrorLineComponent.js

— SelectionLineComponent.js

L— StructureFormComponent.js

—— Data

— SceneData.js

— AnnotationsData.js

— HydrophobicData.js

— IntermolecularData.js
— Objects

— Structure.js

— Ring.js

— EdgelnterfaceBased.js
— TextLabelBased.js
— Spline.js

— Line.js

L— VerticalLine.js

L— Structure

— StructuresData.js

— AtomsData.js

— EdgesData.js

— RingsData.js

— AnnotationConnectionData.js
— HydrophobicConnectionData.js
— IntermolecularConnectionData.js
— RepresentationsData.js
— DataProcessing

— JsonBuilder.js

— JsonPreprocessor.js

— JsonValidator.js

— ChangeMapCreater.js
— ClosestObjectFinder.js
— CollisionFinder.js

— EdgeBuilder.js

— RemoveCollector.js

— StructureVisitor.js

L— TextBuilder.js
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— GeometryCalculation
— PointCalculation.js
— LineCalculation.js

— VectorCalculation.js
— AngleCalculation.js
— PolygonCalculation.js
L— Splinelnterpolation.js
— History

— Change.js

— History.js

— InteractionTracking

— InteractionState.js
— InteractionODbject.js
— BoundaryUpdatelnfo.js
L— StructureldTracker.js
— Options

—— DefaultConfig.js

— DrawerThemes.js

— OptsPreprocessor.js
— Utils

— AtomlInfo.js

— Edgelnfo.js

—— Enums.js

— Helpers.js

— JsonSceneStructure.js
L— JsonStructureTemplates.js

Figure B.1: Class/folder structure of the InteractionDrawer library
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InteractionDrawer /src

—— Drawer.js

— SvgDrawer.js

— Structure.js

— Ring.js

— Atom.js

— Edge.js

— Spline.js

— Simple Objects.js

— Geometry.js

— History.js

—— Change.js

—— Interaction Object.js
—— BoundaryUpdatelnfo.js
— DefaultConfig.js

— Enums.js

— Helpers.js

— JSON _Base Structures.js
— Structurelnfo.js

— SMARTSFromStructure.js
— SSSR.js

— Scorer.js

Figure B.2: Folder structure of the InteractionDrawer library prototype

InteractionDrawer

T

Userlnteractionhandler <4—® |nteractionState

T

SvgDrawer

T T

SceneData SvgComponent

Figure B.3: Primary class dependency in the InteractionDrawer library
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B.3 ProteinsPlus Web Server

B.3.1 Usage

This subsection describes the ProteinsPlus web server, its basic functionalities shared
by all tools, and their usage. The Proteins Plus web server (https://proteins.plus) and
the hosted computational tools are developed by the Computational Molecular Design
Group (AMD) research group at the Center for Bioinformatics (ZBH). The tools of
Proteins Plus offer a wide range of applications related to the analysis of proteins and
ligands, including, for example, prediction and placement of hydrogen atoms by Protoss
[33] and automated protein-ligand docking by JAMDA |31].

The Proteins Plus web server’s landing page (Figure B.4) accepts several user-input
types, including identifiers of structure entries from publicly available databases that

are automatically downloaded as well as own uploaded structure files:

e four-letter identifier of a PDB database entry or Porteins Plus generated identifier
of an uploaded PDB file (Figure B.4a)

e UniProt accession number of an AlphaFold database entry (Figure B.4b)
e PDB file (Figure B.4c)
e SDF file containing one or multiple ligands (Figure B.4d)

A keyword-based full-text search is available to query the entries of the AlphaFold and
PDB databases to obtain user-input suggestions (Figure B.5). Each result list entry
displays corresponding information like its title, organism, and release date. In ad-
dition, the results list can be further down-filtered based on these properties. While
GeoMine works with ligand-bound and ligand-unbound input structures, PoseEdit re-
quires ligand-bound structures as input to generate corresponding pose diagrams. All
tools on Proteins Plus, including GeoMine and PoseEdit, can be directly used without
a graphical user interface via ProteinsPlus’s REST API [102]. The website’s footer
provides users with documentation for the website’s and REST API’s usage and further
information about the ProteinsPlus web server, including new developments.

The main page (Figure B.6) provides a 3D viewer on the left showing the input structure
and a corresponding control panel located below, two scrollable lists in the middle, and
a list of computational tools and corresponding descriptions on the right for analyzing

the input structure.
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PDB-Code (PDB Database) or UniProt accession number (AlphaFold Database) or search term:

@® Upload Protein (PDB format): b No file selected.
C No file selected.

@® Upload Ligand  (SDF format):
d Advanced search Gol

Figure B.4: Landing page and user-input options of ProteinsPlus. a PDB identifier (PDB database)
or UniProt accession number (AlphaFold database) input field. b structure file upload
button (PDB format). c ligands file upload button (SDF format). d Linked keyword
search functionality. Taken from [D1]

UH
ZBH - Center for Bioinformatics
Lol Universitat Hamburg
uuuuuuuuuu | DER LEHRE | DER BIOUNG
@ ProteinsPlus - Structure-Based Modeling Support Server Ofmem  Ofms O OReE
PDB Database (default):
Enter PDB-Code or Search Term
[ sterol methyltra a Textearch v e “ ~=eZ IPD B
© Add Critria
Alphafold Database
N Text Search v n
(0 filtered) 1500 results shown for “Text Search: sterol methyl transferase’
0 >
1) ter onti
Structure of PPPA bound human ACAT2 — " Filter options
PIN6Q e
BBBBBBB file® Resolution °
W shown [ fitere
Chain1d: ABCD Experimental Techniques ELECTRON Resolution: 387
MICROSCOPY
org Rree
Release Date: 2021.09-22 RWork H“
u|u”| ”"hl"ﬂh..u.
0mA 1n60A
joa)
O] Date e

Figure B.5: Keyword search functionality of ProteinsPlus demonstrated by searching the PDB with
the multiword expression "sterol methyl transferase". a Keyword search input field for
the Protein Data Bank. b Keyword search input field for the AlphaFold database. ¢
Search results and corresponding information. Taken from [D5]

The central Pockets and Ligands lists display information about all ligands (simple
ions, solvent molecules, small molecule inhibitors, etc.) of the input structure like their
2D structure diagrams and user-specified binding sites. A custom binding site can
be built and loaded into the central list by users selecting residues in the 3D viewer-
visualized input structure. Selecting a tool on the right, the tool-specific graphical user
interface replaces the tools list. Depending on the tool, a tool’s input and output are

handled by the user via one or multiple of the main page’s three principal user interface
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components: the 3D viewer on the left visualizing the input structure, the two central
Ligands list and Pockets list, and the tool-specific graphical user interface on the right.
The website’s header allows to change the size of the 3D viewer and to provide an email

address, which is notified when calculation results of tools are available and provided

with corresponding links to the results.

ZBH - Center for Bioinformatics

e notifiatonw  Thls~ I Hooiposetdit~  Ostators  @bout  Citeus @Help  threedback

Protoss Hydrogen predicti

DoGsitescorer Binding site detection

DoGSite3 Binding site detection

PoseView 20 interaction diagrams

PoseEdit Interactive 2D ligand interaction diagrams %TA

SIENA Structure ensem! ble assem! bly

HyPPI Protein

EDIA Structural quality elucidation

and affinity data (ChEMBL link) Alpha-Version

for crystal solvent channels 8T

ligand complex profiling

d chemical 3D searching in the PDB.

MicroMiner Structural Mutation Search & Analysis 8€TA

T T AT T T

Figure B.6: Main page of ProteinsPlus. a 3D viewer visualizing the 3D binding site of a cyclin-
dependent kinase bound to an inhibitor [https://doi.org/10.1038/nsb842] (PDB code:
1H1S, ProteinsPlus ligand identifier: 4SP_A 1298). b 3D viewer control panel. c
Togglable Pockets and Ligands lists. d List of tools. Taken from [D1]

B.3.2 Technical Implementation

This subsection describes implementation details of the ProteinsPlus web server. The
Proteins Plus web server uses the following primary backend and frontend technologies

on which all hosted tools are based:
e Ruby on Rails web-app framework [103]
e MySQL database [104]
e DelayedJob Ruby on Rails library for the execution of background tasks [105]

e rspec-rails Ruby on Rails library for backend testing [106]
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e rack-attack Ruby on Rails library to throttle and block abusive web server requests
[107]

e HTML, Vanilla JavaScript, and the Bootstrap 3 library for general frontend design
[108]

o NGL JavaScript library for the molecular 3D viewer [109-111]

e DataTables JavaScript library for creating interactive data tables [112]

e Chart JavaScript library to visualize data charts [113]

e Matomo as web analytics tool [114]

e The RCSB PDB RESTful Web Service interface to search and load PDB database

entries [115]

B.4 PoseEdit

B.4.1 REST API Usage

This subsection describes the usage of PoseEdit’s REST API. A rate limiting of 30 jobs
a minute is applied to API endpoints addressing performance and security requirements.
A custom PDB file can be uploaded with the following request employing the HTTP
method POST. A successfully processed request returns the HT'TP status code 200
and a ProteinsPlus generated identifier for the uploaded PDB file that can be set for
creating PoseEdit jobs like a PDB four-letter identifier.

curl -F pdb_file[pathvar]=0/path/myfile.pdb
-X POST https://proteins.plus/api/pdb_files_rest
-H "Accept: application/json"

A PoseEdit job is created via the HTTP method POST passing JSON data. If the
request is a success, the response provides JSON data about the location and processing

status of the results.

URL:
https://proteins.plus/api/poseview2_rest

Method:
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POST
URL Params:
None
Data Params:
Required:
poseview2=[hash] - Contains the following parameters:
pdbCode=[string] - Set a four-letter identifier of the Protein Data Bank (PDB),
UniProt accession number, or a ProteinsPlus-generated identifier of a custom
PDB file obtained through its uploading.
ligand=[string] - Set the name of a ligand of the specified PDB structure.
Success Response:
Code: 200
Content: {
status_code: 200,

location: "",

message: "Job already exists"

}

OR
Code: 202
Content: {

status_code: 202,
message: "The job will be created in the specified location",

location: ""

}
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OR
Code: 202
Content: {

status_code: 202,
message: "Job exists and is still in ’processing’ state",

location: ""

}

Error Response:

Code: 400 BAD REQUEST
Content: {
status_code: 400, error: "Bad Request",

message: "Parameter values must be strings"

}
OR
Code: 400 BAD REQUEST

Content: {

status_code: 400, error: "Bad Request",

message: "Invalid number of parameters or incorrect parameter name"

+
OR
Code: 400 BAD REQUEST
Content: {

status_code: 400, error: "Bad Request",
message: "Invalid pdbCode"

}

OR

Code: 400 BAD REQUEST
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Content: {
status_code: 400, error: "Bad Request",

message: "Invalid ligand"

}

OR

Code: 400 BAD REQUEST
Content: {
status_code: 400, error: "Bad Request",

message: "Job saving error"

}

OR

Code: 400 BAD REQUEST
Content: {
status_code: 400, error: "Bad Request",

message: "Job loading error"

}

OR

Code: 429 TOO MANY REQUESTS
Content: {

status_code: 429,

error: "Too Many Requests",

message: "Throttle limit reached. Retry later."

}

Sample Data:

{
"poseview2": {
"pdbCode" : "1kzk",
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"ligand":"JE2_A_701"}

Sample Call (curl):

curl -d ’{"poseview2": {"pdbCode":"1kzk","ligand":"JE2_A_701"}}’
-H "Accept: application/json" -H "Content-Type: application/json"
-X POST https://proteins.plus/api/poseview2_rest

The results location returns JSON data about a successfully processed PoseEdit job
using the HT'TP method GET.

URL
https://proteins.plus/api/poseview2_rest/:id
Method:

GET

URL Params:
Required:
id=[string]

Data Params:

None

Success Response:
Code: 200
Content: {

status_code: 200,

result_svg: ""

}
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OR
Code: 202
Content: {

status_code: 202,
message: "Job exists and is still in ’processing’ state",

location: ""

3

Error Response:

Code: 400 BAD REQUEST
Content: {
status_code: 400, error: "Bad Request",

message: "Job loading error"

}

OR

Code: 404 NOT FOUND
Content: {
status_code: 404, error: "Not Found",

message: "Invalid ID"

}

OR

Code: 429 TOO MANY REQUESTS
Content: {

status_code: 429,

error: "Too Many Requests",

message: "Throttle limit reached. Retry later."

}

Sample Call (curl):
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curl https://proteins.plus/api/poseview2_rest/ixenp5kLNHohrRbj56fbt4dd

Output:

result_svg - 2D diagram (SVG-file) generated by PoseView

result_json - Input JSON usable by the InteractionDrawer JavaScript library
pdbCode - Identifier of the input PDB structure

ligandName - Name of the input ligand

B.4.2 Container Usage

This subsection describes the building and usage of the PoseEdit container. The follow-
ing list contains the corresponding prerequisites for building and starting the container:
Prerequisites:

e the web server’s Git repository. The server’s folder includes a container folder

with files needed for the build and start process.
e a container managing tool like Docker [116] or Podman [117]
e a web browser
e a running GeoMine database
Build the container:
e clone the Git repository

e move the .dockerignore and poseedit webserver.dockerfile files from the server’s

container folder to the server’s parent folder

e add to the server’s bin folder some folders with the following names and corre-
sponding tools: combinesfiles, extractligand, removeligand, preprocess, geomine,

poseview2(PoseEdit), moleculejsonindexer

e g0 to the server’s parent folder and run there the following commands to build

the container and save it as a .tar file
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docker build -f poseedit_webserver.dockerfile -t poseedit_webserver

docker save -o poseedit_webserver.tar poseedit_webserver

Start the container:
The PoseEdit container (poseedit webserver.tar) is loaded with the following com-

mand:
docker load --input poseedit_webserver.tar

Move the poseedit folder, credentials.ini, server.env, and ./geomine.env files from the

server’s container folder to the server’s parent folder and modify their content:

e credentials file (credentials.ini)
— set the username and password of the GeoMine database

e environment file (geomine.env)

set the name and port (default: 5432) of the GeoMine database

set the host name/address (default: 127.0.0.1)
— set the GeoMine license

— set the number of web workers for simultaneously processing multiple searches
(default: 3)

e cnvironment file (server.env)

— set the URL of the server (default: localhost:3333)

— set the ssl protocol (default: http)

Subsequently, the web server is started with the command below:

docker run

--volume ./poseedit:/local/poseedit

--volume ./credentials.ini:/server/credentials.ini
--env-file ./geomine.env --env-file ./server.env
--name poseedit_webserver

-p 3333:3333

poseedit_webserver
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The PoseEdit user interface can be accessed via a web browser on port 3333. The
exposed default port of the web server (3333) can be forwarded to another port. For
example, -p 4444:3333 forwards 3333 to port 4444. The container can be accessed by

running the following command:
docker exec -it poseedit_webserver /bin/bash

The binary of PoseEdit is located in /server/bin/poseview2. The binary of GeoMine is

located in /server/bin/geomine.

B.4.3 Editor Features

This subsection describes all options provided by PoseEdit’s 2D editor to directly modify
the general graphical styles of the diagram. The list represented by Table B.25 is based
on the InteractionDrawer library’s configuration options, see B.2.2. Furthermore, this
subsection lists all structures PoseEdit’s 2D editor can add to the diagram, including
amino acids, nucleic acid residues, metal ions, and water. Amino acids can be displayed
with both their backbone and their side chain or only partially, depending on which
of these structural parts are involved in intermolecular interactions. All structures are

based on JSON templates provided by the InteractionDrawer library (see B.2.3).

Table B.25: Configuration options for graphical diagram styles of the PoseEdit 2D editor

option effect

editor

Theme apply a color theme (Default, Dark, Oldschool,
Solarized, Solarized dark, Matrix, Cyberpunk,
Gruvbox, Gruvbox dark) to the diagram to re-

color all objects at once in a specific style

Default color color of annotations that do not belong to a hy-

drophobic contact spline or with no preset color,
of atoms with an unknown element (R or text la-
bels of structures), and of intermolecular interac-

tions and bonds with unknown type

Hover hover highlighting color

Selection selection highlighting color

163



B Software

Background background color of the 2D scene
text and lines
Text size font size of diagram text like atom labels

Atom radius

minimal distance to atoms at which bonds are

allowed to be visualized

Font family

font family of diagram text

Charge offset

y position of charge symbol

Charge size

font size of charge symbol

Hydrogen number off-

set

y position of the numbering of implicit hydrogens

Hydrogen number size

font size of the numbering of implicit hydrogens

Double bond space

space between double bond lines

Triple bond space

space between triple bond lines

Ring space space bond lines of aromatic rings
Line width width of lines
Gap length gap length separating dashed line segments of in-

termolecular interactions and aromatic bonds

Dash length

length of dashed line segments of intermolecular

interactions and aromatic bonds

circle representation

Ligand radius

radius of ligand structure circles

Ligand color

color of ligand structure circles

Ligand border color

border color of ligand structure circles

Ligand opacity

color opacity of ligand structure circles

Ligand text color

color of the text label inside ligand structure cir-

cles

Non-ligand radius

radius of non-ligand structure circles

Non-ligand color

color of non-ligand structure circles

Non-ligand border color

border color of non-ligand structure circles

Non-ligand opacity

color opacity of non-ligand structure circles
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Non-ligand text color

color of the text label inside non-ligand structure

circles

Text label split

list of semicolon-separated characters at which
text labels inside structure circles are split into

new lines

Furthermore, colors for frequently appearing atom elements (B, Br, C, Ca, Cl, Co, Cu,
F, Fe, H, I, Mg, Mn, N, Ni, O, P, S, Zn) and supported intermolecular interaction

types (hydrogen bond, ionic interaction, metal interaction, cation-pi interaction, pi-pi

interaction, hydrophobic contact) can be set. The following structures can be added to

the diagram:

e Water
e All - Backbone
e Arginine - Sidechain

e Arginine - Complete

Asparagine - Sidechain
Asparagine - Complete
Aspartic acid - Sidechain
Aspartic acid - Complete
Cysteine - Sidechain
Cysteine - Complete
Glutamine — Sidechain
Glutamine - Complete
Glutamic acid — Sidechain
Glutamic acid - Complete

Histidine — Sidechain
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Histidine - Complete
Lysine - Sidechain

Lysine - Complete

Phenylalanine - Sidechain

Phenylalanine - Complete

Serine - Sidechain
Serine - Complete
Threonine - Sidechain
Threonine - Complete
Tryptophan - Sidechain
Tryptophan - Complete
Tyrosine - Sidechain
Tyrosine - Complete
Adenosine

Cytidine

Guanosine

Uridine
Deoxyadenosine
Deoxycytidine
Deoxyguanosine
Deoxythymidine

Fe

Ca

Co
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B.5 GeoMine

B.5.1 Tool Usage

This subsection describes the command line interface functionality of GeoMine relevant
to the new development achieved in this doctoral project. A description of all supported
options can be obtained with the -h or —help options. The options -v or —verbosity set the
level of information detail (Quiet, Error, Warning, Info, Steps) that GeoMine displays
during runtime, for example, regarding the search algorithm’s progress.

The first command executes GeoMine’s search functionality for the web server, ac-
cepting a query in XML file format (see B.5.5) and returning search results data in
JSON file format (see B.5.6):

./geomine -o database.sqlite -S -q input.xml -0 outout.json

The next command generates PoseEdit diagram data for a specific PDB file and ligand,
accepting a PDB file and ligand name as input and a MOL2 file to store the output
(see B.1.2):

./geomine -o database.sqlite -M ligandname -I entry.pdb -0 output.mol2

The next command generates binding site data for a specific PDB file accepting a PDB
file as input and a JSON file to store the output (see B.5.6):

./geomine -o database.sqlite -Q -I entry.pdb -0 outout.json

The last command stores the total number of contained PDB entries and binding sites

of the database in a JSON string and writes it in the standard output:

./geomine -o database.sqlite -D
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Adding the option -p, a PostgreSQL database can be set and searched instead of an
SQLite database. A credentials file containing the username and password of the
database can be provided via the option -K. Alternatively, -u and -k can be set to spec-
ify the username and password via environment variables. The PostgreSQL database’s
server IP address and port can be specified via the options -n and -P, respectively. Fur-
thermore, the command-line interface can be used to create and update a database. See

Table B.26 for a comprehensive description of all corresponding options.

Table B.26: Command line options for database creation

option function

-t [~threads| number of threads employed for database
creation

-d [-directory]| path to folder with PDB files or mmCIF
files to save in the database

-1 [~complexlist] list of paths of PDB files to store in the
database

-s |-chunkSizeDBCreation]| number of files that are collectively added to
the database

-C [-complexPocketsDirName| path to folder to store generated binding
site data

-1 [-input| path of PDB file to add to the database

-r [-remove| PDB identifier to remove from the database

-b [-bindingSiteType] type of calculated binding site (radius-based

or DoGSite3-based)

-m [-maxSASLigandRatio] ligands with high solvent exposure are ex-
cluded (0.0 - 1.0)

-q [-query] path of XML query file to search in the
database. General information about the
search results is displayed in the standard

output

—statistics path of text file to store statistics about

search results

168



B.5 GeoMine

B.5.2 REST API Usage

This subsection describes the usage of GeoMine’s REST API. A rate limiting of 30 jobs
a minute is applied to API endpoints addressing performance and security requirements.

A GeoMine job is created via the HTTP method POST passing JSON data. If the
request is a success, the response provides JSON data about the location and processing

status of the results.

URL:
https://proteins.plus/api/geomine_rest
Method:
POST
URL Params:
None
Data Params:
Required:
geomine=[hash] - Contains the following parameters:
geomine_request=[string] - XML formatted query.
An XML query can be generated using the Geomine GUI.
3D query Coordinates can be optionally set for the overlay of results.
If not set, all results are superimposed onto the first result.
Success Response:
Code: 202
Content: {
status_code: 202,

message: "The job will be created in the specified location",

location: ""
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Error Response:

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Parameter values must be strings"

}

OR

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Invalid number of parameters or incorrect parameter name'

¥

OR

Code: 400 BAD REQUEST
Content: {
status_code: 400,
error: "Bad Request",

message: "SMARTS pattern of ... is not correct! Please correct your pattern.'

}

OR

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Query is to unspecific. Please refine the search."
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OR

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Job saving error"

}

OR

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Job loading error"

¥

OR

Code: 429 TOO MANY REQUESTS
Content: {
status_code: 429,

error: "Too Many Requests",

message: "Throttle limit reached.

}

Sample Data:

"<IDOCTYPE GeoMineFilterPresets>

<GeoMineFilter

Retry later."

xmlns:i=\"urn:naomi:InteractionDB\"

xmlns:ip=\"urn:naomi:GeoMine\" xmlversion=\"6\"

xmlns:propertydb=\"urn:naomi:PropertyDB\" name=\"\"
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xmlns:m=\"urn:naomi:MoleculeDB\">
<propertydb:SubstringFilter_OR
rule=\"including\"
id=\"intPatterns.protein_pdb_id\"
subsettype=\"2\">

<substring_element substring=\"1KZK\"/>
</propertydb:SubstringFilter_OR>
<m:SMARTSFilter></m:SMARTSFilter>
<ip:ECFilter_Chain></ip:ECFilter_Chain>
<i:InteractionDBfilterchain>
<i:Pointfilter/>

<i:Interactionfilter/>
</i:InteractionDBfilterchain>
<ip:pointSMARTS_Chain/>
<ip:AngleFilter_Chain/>
</GeoMineFilter>"

Sample Call (curl):

curl -d

’{"geomine": {"geomine_request":
"<IDOCTYPE GeoMineFilterPresets>
<GeoMineFilter
xmlns:i=\"urn:naomi:InteractionDB\"
xmlns:ip=\"urn:naomi:GeoMine\" xmlversion=\"6\"
xmlns:propertydb=\"urn:naomi:PropertyDB\" name=\"\"
xmlns:m=\"urn:naomi:MoleculeDB\">
<propertydb:SubstringFilter_OR rule=\"including\"
id=\"intPatterns.protein_pdb_id\"
subsettype=\"2\">
<substring_element substring=\"1KZK\"/>
</propertydb:SubstringFilter_0R>
<m:SMARTSFilter></m:SMARTSFilter>
<ip:ECFilter_Chain></ip:ECFilter_Chain>
<i:InteractionDBfilterchain>
<i:Pointfilter/>
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<i:Interactionfilter/>
</i:InteractionDBfilterchain>
<ip:pointSMARTS_Chain/>
<ip:AngleFilter_Chain/>
</GeoMineFilter>"}}’

-H "Accept: application/json"

-H "Content-Type: application/json"

-X POST https://proteins.plus/api/geomine_rest

The results location returns JSON data about a successfully processed GeoMine job
using the HT'TP method GET.

URL:
https://proteins.plus/api/geomine_rest/:id
Method:

GET

URL Params:
Required:
id=[string]

Data Params:

None

Success Response:
Code: 200
Content: {

status_code: 200,

result: ""

¥
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OR
Code: 202
Content: {

status_code: 202,
message: "Job exists and is still in ’processing’ state",

location: ""

}

Error Response:

Code: 400 BAD REQUEST

Content: {
status_code: 400,
error: "Bad Request",

message: "Job loading error"

3

OR

Code: 404 NOT FOUND

Content: {
status_code: 404,
error: "Not Found",

message: "Invalid ID"

¥

OR

Code: 429 TOO MANY REQUESTS
Content: {

status_code: 429,

error: "Too Many Requests",

message: "Throttle limit reached. Retry later."

}
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Sample Call (curl):

curl https://proteins.plus/api/geomine_rest/ixenp5kLNHohrRbj56fbt4dd

Output:

result - Search statistics
Result pockets (PDB format)
Data for 3D viewer visualization (NGL) and table representation

of search results (JSON format)

B.5.3 Container Usage

This subsection describes the building and usage of the GeoMine container. The follow-
ing list contains the corresponding prerequisites for building and starting the container:

Prerequisites:

e the web server’s Git repository. The server’s folder includes a container folder

with files needed for the build and start process.
e a container managing tool like Docker [116] or Podman [117]
e a web browser

e a running GeoMine database
Build the container:

e clone the Git repository

e move the .dockerignore and geomine webserver.dockerfile files from the server’s

container folder to the server’s parent folder

e add to the server’s bin folder some folders with the following names and corre-
sponding tools: combinesfiles, extractligand, removeligand, preprocess, geomine,

moleculejsonindexer

e g0 to the server’s parent folder and run there the following commands to build

the container and save it as a .tar file
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docker build -f geomine_webserver.dockerfile -t geomine_webserver

docker save -o geomine_webserver.tar geomine_webserver

Start the container:

The GeoMine container (geomine webserver.tar) is loaded with the following com-

mand:
docker load --input geomine_webserver.tar

Move the credentials.ini, server.env, and ./geomine.env files from the server’s container

folder to the server’s parent folder and modify their content:

e credentials file (credentials.ini)
— set the username and password of the GeoMine database

e cnvironment file (geomine.env)

— set the name and port (default: 5432) of the GeoMine database
— set the host name/address (default: 127.0.0.1)
— set the GeoMine license

— set the number of web workers for simultaneously processing multiple searches
(default: 3)

e cnvironment file (server.env)

— set the URL of the server (default: localhost:3333)

— set the ssl protocol (default: http)

Subsequently, the web server is started with the command below:

docker run

--volume ./credentials.ini:/server/credentials.ini
--env-file ./geomine.env --env-file ./server.env
--name geomine_webserver

-p 3333:3333

geomine_webserver
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The GeoMine user interface can be accessed via a web browser on port 3333. The
exposed default port of the web server (3333) can be forwarded to another port. For
example, -p 4444:3333 forwards 3333 to port 4444. The container can be accessed by

running the following command:
docker exec -it geomine_webserver /bin/bash

The binary of GeoMine is located in /server/bin/geomine.

B.5.4 Binding Site Calculation

This subsection provides calculation details of GeoMine’s binding sites generation, indi-
cating how they are stored in the database and visualized in the graphical user interface.
The shape and structural composition of binding sites are predicted by DoGSite3 [32].
The volume of a valid binding site must be more than 100 A3. Furthermore, only the
largest k pockets are included in the final set of binding sites. k equals two times the
number of asymmetric unit chains in a PDB file. Valid binding site ligands are specified
as molecular PDB file entries with more than 50% HETATM records and with more than
five and less than 100 heavy atoms. A ligand is excluded from a DoGSite3-predicted
binding site if less than 20% of its heavy atoms are contained. To obtain also binding
sites for these excluded ligands, a binding site’s shape and structural composition is
alternatively based on a 6.5 A radius of the ligand’s heavy atoms.

Similarly, all other small molecules like water molecules and metal ions within the
boundaries of a DoGSite3-predicted or radius-based binding site are included. Missing
hydrogen atoms and the orientations of ambiguous amino acid side chains (asparagine,
glutamine, and histidine) are predicted by Protoss [33|. Hydrogen atoms are necessary
to determine the presence of hydrogen bonds. Various chemical atom properties and
additional chemical features of interest, including intermolecular interactions, aromatic
ring centers and the corresponding ring normals, secondary structure points (Ca atoms
of central or terminal amino acids of helices or 8-sheet strands), and the directions of the
corresponding secondary structure elements are subsequently determined for database
storage and visualization. A central secondary structure point has two directions that
are oriented towards the terminal secondary structure points of the same secondary
structure element. For a terminal secondary structure point, one direction exists that is
oriented towards the corresponding central secondary structure point. The supported
intermolecular interaction types and the corresponding calculation criteria are based on
the tool Pelikan [79] and are described in the following:
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e hydrogen bonds: donor-acceptor distance between 2 A - 3.8 A, donor hydrogen-
acceptor angle between -45° and 45°, donor-acceptor lone pair angle between -70°

and 70°, hydrogen-lone pair distance between 0 A and 2 A
e cation-pi interactions: centroid-cation distance between 2 A and 4 A
e metal interactions: metal- coordinating atom distance between 1 A and 3 A
e pi-stacking interactions: centroid-centroid distance between 2.5 A and 5 A

e jonic interactions: anion-cation distance is within the sum of their van der Waals
radii +1 A

Furthermore, based on the PoseView [34, 42, 43| criteria, hydrophobic contacts are
specifically calculated for PoseEdit. The hydrophobic and surface-exposed residue atom-
ligand atom distance must be below the sum of their van der Waals radii +0.8 A. Three
or more ligand atoms must fulfill that criterion for one residue to form a corresponding

hydrophobic contact

B.5.5 XML

This subsection describes the XML representation of GeoMine queries. The XML of
a query is defined by several XML elements and XML element-specific attributes and
values enclosed by the <GeoMineFilter/> XML element. The additional enclosed XML

elements include specifications for query points and the PDB filter:
e <i:InteractionDBfilterchain/>
e <ip:AngleFilter Chain/>
e <ip:pointSMARTS Chain/>
e <m:SMARTSFilter>
e <ip:ECFilter Chain/>
e <ip:SimilarityFilter Chain/>
e <ip:PocketHasLigandFilter Chain/>
e <ip:filterSymmetricMatchesFilter/ >

e <ip:RMSDfilter/>
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<ip:MaxMatchesPerPocketFilter />

<propertydb:PropertyFilter/ >

<propertydb:SubstringFilter OR/>

<propertydb:SubstringFilter  AND/>

See Table B.27 for all supported XML elements of query points and the corresponding
XML attributes, valid XML attribute values, and chemical and spatial properties they
represent.

All query point types represented by the XML elements <refligandfilter/>, <metal-
filter />, <aminoacidfilter/>, <nucleicacidfilter/>, and <waterfilter/> have the XML
attribute id, which specifies a query point with a unique numerical identifier. A pair
of query points can be combined by distances and intermolecular interactions using the
enclosing <distancefilter/> and <interactionfilter> XML elements. These XML ele-
ments also have the XML attribute id for a unique numerical identifier, reference the
respective numerical identifiers of the two associated query points, and specify the size
of the distance range. The following illustrates an exemplary query distance between

two query points representing ligand atoms in XML format.

<i:InteractionDBfilterchain>
<distancefilter inter_pointl="1" inter_point2="2" id="3"
inter_mindist="5" inter_maxdist="4">
<firstpoint>
<refligandfilter point_coord_x="15.48"
point_coord_y="-4.73"
point_coord_z="14.67"
id="1" point_intertype="ANY"
point_surface="0" point_element="6"
point_fungroup="ANY"/>
</firstpoint>
<secondpoint>
<refligandfilter "point_coord_x="18.57"
point_coord_y="-5.56"
point_coord_z="14.79"
id="2" point_intertype="ANY"
point_surface="0" point_element="7"

point_fungroup="ANY/>
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</secondpoint>
</distancefilter>

</i:InteractionDBfilterchain>

Similarly, a pair of distances and intermolecular interactions can be combined by an
angle range with the enclosing XML element <AngleFilter/>. This XML element
references the two corresponding numerical identifiers and specifies the size of the angle
range. Ring normals of aromatic ring centers can also be included in angle ranges,
setting their numerical identifier for the query angle’s XML representation instead. An

example of a query angle in XML format is given in the following.

<ip:AngleFilter_Chain>
<AngleFilter firstinterid="3" secondinterid="4" id="9" min="30" max="90"/>

</ip:AngleFilter_Chain>

SMARTS expressions, which define the chemical environment of a protein or ligand
query point, are defined in separate XML elements (<pointSMARTS/>) referencing the
query point’s numerical identifier and the SMARTS expression. The following provides
an exemplary XML.

<ip:pointSMARTS_Chain>
<pointSMARTS smarts="SMARTS" id="1"/>
</ip:pointSMARTS_Chain>

Table B.27 highlights the XML composition of textual, numerical, and chemical PDB
filters. For all PDB filter except the ones with the XML elements <ip:RMSDfilter/>,
<ip:filterSymmetricMatchesFilter/ >, and <ip:MaxMatchesPerPocketFilter/>, the XML
attribute rule can be added and set to "including" or "excluding" to specify if the PDB

filter includes or excludes matching PDBs.
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Table B.27: XML definition of query points

XML elements | XML at- XML attribute | represented
tributes values chemical and
spatial proper-
ties
If <refligandfil- ligand atom,
ter/>, <met- metal atom, pro-
alfilter />, tein atom, nucleic
<aminoacidfil- acid atom, water
ter/>, <nucle- atom
icacidfilter/>, or
<waterfilter />
point _coord =z all floating-point | coordinates in 3D
point coord x numbers space
point _coord y
point_element ) boron
35 bromine
20 calcium
6 carbon
17 chlorine
27 cobalt
29 copper
9 fluorine
53 iodine
26 iron
12 magnesium
25 manganese
28 nickel
7 nitrogen
8 oxygen
15 phosphorus
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16 sulfur
30 zinc
point _intertype ANY any
ACCEPTOR acceptor
ANION anion
AROMATIC aromatic ring
center

CATION cation
DONOR donor
HYDROPHPBIC | hydrophobic
METAL metal

if <aminoacidfil- | point aminoacid | ALA alanine

ter/>
ARG arginine
ASN asparagine
ASP aspartic acid
CSO S-

hydroxycysteine

CYS cysteine
GLU glutamic acid
GLN glutamine
Gly glycine
HIS histidine
ILE Isoleucine
LEU leucine
LYS lysine
MET methionine
PHE phenylalanine
PRO proline
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SER serine
THR threonine
TRP tryptophan
TYR tyrosine
VAL valine
HYDROPHOBIC | hydrophobic
POLAR polar
AROMATIC aromatic
ACIDIC acidic
BASIC basic
NEUTRAL neutral
point_ - HYDROPHOBIC | hydrophobic
aminoacid_ class
POLAR polar
AROMATIC aromatic
ACIDIC acidic
BASIC basic
NEUTRAL neutral
point_secstruct UNKNOWN unknown
HELIX a-helix
SHEET B-sheet
HELIX END C-a of terminal
- amino acid of a
helix
HELIX C - C-a of C-
TERMINUS terminal amino
acid of a helix
HELIX N - C-a of N-
TERMINUS terminal amino
acid of a helix
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HELIX MID

C-a of central
amino acid of a

helix

STRAND END

C-« of terminal
amino acid of a
(3-sheet

STRAND MID C-a of central
- amino acid of a
(-sheet
NO_STRUC- no secondary
TURE structure
if <nucleicacidfil- | point aminoacid | A adenosine
ter/>
C cytidine
G guanosine
I inosine
N nucleoside
U uridine
DA deoxyadenosine
DC deoxycytidine
DG deoxyguanosine
DN deoxynucleoside
DT deoxythymidine
if <aminoacidfil- | point back- UNDEFINED undefined
ter/> or <nucle- | bone sidechain
icacidfilter />
BACKBONE backbone
SIDECHAIN sidechain

184




B.5 GeoMine

point _surface all floating-point surface atom or
numbers > 0 not and its sol-
vent exposure in
AQ
if <refligandfil- point_fungroup Alcohol alcohol
ter/>
Aldehyde aldehyde
Amide amide
Amidine amidine
Amine amine
Azide azide
Ester ester
Ether ether
Furane furane
Guanidine guanidine
Ketone ketone
Nitrile nitrile
Phenyl phenyl
Pyridine pyridine
Pyrrole pyrrole
Thiophene thiophene
<pointSMARTS/> smarts smarts expression | smarts expres-
(for aminoacid- sion, which de-
filter or fines the chemical
refligandfilter) environment of a
protein or ligand
point
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Table B.28: XML building block to define textual, numerical, and chemical filter on the PDB
XML example filtered PDB property

ligand properties
<m:SMARTSFilter rule="including" > X = SMARTS expression

<SMARTS>X< /SMARTS>
< /m:SMARTSFilter>

<ip:SimilarityFilter Chain rule="including"> | minimal ligand similar-

<SimilarityFilter simPercentage="30" sim- ity based on an unique
MaxOrDiameter="10" simMin="1" simUS- SMILES and fingerprint.
miles="USMILES" variant="X"/> X = CSFP, tCSFP, or
< /ip:SimilarityFilter Chain> ECFPlike
<propertydb:PropertyFilter subsettype="0" minimal and maximal
id="intPatterns.X" min="0" max="10" number of an specific
rule="including" /> atom element or func-

tional group with X =
Boron, Bromine, Carbon,
Chlorine, Fluorine, Iodine,
Nitrogen, Oxygen, Phos-
phorus, Sulfur, Alcohol,
Aldehyde, Amide, Ami-
dine, Amine, Azide, Ester,
Ether, Furane, Guanidine,
Ketone, Nitrile, Phenyl,
Pyridine, Pyrrole, or Thio-
phene
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<propertydb:PropertyFilter subsettype="3" minimal and maximal val-
id="intPatterns.X" min="0" max="10" ues of a specific binding
rule="including" /> site property with X =

MW (molecular weight),
Atoms (heavy atoms),
RotB (rotatable bonds),
Donors, Acceptors, TPSA
(Topological Polar Sur-
face Area), logP, Vol-
ume, Charge, Hetero (het-
ero atoms), AromAtoms
(aromatic atoms), Halo-
gens, Inorganic (inorganic
atoms), LipinskiAcceptors,
EZ (stereo bonds), Cy-
clomatic Number, CRTB
(maximal continuous path
of rotatable bonds), Rings,
URFs (unique ring fami-
lies), AroRings (aromatic
rings), MaxRSsize (max-
imal ring system size),
MaxRing (max ring size),
Max Cyclomatic Number,
Ringsystems, AroRingsys-
tems (aromatic ring sys-
tems), RS (stereo centers),

Volume protein properties

<ip:ECFilter Chain rule="including" > X = Enzyme Commission
<ECFilter ecnumber="X"/> number
< /ip:ECFilter Chain>
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<propertydb:SubstringFilter OR subset- X = UniProt identifier; in-
type="2" id="intPatterns.protein uniprot - clude results matching one
id" "rule="including" > of the UniProt identifiers
<substring _element substring="%X%" /> or exclude all matching
<substring _element substring="%X%" /> ones

< /propertydb:SubstringFilter OR>
<propertydb:SubstringFilter AND subset-
type="2" id="intPatterns.protein _uniprot -
id" rule="excluding" >

<substring _element substring="%X%" />
<substring _element substring="%X%" />

< /propertydb:SubstringFilter  AND>

pocket properties

<ip:PocketHasLigandFilter Chain one ligand or more are
rule="including" > present in the binding site
<PocketHasLigandFilter pocketHasLi-
gand="true" />

< /ip:PocketHasLigandFilter Chain>

<propertydb:PropertyFilter subset- a binding site consists of
type="3" id="intPatterns.MultiChain" multiple chains

rule="including" />
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<propertydb:SubstringFilter OR subset-
type="3" id="intPatterns.ligandname"
"rule="including" >

<substring _element substring="%X%" />
<substring_element substring="%X%" />

< /propertydb:SubstringFilter OR>
<propertydb:SubstringFilter AND sub-
settype="3" id="intPatterns.ligandname"
rule="excluding" >

<substring_element substring="%X%" />
<substring _element substring="%X%" />

< /propertydb:SubstringFilter  AND >

X = ligand name, e.g.
JE2 A 701; include re-
sults matching one of the
ligand names or exclude

all matching ones

<propertydb:PropertyFilter subsettype="3
id="intPatterns.X " min="0" max="10"

rule="including" />

minimal and maximal
number of specific amino
acid property or amino
acid type with X = Hy-
drophobicity, Metal,
HeavyAtoms (protein),
Volume, Surface, Surface-
Volume-Ratio, Hydropho-
bicity, Depth, Donors,
Acceptors, ala_ Pocket,
arg Pocket, asn_Pocket,
asp_Pocket, cys Pocket,
glu_Pocket, gln Pocket,
gly Pocket, his  Pocket,
cso_ Pocket, ile Pocket,
leu Pocket, lys Pocket,
met Pocket, phe Pocket,
pro_Pocket, ser Pocket,
thr Pocket, trp Pocket,
tyr _Pocket, val Pocket

PDB entry properties
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<propertydb:SubstringFilter OR subset- X = PDB identifier; in-
type="2" id="intPatterns.protein pdb id" clude results matching one
rule="including" > of the PDB identifiers or
<substring _element substring="%X%" /> exclude all matching ones

<substring _element substring="%X%" />

< /propertydb:SubstringFilter OR>
<propertydb:SubstringFilter AND subset-
type="2" id="intPatterns.protein _pdb_id"
"rule="excluding" >

<substring _element substring="%X%" />
<substring _element substring="%X%" />

< /propertydb:SubstringFilter  AND>

<propertydb:PropertyFilter subsettype="2" experimental source with
rule="including" id="intPatterns.protein_ - X =1 (X-ray), 2 (neu-
expType0" min="X" max="X"/> tron diffraction), 3 (fiber

diffraction), 5 (NMR so-
lution), 6 (NMR solid-
state), 8 (electron mi-
croscopy), 9 (electron
crystallography), 10 (so-
lution scattering), or 11

(unknown)
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<propertydb:SubstringFilter  OR
subsettype="2" rule="including"
id="intPatterns.protein _species" >
<substring _element substring="%X%" />
<substring_element substring="%X%" />

< /propertydb:SubstringFilter OR>
<propertydb:SubstringFilter  AND
subsettype="2" rule="excluding"
id="intPatterns.protein species" >
<substring_element substring="%X%" />
<substring _element substring="%X%" />

< /propertydb:SubstringFilter  AND>

X = organism name; in-
clude results matching one
of the organism names or

exclude all matching ones

<propertydb:PropertyFilter subsettype="2"
rule="including" id="intPatterns.protein_ -

resolution”" min="0.0" max="2"/>

range of experimental res-

olution in A

<propertydb:SubstringFilter  OR
subsettype="2" rule="including"
id="intPatterns.protein _pdb_ title">
<substring_element substring="%X%" />
<substring _element substring="%X%" />
< /propertydb:SubstringFilter OR>

<propertydb:SubstringFilter AND
subsettype="2" rule="excluding"
id="intPatterns.protein _pdb _ title">
<substring _element substring="%X%" />
<substring _element substring="%X%" />

< /propertydb:SubstringFilter  AND>

X = PDB title keyword;
include results match-

ing one of the PDB title
keywords or exclude all
matching ones result prop-

erties
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<ip:filterSymmetricMatchesFilter filterSym- returns for multiple sym-
metricMatches="true" /> metrical results (i.e. con-
sisting of the same de-

tected points) detected in
one binding site only one

result

<ip:RMSDfilter min="0" max="2"/> returns only results that
fulfill the specified RMSD

range

<ip:MaxMatchesPerPocketFilter max="2"/> returns only the specified
maximal number of results
detected for one binding

site

B.5.6 JSON

This subsection describes the JSON file content of search results based on a query file
in XML format and of binding site data generated for a specific PDB file as a query
template, see Table B.29-30 and Table B.31-32. Query template data provides 3D
binding sites for 3D query selection and corresponding textual, numerical, and chemical

binding site properties for specifying PDB filter.

B.5.6.1 Search Results Data

"geometrical_search_mode": "true",
"number_of_found_pdbs": 500,

"number_of _found_pockets": 1000,
"total_number_of_geometrical_results": 2000,
"number_of_visualizable_results": 150,
"number_of_point_pairs": 10,
"result_table_content": [

{

"Class": "Hydrolase",

192



B.5 GeoMine

"PDB": "1KZK",
"PDB Title": "JE-2147-HIV PROTEASE COMPLEX",
"Pocket": "JE2_A_701",
"RMSD": "0.00",
"Result ID": "O"
}
1,
"statistics": "..."
"ngl_visualization_data": {
"1KZK_JE2_A_701" : {
"pocketMetals": "...",
"pocketRefLig": "...",
"pocketMolecules": "...",
"pocketResidues": "...",
"pocketWaters": "...",
1,
"1KZK_JE2_A_701_0" : {
"pdbfile": "...",
"relevantMetals": "...",
"relevantResidues": "...",
"relevantWaters": "...",
"relevantRefLigAtoms": [...],
"relevantMolAtoms": [...],
"number0fPocketInteractions": 30,
"number0fRelevantPocketInteractions": 0,
"pocketInteractions": [...],
"pocketRelevantInteractions": [...],
"transformationDataMatrix4D": [...],
"transformedFirstPointsO0fPointPairsList": [...],

"transformedSecondPointsOfPointPairsList": [...]
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Table B.29: JSON definition of search results

field type description

"geometrical search mode" (Boolean) is set to "true"
if a 3D query is
part of the Ge-
oMine query and

"false" if not

"number of found pdbs" (Number) number of PDBs
that were de-
tected by the

search

"total number of geometrical results" (Number) number of 3D
query matches
across all PDBs

and binding sites

"number of visualizable results" (Number) number of search
results that can
be visualized in
3D (maximum is
150)

"number of point_pairs" (Number) number of point-
to-point con-
straints repre-
senting distances
and intermolecu-

lar interactions in

the 3D query
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"result _table content"

(Array)

each JSON ob-
ject in this JSON
array represents
one row in the
results table that
contains 3D visu-
alizable matches

(maximum 150)

"statistics"

(String)

results statistics
that include not
only the maximal
150 3D visualiz-
able matches of
the results table
but the complete

set of results

3D visualization data:

Each JSON object in the JSON array of the "ngl visualization data" field describes

one 3D visualizable result detected in one specific PDB entry and binding site. Each

result entry provides the corresponding binding site in PDB format, additional data

about the matching binding site, and individual 3D query matches of that binding

site. Chemical structures, structural parts like functional groups and intermolecular

interactions that were directly matched by the 3D query are called relevant in the

JSON fields.
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Table B.30: JSON definition of 3D visualization data of search results

field

type

description

"pocketMetals"

(String)

NGL selection
string for select-
ing all metal ions
in the binding

site

"pocketRefLig"

(String)

NGL selection
string for select-
ing all ligands in

the binding site

"pocketMolecules"

(String)

NGL selection
string for se-
lecting all small
molecules that
are not ligands
or water in the

binding site

"pocketResidues"

(String)

NGL selection
string for select-
ing all residues in

the binding site

"pocket Waters"

(String)

NGL selection
string for se-
lecting all water
molecules in the

binding site

"pdbfile"

(String)

PDB file content
of binding site

"relevantMetals"

(String)

NGL selection
string for all rel-
evant metal ions
in the resulting

pocket
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"relevantResidues" (String) NGL selection
string for all rel-
evant residues in

the binding site

"relevant Waters" (String) NGL selection
string for all
relevant water
molecules in the

binding site

"relevantRefLigAtoms" (Array) JSON array with
serial identifiers
of relevant atoms
of the reference

ligands

"relevantMol Atoms" (Array) JSON array with
serial identifiers

of relevant atoms
of all other small

molecules

"numberOfPocketInteractions" (Number) total number of
intermolecular
interactions the

binding site

"numberOfRelevantPocketInteractions" (Number) number of rele-
vant intermolec-

ular interactions

the binding site
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"pocketInteractions" (Array) JSON array with
all intermolecu-
lar interactions
of the binding
site. Each JSON
object stores
the intermolec-
ular interaction
type, endpoint
coordinates, and
the interacting
molecule and

atom types

"pocketRelevantInteractions” (Array) JSON array with
relevant inter-
molecular inter-
actions of the
binding site.
Each JSON ob-
ject stores the
intermolecular in-
teraction type,
endpoint co-
ordinates, and
the interacting
molecule and

atom types

"transformationDataMatrix4D" (Array) JSON array with
3D points of a
transformation
matrix for the
superimposition
of the resulting

binding sites onto

the 3D query
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"transformedFirstPointsOfPointPairsList" (Array) JSON array with
3D coordinates of
matching chem-
ical features like
atoms that are
transformed onto
the respective

3D query points
(start points)

"transformedSecondPointsOfPointPairsList" | (Array) JSON array with
3D coordinates of
matching chem-
ical features like
atoms that are
transformed onto
the respective

3D query points
(endpoints)

B.5.6.2 Query Template Data

{
"USmiles": {
"4SP_C_1298": "S(=0) (=0) (N)clccc(Nc2nc (0CC3CCCCC3) c4N=CNc4n2)ccl"
1,
"emptyPockets": {
"Empty_Pocket_1": {...},

}’

"pockets": {
"4SP_C_1298": {
llgridll . nn s
llpocket" : nn s

"number0fPdbTemplatePocketInteractions": 26,
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"pdbTemplateAromaticRingCenters": [ ...],
"pdbTemplatePocketInteractions": [...],
"pocketDescriptor": {

"Acceptors": "17",

"Depth": "16.74",

"Dogsite Simple Score": "0.43",

"Donors": "13",
"Hydrophobicity": "0.63",
"Metal": "0",
"Protein Heavy Atoms": "195",
"Surface": "927.71",
"Surface-Volume-Ratio": "1.15",
"Volume": "806.40"

+,

"secStruc": {...},

"surfaceAtoms": [

1,
]
}
},
"surface": {
"{": 28.35,
}
Table B.31: JSON definition of query template data
field type description
"USmiles" (Object) ligand names as JSON fields

mapped to corresponding
unique SMILES
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"surface" (Object) PDB serial atom identifiers
of the atoms of all binding
sites as JSON fields mapped

to the corresponding solvent

exposure values in A3

Ligand-bound and ligand-unbound binding sites:
Given as JSON objects of two JSON objects with the JSON fields "emptyPockets" and

"pockets" respectively, each JSON object maps a binding site name to binding site data.

Table B.32: JSON definition of binding site data

field type description

"grid" (String) 3D visualizable
surface grid of

the binding site
in PDB format

"pocket" (String) 3D visualizable
binding site in
PDB format

"numberOfPdbTemplatePocketInteractions" | (Number) total number of
intermolecular

interactions of

the binding site
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"pdbTemplateAromaticRingCenters"

(Array)

JSON array of
JSON objects
that stores data
about all aro-
matic ring cen-
ters of the bind-
ing site. Each
JSON object con-
tains an iden-
tifier, molecule
type, and the co-
ordinates of the
ring center and
ring normal end-

points

"pdbTemplatePocketInteractions"

(Array)

JSON array of
JSON objects
that stores data
about all inter-
molecular inter-
actions of the
binding site.
Each JSON ob-
ject contains
the intermolec-
ular interaction
type, endpoint
coordinates, and
the interacting
molecule and

atom types
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"secStruc" (Object) maps PDB se-
quence numbers
of terminal and
central residues
of a-helices and
[-sheet strands
included in the
binding site to
JSON objects
that define the
corresponding
secondary struc-
ture point (C-a
atoms). Each
JSON object
stores the atom
coordinates, the
endpoint coor-
dinates of the
secondary struc-
ture element’s di-
rections, residue
type, secondary
structure point
type, and the
PDB serial atom

identifier

"pocketDescriptor" (Object) JSON object
with fields rep-
resenting binding
site properties
mapped to cor-

responding prop-

erty values
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"surfaceAtoms" (Array) JSON array
with PDB serial
identifiers of all

solvent-exposed

atoms

B.5.7 Technical Implementation

This subsection summarizes details on the implementation of the tool GeoMine, includ-

ing:

e the C+-+ programming language for the tool’s implementation

e the Qt framework, which provides numerous C+-+ classes that facilitate the im-

plementation of GeoMine [118|

e the in-house cheminformatics library NAOMI, which provides comprehensive func-
tionalities to work with structural PDB file data and database APIs [119]

e the tool PELIKAN as code and feature basis of GeoMine [79]

e the Proteins Plus web server for representing the graphical user interface and han-
dling GeoMine’s functionality [36, D6, D7|

e the tool Protoss to set protonation states [33]

e the tool DoGSite3 to predict ligand-bound and unbound binding sites and collect
additional corresponding data like depth and volume [32]

e PostgreSQL database to store the searchable data [120]
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Abstract

In this article, we present PoseEdit, a new, interactive frontend of the popular pose visualization tool PoseView. PoseEdit
automatically produces high-quality 2D diagrams of intermolecular interactions in 3D binding sites calculated from ligands
in complex with protein, DNA, and RNA. The PoseView diagrams have been improved in several aspects, most notably in
their interactivity. Thanks to the easy-to-use 2D editor of PoseEdit, the diagrams are extensively editable and extendible by
the user, can be merged with other diagrams, and even be created from scratch. A large variety of graphical objects in the
diagram can be moved, rotated, selected and highlighted, mirrored, removed, or even newly added. Furthermore, PoseEdit
enables a synchronized 2D-3D view of macromolecule-ligand complexes simplifying the analysis of structural features and
interactions. The representation of individual diagram objects regarding their visualized chemical properties, like stereo-
chemistry, and general graphical styles, like the color of interactions, can additionally be edited. The primary objective of
PoseEdit is to support scientists with an enhanced way to communicate ligand binding mode information through graphical
2D representations optimized with the scientist’s input in accordance with objective criteria and individual needs. PoseEdit
is freely available on the ProteinsPlus web server (https://proteins.plus).

Keywords Protein-ligand complexes - Molecular interactions - Mutable molecule visualization - 2D structure diagrams -
Pose diagrams - PoseView - Protein Data Bank

Abbreviations Introduction

IUPAC Union of Pure and Applied Chemistry

JSON JavaScript Object Notation In the broad field of life sciences, the analysis of ligand inter-
TXT Text Document actions in biomacromolecular binding sites is crucial. For
PDB Protein Data Bank instance, medicinal chemists are required to visually inves-

REST API Representational State Transfer Application
Programming Interface

SMILES Simplified Molecular Input Line Entry
System

SVG Scalable Vector Graphics

3D Three-dimensional

2D Two-dimensional

< Matthias Rarey
matthias.rarey @uni-hamburg.de

Universitdt Hamburg, ZBH—Center for Bioinformatics,
20146 Hamburg, Germany

Present Address: Capgemini, 10785 Berlin, Germany

tigate the activity of their candidate compounds obtained by
molecular docking or virtual screening during a drug design
endeavor. Also, they might want to concisely present the
activity of their final compounds to others in reports, pres-
entations, or scientific publications. The use of graphical
representations is a common medium for communicating
such information to scientists. Despite the lack of geometri-
cal details, two-dimensional (2D) depictions of macromol-
ecule-ligand complexes and the corresponding interactions
are widely used in scientific research and commonly prefer-
ably chosen over three-dimensional (3D) counterparts. The
exploration of a binding site via a 3D viewer is usually more
time-consuming, and the proper usage requires some prac-
tice. Furthermore, the amount of buried visual information
in a 2D screenshot could prevent a concise overall picture
of how and with what a ligand interacts. The dimensional
simplification of a binding site towards a planar arrangement
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of its constituents limits the content of spatial information.
Still, it brings the interactions of the ligand and the interac-
tion partners into the scientist’s focus. This type of visu-
alization renders these critical aspects clearly visible and
facilitates an instant overview that is not feasible in any 3D
presentation.

To the best of our knowledge, there are only a few pub-
lished and freely accessible tools that automatically gener-
ate 2D diagrams of ligand interactions from 3D input struc-
tures: LigPlot+[1, 2], LeView [3], and PoseView [4-6].
Furthermore, some commercial modeling and screening
software packages like MOE [7] and the Python library Pro-
LIF [8] contain related functionalities. All mentioned tools
are desktop applications except PoseView, which is acces-
sible via a web server in addition. It should also be noted
that these tools are aged, given that they were released more
than ten years ago. The low number, limited accessibility,
and high age of the existing 2D ligand interaction visualizer
indicate a potential for further development. Considering
the high and continuously growing number of citations of
MOE, LigPlot+, and PoseView in particular, it is evident
that there is a high demand for these tools and, therefore,
also a potential interest in further tool development. In our
opinion, especially the tool’s user interfaces would benefit
from some improvements regarding design and functionality
to better support key scientific tasks.

Various issues may become apparent while examining 2D
macromolecule-ligand interaction diagrams, such as:

¢ Intersecting lines representing interactions

e Overlapping graphical objects like structural objects

e Interaction lines crossing other graphical objects like a
text label

e Crowded diagrams due to numerous graphical objects
located too close to each other

e Missing or unnecessary chemical information, such as
an interaction with a specific residue or the protonation
state of an atom

e Unattractive graphical styles in the diagram, like low aes-
thetic quality of the structural drawings, the font type of
atom labels, etc.

Due to such deficiencies that might be objective, like in
the case of graphical collisions, or more of subjective nature
regarding, for instance, the chemical information content,
the ligand’s layout, the overall arrangement of residues or
graphical styles, a ligand binding mode may not be satisfac-
torily represented for users. Therefore, they might consider
a diagram inadequate for investigating or presenting the
ligand’s interactions.

The diagrams produced by the above-mentioned tools
vary significantly regarding the chemical information
content, graphical styles, and occurrence of objective

@ Springer

aesthetic deficiencies. Figure 1 shows the diagrams of
LeView, LigPlot+, PoseView, and MOE of the inhibitor
4-[[6-(cyclohexylmethoxy)-7H-purin-2-yl]Jamino]benze-
nesulfonamide in complex with a cyclin-dependent kinase
(PDB code: 1H1S) [9] and Table 1 illustrates the diagrams
generated by these tools in comparison.

Based on the differences of the diagrams, users can
address the previously described issues to a limited extent
by choosing the most suitable tool. Some examples are given
in the following.

Users who want to display a ligand binding mode with
a high level of chemical detail may consider PoseView or
LigPlot + as an appropriate choice. Using PoseView, char-
acteristics of the ligand binding mode, such as the interact-
ing atoms, can be easily identified due to the drawing of
structures in atomic detail. Moreover, structures are speci-
fied with further details like explicit polar hydrogen atoms
and charge symbols. Only residues involved in hydrophobic
contacts are represented by text labels that annotate splines
placed around the ligand. Like PoseView, LigPlot + also
draws complete structures except hydrophobically interact-
ing residues in atomic detail but without showing further
details like charges or polar hydrogen atoms. Residues with
hydrophobic contacts to the ligand are drawn as labeled arcs
with spikes extending in the ligand’s direction.

If users are more interested in an overall picture of the
binding site or in a collision-free layout, MOE and LeView
should be used. MOE and LeView reduce the level of detail
by showing only the ligand in atomic detail and interacting
structures as circles or text labels. This approach reduces
collisions and consequently permits the visualization of not
only the ligand’s interaction partners but also surrounding
non-interacting structures. In MOE, all non-interacting resi-
dues, cofactors, and solvent molecules within a 4.5 A cut-off
radius of the ligand atoms are shown. In LeView, users can
adjust the cut-off distance to include non-interacting residues
and water molecules.

PoseView might be a convenient choice if the aesthetic
quality of the chemical drawings is important to users. It is
the only tool that strictly adheres to the Union of Pure and
Applied Chemistry (IUPAC) [10] guidelines, which define
a style of the depiction of chemical structures applied by the
vast majority of scientists. The other tools tend to deviate
from IUPAC ideals, resulting in issues like inconsistent bond
lengths and angle sizes, or they draw structures as circles or
text labels.

Users who want to visualize a wide variety of interaction
types of a ligand binding mode may consider PoseView and
MOE as the best options. Both tools include hydrophobic
contacts, hydrogen bonds, pi-pi interactions, cation-pi inter-
actions with protein and nucleic acid residues, and inter-
actions with metals. LigPlot + considers fewer interaction
types, including hydrophobic contacts and hydrogen bonds
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Fig. 1 Diagrams of differ-

ent tools of the inhibitor
4-[[6-(cyclohexylmethoxy)-
7H-purin-2-yl]Jamino]benzene-
sulfonamide in complex with a
cyclin-dependent kinase (PDB
code: 1HI1S). a LeView. b Lig-
Plot+. ¢ PoseView. d MOE
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to protein and nucleic acid residues and metal interactions.
LeView depicts hydrogen bonds only. In addition to direct
hydrogen bonds, MOE, LigPlot +, and LeView can also dis-
play hydrogen bonds to residues that are mediated by water.

Despite the wide range of options offered by these tools,
users may fail to find a viable workaround to the various
issues previously described or be forced to an unsatisfac-
tory compromise. For instance, users might want to reduce
collision in a highly complex diagram by choosing MOE.
Still, they want to keep certain favored aspects of other tools
like the ITUPAC-based depiction style of PoseView. In both
cases, the users are forced to accept the diagram’s graphical
styles, chemical information content, and objective aesthetic
deficiencies.
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The manual modification of a diagram after its generation
is an approach that could help users to satisfy objective aes-
thetic requirements and subjective preferences about what is
displayed and how. For example, the appropriate rearrange-
ments of the diagram content could resolve intersections,
overlaps, and overcrowded scenes. While the diagrams of
PoseView are static, this approach is feasible to a varying
extent in LeView, LigPlot+, and MOE, which provide inter-
active diagrams through a 2D editor interface. Table 2 pre-
sents a comparison across the editing features offered by
these three tools.

With the intent to create the most user-friendly and
useful frontend possible for the manual post-processing
of 2D ligand interaction diagrams, we compiled a list of
features that specifically address the issues mentioned
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Table 1 Comparison of the

, . PoseView LeView LigPlot+ MOE
diagrams created by LeView,
LigPlot+, PoseView, and MOE Ligand representation - Skeletal - Skeletal - Skeletal - Skeletal
Interaction partner representation - Skeletal - Circle - Skeletal - Circle
Multiple ligands - - + -
IUPAC + - - -
Hydrogen bonds + +(H,0-mediated) + (H,O-mediated) + (H,0O-mediated)
Hydrophobic contacts + Near residues + Near residues
pi—pi + - - +
Cation-pi + - - +
pi-H - - - +
Ionic - - - +
Metal + - - +
Covalent bonds - - + +
Charges + - - +
Explicit hydrogens + - - +
Bond order assignment Automated CIF-based CIF-based Automated

Table 2 Comparison of the 2D editor interfaces of PoseView, LeView, LigPlot+, and MOE

PoseView LeView LigPlot+ MOE
Diagram modification features
Graphical styles (sizes, colors, etc.) — + + +
Interactive object types - — Structures — Structures — None
— Atoms
— Text labels
Object translation - + + _
Object rotation - - + _
Object removal - + - _
Mirror structure at bond - — + —
Merge multiple diagrams - - + _
Usability features
Editing history - - + (undo of the last ten -
structural movements)
Diagram export PDF, PNG, SVG PNG, JPG, GIF, PDF,  PS, DRW PNG, JPG, EPS, PS,
SVG, EPS, TXT BMP, TIF, EMF +,
SVG

Diagram import - - DRW -

3D visualization - - + +
Interactions list - + + +
Diagram legend — - + +
Diagram rotation - + (45° intervals) - +
Diagram translation - - + —
Zoom in/out of diagram - - + —
Diagram reset - + - +
Diagram recentering - - + -

above, as well as the respective limitations of the existing = PoseView diagrams and consequently modified those in
tools. Based on that list, we extended PoseView, result-  this regard. In the following, we will primarily focus on
ing in a new graphical frontend PoseEdit, which we pre-  the newly built 2D editor of PoseEdit and its features. We
sent in this paper. In addition, we also aimed to address  will then showcase the usage of the 2D editor and discuss
some graphical and informational shortcomings in the

@ Springer



Journal of Computer-Aided Molecular Design (2023) 37:491-503

495

the benefits of its features for improving interactive 2D
ligand interaction diagrams from a user’s perspective.

Methods
Features

The PoseView diagrams have been enhanced regarding
graphical style and chemical information content, but
most importantly, their interactivity. The key features of
PoseEdit and its improvements over PoseView and the
other tools are summarized in the following and include:

e A maximized accessibility through its implementation
as a web application, which is freely accessible as part
of the ProteinsPlus [11-13] web server’s tool collection
(https://proteins.plus)

e Interactive diagrams presented through a 2D editor with
an intuitive interface design

e A large variety of interactive objects in the diagram,
including all structures (the ligand, metal ions, protein
and nucleic acid residues) and their atoms and bonds,
hydrophobic contact splines and their spline control
points, interactions, and text labels

e Extensive manual modification options through the trans-
lation, rotation, highlighting, hiding, mirroring, adding,
removing, and editing of visualized chemical properties
and graphical styles of interactive diagram objects

e The merging of multiple diagrams

e The export of the diagram and its legend in Scalable Vec-
tor Graphics (SVG) format

e Additional 2D editor features for a user-friendly overall
diagram editing experience, such as the zooming, transla-
tion, rotation, and recentering of the diagram, the reset of
the diagram to its initial unmodified state, the selection
of multiple interactive diagram objects for editing them
as a group, an editing history enabling undo/redo of all
user changes and the export of diagrams in the JavaScript

d

Fig. 2 Input area of the landing page of the ProteinsPlus web server.
a Text field for the specification of an input structure via a Protein
Data Bank identifier or UniProt accession number for the AlphaFold

@® Upload Ligand ~ (SDF format): I Browse...

Object Notation (JSON) format that can be reimported
for sharing and further editing

e An improved comprehension and exploration of the
ligand binding mode through several interactive info
sections of the editor and a simultaneously and syner-
gistically inspectable 3D representation, which is syn-
chronized with the 2D ligand interaction diagram

e An exportable JSON and Text Document (TXT) file that
can be parsed for obtaining corresponding textual infor-
mation

e An increased aesthetic quality of the PoseView diagram
due to graphical style choices such as the depiction of
bonds by using a color gradient, a minimal atom radius,
within which bonds and interactions are not allowed to
extend such that collisions are reduced, the drawing of
interactions by colored lines with dashes of equal length
and the visualization of amino acid side chains up to the
Ca atom

e A more detailed description of the ligand binding mode
by the depiction of covalent bonds of the ligand to resi-
dues and a new reparametrized interaction model based
on the tools GeoMine [14-16] and Protoss [17, 18]
that also annotates ionic interactions with residues and
assigns pi-pi and cation-pi interactions to single aromatic
rings rather than to entire aromatic ring systems

ProteinsPlus user interface and PoseEdit integration

The input for PoseEdit is provided on the ProteinsPlus
landing page (Fig. 2) through the specification of a Protein
Data Bank (PDB) [19] identifier, UniProt accession num-
ber for accessing a structure in the AlphaFold [20] database
(Fig. 2a), or by the upload of a structure file in the PDB
format (Fig. 2b). Additionally, users can upload ligands in
the Structural Data File (SDF) format that are docked into a
binding site of the input structure (Fig. 2¢). If the users do
not have a structure of interest yet, they can obtain a list of
potential input candidates by querying the PDB or Alpha-
Fold databases with keywords via the linked keyword search

PDB-Code (PDB Database) or UniProt accession number (AlphaFold Database) or search term:

@® Upload Protein (PDB format): [Browse“. ‘ b No file selected.

No file selected.

d Advanced search m

database. b Upload button for the upload of a structure file in PDB
format. ¢ Upload button for additional ligands in SDF format. d Link
to the keyword search functionality

e
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functionality (Fig. 2d). As an alternative to the Proteins-
Plus web site, PoseEdit can also be used in a more direct
and automated way via the Representational State Transfer
Application Programming Interface (REST API) of Protein-
sPlus, whose usage documentation can be found on the web
page.

After ProteinPlus has preprocessed the input, users are
forwarded to the main page (Fig. 3), which is divided into
three primary sections: the 3D visualization section (Fig. 3a)
on the left shows the input structure in a 3D viewer, which
can be set up via a control panel below (Fig. 3b). The users
can switch between two scrollable lists in the central sec-
tion (Fig. 3c). The names, Simplified Molecular Input Line
Entry System (SMILES) strings, and 2D diagrams of all
ions and small molecules of the input structure such as sol-
vent molecules, cofactors, and inhibitors are included in the
Ligand list. The Pocket list contains empty and ligand-bound
binding sites that are calculated on-the-fly from the input
structure [21] and which can be separately visualized in the
3D viewer, along with further highlighted details such as the
intermolecular interactions. In the tools section (Fig. 3d) on
the right, users can select PoseEdit from the tool list, specify
an input ligand from the Ligand list and start the diagram

o
Lad Universitit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

@ ProteinsPlus - Structure-Based Modeling Support Server

Ligands
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calculation. After the calculation is finished, the 2D editor
of PoseEdit with the 2D ligand interaction diagram appears
in the tools section. Furthermore, a link for the later retrieval
of the calculated and unmodified diagram is provided.

The PoseEdit editor

The 2D editor of PoseEdit (Fig. 4) provides a top panel
that consists of an info section with two toolbars below.
The info section on the top (Fig. 4a) lists the names of all
structures of the diagram. The two toolbars below contain
buttons labeled with text and icons that indicate their func-
tions. Users can select a diagram editing mode in the tool-
bar at the top (Fig. 4b). All modes are described in Table 3.
A mode is activated by clicking its corresponding button,
whose color then turns blue. Modes with an inverted trian-
gle icon next to the text label of the corresponding button
require further specification by the users for activation.
When users click on such a mode button, a drop-down list
appears allowing users to choose a mode-specific option.
For example, users can define whether the Move mode
affects single atoms, bonds, rings, or the complete struc-
ture. The activated mode can be applied by performing the

ZBH - Center for Bioinformatics

e Notification +

lhls ~ =

Pockets Protoss Hydrogen prediction
DoGiteScorer Binding site detection
DoGite3 Binding site detection
PoseView 2D interaction diagrams

PoseEdit Interactive 2D ligand interaction diagrams BETA

hH ding to the IUPAC
cation-pi interactions, pi-stackings, onic interactions, and metal
d as colored dashed lines. Hydrophobic contacts are visual lized by labeled green splines,

d by GeoMine.

nucleic acids
The binding sites and the interactions occurring

JChem 4(3),106578. 001

SIENA Structure ensemble assembly

HyPPI Protein—protein interactions classification

EDIA Structural quality elucidation

METALizer Metal complex geometry prediction

ActivityFinder Protein-ligand affinity data (ChEMBL link) Alpha-Version
LifeSoaks Calculating bottleneck radii for crystal solvent channels BETA
WarPP Water molecules placement procedure

StructureProfiler Protein-ligand complex profiling

create pocket &

GeoMine Textual, numerical, and chemical 3D searching in the PDB
JAMDA Protein-ligand docking BETA

MicroMiner Structural Mutation Search & Analysis BETA

Fig.3 Main page of the ProteinsPlus web server. a 3D viewer show-
ing a 3D binding site of the inhibitor 4-[[6-(cyclohexylmethoxy)-
7H-purin-2-yl]Jamino]benzenesulfonamide in complex with a cyclin-
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dependent kinase (PDB code: 1H1S). b 3D viewer control panel. ¢
Togglable lists with ligands and on-the-fly calculated binding sites of
the input structure. d list of tools, e.g., PoseEdit
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Fig.4 2D editor of PoseEdit showing a diagram of the inhibitor
4-[[6-(cyclohexylmethoxy)-7H-purin-2-yl]amino]benzenesulfona-
mide with the internal ProteinsPlus ID 4SP_A_1298 interacting via
hydrogen bonds and hydrophobic contacts with a cyclin-dependent
kinase (PDB code: 1H1S). a Info section that contains the names of
all structures in the diagram. b Buttons for the activation of a diagram
editing mode. ¢ Buttons for the handling of diagram files and addi-
tional editor controls. d Drawing area displaying the 2D ligand inter-
action diagram. e Info section that shows information about atoms,
bonds, and structures hovered over with the mouse pointer in the dia-
gram or 3D viewer. f Legend that illustrates the supported interaction
types. g Restart button

required left mouse click and click-and-drag operations in
the drawing area. The second toolbar (Fig. 4c) below con-
tains buttons for downloading and uploading a diagram in
different file formats and buttons that execute actions that
directly modify the drawing area, such as the reset of the
diagram to its initial unmodified state. Below the top panel
is the drawing area (Fig. 4d) that shows the calculated 2D
ligand interaction diagram and two additional info sec-
tions. The first one (Fig. 4e) displays information about
atoms, bonds, and structures that are hovered over with
the mouse pointer in the diagram or the 3D viewer. The
second section (Fig. 4f) contains a legend that illustrates
the supported intermolecular interaction types and their
corresponding colors. A new PoseEdit calculation can be
performed with different ligands from the Ligand list by
clicking the restart button below (Fig. 4g). By moving the
mouse pointer over any control element of the 2D editor,
such as the button of a diagram editing mode, a tooltip
with corresponding usage information appears.

Technical implementation details

The frontend was developed with HTML, Vanilla JavaS-
cript, and the Bootstrap 3 library (https://getbootstrap.
com). The 2D diagrams are implemented by Scalable Vec-
tor Graphics. SVGs are created and rendered interactive by
the InteractionDrawer JavaScript library, which is based on
D3.js (https://d3js.org). The InteractionDrawer library was
newly developed for that purpose, and its code is available
on GitHub (https://github.com/rareylab/InteractionDrawer).
The SMILES parsing, required for adding new structures
specified by SMILES, is achieved by integrating the Smiles-
Drawer [22] JavaScript library. The 3D viewer is imple-
mented with the NGL library [23, 24]. The Ruby on Rails
framework (https://rubyonrails.org) was used to develop the
backend of the webserver.

Application

Our showcase of PoseEdit’s features is based on the
structure of a lysine-specific histone demethylase 1A
(LSD1, PDB code: 5SLGT) in complex with the inhibitor
4-methyl-N-[2-[[4-(1-methylpiperidin-4-yl)oxyphenoxy]
methyl]phenyl]thieno[3,2-b]pyrrole-5-carboxamide (Pro-
teinsPlus identifier: 6W3_A_902) and an flavin adenine
dinucleotide (FAD) cofactor (ProteinsPlus identifier:
FAD_A_901) in the same binding site [25]. First, we will
demonstrate how users can verify the chemical information
content of a diagram. Next, we will show how users can opti-
mize a diagram according to objective layout quality issues.
Last, we will exemplify how users can further customize
a diagram by editing its chemical information content and
graphical restyling.

Verification of the chemical information content

The affinity of a ligand does not depend on user’s taste. What
may depend on user’s taste is the degree of focus to put on
the various interactions contributing to ligand affinity. Inter-
action models are based on different studies and apply vari-
ous different criteria to decide on the presence or absence of
an interaction. The choice of the supported interaction types,
their geometric parametrization, and the structure types as
interaction partners may not always match the user’s expec-
tations. Depending on the individual thresholds, experienced
users might come to different assessments on the presence
of specific interactions. Therefore, they might be skeptical
that the automatically generated diagram accurately rep-
resents the chemical information they would have picked
themself, or they might already be aware of discrepancies.
This section will show how to explore the inhibitor’s envi-
ronment beyond the pre-calculated diagram, providing the
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Table 3 Description of PoseEdit’s diagram editing modes

mode

options

function

Move

Rotation

Select

Mirror

Add

Remove

Edit

Structure freedom level

Click
Lasso
Rectangle

Bond
Line

Annotation

Atom with covalent bond Atom—
atom interaction Cation-pi
interaction

Pi—pi interaction

Explicit H with covalent bond

Hydrophobic contact

Structure

Structure freedom level

Annotation

Move the scene, a structure, structure circle, hydrophobic contact spline and its control points,
or annotation. When a structure or structure circle is moved, all linked hydrophobic contact
splines and annotations are also moved. When Structure freedom level is set to Atoms and
bonds or Rings, the mode affects not the complete structure but its atoms and bonds or rings,
respectively

Rotate the scene, a structure, structure circle, or hydrophobic contact spline around their mid-
points. When a structure or structure circle is rotated, all linked hydrophobic contact splines
and annotations are also rotated

Select objects in the drawing area by mouse click or with a rectangular or lasso selection tool.
Deselect an object by clicking on it again and deselect everything by clicking in the blank of
the drawing area. Selected objects are highlighted, which is synchronized with the 3D viewer
and visible in the downloadable SVG. Selected atoms, bonds, structures, and structure circles
can be moved, rotated, and removed together

Mirror a structure at a bond or a structure or hydrophobic contact spline at a user-defined line
that goes through its midpoint. When a structure is mirrored, all linked hydrophobic contact
splines and annotations are also mirrored

Specify an object type and add a new object of this type to the diagram. For an atom, annotation,
or structure, several properties can be specified via a form

Remove a structure, structure circle, hydrophobic contact spline or its control points, annota-
tion, or interaction. When a structure or structure circle is removed, all linked interactions,
hydrophobic contact splines, and annotations are also removed. When Structure freedom level
is set to Atoms and bonds or Rings, the mode affects not the complete structure but its atoms
and bonds or rings, respectively

Specify an object type and edit the properties of a diagram object of this type via a form

Atom
Bond
Structure

users with ideas to modify its chemical information con-
tent with PoseEdit. Figure 5 shows the PoseEdit diagram of
the inhibitor 6W3_A_902 in complex with its target auto-
matically generated by PoseView. The exported diagram in
JSON format is available in the Supplementary Information
(Online Resource 1).

Users can load and inspect the pose with the ligand-asso-
ciated 3D binding site from the central Pocket list (Proteins-
Plus pocket identifier: FAD_A_901_6W3_A_902) in the 3D
viewer. The PoseEdit diagram of the inhibitor is an excerpt
from this 3D binding site. While the diagram displays ligand
interactions with protein and nucleic acid residues and
metals, the 3D binding site also shows all non-interacting
structural elements and additional interaction partners that
are not included in a PoseEdit diagram by default, such as
water molecules. Therefore, the 3D binding site is a suitable
starting point for verifying the chemical information content
of the diagram resulting in ideas of how to extend it. The
2D-3D synchronization feature supports the user’s explo-
ration of the ligand binding mode in both visualizations.

@ Springer

Structural diagram objects in the 2D editor that are selected
via the Select mode and consequently highlighted in dark
green are automatically focused and highlighted in the 3D
viewer as well. In addition, when users place the mouse
pointer over any unselected or selected structural diagram
object in the 2D editor or 3D viewer, it is highlighted with
a light green color in both depictions. A Select mode option
dictates how and what is selected. Users can select multiple
atoms, bonds of structures, and structure circles via a rectan-
gular and lasso selection tool with the Rectangle and Lasso
option. With the Click option, users can pick single atoms,
bonds, structure circles, as well as text labels.

Users can, for instance, select the atoms and bonds of all
structures and the three text labels of the hydrophobic resi-
dues His564A, Phe538A, and Ala539A to highlight the cor-
responding structures in the 3D viewer. This feature enables
an easier comprehension of already covered aspects of the
3D binding site and potential additional chemical informa-
tion to be included. Interesting chemical information in the
3D binding site that is not depicted in the PoseEdit diagram
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Phe538A
Ala539A

Trp695A

Val333A

Fig.5 PoseEdit diagram of lysine-specific histone demethylase 1A
in complex with an inhibitor 4-methyl-N-[2-[[4-(1-methylpiperidin-
4-yl)oxyphenoxy]methyl]phenyl]thieno[3,2-b]pyrrole-5-carboxamide
(PDB code: SLGT; ProteinsPlus identifier: 6W3_A_902). The follow-
ing ligand interactions are depicted in the diagram: an ionic interac-
tion with residue Asp555A, a pi—pi interaction with residue Trp695A,
hydrophobic contacts with residues His564A, Phe538A, Ala539A,
and Val333A

is, for instance, the ligand FAD_A_901, the FAD cofactor.
This cofactor interacts not only with the protein binding
site via ionic interactions and hydrogen bonds but also with
the inhibitor via pi-stacking interactions. Interactions with
cofactors other than metal like FAD are not included in a
PoseEdit diagram by default but might be relevant. The fol-
lowing section will provide more insights into the ligand
binding mode of the cofactor by inspecting its PoseEdit
diagram.

Fixing of objective aesthetic deficiencies
Concerning the occurrence of overlaps and intersections of

graphical objects, especially those diagrams that condense a
large amount of chemical information closely arranged in 3D

space may need to be manually revised. A highly complex
interaction pattern makes it algorithmically more challeng-
ing to depict a diagram in 2D, which may result in a lower
layout quality. The diagram of the FAD cofactor mentioned
previously is an example of such an objectively suboptimal
layout caused, for example, by the adjacent and non-planar
diphosphate group undergoing numerous hydrogen bond and
ionic interactions. Such functional groups often contribute to
crowded diagrams. Figure 6 shows the cofactor’s unmodified
PoseEdit diagram. Figure 7 shows the diagram after manual
optimization of the layout. The corresponding JSON files
can be accessed in the Supplementary Information (Online
Resource 2 and 3). A screen recording video that illustrates
the following textually described diagram optimization pro-
cedure is given in Online Resource 4.

As the necessary modifications for optimizing a diagram
may not be immediately visible, users might have to experi-
ment with the editor’s functionality. The editor’s history,
which is accessible via the Undo and Redo buttons enables,
for instance, a trial-and-error approach. In addition, the pos-
sibility of hiding structures in the diagram via the editor’s
top structure list helps to focus on a specific aesthetic issue
and, consequently, quickly find ways to solve it.

The first aesthetic problem to fix is the curved ligand
structure. This representation could be more appealing. In
addition, the bent ligand structure surrounds and squashes
the residues Glu308A, Val811A, and Ser289A such that
the two hydrogen bonds of Glu308A cross the structure of
Ser289A. The ligand structure can be elongated with the
Mirror mode and the Bond option. By left-clicking on a
bond, users can cycle through all possible mirroring posi-
tions until the most appropriate one is found. In this case, the
Mirror mode is applied once on both phosphate anhydride
bonds. Thereby, the diphosphate group is unchanged, and
the non-bridging oxygen atoms that interact with Arg316A
are still on the same side of the ligand, which prevents the
crossing of Arg316A intersections with the ligand struc-
ture. Using the Rotation mode, the ligand is then rotated
counterclockwise into a horizontal position. Subsequently,
intersection- and overlap-free positions can now be found
for all residues except Arg316A with the Move mode and
Rotation mode. A structure’s mirroring, rotation, or move-
ment also affects all associated interactions, hydrophobic
contact splines, and text labels, simplifying such structural
modifications. Further layout optimization can be achieved
by reorienting the hydrogen atoms of the ligand towards
the acceptor oxygen atoms of Glu308A by mirroring their
bonds with the Mirror mode and by repositioning overlap-
ping text labels of the hydrophobic contacts with the Move
mode, which also creates more space for a better placement
of Arg316A and Glu308A.

Next, we address the issue that the ligand’s diphos-
phate group engages in several intersecting hydrophilic
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Fig. 6 PoseEdit diagram Arg316A

of lysine-specific histone
demethylase 1A in complex
with a cofactor (PDB code:
S5LGT; ProteinsPlus identifier:
FAD_A_901) with a suboptimal
layout

Leu625A

Trp756A
Ala309A
Val811A
Glu308A
(0]
\ R
R
Val590A
0
R Nv!r’lH‘ R
Arg316A 4 N
— N\ NT==3) /
Ala309A H i “neeH H
Trp756A b \ n ’
Leu625A s A A
s ¥ W 0 iy
\\\ “" //,' 1 //
. N
o "n/ LA
/ 1.
N iy, v \ J ) ?
“Ne=Pu #
»Z \O// S o~
o \
R o) (o) P
\ / i
H H S
H™ ! ’ roy
N/ ,‘ s I 1
Val590A \ A Joa
’ 1 |
R HE A 2 '
fio 2 : M H
i ! R—nN \
ox _o" 0
Y Valg11A
R
o]
o
Ser289A
GIu308A

GIu801A

Ala331A
Tyr761A

Thr810A

E Val333A
0

NH

R R /
R
Tyr761A
Thr810A
Ala331A

Glug801A

Val333A

NH

Fig.7 PoseEdit diagram of lysine-specific histone demethylase 1A in complex with a cofactor (PDB code: SLGT; ProteinsPlus identifier:

FAD_A_901) with a layout optimized by PoseEdit
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interactions with Arg316A. No intersection-free position can
be found for that residue by rotation and translation alone.
By once mirroring the CB—CG bond of Arg316A with the
Mirror mode, Arg316A can be moved and rotated such that
its structure is not intersected anymore by the hydrogen bond
that originates from its backbone. However, that hydrogen
bond still intersects several interactions of the Arg316A side
chain, which interact with a second non-bridging oxygen
atom of the diphosphate group. Since the two non-bridging
oxygen atoms are chemically equivalent in the diagram,
users can avoid these intersections in two ways. Either users
can remove the interactions of both non-bridging oxygen
atoms with the Remove mode and add them with the Add
mode to the equivalent one, or users can flip the positions
of the two non-bridging oxygen atoms with the Move mode.
The diagram is now free of overlaps and intersections and
can be exported as a JSON file.

Customization of the diagram

This section will exemplify how to obtain a personalized
diagram in terms of information content and graphical styles
based on the diagram of the inhibitor and the optimized one
of the FAD cofactor. Figure 8 shows an example of an indi-
vidually customized diagram. The exported JSON file of
the diagram is deposited in the Supplementary Information
(Online Resource 5).

Users might, for instance, prefer a single, comprehen-
sive diagram that includes the inhibitor, the cofactor, the

R /‘\/\/\
Arg316A [

interactions between the ligands, and their interactions
with the protein binding site rather than two distinct
diagrams. The information of the two diagrams can be
combined by two approaches. The first one is to individu-
ally add the structures, interactions, hydrophobic contact
splines, and text labels displayed in one diagram to another
one with the Add mode. Structures can be specified by
SMILES strings or via a list containing a preselection of
frequently appearing binding site structures, from which
users can select, for example, the interacting residues.
Ligands like the inhibitor or FAD cofactor are not in the
list and must be added via the corresponding SMILES
strings, which can be obtained from the central Ligand
list. Subsequently, the Add mode can be used to draw all
missing interactions, hydrophobic contact splines, and text
labels. The second and more straightforward and efficient
approach is the merging of the two diagrams with the
JSON import feature of PoseEdit. Users can, for example,
export the JSON file of the diagram of the inhibitor and
import it into the optimized diagram of FAD via the button
with the JSON text label and plus sign. The imported dia-
gram is automatically placed next to the one of FAD. Mul-
tiple structures can be selected and subsequently moved
and rotated, along with all linked interactions, hydropho-
bic contact splines, and text labels using the Select mode’s
rectangle or lasso selection tool. Based on the 3D bind-
ing site information, users can select all structures of the
diagram of the inhibitor and apply the Move mode and
Rotation mode such that the two interacting aromatic ring

TS

GluB01A

Val333A
Vals 1A
R N )\/
\ R
= ‘

/
R R

Ser289A
Glu308A

z AspSSSA

Fig.8 PoseEdit diagram obtained by the merging of the two diagrams of the LSD1 inhibitors with the ProteinsPlus identifier 6W3_A_902 and

FAD and subsequential chemical editing and graphical restyling
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systems of both ligands are adjacently placed. The missing
pi-stacking interactions between the ring systems can then
be drawn with the Add mode.

Based on the merged diagram, another subjective adjust-
ment exemplified here regards the Ne nitrogen atom of the
Arg 316A side chain. This atom is involved in a hydrogen
bond as well as an ionic interaction with the same ligand
atom. Users might want to keep only the stronger intermo-
lecular force, the ionic interaction. With the Remove mode,
users can remove the nitrogen atom’s hydrogen bond and
its explicitly drawn hydrogen atom. The nitrogen atom can
then be annotated with one implicit hydrogen atom using
the Edit mode.

Since the diagram is very complex, users might consider
also reducing the diagram’s complexity to avoid overloading
the viewer with information or to focus on specific aspects
like the atomic interactions with the protein residues. In this
regard, the Edit mode can be useful, for example by chang-
ing the representation style of Trp695A, which is involved in
a pi-stacking interaction, to the Circle representation.

Finally, users can modify all graphical styles in the dia-
gram via a comprehensive configuration list to further indi-
vidualize the diagram. The list is accessible via the Opts
button and contains numerous styling options for atoms,
bonds, interactions, structures, structure circles, the editor’s
control elements and the diagram background. Users can
freely experiment with custom settings since the editor’s
editing history tracks all changes. PoseEdit also offers a list
of several preset themes. To exemplify the various styling
possibilities, the Dark theme, which might be an eye strain-
reducing alternative for some users, was used to recolor the
background and structures in the diagram. The customized
and final diagram now contains the user-desired chemical
information and graphical styles.

Conclusion

In this work, we presented PoseEdit as a comprehensively
extended and interactive version of the tool PoseView. This
new development stands out from other published tools in
several ways. User preferences and aesthetic ideals cannot
always be fully satisfied by automatically generated dia-
grams. Users working with 2D ligand interaction diagrams,
and in particular those who favor the ones calculated by
PoseView will clearly benefit from the extended opportuni-
ties of PoseEdit, avoiding typical limitations of commonly
used 2D interaction diagram generators. PoseEdit enables
users to resolve all sorts of subjective and objective deficien-
cies that would otherwise impede the intended communica-
tion of the ligand binding mode or even prevent diagram
usability. This key feature distinguishes PoseEdit from other

@ Springer

tools that provide either static diagrams or diagrams with a
much lower level of interactivity.

Furthermore, while previously existing tools are all desktop
applications that are not all freely accessible, PoseEdit can
be accessed without limitations on a web server. This makes
PoseEdit’s distinctive features usable for everyone and eve-
rywhere on various devices without any installation issues.
The interactive diagrams are embedded in a 2D editor with
an intuitive interface design making it easily accessible to all
scientists. Several additional features, like the editing history
or the diagram export/import functionality, render it a user-
friendly alternative to other tools.

‘We hope that PoseEdit will increase the usage and quality
of 2D ligand interaction diagrams by combining its algorith-
mically generated output with the valuable input of the sci-
entist on a web-based platform. While the main application
of PoseEdit is the generation of pose diagrams, the code base
can be used for other purposes. For example, we are currently
developing a two-dimensional editor for complex interaction
patterns, which should substantially simplify the use of GeoM-
ine [14, 15], our database of macromolecule-ligand complex
structures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10822-023-00522-4.
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Abstract

Summary: The searching of user-defined 3D queries in molecular interfaces is a computationally challenging prob-
lem that is not satisfactorily solved so far. Most of the few existing tools focused on that purpose are desktop based
and not openly available. Besides that, they show a lack of query versatility, search efficiency and user-friendliness.
We address this issue with GeoMine, a publicly available web application that provides textual, numerical and geo-
metrical search functionality for protein-ligand binding sites derived from structural data contained in the Protein
Data Bank (PDB). The query generation is supported by a 3D representation of a start structure that provides inter-
actively selectable elements like atoms, bonds and interactions. GeoMine gives full control over geometric variabil-
ity in the query while performing a deterministic, precise search. Reasonably selective queries are processed on the
entire set of protein-ligand complexes in the PDB within a few minutes. GeoMine offers an interactive and iterative
search process of successive result analyses and query adaptations. From the numerous potential applications, we
picked two from the field of side-effect analyze showcasing the usefulness of GeoMine.

Availability and implementation: GeoMine is part of the ProteinsPlus web application suite and freely available at

https://proteins.plus.
Contact: rarey@zbh.uni-hamburg.de

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

The understanding, manipulation and modulation of protein func-
tion require substantial structural knowledge of the protein binding
sites. One of the main sources for structural data is the Protein Data
Bank (PDB) (Berman, 2000). Despite its substantial growth, im-
provement of data quality and potential as a knowledge source,
there is only a small number of tools featuring 3D geometric search-
ing for protein-ligand interfaces based on user-defined queries
(Angles et al., 2020; Hendlich ez al., 2003; Korb et al., 2016;
Mobilio et al., 2010; Weisel et al., 2012). The first has been
Relibase which was suspended in 2018. To our knowledge, Relibase
was the only tool supporting atomic precision for both protein and
ligand parts within the query. Besides GSP4PDB, the tools are desk-
top applications and not freely available. Reasonably short runtimes
can be observed in the case of Prolix and CrossMiner due to their
use of fingerprint techniques. The query versatility of all tools is
however limited. In CrossMiner, a query consists of pharmacophore
spheres which represent predefined features. Prolix and PRDB do
not support an atom-level precision for protein parts of the query.
GSP4PDB lacks atomic query precision. In Prolix and GSP4PDB,
the user can design a query using a 2D sketcher. PRDB requires a
query in SQL format. Only CrossMiner provides the possibility to
construct queries in a 3D representation of a protein-ligand

complex. Regarding the lack of existing solutions, we developed
GeoMine, which is based on an enhanced version of PELIKAN
(Inhester et al., 2017).

GeoMine is publicly available via a web-interface and part of
the ProteinsPlus (Fihrrolfes er al., 2017; Schoning-Stierand et al.,
2020) server (https://proteins.plus). A search of geometrical, textual
and numerical queries can be easily performed on protein-ligand
interfaces derived from complexes contained in the PDB in a reason-
ably short time. In the following, we will illustrate the features of
GeoMine by different use cases. Detailed descriptions of the meth-
ods are available in the PELIKAN (Inhester et al., 2017) publication.

2 Usage and output

According to the ProteinsPlus workflow, GeoMine is started with
only a PDB structure as input. 3D query design is guided by a precal-
culated pocket with selectable features in the embedded NGL viewer
(Rose et al., 2018). The query generation process allows the user to
select amongst others atoms and aromatic ring centers or to place
such points at unoccupied positions. Point—point constraints, i.e.
interatomic distance ranges or interactions, and angle constraints
between any pair of connected point—point constraints or aromatic
ring normals allow the definition of any geometric arrangement.
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Fig 1. Query construction for the search of celecoxib (a, b) and acetazolamide (d, )
using GeoMine. (c, f) Example results from the searches of the queries defined in (b)
and (e), respectively. The structures matching the query are highlighted in the
results.

The resulting query is shown in the NGL viewer and simultaneously
in tables for further modification by a variety of geometrical con-
straints, e.g. the range of a distance, and chemical properties. Main
properties like the molecule type of an atom are automatically set
while more discriminative ones, like the functional group of a ligand
atom, can be explicitly defined by the user. Additionally, it is pos-
sible to query textual and numerical properties of the protein-ligand
complex and its components, i.e. the depth of a pocket or the EC
number. All search types can be used separately or together either
on a PDB subselection or on the complete dataset. The first 150
matches are listed in a table and can be superimposed for visual ana-
lysis onto the 3D query in the viewer. An extensive statistics report,
which allows a more sophisticated analysis of all results, as well as
the pockets of the first 150 matches can be downloaded. The com-
plete result set can be filtered continuing to search in it with the cur-
rent query as a new starting point.

3 Applications

Since GeoMine is able to find structural similarities between binding
sites of unrelated proteins, it is a valuable tool for off-target studies,
e.g. with the aim of lead optimization, drug repurposing or explain-
ing side effects. In the following, we will describe two different off-
target searches showcasing the comprehensiveness of GeoMine
results. Additional application examples are available in the
PELIKAN (Inhester et al., 2017) paper. The GeoMine database
searches are performed using up to 30 cores of a 2x Intel Xeon
Gold 6248 processor (20 cores/2.5 GHz), 200 GB of main memory
and a Dell 1.6TB NVMe HHHL AIC PM1725b solid state drive
with an xfs file system.

The identification of protein-ligand complexes with similar
interaction patterns like a given query complex can generate ideas
about potential off-target proteins. For our first example applica-
tion, we choose the COX-2 selective inhibitor celecoxib (PDB code:
3LN1;Fig. 1a). In the precalculated pocket, the unsubstituted aryl-
sulfonamide moiety of celecoxib interacts with the protein environ-
ment via 4 hydrogen bonds (Fig. 1a). A query describing partially
this interacting moiety (Fig. 1b) took 45 s and resulted in 43 matches
(see statistics report in Supplementary Material S1). A variety of dif-
ferent protein classes emerged by this search, for example carbonic
anhydrase (CA II) complexed with the inhibitor acetazolamide (PDB
code: 2H4N; Fig. 1c¢). According to studies, CA II is an off-target for
unsubstituted sulfonamides like celecoxib (Weber et al., 2004)
implicating the enzyme in celecoxib side effects. Validation results
for this query are 3LN1, 5]W1 (celecoxib cocrystallized with COX-
2) and 10QS (celecoxib cocrystallized with CA II). 10QS5 was
found removing one hydrogen bond from the query.

For the illustration of the second off-target search, we choose the
previously found CA II complexed with acetazolamide (PDB code:
2H4N; Fig. 1d). Dependent on the arrangement of available

functional groups in a protein pocket, ligands may form different
interaction patterns. To find similar geometric arrangements, we
constructed a query from the complex 2H4N with parts of the lig-
and and hypothetical alternative interactions. It includes the ligands’
thiadiazole ring center and the donor and acceptor of its acetamide
fragment (Fig. 1le). Potential interaction directions are defined by
angles. Geometrical flexibility is achieved by relatively large toler-
ance values for angles and distances. Keeping the atom elements un-
specified by describing only their interaction and molecule types
ensures chemical fuzziness. Low-quality results are prevented by a
numerical filter. The search took 52s and resulted in 57 matches
(see statistics report in Supplementary Material S2), for instance,
chitinase that binds the inhibitor theophylline (PDB code: 2UY3;
Fig. 1f). According to a study, chitinase is an off-target for acetazo-
lamide, which results as a promising lead for antifungal drug devel-
opment (Schiittelkopf et al., 2010). A validation result can be found
in PDB file 2UY4 (acetazolamide cocrystallized with chitinase).

4 Conclusions

GeoMine addresses the computational challenge of efficient geomet-
rical data mining of protein-ligand binding sites. Reasonable queries
can be answered by GeoMine within seconds up to a few minutes.
All structures that match the query are found and presented in a
comprehensive manner. The search infrastructure of GeoMine is
easy to use and publicly available as part of the ProteinsPlus web
service.

Funding

This work was supported by the German Federal Ministry of Education and
Research as part of the German Network for Bioinformatics Infrastructure —
de.NBI [0311.0172, 0311.0105].

Conflict of Interest: ProteinsPlus and in the NAOMI ChemBio Suite use some
methods that are jointly owned and/or licensed to BioSolveIT GmbH,
Germany, M.R. is a shareholder of BioSolveIT GmbH.

References

Angles,R. et al. (2020) GSP4PDB: a web tool to visualize, search and explore
protein-ligand structural patterns. BMC Bioinformatics, 21, 85.

Berman,H.M. (2000) The Protein Data Bank. Nucleic Acids Res., 28,
235-242.

Fihrrolfes,R. et al. (2017) ProteinsPlus: a web portal for structure analysis of
macromolecules. Nucleic Acids Res., 45,337-343.

Hendlich,M. et al. (2003) Relibase: design and Development of a database for
comprehensive analysis of protein-ligand interactions. J. Mol. Biol., 326,
607-620.

Inhester,T. et al. (2017) Index-based searching of interaction patterns in large
collections of protein-ligand interfaces. J. Chem. Inf. Model., 57, 148-158.
Korb,O. et al. (2016) Interactive and versatile navigation of structural data-

bases. J. Med. Chem., 59, 4257-4266.

Mobilio,D. et al. (2010) A protein relational database and protein family
knowledge bases to facilitate structure-based design analyses. Chem. Biol.
Drug Des., 76, 142-153.

Rose,A.S. et al. (2018) NGL viewer: web-based molecular graphics for large
complexes. Bioinformatics, 34, 3755-3758.

Schéning-Stierand,K. et al. (2020) ProteinsPlus: interactive analysis of pro-
tein-ligand binding interfaces. Nucleic Acids Res., 48, 48-53.

Schiittelkopf,A.W. et al. (2010) Acetazolamide-based fungal chitinase inhibi-
tors. Bioorg. Med. Chem., 18, 8334-8340.

Weber,A. et al. (2004) Unexpected nanomolar inhibition of carbonic anhy-
drase by COX-2-selective celecoxib: new pharmacological opportunities
due to related binding site recognition. . Med. Chem., 47, 550-557.

Weisel,M. et al. (2012) PROLIX: rapid mining of protein-ligand interactions
in large crystal structure databases. J. Chem. Inf. Model., 52, 1450-1461.

C7N7 12ALISAON ©7 110 182NB A 0 /7Rr 70C/+7+H/C77C/a10nIe/Sonelionnola/uiod-dnoantanene /' <diitl 1ol DADEOILMOA



Supplementary Information

GeoMine: Interactive Pattern Mining of Protein-Ligand
Interfaces in the Protein Data Bank

Supplementary material 1: First search example (query defined in 3LN1)

Occuring PDB codes:

INMQ 3KK6 3S1H 4JNK 6DM1
10IT 3LN1 3WI1F 4WEK 6DPT
1PLO 3R9D 4E47 5HNA 6HMK
2ABJ 3R9H 4F93 S5IEY 6HML
2BTS 3R90 4GCJ 5Jw1 6HMM
2H4N 3RAK 4HWO 5LHB 6HMN
2IW8 3RD9 4HWP 5VQK 609G
2UZB 3RMF 4HWR 6DLZ

2UZD 3RPY 4HWS 6DMO

Occuring Ligands:
14 occurences: Clcc(S(=0)(=0)N)cc25(=0)(=0)N[C@H](Nc2c1)[C@ @H]3[C@H]AC[C@ @H](C3)CCa
5 occurences: S(=0)(=0)(N)clece(N2N=C(C=C2c3ccc(ce3)C)C(F)(F)F)ecl

2 occurences: $(=0)(=0)(NC(=0)[C@ @H](N)[C@H](0)C)clcc(c2ce3nenc(N)c3cc2)cecl

2 occurences: Clclce2c(OC(C(=0)NNS(=0)(=0)c3c(cece3)C(F) (F)F)=C2)ccl

2 occurences: S(=0)(=0)(NC(=0)[C@ @H](N)[C@H](0)C)clcc(c2cc3c(NN=C3)cc2)cccl

2 occurences: S(=0)(=0)(NC(=0)[C@ @H](N)[C@H](0)C)clcc(c2ce3nc([nH+]c(N)c3cc2)C)eccl

2 occurences: Clelnc(N)c2c(n1)cc(c3cc(S(=0)(=0)NC(=0)[C@ @H](N)[C@H](0)C)cce3)cc2

1 occurences: S(=0)(=0)(N)c1cec(NC=25C(C(=0)c3cec(OC)ce3)=C(N2)N)ccl

1 occurences: S(=0)(=0)(N)c1c(cee(c1)C2=NNc3c2cc(OCC)c(c3)C=4C=NN(C4)C)C

1 occurences: S(=0)(=0)(NC1(CC1)C)c2cc3c(N(C(=0)N(C3=0)C)Cedcecced)cc2

1 occurences: S(=0)(=0)(N)c1cec(NC=2SC(C(=0)N)=C(N2)N)ccl

1 occurences: S(=0)(=0)(N[C@ @H](C(=O)N1CCCC1)Cc2cc(CHN)ccc2)c3ccdc(cc3)C[NH2+]CCA



1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

$(=0)(=0)(N)c1cec(NC=25C(C(=0)c3ccac(ce3)ccced)=C(N2)N)ccl
$(=0)(=0)(N)c1cec(NC=25C(C(=0)c3c([N+]([0-])=0)ccce3)=C(N2)N)ccl
Cle1c(S(=0)(=0)N)ce(c(0Cc2¢c(OCCCCCCCCCC)ec(0)c2)cl)C([0-])=0
S(=0)(=0)(N)clccc(Ne2nc(N[C@ @H]([C@H](O)C)C)cen2)ccl
$(=0)(=0)(NC1(CC1)C)c2cc3c(N(C(=0)N(C3=0)CC=4SC(=NC4)C)CC5CC5)cc2
$(=0)(=0)(N)c1cce(ce1)C=20C(=CC2)CC=35C(=NC30)N
$(=0)(=0)(NC)clcce(cc1)CNC(=0)c2¢3c(N(N=C3)cdccc(F)ccd)c(OC)nc2
$(=0)(=0)(N)c1cc(N2N=C(C=C20)C)cccl
Clc1c(0)c(S(=0)(=0)Nc2c(SC3=NN=CN3C)ccee2)cecl
$(=0)(=0)(N)c1cec(Ne2nc(OCC3CCCCC3)caN=CNean2)ccl
$(=0)(=0)(N)clccc(NC=2SC(C(=0)Nc3c(F)ccec3F)=C(N2)N)ccl
$(=0)(=0)(NC)clcec(cc1)C=20C(/C=C/3\SC(=NC3=0)N)=CC2

S(=0)(=0)(NC(C)(C)C)clcc2c(cc1)C(=0)c3c(ccec3)C2=0

1 occurences: S(=0)(=0)(NC1(CC1)C)c2cc3c(N(C(=0)N(C3=0)CC=4C=NN(C4)C)CC=5SC(=NC5C)C)cc2

1 occurences: S(=0)(=0)(N)clccc(NC=2SC(C(=0)c3cccec3)=C(N2)N)ccl
1 occurences: S(=0)(=0)(N[C@H](C(=0)C)CC([0-])=0)clcc(cccl)CSSCCNC(=0)C=2SC(S(=0)(=0)C)=CC2
1 occurences: Clclc(Cl)cecc(c1)C=2N=C(S[C@ @H](C(=0)Nc3ccc(S(=0)(=0)N)cc3)C)NC(=0)C2C#HN

1 occurences: [?R?]C(=0)[C@ @H](NC(=0)C(=NOC(C([O-

1)=0)(C)C)C=1N=C(SC1)N)[C@ @H](NC(=0)NS(=0)(=0)N2N=C(N(C2=0)CCCS(=0)(=0)C)C=3[N-
]C=C(0)C(=0)C3)CC

1 occurences: S(=0)(=0)([NH-])C=1SC(=NN1)NC(=0)C
1 occurences: S(=0)(=0)(N)clcce(N)ccl
1 occurences: S(=0)(=0)(NC1(CC1)C)c2cc3c(N(C(=0)N(C3=0)CC=4SC(=NC4)C)C)cc2
1 occurences: S(=0)(=0)(N)clcce(Nc2nc(cen2)C=3N4C(=NC3)C=CC=C4)ccl
1 occurences: $(=0)(=0)(N)clccc(NC=2SC(C(=0)Ne3cc(F)cce3)=C(N2)N)ccl
1 occurences: $(=0)(=0)(Nclcc2¢(N=C(NC2=0)N)cc1)c3cee(ce3)C(=0)N
1 occurences: S(=0)(=0)(N)clccc(NC=2SC(=CN2)C(C)C)ccl
1 occurences: $(=0)(=0)(N)c1ccc(NC=2SC(C(=0)Nc3cc(F)ce(F)e3)=C(N2)N)ccl

Statistics for Points in the Result:



Statistics for Point No.14-Donor
No. of detected points 135
Element Distribution:

Nitrogen: 135 (100.00%)

Molecule Distribution:

Protein: 135 (100.00%)

Aminoacid Distribution for Protein Points:
Alanine: 2 (1.48%)

Arginine: 27 (20.00%)

Asparagine: 4 (2.96%)

Aspartic acid: 15 (11.11%)
Glutamine: 15 (11.11%)

Glycine: 1 (0.74%)

Histidine: 2 (1.48%)

Isoleucine: 6 (4.44%)

Leucine: 1 (0.74%)

Lysine: 37 (27.41%)

Phenylalanine: 5 (3.70%)

Serine: 16 (11.85%)

Threonine: 3 (2.22%)

Tyrosine: 1 (0.74%)

Secondary Structure Distribution for Protein Points:
No Sec Structure: 39 (28.89%)
Helix: 46 (34.07%)

Sheet: 50 (37.04%)

Interaction Point Type Distribution:

Donor: 135 (100.00%)

Statistics for Point No.12-Acceptor
No. of detected points 65
Element Distribution:

Oxygen: 65 (100.00%)



Molecule Distribution:

Protein: 65 (100.00%)

Aminoacid Distribution for Protein Points:
Alanine: 1 (1.54%)

Asparagine: 1 (1.54%)

Aspartic acid: 14 (21.54%)

Glutamine: 15 (23.08%)

Glutamic acid: 6 (9.23%)

Glycine: 2 (3.08%)

Histidine: 1 (1.54%)

Isoleucine: 1 (1.54%)

Leucine: 4 (6.15%)

Serine: 17 (26.15%)

Threonine: 3 (4.62%)

Secondary Structure Distribution for Protein Points:
No Sec Structure: 30 (46.15%)

Helix: 12 (18.46%)

Sheet: 23 (35.38%)

Interaction Point Type Distribution:

Acceptor: 65 (100.00%)

Statistics for Point No.1-Aromatic

No. of detected points 60

Element Distribution:

Any Element: 60 (100.00%)

Molecule Distribution:

Reference Ligand: 60 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:
No functional group: 60 (100.00%)

Interaction Point Type Distribution:

Aromatic: 60 (100.00%)



Statistics for Point No.2-Any

No. of detected points 60

Element Distribution:

Sulfur: 60 (100.00%)

Molecule Distribution:

Reference Ligand: 60 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:
No functional group: 60 (100.00%)

Interaction Point Type Distribution:

van der waals Contact: 60 (100.00%)

Statistics for Point No.4-Acceptor

No. of detected points 120

Element Distribution:

Oxygen: 120 (100.00%)

Molecule Distribution:

Reference Ligand: 120 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:
No functional group: 120 (100.00%)

Interaction Point Type Distribution:

Acceptor: 120 (100.00%)

Statistics for Point No.6-Donor

No. of detected points 60

Element Distribution:

Nitrogen: 60 (100.00%)

Molecule Distribution:

Reference Ligand: 60 (100.00%)

Functional Group Distribution for Ligand/ReflLigand Points:
No functional group: 60 (100.00%)

Interaction Point Type Distribution:

Donor: 60 (100.00%)



Statistics for Point No.8-Acceptor

No. of detected points 120

Element Distribution:

Oxygen: 120 (100.00%)

Molecule Distribution:

Reference Ligand: 120 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:
No functional group: 120 (100.00%)

Interaction Point Type Distribution:

Acceptor: 120 (100.00%)

Statistics for Point No.10-Donor
No. of detected points 135
Element Distribution:

Nitrogen: 135 (100.00%)
Molecule Distribution:

Protein: 135 (100.00%)
Aminoacid Distribution for Protein Points:
Alanine: 2 (1.48%)

Arginine: 27 (20.00%)
Asparagine: 4 (2.96%)

Aspartic acid: 15 (11.11%)
Glutamine: 15 (11.11%)
Glycine: 1 (0.74%)

Histidine: 2 (1.48%)

Isoleucine: 6 (4.44%)

Leucine: 1 (0.74%)

Lysine: 37 (27.41%)
Phenylalanine: 5 (3.70%)
Serine: 16 (11.85%)

Threonine: 3 (2.22%)



Tyrosine: 1 (0.74%)

Secondary Structure Distribution for Protein Points:
No Sec Structure: 39 (28.89%)

Helix: 46 (34.07%)

Sheet: 50 (37.04%)

Interaction Point Type Distribution:

Donor: 135 (100.00%)

Statistics for Interactions in the Result

Statistics for Interaction No.15
No. of detected interactions 135

Distance Distribution:

3.01 3.43
2.77 3.30
3.14 3.47
3.00 2.46
3.25 3.07
3.32 3.37
3.62 2.88
2.43 3.26
3.00 3.28
2.92 3.37
2.92 3.24
3.22 3.12
3.14 3.24
3.53 3.12
3.54 2.99
3.57 3.21

3.06 3.36

2.68

3.10

3.34

3.39

3.11

3.06

3.62

3.04

3.50

3.23

2.86

2.83

2.45

3.07

3.13

3.35

3.09



3.18
3.24
3.13
2.83
2.93
3.35
3.55
3.13
3.55
3.17
3.32
2.94
3.25
3.00
2.99
2.46
3.05
3.67
3.15
3.73
2.81
3.18
3.10
3.13
3.08
3.35
2.74
3.34
InteractionType Distribution:

H-bond: 135 (100.00%)

Statistics for Interaction No.5

3.62

3.41

3.50

2.95

3.14

3.11

3.34

3.08

3.57

2.46

3.05

2.98

3.18

3.09

3.14

3.34

2.98

3.13

3.14

2.94

3.28

3.32

2.88

3.60

3.14

3.56

2.97

2.82

3.29

3.04

3.27

3.07

3.65

3.16

2.92

3.15

2.88

3.27

2.83

3.11

3.07

3.19

3.21

2.43

2.98

3.09

3.42

2.54

2.77

2.99

3.13

3.25

3.32

3.15

3.22

3.14



No. of detected interactions 120
Distance Distribution:
1.53
1.54
1.60
1.63
1.45
1.46
1.50
1.47
1.44
1.46
1.50
1.47
1.44
1.43
1.43
1.46
1.45
1.46
1.51
1.47
1.48
1.48
1.42
1.43
1.50
1.47
1.50
1.47
1.44

1.45

1.43

1.43

1.45

1.46

1.56

1.57

1.42

1.42

1.43

1.43

1.43

1.43

151

1.47

1.45

1.44

1.42

1.41

1.43

1.43

1.43

1.44

1.44

1.44

1.51

1.47

1.52

1.48

1.51

1.52

1.51

1.47

1.43

1.44

1.51

1.50

1.42

1.45

1.47

1.47

1.44

1.45

1.42

1.42

1.50

1.47

1.46

1.48

1.43

1.44

1.51

1.47

1.44

1.43

1.51

1.47

1.50

1.47

1.45

1.41



1.60
1.62
1.47
1.49
1.43
1.43
1.42
1.40
1.43
1.44
InteractionType Distribution:

No interaction: 120 (100.00%)

Statistics for Interaction No.3
No. of detected interactions 60
Distance Distribution:

3.14

3.05

3.14

3.20

3.03

3.22

3.01

3.19

3.14

3.21

3.11

3.08

3.22

3.22

3.18

3.15

1.60

l1.61

1.46

1.52

1.43

1.43

1.46

1.43

1.50

1.47

3.20

3.04

3.15

2.88

3.15

3.21

2.98

3.05

3.15

3.17

3.14

3.21

3.14

3.11

3.21

3.04

1.47

1.48

1.57

1.59

1.59

1.61

1.38

1.36

1.50

1.47

3.18

3.05

3.19

3.10

3.16

3.21

3.15

3.01

3.21

3.03

3.21

3.21

3.03

3.27

3.16

3.13



3.01
3.04
3.03
3.13
InteractionType Distribution:

No interaction: 60 (100.00%)

Statistics for Interaction No.7
No. of detected interactions 60
Distance Distribution:

1.56

1.56

1.72

1.75

1.61

1.75

1.61

1.68

1.71

1.75

1.71

1.59

1.75

1.75

1.66

1.64

1.69

1.58

1.66

1.61

InteractionType Distribution:

No interaction: 60 (100.00%)

3.14

3.02

3.20

3.07

1.62

1.75

1.61

1.61

1.62

1.64

1.60

1.75

1.67

1.77

1.75

1.61

1.63

1.60

1.69

1.73

1.67

1.75

1.72

1.60

3.17

3.05

3.04

3.22

1.75

1.61

1.75

1.75

1.58

1.67

1.70

1.61

1.59

1.61

1.56

1.61

1.63

1.58

1.75

1.53

1.71

1.57

1.59

1.75



Statistics for Interaction No.9
No. of detected interactions 120
Distance Distribution:
1.54

1.53

1.63

1.60

1.46

1.45

1.47

1.50

1.46

1.44

1.47

1.50

1.43

1.44

1.46

1.43

1.46

1.45

1.47

1.51

1.48

1.48

1.43

1.42

1.47

1.50

1.47

1.50

1.45

1.44

1.43

1.43

1.46

1.45

1.57

1.56

1.42

1.42

1.43

1.43

1.43

1.43

1.47

1.51

1.44

1.45
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1.42

1.43

1.43

1.44

1.43

1.44

1.44

1.47

1.51

1.48

1.52

1.52

1.51

1.47

1.51

1.44

1.43

1.50

1.51

1.45

1.42

1.47

1.47

1.45

1.44

1.42

1.42

1.47

1.50

1.48

1.46

1.44

1.43

1.47

151

1.43

1.44



1.47
1.51
1.47
1.50
1.41
1.45
1.62
1.60
1.49
1.47
1.43
1.43
InteractionType Distribution:

No interaction: 120 (100.00%)

Statistics for Interaction No.11
No. of detected interactions 135
Distance Distribution:

2.77

3.14

3.01

3.25

3.00

3.62

3.32

3.00

243

2.92

2.92

3.14

3.22

3.54

1.40

1.42

1.44

1.43

1.61

1.60

1.52

1.46

1.43

1.43

1.43

1.46

3.57

3.53

3.43

3.06

3.47

3.30

3.07

2.46

2.88

3.37

3.28

3.37

3.26

3.12

1.47

1.50

1.48

1.47

1.59

1.57

1.61

1.59

1.36

1.38

1.47

1.50

3.24

3.12

3.24

3.21

2.99

2.68

3.36

3.34

3.10

3.11

3.39

3.62

3.04

3.06



3.23
3.50
2.83
2.86
3.07
2.45
3.35
3.13
3.24
3.13
3.09
3.18
2.93
2.83
3.55
3.35
3.55
3.13
3.32
3.17
3.25
2.94
2.99
3.00
3.05
2.46
3.15
3.67
2.81
3.73
3.13

InteractionType Distribution:

3.08

3.18

3.10

2.74

3.35

3.62

3.34

3.50

3.41

3.14

2.95

3.34

3.11

3.57

3.08

3.05

2.46

3.18

3.09

2.98

3.34

3.14

3.13

2.98

3.28

3.32

3.14

2.94

3.60

2.88

3.56

3.14

2.82

2.97

3.27

3.07

3.29

3.04

3.16

3.65

3.15

2.92

3.27

2.88

3.11

2.83

3.19

3.21

3.07

2.98

2.43

3.42

3.09

2.77

2.54

3.13

2.99

3.32

3.15

3.25

3.14

3.22



H-bond: 135 (100.00%)

Statistics for Interaction No.13
No. of detected interactions 65
Distance Distribution:

2.99

3.12

3.08

2.82

2.79

3.08

3.22

3.66

3.18

3.11

2.76

2.87

2.83

3.05

3.21

3.21

3.16

2.64

2.92

2.98

2.54

2.96

InteractionType Distribution:

H-bond: 65 (100.00%)

3.32

2.85

2.87

2.92

2.96

2.75

3.42

2.86

3.42

3.16

2.68

2.70

2.87

2.79

3.07

3.03

2.63

3.08

2.71

2.86

3.23

2.73

2.83

2.87

2.96

3.15

3.23
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2.81

3.15

2.74

2.95

2.87

3.10

3.03

2.73

2.95

2.80

2.75

3.62

3.01

2.92

3.22



Supplementary material 2: Second search example (query defined in 2H4N)

Occuring PDB codes:

1M3Q 4GLX 4UCS 6GLU
2UY3 4HRQ 4760 6PI5
2UY4 4HUO 4Z76R 6PII
2X01 4HUP 476U

2XTK 4HV3 5ANW

2YKJ 4JV3 5D7I

2YR6 4Lvz 5H9I

3BAA 4M0Z 5HH9

3FO4 4M13 5M51

3FZT 4M14 5M53

3GOT 4M15 5NGS

3PX8 4M5N 5057

3PX9 4MX1 5QlIS

3QRJ 4MX5 5QJK

4BS0 4PJ5 6EQ2

4EFE 4PJE 6EQ7

4ESI 4PJH 6GLG

4FEO 4PUM 6GLH

Occuring Ligands:

7 occurences: O=C1[NH+]=C(NC=2N=CNC12)N

6 occurences: [?R?]=Cclnc2c(ncl)NC(=NC2=0)NC(=0)C

4 occurences: [nH+]1c2NC(=Nc2cccl1)N

4 occurences: n1c(N2CCC2)c3N=CNc3ncl

3 occurences: S(=0)(=0)(N)C=1SC(=NN1)NC(=0)C

2 occurences: nlc(nc(N)c2N=CNc12)N

2 occurences: [O-]C(=0)c1c(N)ccecl

2 occurences: O=C(NC=1C(=NN(c2c3c(ccc(OC(C)C)c3)ccc2)C1)C(=0)N)N
2 occurences: S=C1IN=C2NC=NC2=C(N1)N

2 occurences: [0-][N+](=0)c1cc2NN=Nc2ccl



1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

O=C(NC=1C(=NN(c2c3c(ccc(0C)c3)ccc2)C1)C(=0)N)N
O=C(N[C@H]1c2c(c3clccce3)c(ccc2)C4=Nc5c(N4)cnec5)cbec(ncet)N
Brclc(nc2nc(N)c(cc2c1)C(=0)N)C(F)(F)F
O=C(N(C)C)clcc(Nc2nc(OCC3CCCCC3)c4N=CNc4n2)cccl
O=CINC(=NC=2N=C(NC21)N)N

[O-

]C(=0)[C@@H](NC(=0)[C@@H](NC(=0)c1nc2NC(=NC(=0)c2nc1)N)CO)CC=3c4c(NC3)ccccs

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

[O-][N+](=0)c1cc([O-])c(O)ccl
[?R?]=Cclnc2c([nH+]c1)NC(=NC2=0)NC(=0)C
0=C1[N-]C=2NC=NC2C(=0)N1
0=C1NC(=NC=2NN=NC12)N

[O-

1C(=0)c1c(0)c(NC(=0)CC[C@@]2(C(=0)C=C[C@@]34[C@H]2C[C@@H](C(=C)C3)CC4)C)c(O)ccl

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

1 occurences:

0=C(N)c1c(nc2nc(nc(NCCC=3NC=NC3)c2c1)C(C)(C)C)N
0=C1c2¢(nc(O[C@@H]3[C@@H](CCCC3)C)nc2N)N(C=C1)CCHN
[0-]C(=0)NCCNC(=0)c1nc2NC(=NC(=0)c2nc1)N
Fc1nc2NC=Nc2c(n1)N

S([0-])(=0)(=0)clcc([O0-])c(O)ccl
Fclc(c2c3N=C(Nc3[nH+]cc2)N)cencl
0=C(N)clcc(Nc2nc(OCC3CCCCC3)c4N=CNc4n2)cccl
S(c1nc([nH+]c2NC=Nc12)N)CCc3cccee3
0=C(N(C)C)Cclccc(c2nc([nH+]c3c2ccce3)N)ecl
0=C(NC1=NNC(=C1)COc2cnccc2)NC=3N(N=C(C3)C(C)(C)C)cdccc(ccd)C
[0-]C(=0)c1nc2NC(=NC(=0)c2nc1)N
0=C(N1N=C(N=C1N)C=20C=CC2)N
0=C1N=C(Nc2nc(cnc21)C(=0)NCC=3NN=NC3)N
CIC1=NC=2N(C(=0)N(C(=0)C2N1)C)C
[?R?]CC(=0)NC1=NOC(=C1)C
0=C1N=C(Nc2nc(cnc21)C(=0)NCCNC(0)=Nc3ccecc3)N
[O-]cle(O)ece(c1)CC([O-])=0
0=C(NC=1C(=NN(c2c3c(ccc(0CCC)c3)ccc2)C1)C(=0)N)N

0=C1N=C(Nc2c1cc3NC(=[NH+]c3c2)NC)N



1 occurences: P([O-])([0-])(=0)OCc1c(c(O)c([nH+]c1)C)C=0

1 occurences: [0-]C(=0)[C@@H](NC(=0)CNC(=0)c1nc2NC(=NC(=0)c2nc1)N)Cc3ccccc3

1 occurences: n1c2NC=Nc2c(nc1)NC

1 occurences: Fclc(NC(=0)NC=2N(N=C(C2)C(C)(C)C)c3cc4c(ncccd)cc3)ccc(Oc5cc(necec5)C(=0)NC)cl

1 occurences: [O-
]C(=0)[C@@H](NC(=0)[C@@H](NC(=0)CNC(=0)c1nc2NC(=NC(=0)c2nc1)N)Cc3ccccc3)Cclcceechd

1 occurences: Clclc(c2c(ccec2)CC)ecc(c1)C[NH2+]CCC3=Nc4c(N3)ccecch
1 occurences: O=C1N=C(Nc2nc(cnc21)C(=0)NCC=30C=CC3)N

1 occurences: ClcInc(nc2NC=Nc12)N

Statistics for Points in the Result

Statistics for Point No.26-Acceptor

No. of detected points 76

Element Distribution:

Oxygen: 76 (100.00%)

Molecule Distribution:

Protein: 76 (100.00%)

Aminoacid Distribution for Protein Points:
Asparagine: 3 (3.95%)

Aspartic acid: 17 (22.37%)

Glutamic acid: 17 (22.37%)

Glycine: 11 (14.47%)

Leucine: 2 (2.63%)

Serine: 9 (11.84%)

Tyrosine: 7 (9.21%)

Valine: 5 (6.58%)

COULD NOT FIND NAME: 5 (6.58%)
Secondary Structure Distribution for Protein Points:
No Sec Structure: 33 (43.42%)

Helix: 24 (31.58%)



Sheet: 19 (25.00%)
Interaction Point Type Distribution:

Acceptor: 76 (100.00%)

Statistics for Point No.27-Aromatic

No. of detected points 123

Element Distribution:

Any Element: 123 (100.00%)

Molecule Distribution:

Protein: 123 (100.00%)

Aminoacid Distribution for Protein Points:
Histidine: 6 (4.88%)

Phenylalanine: 20 (16.26%)

Tryptophan: 56 (45.53%)

Tyrosine: 36 (29.27%)

COULD NOT FIND NAME: 4 (3.25%)
COULD NOT FIND NAME: 1 (0.81%)
Secondary Structure Distribution for Protein Points:
No Sec Structure: 44 (35.77%)

Helix: 35 (28.46%)

Sheet: 44 (35.77%)

Interaction Point Type Distribution:

Aromatic: 123 (100.00%)

Statistics for Point No.23-Donor
No. of detected points 72
Element Distribution:

Nitrogen: 68 (94.44%)

Oxygen: 4 (5.56%)

Molecule Distribution:
Reference Ligand: 72 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:



Amide: 5 (6.94%)

Amine: 6 (8.33%)

Alcohol: 4 (5.56%)

No functional group: 57 (79.17%)
Interaction Point Type Distribution:

Donor: 72 (100.00%)

Statistics for Point No.22-Acceptor
No. of detected points 72

Element Distribution:

Nitrogen: 51 (70.83%)

Oxygen: 21 (29.17%)

Molecule Distribution:

Reference Ligand: 72 (100.00%)
Functional Group Distribution for Ligand/RefLigand Points:
Aldehyde: 1 (1.39%)

Ketone: 1 (1.39%)

Amide: 8 (11.11%)

Ester: 2 (2.78%)

No functional group: 60 (83.33%)
Interaction Point Type Distribution:

Acceptor: 72 (100.00%)

Statistics for Point No.25-Donor

No. of detected points 74

Element Distribution:

Nitrogen: 60 (81.08%)

Oxygen: 14 (18.92%)

Molecule Distribution:

Protein: 74 (100.00%)

Aminoacid Distribution for Protein Points:

Arginine: 14 (18.92%)



Asparagine: 16 (21.62%)

Aspartic acid: 7 (9.46%)

Cysteine: 1 (1.35%)

Glutamine: 2 (2.70%)

Histidine: 1 (1.35%)

Isoleucine: 2 (2.70%)

Leucine: 4 (5.41%)

Lysine: 4 (5.41%)

Threonine: 1 (1.35%)

Tyrosine: 8 (10.81%)

Valine: 8 (10.81%)

COULD NOT FIND NAME: 5 (6.76%)
Any aminoacid: 1 (1.35%)
Secondary Structure Distribution for Protein Points:
No Sec Structure: 35 (47.30%)
Helix: 5 (6.76%)

Sheet: 34 (45.95%)

Interaction Point Type Distribution:

Donor: 74 (100.00%)

Statistics for Point No.21-Aromatic

No. of detected points 72

Element Distribution:

Any Element: 72 (100.00%)

Molecule Distribution:

Reference Ligand: 72 (100.00%)

Functional Group Distribution for Ligand/RefLigand Points:
No functional group: 72 (100.00%)

Interaction Point Type Distribution:

Aromatic: 72 (100.00%)



Statistics for Interactions in the Result

Statistics for Interaction No.31
No. of detected interactions 76

Distance Distribution:

2.71 2.98 2.69 3.18 3.13
2.84 3.10 2.72 2.66 2.68
2.95 2.89 2.63 2.57 2.70
2.68 3.30 2.47 2.81 3.08
2.72 3.04 2.46 3.40 2.67
2.71 2.47 2.63 2.47 2.67
2.97 2.58 2.64 3.40 3.19
2.98 2.68 2.72 2.58 2.94
2.79 2.76 3.25 2.98 2.52
2.83 2.78 2.70 2.94 2.92
2.81 3.11 2.49 2.92 2.70
2.42 3.25 2.72 2.63 2.56
2.49 2.71 2.53 3.20

2.69 3.04 3.09 3.12

3.23 2.75 2.80 3.24

2.97 3.06 3.12 3.28

InteractionType Distribution:

H-bond: 76 (100.00%)

Statistics for Interaction No.30
No. of detected interactions 123

Distance Distribution:

3.83 3.54 3.70 3.56 3.63
3.51 3.49 4.12 3.77 3.51
3.79 3.54 4.56 3.48 3.53

3.72 4.89 3.84 4.45 3.64



4.01

3.51

3.58

4.03

3.41

4.54

3.53

3.81

3.51

3.79

4.48

4.28

4.85

3.51

3.63

3.73

3.83

3.57

4.05

3.45

3.60

InteractionType Distribution:

pi-pi: 123 (100.00%)

Statistics for Interaction No.28

No. of detected interactions 74

Distance Distribution:
3.36
3.22
3.47
2.61

3.06

3.66

3.47

3.85

3.76

3.64

3.84

4.85

3.97

4.25

4.30

3.55

3.96

3.54

3.82

4.12

4.25

3.99

3.68

3.68

4.08

3.50

2.86

3.00

3.61

3.10

2.80

3.64

3.50

3.66

3.41

3.89

4.19

4.19

4.76

3.58

4.01

3.38

3.61

4.14

3.90

4.58

3.57

4.87

4.10

3.97

3.58

4.11

3.13

2.80

2.73

3.00

3.49

3.45

4.57

3.44

4.31

3.57

4.95

4.58

3.46

3.56

4.22

4.12

3.56

4.96

3.46

3.53

3.60

3.61

4.22

4.10

3.79

3.58

3.40

2.20

2.86

3.50

3.07

3.75

3.88

4.13

3.93

4.05

4.84

3.97

4.20

3.37

4.34

3.76

3.86

4.50

4.95

3.45

3.55

3.65

3.90

4.15

2.80

3.21

2.57

3.22
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2.78

2.86

2.95

2.75

2.97

3.50

2.97

2.89

2.81

2.72

InteractionType Distribution:

H-bond: 74 (100.00%)

Statistics for Interaction No.34

No. of detected interactions 72

Distance Distribution:
2.17
2.28
2.40
2.29
2.34
2.26
2.27
2.36
2.26
2.27
2.24
2.23
2.19
2.34

2.16

InteractionType Distribution:

2.72

2.80

2.68

2.84

3.07

2.86

2.68

2.88

3.09

3.10

2.25

2.67

2.37

2.39

2.24

2.24

2.28

2.17

2.25

2.17

2.32

2.19

2.75

2.37

2.39

3.01

2.86

2.84

2.80

2.61

2.60

2.97

3.54

2.42

2.83

2.40

2.16

2.18

2.23

2.23

2.24

2.21

2.36

2.33

2.20

2.25

2.40

2.18

2.78

2.19

3.02

2.88

3.46

2.94

3.24

2.92

2.73

2.94

2.99

3.04

2.17

2.17

2.24

2.71

2.20

2.38

2.79

2.73

2.38

2.23

2.38

2.68

2.24

231

2.19

2.89

3.02

2.84

3.04

2.65

2.46

2.97

2.83

3.14

2.18

2.40

2.39

2.65

2.37

2.21

2.33

1.96

2.65

2.22

2.75

2.30



No interaction: 72 (100.00%)

Statistics for Interaction No.32
No. of detected interactions 72

Distance Distribution:

2.73 3.42 3.68 2.69 2.74
2.68 3.77 2.73 2.68 3.69
3.63 3.58 2.74 2.65 3.69
3.63 3.37 2.65 2.77 3.78
3.61 2.67 2.63 3.79 3.64
3.72 2.73 2.64 3.59 2.78
2.78 3.70 2.79 2.73 3.69
3.58 2.72 3.64 3.70 2.72
3.63 3.78 3.72 3.62 2.73
2.71 2.68 2.73 2.77 2.67
2.67 3.75 2.66 3.65 3.34
2.67 2.76 3.69 3.80 3.57
2.74 3.72 2.73 2.68

3.61 3.65 3.55 3.73

2.74 3.64 2.75 2.74

InteractionType Distribution:

No interaction: 72 (100.00%)

Statistics for Interaction No.33
No. of detected interactions 72

Distance Distribution:

2.70 2.69 2.68 2.52 2.68
2.75 2.72 2.72 2.73 2.59
2.70 2.49 2.70 2.79 2.73
2.59 2.71 2.57 2.55 2.78
2.69 2.74 2.81 2.73 2.79

2.55 2.72 2.71 2.82 2.74



2.70

2.72

2.74

2.71

2.72

2.74

2.80

2.69

2.59

2.78

2.73

2.78

2.75

2.74

2.76

2.68

2.67

2.71

InteractionType Distribution:

No interaction: 72 (100.00%)

Statistics for Anglefilters in the Result

Statistics for Anglefilter No.36

No. of detected angles 123

Angle Distribution:
104.50
79.24
110.23
73.36
101.84
108.75
101.81
78.97
77.80
98.54
113.83
95.74

77.19

106.61

107.10

82.57

72.37

101.89

110.05

99.69

60.18

89.76

98.33

59.36

88.37

77.36

2.74

2.76

2.73

2.79

2.80

2.71

2.74

2.70

2.74

99.57

99.89

78.17

108.73

81.70

65.24

65.97

105.52

101.50

72.59

103.33

99.27

60.26

2.75

2.59

2.73

271

2.72

2.72

2.77

2.69

2.79

88.86

111.81

70.21

99.95

77.71

101.86

76.83

107.43

76.42

75.93

67.36

82.72

70.52

2.59

2.69

2.77

2.63

2.47

2.76

93.72

101.17

81.38

103.14

84.94

100.82

81.51

99.54

58.43

87.20

99.49

85.21

98.69



83.33

78.72

100.80

69.54

84.88

97.76

60.06

89.39

78.76

62.11

89.53

72.02

Statistics for Anglefilter No.35

102.65

57.98

73.99

78.40

95.78

58.62

87.18

85.94

100.39

110.77

101.72

73.96

No. of detected angles 123

Angle Distribution:
117.39
79.07
110.25
91.76
95.97
104.81
97.59
66.21
63.92
117.68
81.21
114.14
78.29
110.35
98.63
100.99

93.02

98.43

104.25

78.17

68.00

97.36

78.06

66.10

95.71

108.65

93.53

115.49

77.41

109.22

64.21

67.95

95.04

98.82

86.15

102.49

78.98

100.77

70.15

102.14

75.30

92.05

107.98

75.49

105.28

67.22

108.22

76.97

107.32

79.28

66.89

96.63

105.63

88.73

95.17

65.60

114.52

79.50

109.90

106.89

104.67

67.21

65.72

74.93

89.17

75.84

106.21

79.43

101.17

79.34

99.14

65.43

80.99

99.23

81.92

80.95

104.29

94.95

67.39

118.82

69.10

77.23

82.09

77.00

67.39

96.32

76.28

94.58

105.12

79.82

65.63

117.01

68.26

78.16

77.89

85.06
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ABSTRACT: The ever-growing number of protein-ligand com-
plex structures can give fundamental insights into protein functions
and protein-ligand interactions, especially in the field of protein
kinase research. The number of tools to mine this data for
individually defined structural motifs is restricted due to the
challenging task of developing efficient index structures for 3D data
in relational databases. Herein we present GeoMine, a database
system with web front-end mining of more than 900 000 binding
sites. It enables database searches for geometric (interaction)
patterns in protein-ligand interfaces by, for example, textual,
numerical, substructure, similarity, and 3D searches. GeoMine
processes reasonably selective user-defined queries within minutes.

We demonstrate its usability for advancing protein kinase research with a special emphasis on unusual interactions, their use in
designing selective kinase inhibitors, and the analysis of reactive cysteine residues that are amenable to covalent kinase inhibitors.
GeoMine is freely available as part of our modeling support server at https://proteins.plus.

B INTRODUCTION

The analysis of protein-ligand interactions is a key element for
understanding the structure-to-function relationships and
selectivity profiles of protein kinase inhibitors. The identification
and optimization of small-molecule binders as a central task in
early drug discovery relies on the detailed knowledge of
molecular recognition. Therefore, an analysis and comparison
of spatial arrangements in protein-ligand interfaces is of the
utmost relevance for life science research. Searching for spatial
atomic arrangements is highly useful for numerous applications.
Novel ligands can be designed by employing similar binding
sites, allowing the transfer of interacting functional groups from
one ligand to another. Similar geometric patterns can give
significant insights into a protein’s function and selectivity.
Analyzing the environment of functional groups helps to obtain
a better understanding of interaction geometries, to name just
the most intuitive use cases that come to mind.

Due to the rising number of protein structures and known
protein kinase-ligand complexes, efficient three-dimensional
(3D) search algorithms are required but are challenging to
develop. Even with a focus on a single protein class, proteins
share structural similarities such that data analysis tools should
be able to cope with the entire Protein Data Bank (PDB)." The
search method of choice must enable a search for spatial atomic
arrangements in a reasonable period of time. In addition, the
search must be flexible so that complex queries can be composed
for multiple structural features as well as classical textual,
numerical, and substructural elements. The method must be
chemistry-aware to allow detailed atomic interaction modeling.

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications 1384

Finally, a web application is desirable to avoid complex
installation processes and offer an easy-to-use interface.

Up to now, several tools have been developed to search for
geometric spatial arrangements, including CSD-CrossMiner,”
PRDB,” PROLIX," Relibase and Relibase+,” PDBeMotif and
MSDmotif,” PELIKAN,” and GSP4PDB.® Recently, a new motif
search was proposed by Bittrich et al. called strucmotif-search,
which uses an efficient index for inter-amino acid distances.” The
differences between all these tools can be roughly divided into
the following five categories: (1) query variability, in other
words, which types of textual, numerical, chemical, and
geometric features can be used to create a search query. This
also refers to the precision of the query, i.e., whether fuzziness
can be introduced; (2) structure database, i.e., which data
collections are available for search; (3) data processing and
storage, i.e., how the data is extracted from raw PDB' files and
what database technologies are used; (4) search capabilities and
algorithms, i.e., how the query is evaluated and the precision of
the search, and (5) result presentation, i.e., how results are
reported and visualized.
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Table 1 gives an overview of the existing tools related to their
query variability and searchable structures. More detailed
information can be found in Tables S3 and S4. Overall, the
two most prominent disadvantages are that some tools are not
publicly available and others are even discontinued and retired,
e.g., Relibase. In addition, some of the tools are desktop
applications that have to be installed, and the databases have to
be updated in a semiautomated fashion. None of the tools
include predicted sites, solvent exposure, and secondary
structure information. An overview of the capabilities of the
mentioned tools is given in Table 2.

In the following, we will introduce our new approach
GeoMine, a flexible, geometrically reliable, and efficient method
to search for spatial arrangements in protein-ligand interfaces
and predicted binding sites and apply them to several use cases
related to protein kinase research. Based on our earlier desktop
application PELIKAN, GeoMine combines a flexible relational
database with efficient search algorithms and a new easy-to-use
web-based front-end for query generation and result browsing.
This enables structural investigations on protein binding sites
on-the-fly and offers a user-friendly environment for efficiently
searching the binding site space. Several experiments demon-
strate the performance and reliability of the search engine.

B RESULTS AND DISCUSSION

GeoMine offers a huge variety of possibilities to mine protein-
ligand complexes and binding sites. A full description of
GeoMine’s comprehensive search capabilities can be found in
the Experimental Section. The following applications of the
tools toward protein kinase inhibitor design highlight the impact
of these features for the structural investigations of protein
kinase binding sites and the subsequent runtime analyses,
showing that such analyses can be performed within seconds to
minutes and offering a new way to work with large amounts of
structural data in an interactive and easy-to-use manner. All
queries described below are available in a machine-readable
format in the Supporting Information.

Exploiting Unusual Interactions for Selective Inhibitor
Design. During protein kinase inhibitor design, the question
might arise as to whether previously unexplored unusual
protein-ligand interactions play a major role in protein kinase
selectivity. Based on a comprehensive study of such
interactions,'’ we applied GeoMine to scan available protein-
ligand complex structures for such interactions. We investigated
the occurrence of interactions involving halogen atoms attached
to aromatic rings with aromatic ring systems in protein side
chains. To this end, we searched for appropriate geometric
arrangements in all ligand-occupied pockets as stored in the
PDB. As a template, we chose the structure with the PDB-ID
3q3k."' We defined three points: the aromatic ring center of the
Tyr228 side chain, the location of the chlorine atom, and the
aromatic ring center of the aromatic ring the halogen atom is
attached to. All points were connected by distances with a
tolerance of 2 A for the distance between the halogen atom and
the aromatic center of a protein residue’s side chain (distance d,)
and tolerances of 1 A for the remaining two distances. To model
the relative orientation of the aromatic ring systems, we define
two angles a and f with tolerances of 40° and 15°, respectively.
Additionally, we reduce this search to pockets occupied by
ligands with chlorine atoms. This search retrieved 695 3D
matches in 629 pockets of 491 PDB structures (calculation time
of 1.24 min). The results of the analysis are depicted in Figure 1
(top). A visual inspection of the results showed expected
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Table 1. Overview of Existing Tools for 3D Searching in Structural Data Related to Query Variability and Precision®

structure database

query variability

7 A of the

PDB, no information about adding own structure files, BS
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Table 2. Overview of GeoMines Capabilities in Contrast to Other Existing Tools for 3D Searching”

tool or GeoMine  user-defined interaction solvent
capabilities angles detection protonation  exposure
Relibase/Relibase+ x x (ligand)
PDBeMotif/ X X
MSDmotif
PRDB X
PROLIX X
CSD-CrossMiner
PELIKAN X X X
GSP4PDB(2)
strucmotif-search

non-
atom-based ligand geometric predicted
queries SSEs features filters sites GUI
X X X
b
X x
X X X x (ADOpt)
X
X X X
X X X
X X
x (via PDB)  x (via PDB) X

“SSEs, secondary structure elements; GUI, graphical user interface. “Restricted to Ca and the end of side chains.

interaction geometries between aromatic side chains and
chlorine atoms attached to aromatic (hetero)cycles. We found
that 51% of the ligands interact with tyrosine side chains and
26% interact with phenylalanine side chains, and we also found
interactions with tryptophan (17%) and histidine side chains
(5%). An analysis of the distance and angle ranges revealed
broadly spread distributions of the distance d; and the angle a.
Based on these findings, we can refine our query (d; =4 + 1 A,
a =25° & 25°) and apply this query to search in the published
structures assembled in the third version of the Kinase-Ligand
Interaction Fingerprints and Structures (KLIFS) database'
(https: //Klifs.net/ 13) to investigate the role of this interaction in
protein kinases. The GeoMine search with the adjusted query
resulted in 45 3D matches in 37 pockets of 34 PDB structures
(0.42 min). Many of the identified interactions are located in
binding sites in complex with well-known selective kinase
inhibitors (Figure 1, mid), e.g, CDK2 in complex with the
chemical probe S$,6-dichlorobenzimidazone-1-$-p-ribofurano-
side (PDB-ID 3my5'*), but we could also identify small
fragments that seem to undergo halogen-aromatic interactions,
e.g., DYRKIA in complex with a chlorobenzothiazole fragment
(PDB-ID $a4q"®). Concerning the type of residues undergoing
these interactions, we find that approximately 51% involve
phenylalanine and 27% involve tyrosine side chains as the most
important interaction partners. Many of the hits indicate the
usability of this interaction type for selective inhibition of
protein kinases.

As a consequence, the question arises whether there already
exist known inhibitors of a protein kinase of interest with an
aromatic ring in the proximity of an aromatic side chain. Such an
aromatic ring might be exploited as a selectivity anchor by
adding chlorine atoms. To this end, the query had to be slightly
adjusted, and instead of the chlorine atom we chose the attached
carbon atom for the query and adjusted the distances according
to the bond length of an aromatic carbon-chlorine bond of
approximately 1.7 A (see Figure 1, mid). We further restricted
the character of the ligand carbon atom to an aromatic carbon
atom with exactly two connections, excluding implicit hydrogen
atoms (SMARTS pattern “[;D2]”). This ensured that the
aromatic carbon atoms of the retrieved ligands are not
connected to halogen atoms and are instead connected to a
hydrogen atom. A search with this query in all ligand-bound
protein kinase structures retrieved 218 pockets of 178 PDB
structures (1.23 min), highlighting that there are numerous
kinase inhibitors with known binding modes that could be used
as potential starting points to improve the compound selectivity.

For this showcase study, we picked cyclin-dependent-like
kinase 5 (CDKS) as an example for a pharmacologically relevant
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protein kinase target'® and searched with the pattern against all
available complex structures of this target. This search retrieved
astructure of CDKS in complex with an ATP analogue (PDB-ID
300g) with a K; value of 600 nM, which is likely not highly
selective'” but which might become more selective upon
addition of a chlorine atom that interacts with Phe80 (Figure 1,
bottom).

To support this hypothesis, we constructed a query for this
site of CDKS with the binding site properties, which are crucial
for the interaction with this inhibitor (Figure 1, bottom). This
time, we did not restrict our search to ligand-occupied pockets
but searched for the pocket feature arrangement in all binding
sites (predicted and ligand-based) of human protein kinases to
identify as many potential off-targets as possible. This search
retrieved 4801 3D matches in 3287 pockets of 2322 PDB
structures (23.02 min, 227 distinct protein kinases have similar
geometric arrangements of potentially interacting residues),
highlighting the expected missing selectivity. However, the
addition of the aromatic center of Phe80 as an additional
interaction point for a potential halogen aromatic interaction
reduced the number of hits by a factor of 8 (616 3D matches in
494 pockets of 392 PDB structures, 9.58 min, 33 distinct protein
kinases are still similar based on the GeoMine query),
pinpointing residue Phe80 as a potential selectivity anchor.
Although there are still several similar protein kinase binding
sites, they belong to similar kinase families, and additional ideas
for further selectivity anchors can be derived from a visual
inspection of the corresponding superimpositions. This example
not only highlights the applicability of GeoMine for selectivity
profiling but also the importance of enabling user-specific query
design and database profiling in a large-scale manner.

Taken together, this showcase study exemplifies the
capabilities of the GeoMine tool as an idea generator for protein
kinase drug design. In the first step, typical and unusual
interaction patterns can be explored and investigated.
Subsequently, the queries can be adapted to find potential
starting points for selective inhibitor design through the
establishment of such interactions based on already known
protein kinase complex structures. Moreover, GeoMine might
also assist in improving our understanding of potential reasons
for inhibitor selectivity, as discussed in the next example.

Searching for Selectivity Anchors in Protein Kinases.
GeoMine can also assist in the search for potential off-targets.
This is not restricted to potential off-target structures with
bound ligands, as empty predicted pockets are also included in
the database. As an example, we picked two structures of
epidermal growth factor receptor (EGFR) in complex with two
well-characterized inhibitors. For the first structure of EGFR in

https://doi.org/10.1021/acs.jmedchem.1c01046
J. Med. Chem. 2022, 65, 1384—1395
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Figure 1. GeoMine as an idea generator for advancing protein kinase inhibitor design. In the presented workflow, the user will first search for a certain
protein-ligand interaction pattern. In this case, we investigated the uncommon interaction between chlorine atoms and aromatic ring systems (top).
Based on the derived geometric data, the user can adjust the query accordingly and search for this interaction type in a predefined set of ligand-bound
structures (mid). After visual inspection, the user can subsequently try to find potential starting points for exploiting this interaction type to advance
known inhibitors with respect to selectivity. In our showcase study, we picked the structure of CDKS in complex with an ATP analogue (bottom). The
interacting residues of the original compound are spread across the whole kinome. However, the inclusion of an interaction with Phe80 of CDKS might
lead to an improved selectivity profile, as highlighted by the GeoMine hits of the corresponding queries using KinMap."®

complex with the inhibitor gefitinib (PDB-ID 4wkq), we residues, i.e., a backbone nitrogen atom as hydrogen bond donor
generated a query consisting of the protein’s relevant interacting in the hinge region (Met793), a hydrophobic side chain carbon
1387 https://doi.org/10.1021/acs.jmedchem.1c01046
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atom in the N-lobe (Ala743), a hydrophobic side chain carbon
atom in the C-lobe (Leu844), and a hydrophobic side chain
carbon atom of Lys74S. This ligand-independent search query
was used to screen all known protein kinases as stored in the
KLIFS database but was restricted to structures from the
organism Homo sapiens. The search resulted in 10918 3D
matches in 4451 pockets of 3049 PDB structures, pinpointing
unselective inhibition (1.45 min). Subsequently, this initial
query was extended by one side chain of residue Thr790 as a
potential selectivity anchor as known from the structure of
EGFR in complex with lapatinib (PDB-ID 1xkk'®). Intriguingly,
this search retrieved only 32 3D matches in 22 pockets of 20
PDB structures (1.16 min), highlighting the importance of
Thr790 as a potential selectivity-introducing residue. This is in
line with the finding that mutation T790 M leads to a significant
increase in the IC;, values for the highly selective inhibitor
lapatinib (ICs,(EGFR) = 4.9 nM, IC4,(T790M) = 850 nM, and
ICso(T790M/L858R) = 8500 nM) .*° A comparison of the hits
with additional kinase profiling data®® further underlines the
validity of the result (Table 3).

Table 3. Selectivity Profiling Results for Two Different EGFR
GeoMine Queries”

gefitinib lapatinib

GeoMine result GeoMine result

protein based on the IC, based on the ) (0P
kinase query for 4wkq (nMS)ZU query for 1xkk"” (nMS)w

EGFR hit 0.51 hit 4.9

ERBB2 hit 3100 hit 9.8
(ErbB2)

ERBB4 hit 7.6 hit 24
(ErbB4)

LCK hit 390 hit n.d.

LYN hit 350 hit n.d.

DDRI1 hit 37 not found 4400

DDR2 hit 570 not found n.d.

EPHAS hit 740 not found n.d.
(EphAS)

EPHA7 hit 990 not found n.d.
(EphA7)

EPHAS hit 730 not found n.d.
(EphA8)

EPHB2 hit 890 not found n.d.
(EphB2)

EPHB4 hit 420 not found n.d.
(EphB4)

FLT3 hit 730 not found n.d.

MKNK1 hit 130 not found n.d.
(MNK1)

MKNK2 hit 150 not found n.d.
(MNK2)

PDGFRA hit 600 not found n.d.
(PDGFRa)

PTK6 hit 860 not found 1100
(BRK)

SLK hit 1300 not found n.d.

STK10 hit 430 not found n.d.
(LOK)

TNK2 hit 1100 not found n.d.
(ACK)

“The queries were based on the structure in complex with gefitinib
(PDB-ID 4wkq; interacting residues Met793, Ala743, Leu844, and
Lys74S) and lapatinib (PDB-ID 1xkk; interacting residues Met793,
Ala743, Leu844, Lys745, Thr790).

Searching for Reactive Cysteines in Protein Kinases.
GeoMine enables the inclusion of secondary structure features
in the search query. A very prominent example of how to use this
feature is the search for compounds in the vicinity of reactive
cysteine residues for the structure-based design of covalent
inhibitors. Cysteine residues at the amino terminus of a-helices
are frequently characterized by a high nucleophilicity.”" This fact
is often exploited for the design of covalent protein kinase
inhibitors.”” In our last example, we demonstrate how the
inclusion of secondary structure elements and solvent exposure
enables the search for protein kinases with reactive cysteines in
the neighborhood of known inhibitors. Based on the crystal
structure of the protein kinase EGFR with reactive cysteine
Cys797,> we constructed a query to search for known kinase
inhibitors in the proximity of an amino-terminal solvent-exposed
cysteine (PDB-ID 3poz”*). This query consists of the solvent-
exposed cysteine sulfur atom, the cysteine’s backbone nitrogen
atom, the amino-terminal helix end, and any ligand atom at well-
defined distance intervals from these points (see Figure 2, top).
Additionally, we used the angle between the helix vector and the
segment between the helix terminus and the backbone nitrogen
atom to further restrict the search. We used this query to search
in a PDB subselection that contained all PDB-IDs of protein
kinases in the KLIFS database.'” The query resulted in 75 3D
matches in 54 pockets of 36 PDB structures and took 54 s. The
results not only reveal promising inhibitors that can be extended
by suitable reactive groups, so-called covalent warheads,” to
address the reactive cysteine in EGFR, but also hint at other
protein kinases, e.g., janus kinase 3 (JAK3), that also harbor a
reactive cysteine in this position and might be potential off-
targets for covalent inhibitors to address this cysteine residue
(Figure 2, bottom).

Comparison to Other Methods. None of the three
exemplary analyses could be performed by any other tool listed
in Table 2, hampering a comparison for the selected examples.
The search for unusual protein-ligand interactions by other tools
is prevented by the missing functionality to restrict the
geometric search by angles. PRDB is the only database that
enables the definition of angles in the search query. However,
this database is no longer accessible. In our second example, we
define a query with interaction features, e.g., a hydrophobic
residue atom. PROLIX is the only other tool that enables the use
of such features. However, the definition of queries is restricted
to distinct residues such that matching is only possible between
identical residues. The main limitation of similar methods for
the analyses of reactive amino-terminal cysteine residues, as
shown in our last example, is the lack of ability to include
secondary structure information in the search queries. GeoMine
combines the unique strengths of the individual tools in Table 2,
thereby creating a versatile user-friendly method for multiple
purposes.

Query Computing Time. The performance of GeoMine
was tested with a standard PELIKAN benchmark” on all protein-
ligand complexes in the scPDB*** (2017 version). The
database was constructed with only those PDB files that
contained at least one reference ligand (16 561 PDB files), and
unoccupied binding sites were excluded for comparability to
PELIKAN. All queries were designed using the protein-ligand
complex with the PDB-ID 1j7u’ so that every query resulted in
at least one match. There are the following three kinds of
geometric queries: (1) four points that are linearly arranged, (2)
six points in a star shape, and (3) four points in a tetrahedron
shape (see Figure 3). The point-point constraints are used with a

https://doi.org/10.1021/acs.jmedchem.1c01046
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Figure 2. Profiling for protein kinases with reactive cysteines at the amino terminus of helices. (Top) The query was generated based on the structure of

EGER with a small-molecule inhibitor (PDB-ID 3poz**). The query consists of four points, six distances, and one angle characteristic for reactive

cysteine in the proximity of ligands. (Bottom) Selected hits are presented here. (Left) Structures of EGFR in complex with a noncovalent and covalent

inhibitor (PDB-IDs 6v5p and 6v66,*° respectively). (Rizg7ht) Structure of JAK3 harboring a reactive cysteine at the same location in complex with a
)

covalent inhibitor as potential off-target (PDB-ID 4qps

Figure 3. Geometric layout of the test queries for the runtime analysis,
which are linear, star-shaped, or tetrahedral. Numbered points
represent the search points with their IDs. Black lines describe the
distance constraints. Queries were created using the PDB structure 1j7u
as template structure.

tolerance of 0.5 A. All three query types are used with different
element types to assess the influence of specific attributes. The
“standard” queries consist of oxygen and nitrogen atoms and, in
case of the star-shaped queries, a carbon atom; the “metal”
queries are those where one of the query points is changed to a
magnesium ion; the “metal, water” queries are those with a
magnesium ion and a water query point, and “metal, water,
phosphorus” queries were those where another point is changed
to a phosphorus atom. More detailed definitions of all test
queries can be found in the Supporting Information (see
Paragraph S2).

GeoMine and PELIKAN use different database technologies.
While SQLite writes and reads data directly from disk,
PostgreSQL has to establish a database connection first. In
general, this network overhead is larger than that when reading
from the solid-state drive. GeoMine was up to 10X faster than
PELIKAN (see Figure 4) in our runtime tests. This is due to
reimplemented key functionalities in the C++ code, adapted
structure query language (SQL) queries, such as using JOINs on
smaller parts of tables and more bundled database transactions,
and making more use of the hardware by exploiting the
advantages of the PostgreSQL database system.
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In particular, queries with a linear topology are much faster,
which is due to the lower number of distance constraints. In
general, the distance constraint checks are the slowest in
PELIKAN and GeoMine. Although the time required for this
step was reduced with our query optimizations, it remains the
most time-consuming one. The queries named “standard” are
overall the slowest because they consist of carbon and nitrogen
atoms, which are the most common elements in the database.
Therefore, there are numerous possible points where all distance
and angle constraints have to be checked. Overall, most of the
query runtimes were significantly improved, and no query took
longer using GeoMine. Using the solvent exposure of protein
points reduces the runtimes even further.

Upscaling. In PELIKAN, databases had to be created by the
user. When PELIKAN was developed, the PDB contained about
80 000 structures. Currently, there are more than twice as many.
The focus of the application was on searching subsets of the
PDB, e.g, the scPDB. With GeoMine, the entire PDB is
searchable, and the database will be kept up-to-date in the future.
As the PDB is continuously growing, GeoMine was designed to
handle this upscaling. Since the number of available pockets and
search points in the database increased by a factor of 3.5,
retrieving a potential result point (PRP) list from the indexing
structure results in substantially increased runtimes. This is not
surprising, since the number of indexed bins defined by typical
atom arrangements is constant. Therefore, the PELIKAN
indexing structure is no longer used in GeoMine. To enable as
many users as possible to search the database quickly, searches
are performed on a server using up to 30 cores of a 2x Intel Xeon
Gold 6248 processor (20 cores/2.5 GHz), 200 GB of main
memory, and a Dell 1.6TB NVMe HHHL AIC PM1725b solid-
state drive with an XFS file system. The parallelization of the
queries is managed by PostgreSQL. This ensures that the
hardware is used in the best possible way at each point in time
and with a varying numbers of users. In addition, the use of

https://doi.org/10.1021/acs.jmedchem.1c01046
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Figure 4. Average query runtimes of test queries. Each bar displays the mean value of five independent experiments. For each geometric query type,
there is a “standard” query consisting of oxygen, nitrogen, and carbon atoms, a “metal” query where one of the query points is changed to a magnesium
ion, a “metal, water” query with a magnesium ion and a water query point, and a “metal, water, phosphorus” query where a third point is also changed to
a phosphorus atom. Calculations were performed on a PC equipped with an Intel i5-9500 (3.0 GHz) processor, 16 GB of main memory (6 GB usable
by the PostgreSQL RDBMS), and a Toshiba BG4 PCle solid-state drive (512 GB, model nvme) with a btrfs file system. The platform runs with a
standard configuration of an openSUSE LEAP 15.0 with either PELIKAN (left, light gray) or GeoMine (right, dark gray).

PostgreSQL ensures that the method will keep working in the
future even if there is an exponential growth of the number of
structures in the PDB. Currently, the database is about 154 GB
in size with the biggest table which stores all points of the
pockets using about 72 GB of this data, while PostgreSQL
reports a maximum table size of 32 TB.”'

B CONCLUSIONS

Structure-based data mining has a huge potential in modern
rational drug design, offering a large variety of data analytics.
However, a database-driven method for efficient access to
geometrical features in protein-ligand binding sites is required.
For this task, we developed GeoMine and implemented it for
practical validation. To our knowledge, it is the first method of
its kind that enables searches in the entire PDB, including empty
binding sites. Even purely ligand-based searches and template-
free queries are possible. Our approach allows highly flexible
definitions of search points that are not limited to predefined
motifs. Point-point constraints and angle constraints allow the
definition of geometrically precise and vague parts within a
query. Textual and numerical properties of ligands, pockets,
proteins, and complexes can be used to define a query in more
detail and restrict the runtime.

GeoMine offers a comprehensive web interface. Searches with
sufficiently specific queries are answered within seconds to
minutes. The results can be displayed as superimpositions in an
NGL viewer,>>>* and statistics of the matched points, distances,
interactions and angles can be downloaded. Through the
extensive possibilities of query generation and GeoMine’s public
availability as part of the ProteinsPlus web service, our method is
highly useful for numerous applications.

Particularly for protein kinase inhibitor design with its wealth
of structural data, GeoMine enables a rational and data-driven
molecular design approach. Similarities in binding sites can be
used to design novel ligands. Selectivity patterns in protein
kinases can be analyzed and investigated based on known
binding sites even in the absence of ligands. Environments of
functional groups can be analyzed to gain a better understanding

of interaction geometries. Geometric data mining enables the
exploitation of specific interactions to selectively address protein
kinase binding sites. Such target assessments and selectivity
analyses are facilitated through flexible and time-efficient
searches with intuitively generated template-based and
template-free queries.

In the future, we plan to extend GeoMine by integrating
protein-protein interfaces, 2D query design, and an automated
query generation to extract commonalities and differences
between given protein structure collections to formulate queries.
The major benefits of GeoMine include the possibilities to
design tailor-made queries, rendering it a versatile tool for
multiple challenges in protein kinase inhibitor design, the
inclusion of textual and numerical filters, its applicability to
ligand-bound and predicted binding sites, and its short almost
interactive computing time. These are unique features that
enable a new way to deal with large amounts of structural data in
drug design. Therefore, we hope that the tool will assist in
numerous applications scenarios and will provide a unique
means to explore and annotate protein kinases.

B EXPERIMENTAL SECTION

To make GeoMine accessible for many life scientists independent of
their previous experience in software usage, the system is based on a
database server with a web-based graphical user interface. As described
in detail below, the database contains precalculated data on protein-
ligand complexes and supports efficient access based on a highly flexible
query engine. Briefly speaking, GeoMine is based on the PostgreSQL
database management system due to its large SQL and full ACID
(atomicity, consistency, isolation, and durability) compliance, good
multiuser management, extensibility, and multitude of features such as
the support for different security authentications. A back-end software
written in C++ on top of the NAOMI library***° preprocesses the PDB.
The process is fully automated, including the calculation of binding
sites®® and the handling of protonation states and tautomerism.*” Using
the graphical user interface of the web service, a query is generated in
extensible markup language (XML) and sent to the back-end server,
which initiates the database search with an iterative approach. For
computational chemists interested in automation, a representational
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depict dependencies between groups.

state transfer application programming interface (REST API) is
available to directly submit a query to the server.

Data Preprocessing and Knowledge Extraction. The process
of building the GeoMine database consists of four subsequent phases.
In the first phase, PDB files are read and converted into objects that
represent the complex, its small molecules, water molecules, and metal
ions. Among others, the PDB-ID, compound names, source organism,
experimental method, and resolution are extracted from the header
section. The second phase is dominated by data preparation. First,
missing hydrogen atoms in the complex are identified and their
coordinates are optimized using Protoss.>” Protoss analyzes rotatable
hydrogen atoms of terminal groups (e.g., hydroxy and amino groups),
tautomers and protonation states of all chemical moieties (including
ligand molecules), and flips of ambiguous residue side chain
orientations (Asn, Gln, and His) and evaluates alternative orientations
of water molecules. In addition, alternative conformations that might be
annotated in the original protein structure are removed as they could
hinder the analysis of molecular interactions. Second, all chains with at
least 50% HETATM entries in the PDB file and more than 5 and less
than 100 heavy atoms are converted to ligands. Third, the pocket
detection algorithm DoGSite is applied.*® DoGSite is a grid-based
approach where each grid point is labeled depending on its spatial
overlap with any protein atom. With a difference-of-Gaussian filter,
small sphere-like cavities are identified, which are subsequently
clustered to potential subpockets. Lastly, adjacent subpockets are
merged into pockets. Fourth, all ligands that have at least six heavy
atoms are associated with the detected pockets. This is done by finding
the pocket that contains at least 20% of all the small molecule atoms. If
there is no precalculated pocket for the small molecule, we calculate a
new one using all heavy atoms within a 6.5 A radius of any of the
molecule atoms. The chosen radius represents a reasonable trade-off
between specificity and runtime. We decided to use all atoms instead of
the ligand’s geometric center and the radius thereof to more accurately
capture the binding site shape. The pockets that are not associated with
a ligand are now filtered based on two criteria. First, the pocket volume
has to exceed 100 A®. Pocket volumes are calculated using the DoGSite
pocket grids. The threshold is motivated by the fact that at least three
water molecules should be accommodated by the pocket. Second, the
largest k pockets are selected, where k is limited to two times the
number of protein chains in the asymmetric unit.

Subsequently, several pocket characteristics,’® secondary structure
assignments from the PDB annotation or those calculated by an in-
house version of DSSP** if the helix and sheet assignments are missing
in the PDB file, and all protein-ligand interactions are calculated.
Interactions include hydrogen bonds based on the predicted
protonation or tautomerism patterns, aromatic interactions between
rings, ionic interactions, metal interactions, and 7-7 interactions. The
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interactions are calculated according to Inhester et al.” A hydrogen
bond is assigned if the distance between the corresponding donor and
acceptor atoms is between 2 and 3.8 A, the hydrogen-donor-acceptor
angle is between —45° and 45°, the donor-acceptor-lone pair angle is
between —70° and 70°, and the distance between the hydrogen atom
and the lone pair is between 0 and 2 A. 7—x interactions are assigned if
the centroids of the interacting ring systems are between 2.5 and 5 A
apart. For 7-cation interactions, the distance between the ring center
and the cation has to be between 2 and 4 A. Metal interactions are
identified if the metal ion is between 1 and 3 A away from any
coordinating atom. Ionic hydrogen bonds are identified if the distance
between the interaction partners corresponds to the sum of their
corresponding van der Waals radii 1 A. Further, the solvent-accessible
surface area®* of each pocket atom is calculated as described for the
scoring function HYDE*' ™* so that buried atoms can be differentiated
from solvent-exposed atoms in queries.

Database Content and Design. In GeoMine, there are multiple
tables stored that can be divided into four groups (see Figure S). This
schema was already used in GeoMine’s predecessor PELIKAN and was
only slightly altered because some features that only exist in SQLite and
not in PostgreSQL were used, e.g,, the possibility of storing multiple
data types in a single column. The first group stores general information
about all small molecules, metal ions, water, proteins, and binding sites.
Additionally, the molecular interactions and atomic information are
stored there. With this information, the protein-ligand complex can be
searched and also reconstructed when visualizing results. The second
group stores fingerprints of all small molecules to enable similarity
searching. In the third group, the textual and numerical properties of the
ligands, proteins, and pockets such as the ligand names and resolution
or the pocket volume are stored. Lastly, the fourth group contains all
information and data about the potential query points, i.e., heavy atoms,
ring centers, secondary structure points, and interactions. Each query
point is stored with a unique ID and, among others, its coordinates, its
chemical element, a foreign key, i.e,, a key that links to the complexes
table with the pocket properties, its solvent accessibility, its originating
molecule (protein or ligand), and vectors in case of ring normals and
secondary structure element end- or midpoints. Interactions are defined
by the interaction type and the two query point IDs of the interacting
atoms. Using the B-tree database indexes available in PostgreSQL
enables fast access to this data and geometric queries.

GeoMine Query Types. GeoMine enables the search for properties
of interest and geometric patterns in different ways. All query types can
be combined.

Textual and Numerical Searches. The most basic search of
GeoMine is uses textual and numerical properties. This is helpful for a
preselection or restriction of the search or the selection of a query
template structure. A variety of filters for ligands, proteins, pockets, and

https://doi.org/10.1021/acs.jmedchem.1c01046
J. Med. Chem. 2022, 65, 1384—1395



Journal of Medicinal Chemistry

pubs.acs.org/jmc

protein-ligand complexes are available. For ligands, an element count,
i.e., the minimum and maximum number of specific chemical elements,
a functional group count, and molecular properties such as the
molecular weight or the number of hydrogen bond donors and
acceptors can be defined. Proteins can be filtered by their UniProt ID,**
EC number, or source organisms. A minimum and maximum count of
specific amino acids the search space to relevant protein can be set to
filter the pockets. Additionally, ligand names and pocket properties
such as hydrophobicity, volume, or depth can be specified. Finally, the
number of complexes can be reduced by title entries, resolution,
organism, EC number, and experimental source. Handling and
querying these data is straightforward in a relational database.

Chemical Substructure Searches. Substructure searches can be
carried out using simplified molecular input line entry system
(SMILES) arbitrary target specification (SMARTS) strings.45 Large
SMARTS patterns (patterns describing at least five atoms) and those
containing rare elements are highly discriminative and can therefore be
used to reduce the number of pockets in the search space early on.
SMARTS patterns that do not fulfill these criteria will be evaluated at
the end of the search algorithm because they will likely result in
numerous matches, causing an increased runtime.

Ligand Similarity Searches. All ligands of the PDB structures are
stored with their extended connectivity fingerprint (ECFP)-like*®
Morgan"” fingerprints and CSFP (connected subgraph fingerprint) and
tCSEP (topological connected subgraph fingerprint)** fingerprints in
the database. The latter are new fingerprints that, in contrast to other
methods, capture all connected subgraphs as structural features of a
molecule. This property gives these fingerprints a complete feature
space and a high adaptive potential. Especially in standard similarity-
driven virtual screening settings, the CSFP has substantial advantages.48
All fingerprints enable the user to define a certain similarity level to a
given query ligand specified in SMILES,*” which further helps to reduce
the search space to relevant protein-ligand complexes. Furthermore,
they can be used standalone to efficiently search small molecules in
GeoMine.

Geometry-Based Searches. The unique key feature of GeoMine
is its capability for precise geometric searching in binding sites. All
atoms, helix and strand mid- and endpoints, and ring centers are
possible query points in GeoMine. These points can either be selected
using a template structure (loaded PDB file) or specified template-free.
Queries based on template structures can be enriched by artificial
search points, enabling the generation of hypothetical queries.
Furthermore, there are many properties associated with query points
that can either be automatically determined or manually adjusted.
These properties are the chemical element, the interaction type, the
molecule type (protein, ligand, metal, or water), the secondary
structure class (helix, sheet, or none), whether they are in the protein
backbone or a side chain, and the amino acid or amino acid type, e.g,,
polar. In the case of the secondary structure annotation, the user can
also define a Car atom as an end- or midpoint of a helix or strand. Also,
functional groups of ligands and the environment can be specified using
SMARTS strings. GeoMine allows connecting atoms in SMARTS
expressions with query points such that substructures with certain
geometric orientations can be searched. Note that all property
specifications are optional. All points that are at most 15 A apart
from each other can be connected by distance and interaction
constraints. This value was chosen so that residue atoms on opposite
sides of the pocket can be selected while the runtime of the search
algorithm remains feasible. The distance constraints enable defined
minimum and maximum ranges, while the interaction constraints are
used to indicate specific interactions such as hydrogen bonds and ionic,
metal, 7-cation, and 7-7 interactions. In addition, angles can be defined
between two distances, interactions, or ring normals with minimum and
maximum values to allow different constraint levels.

Overview of the Search Process. From the perspective of a user,
it is important to get a rough idea of the search process so that the
impact of query types and parameters on runtime and results can be
estimated. An iterative search algorithm was developed to reduce the
potential result set as early as possible while executing the fast search
steps before the time-consuming ones. This algorithm consists of four
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distinct steps, which are displayed in Figure 6. Note that the algorithm is
exact, i.e., complexes and binding sites are retrieved if and only if they

Processing steps

User-defined query.

0

All potential result pockets are detected
using textual and numerical constraints
and discriminative SMARTS filters.

In all pockets resulting from step 1,
PRP pairs are identified which fulfill the search
point properties and point-point constraints.

From all PRP pairs detected in step 2,
geometrical hits are generated using
a clique detection algorithm.

Complete hits are constructed by combining
the geometrical hits from step 3 and the
PRPs from step 1. Finally, SMARTS
filters are applied to all complete hits.

4

Results

Figure 6. Overview of the search process in GeoMine.

fulfill the specified user query. The algorithm differs from the one used
in GeoMine’s predecessor PELIKAN in several aspects. In the latter, a
tailor-made indexing structure was used to identify potential hits
(named potential result points, PRPs) quickly. In GeoMine, accessing
and checking matching properties of search points in the database are
considerably improved with respect to runtime. Details about these
improvements are given in the Query Computing Time section.

Step 1. All query features regarding textual and numerical properties,
ligand similarity searches, and specific SMARTS-based substructure
searches, which include more than four atoms or contain at least one
non-carbon, non-nitrogen or non-oxygen atom, are performed. This
step results in a list of potentially matching binding sites and is passed
on to the next step.

Step 2. Point-point or distance and interaction constraints are
processed sequentially. To reduce the runtime of this step, the
processing order of these constraints is optimized beforehand. Here, the
order is ascending with respect to the number of expected results, which
is estimated by the product of the database count of different elements
and interaction types for each search point. In each point-point
constraint processing step, all PRPs that match all properties of the
search points and are in the list of potential pockets are detected in the
database. The interaction type is used if the point-point constraint is an
interaction constraint. Set distance ranges are evaluated by calculating
the Euclidean distance between the two PRPs. If no matching PRPs are
found in a specific pocket for a point-point constraint, this pocket is
removed from the list of potential pockets. The list of all potential PRPs
is updated in each processing step. By doing this, the size of these lists of
possible pockets and PRPs steadily decreases.

This step results in a list containing all possible PRPs that match all
properties and point-point constraints for each search point. At this step
of the algorithm, the possible PRPs are not yet assigned to pockets.

Step 3. The list of all detected PRPs from the previous step is used to
construct a product graph for each pocket™ (see Figure 7). Herein,
each combination of a point-point constraint with a matching PRP pair
generates a node. These nodes are connected if the PRP assignments do
not contradict each other and the angle constraints are fulfilled. To find
all matches for the whole query, the maximal cliques are calculated on

the product graph.

https://doi.org/10.1021/acs.jmedchem.1c01046
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Figure 7. Step 3 of GeoMine’s search process. For each pocket, a product graph is built using all compatible results (black dots) of pocket PRP pairs
(blue circles) to the distance and interaction constraints (green circles) of the user-defined query. Numbers in green and the blue circles represent PRP
and search point IDs, respectively. Cliques are calculated for all compatible results. Green lines indicate that two results fulfill the angle constraints, and
red lines that they do not. Adapted in part with permission from Inhester et al.” Copyright 2017, American Chemical Society.

Step 4. SMARTS patterns that were not processed in the first step are
evaluated on the resulting PRPs. This includes, for example, SMARTS
patterns that describe parts of an atom environment or chemical
relations between search points. All these patterns are checked for each
of the matching atoms of step 3.

Database Statistics. As mentioned before, GeoMine stores
information about small molecules in the database. Conceptually, the
topology and 3D coordinates of each inserted small molecule are
separated. The two properties are stored in different tables so that the
different topologies define unique ligands while the 3D coordinates
define instances in exactly one binding site. Based on the RCSB PDB
(https:/ /www.rcsb.org/),>" which contains 166 296 entries, there are
44 786 unique ligand topologies in the database. This number is a result
of the ligand definition and the adjustment of HETATM annotations in
the PDB files mentioned above. Water is the most abundant small
molecule. The most frequently occurring small molecules are inorganic
ions such as sulfate, zinc, and magnesium ions. The most commonly
occurring organic small molecules comprise, for example, heme, N-
acetylglucosamine, and glycerol. Of the 914408 available pockets,
412 924 contain a ligand. This means that about 55% of all available
pockets contain no reference ligand and should be considered as
hypothetical binding sites. On average, the pockets have a volume of
270 A® and comprise 200 heavy atoms with a solvent-accessible surface
of about 325 A2 There are about 17 solvent-accessible hydrogen bond
acceptors and 12 hydrogen bond donors on average, and the ratio of
hydrophobic pocket residues to all pocket residues is 0.376.

B SOFTWARE AND DATA AVAILABILITY

All data used were generated from the Protein Data Bank, which
is freely available at PDB, https://www.rcsb.org/. GeoMine is
available as a free web service that can be accessed using the link
https://proteins.plus. All queries developed throughout this
study are available in the Supporting Information.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jmedchem.1c01046.

List of all properties of search points and their value
ranges, list of all textual and numerical filters that can
be used in GeoMine and their value ranges, exact
query definitions of the application examples, and results
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for the application example queries downloaded with the
GeoMine GUI (PDF)

List of all PDB-IDs in the GeoMine database as of May 28,
2021 and all query files in a machine-readable JavaScript
object notation (JSON) format that can be imported in
GeoMine to reproduce the queries and their results
downloaded from GeoMine (ZIP)
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fingerprint; XML, extensible markup language
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Table S1. Properties which can be assigned to a search point in the geometrical query and
their possible values.

Property Possible choices
Original Molecule Ligand, Metal, Protein, Water
Element Alpha Carbon, Boron, Bromine, Calcium,

Carbon, Chlorine, Cobalt, Copper, Fluorine,
lodine, Iron, Magnesium, Manganese,
Nickel, Nitrogen, Oxygen, Phosphorus,
Sulfur, Zinc
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Interaction type

Acceptor, Anion, AromaticRingCenter,
Cation, Donor, Hydrophobic, Metal

If Original Molecule
= Protein

Amino acid

Ala, Arg, Asn, Asp, Cso, Cys, Glu, GIn,
Gly, His, lle, Leu, Lys, Met, Phe, Pro, Ser,
Thr, Trp, Tyr, Val, Hydrophobic, Polar,
Aromatic, Acidic, Basic, Neutral

Location in amino
acid

Backbone, Sidechain

Secondary structure

Helix, Sheet, Helix End, Helix Mid, Sheet
End, Sheet Mid, no secondary structure

If Original Molecule
= Ligand

Functional group

Alcohol, Aldehyde, Amide, Amidine,
Amine, Azide, Ester, Ether, Furane,
Guanidine, Ketone, Nitrile, Phenyl, Pyridine,
Pyrrole, Thiophene

If Original Molecule
= Ligand or Protein

Atom description

SMARTS

Minimal surface

All floating-point numbers > 0 A2

Table S2. Textual and numerical properties which can be added to a query and their possible

values.
Category Property Possible choices
Ligand filter Element Boron, Bromine, Carbon, Chlorine,

Fluorine, lodine, Nitrogen, Oxygen,
Phosphorus, Sulfur, and a count (min, max)

Functional group

Alcohol, Aldehyde, Amide, Amidine,
Amine, Azide, Ester, Ether, Furane,
Guanidine, Ketone, Nitrile, Phenyl,
Pyridine, Pyrrole, Thiophene, and a count
(min, max)

Molecule property

Acceptors, aromatic atoms, aromatic rings,
aromatic ringsystems, charge, cyclomatic
number, donors, halogens, heavy atoms,
hetero atoms, inorganic atoms, Lipinski
acceptors, logP, molecular weight (MW),
Max continuous path of rotatable bonds,
max cyclomatic number, max ring size, max
ringsystem size, rings, ringsystems, rotatable
bonds, stereo bonds (E/Z), stereo centers
(R/S), topological polar surface area, unique
ring families (URFs), volume, and a count
(min, max)
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Similarity CSFP, tCSFP, ECFPIlike, a similarity
percentage, the pocket name to which other
ligands should be similar to and a min and
max for CSFP and tCSFP or radius for
ECFPlike Morgan fingerprint
SMARTS SMARTS string
Protein filter Uniprot ID Free text

Organism Free text

EC number All four numbers can be set individually
Pocket filter Ligand name Free text

Amino acids Ala, Arg, Asn, Asp, Cso, Cys, Glu, Gln,
Gly, His, lle, Leu, Lys, Met, Phe, Pro, Ser,
Thr, Trp, Tyr, Val, and a count (min, max)

Property Acceptors, depth, donors, heavy atoms,
hydrophobicity, metal, DoGSite simple
score, surface, surface-volume-ratio,
volume, and a value range (min, max)

Has ligand No parameter. If filter is set only pockets

containing a ligand are searched.

P-L-Complex-filter

PDB title entry

Free text

Resolution

Value range (min, max)

Experimental
source

Unknown, electron crystallography, electron
microscopy, fiber diffraction, NMR solid
state, NMR solution, neutron diffraction,
solution scattering, X-ray

Paragraph S1. Additional filters

In addition to the filters above there exists a PDB subselection option. The user can provide a
list of PDB IDs to limit the search to specific PDBs.

Table S3. Overview of existing tools for 3D searching in structural data related to data

processing and storage.

Dataprocessing and storage

Relibase/Relibase+

- C++-based self-written database system
with objects stored in multiple
archives in a B-tree data structure
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atoms

- binding site definition: 7 A of the ligand

PDBeMotif/MSDmotif

atoms

- PostgreSQL
- binding site definition: 16 A of the ligand

PRDB

atoms

- information about database type not
provided in the publication
- binding site definition: 8 A of the ligand

PROLIX

atoms

- information about database type not
provided in the publication
- binding site definition: 4.5 A of the ligand

CSD-CrossMiner

- SQLite

- HET groups with less than 5 or more than
100 atoms are removed
- binding site definition: 6 A of the ligand

atoms

PELIKAN - SQL.ite
- binding site definition: 6.5 A of the ligand
atoms

GSP4PDB - PostgreSQL

atoms

- HET entries as ligands
- binding site definition: 7.0 A of the ligand

strucmotif-search

acids

- inverted index implemented by a file
system-based approach - no database
- motifs of at least 3 and at most 10 amino

- distances between animo acid pairs of
15 A at maximum
- all ligands are removed

Table S4. Overview of existing tools for 3D searching in structural data related to search
capabilities and algorithms, and result presentation.

Search capabilities and

Result presentation

algorithms
Relibase/Relibase+ - incremental - superimposition based on
- start with fingerprints sequence

- list of results and statistics

PDBeMotif/MSDmotif - no information in - superimpose similar
publication other than the proteins (only available for
search being based on Ca sequence-based searches)
coordinates or end of - list of results and statistics
sidechain coordinates

PRDB - conversion from search - list of results

query to SQL query or
directly as database SQL
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query without using the
interface

PROLIX

- incremental
- start with ligand
fingerprints

- list of results and statistics

CSD-CrossMiner

- incremental search which
starts with fingerprints

- superimpositions based on
the geometric query
- list of results

PELIKAN - incremental - superimpose results based
- start with points from on the geometric query
index structure using - list of results and statistics
environment as triangles
- exact (including symmetric
matches)

GSP4PDB - graph-based structural - 2D and 3D alignment

pattern query is transformed
into an SQL query

- list of results

strucmotif-search

- motifs are split into residue
pairs, similar occurrences
are retrieved for geometric
descriptors via an inverted
index lookup, checking
candidates for resemblance
to query motif

- Alignment of motifs to
query as well as complete
structure that contains
query or motif according to
publication®

- list of results with a score
based on geometric
properties of residues in the
query and the matched
structure pair

Table S5. Queries and results of application examples in paper

Files for all queries in the paper are given in the supporting information. JSON files are
queries which were exported in GeoMine and can be used with with the Import function
(Import button next to the search button in GeoMine on ProteinsPlus. Results of the queries
downloaded from GeoMine are in the correspondingly named ZIP files. Below are the names
and a short description of the queries.

Filename

Description

Exploiting_Unusual_Interactions
_pdb_search

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design
Query: Search for appropriate geometric
arrangements of halogen atoms attached to
aromatic rings with aromatic ring systems in
protein sidechains in all ligand-occupied
pockets as stored in the PDB.

Exploiting_Unusual_Interactions
_KLIFS

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design

1 Bittrich, S.; Burley, S. K.; Rose, A. S. Real-time structural motif searching in proteins using an

inverted index strategy. bioRxiv 2020
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Query: Investigation of interaction
geometries between aromatic sidechains and
chlorine atoms attached to aromatic (hetero-
)cycles in the published structures
assembled in the third version of the
Kinase—Ligand Interaction Fingerprints and
Structures (KLIFS) database
(https://Klifs.net/, accessed on 03/24/2021).

Exploiting_Unusual_Interactions
Adapated_query KLIFS

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design
Query: Adaption of the KLIFS query in all
ligand-bound protein kinase structures
highlighting that there are numerous kinase
inhibitors with known binding modes that
could be used as potential starting points to
improve compound selectivity.

Exploiting_Unusual_Interactions
_CDK5

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design
Query: There are numerous kinase inhibitors
with known binding modes that could be
used as potential starting points to improve
compound selectivity issues. Cyclin-
dependent-like kinase 5 (CDK5) is used as
an example for a pharmacologically relevant
protein kinase target. This query continues
the search in all PDB-IDs that result from
the ‘Adapated query KLIFS’.

Exploiting_Unusual_Interactions
_300g_selectivity permissive

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design
Query: Investigation if CDKS5 in complex
with an ATP analogue (PDB-ID 300g)
might become more selective upon addition
of a chlorine atom which interacts with
Phe80. No restriction to ligand-occupied
pockets but all predicted and ligand-based to
identify as many potential off-targets as
possible.

Exploiting_Unusual_Interactions
_300g_selectivity_restrictive

Application example: Exploiting Unusual
Interactions for Selective Inhibitor Design
Query: Addition of the aromatic center of
Phe80 as additional interaction point for a
potential halogen aromatic interaction.

Searching_for_Selectivity_Anchors
_in_Protein_Kinases_4wkq

Application example: Searching for
Selectivity Anchors in Protein Kinases
Query: Search for potential off-targets in
empty predicted binding sites by using
EGFR in complex with inhibitor gefitinib
(PDB-ID 4wkq) as template and screening
the protein kinases stored in the KLIFS
database.
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Searching_for_Selectivity Anchors Application example: Searching for
_in_Protein_Kinases_1xkk Selectivity Anchors in Protein Kinases
Query: Extension of the application
examples query in 4wkq by one sidechain of
residue Thr790 as potential selectivity
anchor as known from the structure of
EGFR in complex with lapatinib (PDB-1D

1xKK).
Searching_for_Reactive_Cysteins Application example: Searching for
_in_Protein_Kinases_3poz Reactive Cysteines in Protein Kinases

Query: Demonstration of how the inclusion
of secondary structure elements and solvent
exposure enables the search for protein
kinases with reactive cysteines in the
neighborhood of known inhibitors based on
the crystal structure of the protein kinase
EGFR (PDB-ID 3poz).

Paragraph S2. Query definitions of runtime analysis and comparison between PELIKAN and
GeoMine

Linear - standard

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 2-3: min = 7.6 A, max = 8.6 A

Distance constraint between search points 3-4: min = 4.1 A, max = 5.1 A

Linear — metal
Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any
Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any
Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any
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Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 2-3: min=9 A max =10 A

Distance constraint between search points 3-4: min = 4.1 A, max = 5.1 A

Linear — metal, water

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min = 6.1 A, max = 7.1 A

Distance constraint between search points 2-3: min = 9 A, max = 10 A

Distance constraint between search points 3-4: min=6 A, max=7 A

Linear — metal, water, phosphorus

Search point 1: Original Molecule = Reference ligand, Element = Phosphorus, Interaction
type = Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec.
structure = Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min = 6.7 A, max = 7.7 A

Distance constraint between search points 2-3: min=9 A, max =10 A

Distance constraint between search points 3-4: min=6 A, max=7 A

Star - standard

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any
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Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 5: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 6: Original Molecule = Protein, Element = Carbon, Interaction type = Undefined,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 1-3: min = 3.5 A, max = 4.5 A

Distance constraint between search points 1-4: min = 6.7 A, max = 7.7 A

Distance constraint between search points 1-5: min = 3.3 A, max = 4.3 A

Distance constraint between search points 1-6: min = 4.1 A, max =5.1 A

Star — metal

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 5: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 6: Original Molecule = Protein, Element = Carbon, Interaction type = Undefined,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 1-3: min=4 A, max=5 A

Distance constraint between search points 1-4: min = 6.7 A, max = 7.7 A

Distance constraint between search points 1-5: min = 3.3 A, max = 4.3 A

Distance constraint between search points 1-6: min = 4.1 A, max = 5.1 A

Star — metal, water

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any
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Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 5: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 6: Original Molecule = Protein, Element = Carbon, Interaction type = Undefined,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 1-3: min=4 A, max=5 A

Distance constraint between search points 1-4: min = 5.3 A, max = 6.3 A

Distance constraint between search points 1-5: min = 3.3 A, max = 4.3 A

Distance constraint between search points 1-6: min = 4.1 A, max =5.1 A

Star — metal, water, phosphorus

Search point 1: Original Molecule = Reference ligand, Element = Phosphorus, Interaction
type = Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec.
structure = Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 5: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 6: Original Molecule = Protein, Element = Carbon, Interaction type = Undefined,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Distance constraint between search points 1-2: min = 6.7 A, max = 7.7 A

Distance constraint between search points 1-3: min =3 A, max =4 A

Distance constraint between search points 1-4: min =5.2 A, max = 6.2 A

Distance constraint between search points 1-5: min = 4.5 A, max = 5.5 A

Distance constraint between search points 1-6: min = 4.2 A, max = 5.2 A

Tetrahedron — standard

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Reference ligand, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any
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Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min=6.1 A, max = 7.1 A

Distance constraint between search points 1-3: min = 3.5 A, max = 4.5 A

Distance constraint between search points 1-4: min = 6.7 A, max = 7.7 A

Distance constraint between search points 2-3: min = 7.6 A, max = 8.6 A

Distance constraint between search points 2-4: min = 6.5 A, max = 7.5 A

Distance constraint between search points 3-4: min = 4.1 A, max = 5.1 A

Tetrahedron — metal

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Protein, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min = 6.1 A, max=7.1 A

Distance constraint between search points 1-3: min =5.7 A, max = 6.7 A

Distance constraint between search points 1-4: min = 6.7 A, max = 7.7 A

Distance constraint between search points 2-4: min = 6.5 A, max = 7.5 A

Distance constraint between search points 2-3: min=9 A, max =10 A

Distance constraint between search points 4-3: min = 4.2 A, max = 5.2 A

Tetrahedron — metal, water

Search point 1: Original Molecule = Reference ligand, Element = Oxygen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 1-2: min =6.1 A, max = 7.1 A

Distance constraint between search points 1-3: min =5.7 A, max = 6.7 A

Distance constraint between search points 1-4: min = 5.3 A, max = 6.3 A

Distance constraint between search points 2-3: min=9 A, max =10 A

Distance constraint between search points 2-4: min = 4.2 A, max = 5.2 A

Distance constraint between search points 3-4: min =6 A, max =7 A
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Tetrahedron — metal, water, phosphorus

Search point 1: Original Molecule = Reference ligand, Element = Phosphorus, Interaction
type = Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec.
structure = Any, Amino acid location = Any

Search point 2: Original Molecule = Protein, Element = Nitrogen, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Search point 3: Original Molecule = Metal, Element = Magnesium, Interaction type = Metal,
Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure = Any, Amino
acid location = Any

Search point 4: Original Molecule = Water, Element = Undefined, Interaction type =
Undefined, Functional group = any, Amino acid = Any, Atom name = Any, Sec. structure =
Any, Amino acid location = Any

Distance constraint between search points 2-3: min = 9 A, max = 10 A

Distance constraint between search points 2-4: min = 4.2 A, max = 5.2 A

Distance constraint between search points 1-2: min = 6.7 A, max = 7.7 A

Distance constraint between search points 3-4: min=6 A, max=7 A

Distance constraint between search points 1-3: min = 4.2 A, max =5.2 A

Distance constraint between search points 1-4: min =5.2 A, max = 6.2 A
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Abstract
Addressing computational problems in science often involves customized algorithmic approaches, which
can lead to overlooking well-established solutions in data management and storage. When scientific
datasets grow, these customized approaches may struggle to query data efficiently. Effective data
management is essential for ensuring accurate and fast analysis of scientific data. Describing changes in
the GeoMine software, this paper highlights the potential for improvements in data-driven science.

GeoMine enables spatial-geometric searches in three-dimensional molecular space, facilitating tasks
such as pharmaceutical drug discovery by finding similar geometric patterns in protein-ligand complexes.
The original GeoMine application utilized a relational database solely for fundamental data storage and
combined it with a tailored algorithmic pattern-matching strategy, leaving room for improvements.
This work presents a technical overview of database and workflow optimizations in GeoMine to handle
the increasing data size. Our improvements focus on moving the main computational tasks from the
application level to the database system and optimizing the database utilization. A new query design,
better utilization of indexes, and optimizations in textual queries led to a 15x speedup in our experiments,
reducing the mean runtime of queries to under 8 seconds.

The presented improvements are essential for GeoMine to be offered as a service-oriented web
application. The success of these improvements highlights the significance of database optimization in
science, demonstrating the potential and necessity of proper data management.

Keywords

Database optimization, query optimization, data management, databases for bioinformatics

1. Introduction

Mining huge datasets is a central task in research. Analyzing molecular interactions between
proteins and small organic molecules is essential for understanding disease treatments and
advancing medical research. This includes searching for spatial similarities and geometric
arrangements, which can provide vital insights into the functional aspects of proteins. Results
can be used for further research, for example, in pharmaceutical drug discovery or biotechnol-
ogy [1]. With the growth of accessible datasets, searching for patterns in this data becomes
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increasingly challenging [2, 3]. Besides the continuous growth of available experimental data,
machine-learning-based structure predictions add millions of new structural models [4].

GeoMine [3] is an application enabling a visual-guided geometric pattern search of molecular
data in three-dimensional space. It is embedded in the proteins.plus' server [5], a collection
of different web-based tools for various tasks in protein-based research. The server is a free
service based on publicly available datasets handling over half a million page requests per year.
The back end of GeoMine was derived in prior work from the PELIKAN application developed
in the same group [6], which was utilizing a custom algorithmic approach for query processing.
With the Protein Data Bank (PDB) [7] as a fast-growing dataset underlying GeoMine and the
shift from a desktop application to a server-based approach, GeoMine required an overhaul of
the original query workflow to maintain the ability to provide results in a fast manner.

With this work, we investigate the potential of adopting a database-driven architecture,
focusing on the database as the main part of query execution and reducing application-side
processing. We were able to reduce the mean runtime in our experiments from about 2 minutes
per query to less than 8 seconds, utilizing changes in the workflow and database optimizations.
As we present in this work, a substantial performance enhancement has been achieved by
shifting to a more database-centric method.

The paper is organized as follows: Section 2 provides an overview of the field of work, the
data structure, and the query design; Section 3 details the improvements made to the query
workflow and database optimizations; Section 4 presents and discusses the experimental results;
Section 5 concludes the paper and outlines future work.

2. Background and Related Work

2.1. Data Management and Storage

Data management in scientific research involves the systematic collection, organization, storage,
and sharing of data to facilitate its reusability and ensure the reproducibility of research findings.
In the context of our work, which focuses on querying structured data sets, the storage aspect
is particularly important. In the scientific domain, many existing applications are designed
for single-user usage, often locally storing data in various formats or utilizing object stores
with limited retrieval possibilities [8, 9]. For structured data, Relational Database Management
Systems (RDBMS) are the most commonly used systems, providing robust and efficient solutions.
Commonly, embedded systems are used, such as SQLite [10] for applications with smaller or
medium-sized data sizes or DuckDB [9] for analytical workloads. For Online Transaction Process-
ing (OLTP) workloads which require fast query performance and regular updates, server-based
RDBMS are a popular choice. Large analytical queries are often served by designated Online
Analytical Processing (OLAP) systems such as data warehouses, which are often proprietary
solutions. For handling large-scale semi-structured datasets, NoSQL systems are frequently
used, with columnar and graph databases being popular for analytical queries. The choice
of data management and storage solutions is crucial to ensure efficient processing, reduced
resource consumption, and accurate and fast analysis of scientific data.

Thttps://proteins.plus



PostgreSQL GeoMine utilizes PostgreSQL [11], a robust and widely accessible open-source
database management system. As multiple users can access a web-based application such as
GeoMine at the same time, the ability of a client-server-based database system to handle multiple
queries efficiently in parallel is required. PostgreSQL’s widespread adoption [12] enables cloud-
agnostic hosting on every major platform since most cloud platforms offer PostgreSQL solutions
or other PostgreSQL-compatible scalable databases. Additionally, setting up on-premise or local
instances is straightforward. PostgreSQL is suited for OLTP and also OLAP workloads [13]. The
required workloads here can be depicted in the area of OLAP, given the potential complexity
of the designed queries. However, given the use case of an interactive search mask for a web
service, fast responses are a requirement. PostgreSQL’s efficient query planning and extensibility
for additional approaches (e.g., PostGIS [14] for spatial data or Citus [15] for distributed and
columnar storage) make it a suitable foundation for GeoMine’s use case.

2.2. Protein-Ligand Interactions and Binding Pockets

Protein-ligand interactions are of particular interest in biomolecular and pharmaceutical re-
search. Ligands are small molecules that can interact and bind to the generally much larger
proteins. Protein complexes can contain multiple pockets of varying sizes, partly containing
ligands. Drug molecules used as pharmaceuticals are generally designed to target specific
proteins. Researchers can gain valuable insights by investigating specific three-dimensional
structures and searching for potential candidates to bind with these proteins.

Protein Data Bank The PDB[7, 2], established in 1971, is a comprehensive repository
of 3D structural data of proteins and nucleic acids. The structural information is primarily
obtained through experimental methods, predominantly X-ray crystallography, from research
facilities worldwide [2]. As a freely available resource, the PDB has become vital for research in
various fields by providing atomic-scale structural insights for drug design and understanding
biological processes, containing more than 200,000 structures as of April 2023. Further, with the
advantage of Computed Structure Models, which are protein structure predictions, for example,
by AlphaFold2 [4], additional datasets with about 1,000,000 structures are available now [2].

2.3. GeoMine

Discovering similar structures across distinct complexes or finding molecules that bind to a
specific pocket of interest is a major task in medical research. GeoMine is able to construct
comprehensive databases derived from the PDB and supports exploring these databases with a
web-based search interface. [3]

The preprocessing and database creation procedures employ components of the NAOMI
library [16]. For example, pockets are classified in a complex preprocessing pipeline when con-
structing the database [3]. Central components are the DoGSite algorithm [17], which identifies
empty binding pockets within protein structures, and the calculation of interactions [18].

The central part of the search and unique key feature is the ability to specify geometric
properties, for instance, distances and angles between any points, such as atoms. Further,
point properties can be specified, such as an atom’s chemical element and interactions between



points. This way, precise structural motifs (structural patterns) in protein-ligand complexes
can be searched. While GeoMine’s predecessor PELIKAN was a single-user application based
on an integrated SQLite [10] database, the GeoMine back end is aimed at a server-focused
architecture. In the initial development of GeoMine [3], the query execution capabilities of
PELIKAN were extended for new functionality but were not changed in structure to adapt to
the new architecture.

Database Design For our experiments in Section 4, we used a PostgreSQL15 database created
with the PDB dataset from October 2022. For querying the dataset, the database can be considered
read-only. The database requires approximately 165GB of disk space.

For the geometric search, we focus on two tables. The first table, the point table, comprises all
atoms and other definable points, such as the center of aromatic rings. It contains 340,716,693
searchable entries. These points are distributed across 1,382,853 distinct pockets, which serve
as containers for groups of points. The largest pocket identified in our dataset contains 20,306
points, while the smallest pocket only holds 9 points. Each entry in the point table has a unique
identifier, references the containing pocket, and contains various other fields with properties
per point. Some properties, such as the accessible surface area of an atom, are floating point
numbers. Other attributes, such as the chemical element, contain only a few distinct values,
represented as integers or short strings.

The second table, the interaction table, stores pre-calculated interactions [18]. These inter-
actions represent noteworthy connections between two points, for example, hydrogen bonds.
13,018,225 point pairs are stored here.

Query Creation When creating a query, users can specify multiple constraints. The most
fundamental categories encompass Textual and Numerical Searches, wherein metadata filters
at the protein structure or pocket level can be defined. Users can directly pre-select several
structures or create various filters, such as the minimum number of particular chemical elements
or a certain molecular weight range for the ligand. It also enables filtering using patterns that
describe a local environment using the chemical substructure language SMARTS strings [19].

The central search element and origin of GeoMine’s name are geometry-based searches. To
build the query, users may interactively select points in the web front end [21] (see Figure 1),
utilizing an arbitrary PDB file as a template structure or define them without a template.

Users may select an arbitrary number of points, which can be filtered based on different
properties. Moreover, the specification of distance ranges between two points and angles
between specified distances is possible. Further, interactions between points, as stored in the
interaction table, can be added to the query. Together they resemble an atomic substructure,
which will be searched for. Each pocket can be examined individually as the interactions
between one ligand and an individual pocket in a protein are of interest.

Query Execution The initial approach for query execution was first described for the prede-
cessor tool PELIKAN by Inhester et al. [6]. The most significant enhancement for the runtime
in developing the original GeoMine approach — utilizing a PostgreSQL database instead of
SQLite — did not change the workflow of the searching process. The approach remained mostly



(a) View of a pocket (violet mesh) in (b) Specifing points, distances, and
structure 1H1S angles for the query

Figure 1: GeoMine’s three-dimensional view of a binding pocket based on the NGL viewer [20]. Users
can interactively select atoms and other points and specify distances and interactions between them to
generate the query. Here, a pocket around a ligand (bold bonds) is shown, together with the surrounding
atoms of the protein.

algorithmic focused, with all major computational steps performed within the application
(see Figure 2a), as the original PELIKAN software was designed to be a standalone desktop
application. In the original approach of GeoMine [3], four major steps were performed strictly
sequentially for each query to filter the potential results:

1. Textual and Numerical Constraints - A filter eliminates all proteins and pockets that do
not meet specified properties or do not correspond to a given restrictive SMARTS filter.
This step yields a list of all matching proteins and their pockets.

2. Obtaining all point pairs - For each point pair in the query, all possible results are returned,
and distances, as well as interaction constraints, are checked.

3. Clique detection - An algorithm reconstructs the coherent component graph for all
obtained point pairs and checks all defined angle constraints.

4. Less restrictive SMARTS filters for points were applied to the now-generated results.

Steps two and three of the query processing presented particular challenges. All point and
point pair constraints were queried individually in the database. Since a single constraint for a
point pair is often not very specific, it leads to big intermediate results. Only by chaining several
constraints the number of points is sufficiently reduced. The need to cross-verify each point
with all matching points in its pocket demanded significant computational resources, especially
if the filter for the points were unspecific. The list of potential pockets needed to be recreated
for each pair, as only pockets which contained results in prior pair subqueries remained in the
search space. This caused the search to be strictly sequential and required the serialization
and deserialization of long pocket-ID lists for the SQL WHERE clauses. As the application and
database system are separate processes or running on separate servers, the required repeated
transfer of these lists also affected the performance. Because some point-to-point constraints
were specific (less frequent in the dataset) and others were unspecific (frequent in the dataset),
a hand-crafted scoring function was utilized to estimate the best ordering of queries, starting



Textual and -Pocket D3> Geometric Filter Textual and ‘_3 ketis> Geometric Filter : >
Numerical Filter Numerical Filter e Angle Filter
SMARS Filter SMARS Filter

—> Protein Filter —> Protein Filter

f—
DB

(a) Original workflow
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with the most specific queries to reduce the search space early [6]. Although this improved
the join order in many cases, it had the disadvantage of preventing the database system from
executing classical optimizations, such as parallelism and join order optimization.

Further, an additional algorithm was required since the results from the preceding steps
consisted only of point pairs. The Bron-Kerbosch algorithm [22], a graph-based backtracking
algorithm for clique detection, was used. This algorithm recursively verified whether all
discovered point pairs constituted a complete graph and checked for angle constraints. This
demanded substantial computational effort, taking several hours on large potential result sets.

3. Optimizations

This research aims to achieve optimal performance and ease of setup across various envi-
ronments. Alongside the contributions of this work, the application has transitioned to a
containerized setup for cloud environments. The optimizations presented in this work are essen-
tial for facilitating the deployment of a scalable application. In this section, we will distinguish
between the original approach in GeoMine [3] and the improved approach we present in this
work. The yielded results for each query remained identical.

3.1. Optimizing SQL Queries

The most significant change from the original approach was the redesign of the SQL query
generation. Sequential processing of each constraint within a query led to severely limited
query-level parallelism and long processing times as described in Section 2.3. Therefore, all SQL
queries are now designed to make use of PostgreSQL’s internal planning and optimization. In
contrast to the original approach, where each point-to-point constraint was queried separately,
a single comprehensive query containing all attributes and constraints for geometrical patterns
is now constructed, see Figure 2b. This reduces overhead by eliminating the need to repeatedly
serialize extensive lists of pocket IDs or create temporary tables. To achieve this, the point table
joins itself as often as points were specified in the query, usually 5-15 times. As a match occurs
inside a single pocket, we only need to join points within the same pocket. With information
about the distribution of properties like the chemical element, the RDBMS can estimate which



part of the query restricts the search space the most and improve the join order. The original
approach required running the checks on all points within all remaining pockets, not being able
to skip points that were not matched in earlier subqueries. Intermediate results now remain
within the database system and do not require serialization for application transfer. Additionally,
merging all constraints (points, distances, and interactions) into one query eliminates the need
for clique detection, as the output of the RDBMS is a connected and valid result.

Among all the geometric properties, only the angle checking between point pairs remains a
separate step in the application, as this increases the complexity of the query without showing
the benefits of an early reduced search space in our tests. Textual and numerical filters remain in
a separate query to allow prior filtering, as SMARTS patterns require in-application processing,.
Allowing the RDBMS to determine the join order and the parallel execution resulted in a
significant speedup of benchmark queries. The results are detailed in Section 4.

3.2. Enhanced Utilization of PostgreSQL Indexes

In the original approach, a single extensive index structure was created, covering 15 out of
17 table columns. Although PostgreSQL allows for the construction of multi-column indexes
with a large number of attributes, these structures are only effective in certain situations due to
their size and depending on the used attributes. However, using multiple single-column indexes
and allowing PostgreSQL to combine them as recommended in the documentation [23] did not
achieve the desired performance improvement.

Only the combination of several attributes could substantially reduce the number of yielded
points. The best-found solution for our workload was a balanced compromise between index
size and utilization, including only the most frequently used columns in a multi-column index.
We identified two separate cases for index usage. Firstly, the earliest scheduled subquery focused
solely on the attributes, disregarding their pocket, in cases without textual and numerical filters.
Secondly, an index for subsequent subqueries was needed to filter for pocket IDs required for the
join. In almost all instances, the optimizer determined to filter for the pocket ID in the second
subquery. In some instances, a parallel index scan was performed. Filtering by the pocket ID
reduced the search space best in these cases since the most restrictive subquery had already
been executed as the first scheduled subquery. Therefore, we introduced a second index with
the pocket identifier positioned first in the index. For both structures, we utilized PostgreSQL’s
default B-Tree index as other index structures seemed not beneficial in our tests. As pockets
usually contain only a few hundred points, spatial indexes, like r-trees provided by PostGIS [14],
did not provide the desired benefits. Filtering points and calculating all distances performed
better in our tests than spatial operations due to the overhead of utilizing a spatial column.
Index creation only needed a few minutes, but additional indexes for specific queries would no
longer fit into the filesystem read cache and reduce performance.

3.3. Improving Text Search

The initial step of the workflow involves filtering structures based on textual and numerical
attributes. These filters target various properties, the most important being the PDB identifiers
used to select a pre-defined or user-defined subset of protein structures. A short alphanumeric



Table 1
Experiment overview. Showing enabled improvments between baseline ex07 and all improvments ex06

Improvement ‘ ex01 ‘ ex02 ‘ ex03 ‘ ex04 ‘ ex05 ‘ ex06 ‘ ex07 ‘ ex08 ‘ ex09 ‘ ex10 ‘
Index Improvement X X X

No Wildcards X X

New Query Design X X

No ILIKE X X X

code identifies each structure.

Previously, an SQL ILIKE (case insensitive match) statement with a wildcard match at the
beginning and end of the string was executed to check for the desired properties. For the PDB
codes, we could make two changes. We could discard the wildcards in the query unless explicitly
desired, which enables the utilization of a search index. And as the codes are not case-sensitive,
we can replace the ILIKE with a LIKE, allowing for a case-sensitive search and resulting in a
substantial speedup, as demonstrated in Section 4.

4. Evaluation and Discussion

4.1. Methods

To evaluate the impact of each modification suggested for GeoMine, several experiments were
derived from the original GeoMine approach ex01 (see Table 1). Experiments ex02 to ex05 each
contain only one of the improvements, ex06 contains all improvements, while experiments ex07
to ex10 contain all except one. This way, we show which change impacts the performance most,
as different improvements benefit from each other.

For evaluating the performance across different workloads, we used a set of nine queries
already used in previous work [3], designed to highlight available features, show examples
for common applications and estimate the runtime of different patterns common in GeoMine
practical applications. They emitted between 2 and 7117 results.

We used a PostgreSQL15 database system. All data was stored on an SSD. Unless otherwise
specified, a dedicated server with 400GiB RAM and 80 Cores was used (PostgreSQL 128GB
sharedbuffers, 16 parallel workers). Podman [24] was used to deploy the system. Each experiment
was repeated five times. The GeoMine application was executed on the same node as the
PostgreSQL database. We configured PostgreSQL to utilize less memory than available, as
GeoMine required a high amount of working memory for some workloads. Additionally, we
conducted tests on commodity systems by employing two setups (small/ medium) using virtual
servers. Both setups stored data on SSDs and were equipped with 12 cores and 24GB RAM, resp.
18 cores and 48GB RAM.

4.2. Results

Figure 3 shows the mean runtime of the nine test queries for each experiment as depicted in
Table 1. Each change led to better performance, with the highest performance gain occurring
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Figure 3: The sum of mean runtimes in seconds for each experiment as described in Section 4.1. Each
color represents one distinct query

when all changes were applied together. The required time for performing all nine queries
decreased from 1033sec of the original approach (ex01) to 68sec with all improvements (ex06).

The new query design (ex04) had the most substantial impact on performance, particularly
visible in the long-running queries. Also, the transition from the ILIKE to the LIKE statement
notably reduced runtime. The performance gain is most noticeable on the medium-running
queries containing a long list of PDB IDs for a preselection. The experiments 02 and 03, the new
index and no wildcards in the PDB ID selection showed only a small improvement. However,
experiment 09, which contains all changes except the wildcard improvement, shows that it has an
impact on the overall runtime, presumably benefiting from the switch to the LIKE statement. The
changes in index structures showed less impact than expected, demonstrating that PostgreSQL
can handle indexes with an inflated number of columns. However, the performance was
drastically worse if no index was used or index structures did not combine multiple attributes.
For instance, combining one index per attribute led to an increase of the sum of the mean
runtimes from 68sec (ex06) to 134sec.

Unspecific Queries Some of the used queries include a protein filter to reduce the number
of searched pockets. When removing these filters and searching the whole dataset, the original
approach reached its set limits (needing more than 100GB RAM or 1h time) on some of these
and other queries with less restrictive geometric filters. With the improved approach, some
queries with extensive intermediate results could now be computed for the first time, often
within minutes.

Alternative Setups As large database instances are not always accessible, for example, due
to cost constraints in cloud environments, we also conducted our experiment on two smaller
virtual servers. As shown in Figure 4a, the performance gains were also visible on these smaller
server instances. These tests were performed on shared hardware, so they can only show a
general trend rather than precise comparative data. However, they demonstrate the feasibility
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Figure 4: Mean runtimes in alternative configurations of experiment 01 and 06

of processing on shared virtual servers. Additionally, we observed a substantial speedup while
transitioning from PostgreSQL10 to PostgreSQL15 as displayed in Figure 4b. Combined with
our improvements, we achieved a speedup factor of 32.

5. Conclusion and Future Work

GeoMine is a unique application for geometric searches in large collections of protein-ligand

complexes with high relevance for life-science research. We showed that it was possible to

achieve a large speedup on our query processing by moving major parts of the processing

from a custom-written logic inside the software to a PostgreSQL database system. Additionally,

different approaches in database optimization contributed to further performance gain. Overall,

these achievements are critical for the practical use of the system handling the growing dataset.
Some queries could be executed for the first time on our setup due to these changes. In this work,

we focused on optimizations of the database and query design. We demonstrated the substantial
benefits of database optimizations in scientific applications, achieving a fifteen-fold speedup
in GeoMine. Coupled with a halving of the runtime through the use of a newer PostgreSQL
version, we managed to reduce the average runtime from minutes to seconds.

Looking ahead, we plan to explore additional database paradigms, such as distributed or
column-based systems, and establish schema changes for further optimizations. The caching of
intermediate results, as well as determining the join order by extended statistics or by utilizing
machine learning, may potentially provide additional benefits. This way, we aim to achieve
even better performance for searching scientific data with a service-oriented web service.
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Abstract

In this work, we present the frontend of GeoMine and showcase its application, focusing on the new features of its lat-
est version. GeoMine is a search engine for ligand-bound and predicted empty binding sites in the Protein Data Bank.
In addition to its basic text-based search functionalities, GeoMine offers a geometric query type for searching binding
sites with a specific relative spatial arrangement of chemical features such as heavy atoms and intermolecular interac-
tions. In contrast to a text search that requires simple and easy-to-formulate user input, a 3D input is more complex, and
its specification can be challenging for users. GeoMine’s new version aims to address this issue from the graphical user
interface perspective by introducing an additional visualization concept and a new query template type. In its latest ver-
sion, GeoMine extends its query-building capabilities primarily through input formulation in 2D. The 2D editor is fully
synchronized with GeoMine’s 3D editor and provides the same functionality. It enables template-free query generation
and template-based query selection directly in 2D pose diagrams. In addition, the query generation with the 3D editor
now supports predicted empty binding sites for AlphaFold structures as query templates. GeoMine is freely accessible on
the ProteinsPlus web server (https://proteins.plus).

Keywords Protein-ligand complexes - Molecular interactions - 2D query editor - GeoMine - 3D search engine -
PoseEdit - Protein Data Bank - AlphaFold

Introduction similar relative spatial arrangement of chemical features

like atoms, functional groups, or intermolecular interactions

A large number of experimentally determined three-
dimensional (3D) structures of biological macromolecules
are publicly available thanks to the substantial growth of
the Protein Data Bank (PDB) [1] and are easily accessible
through its web service. This wealth of data is a fundamental
scientific resource for understanding macromolecule-ligand
interactions and their functional impact. However, to fully
exploit this data resource, search engines have to go beyond
basic querying on a textual level and enable direct search-
ing of the most central part of the data, the 3D structures
themselves. The capability to retrieve all structures with a
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from the PDB can support numerous applications in life sci-
ence research. For example, searching a query that covers
a ligand binding mode within a binding site may result in
potential off-target binding sites with similarly interacting
ligands, thereby explaining side effects, mining for interac-
tion geometries [2], searching for residue motifs [3], and
assisting drug repurposing [4].

In addition to the web service of the PDB itself [5], sev-
eral tools have been developed that enable specific types of
spatial queries for the PDB: CSD-CrossMiner [6], PRDB
[7], PROLIX [8], Relibase and Relibase+ [9], PDBeMotif
[10], PELIKAN [11], GSP4PDB [12], GeoMine [13, 14],
and nAPOLI [15]. In addition, some commercial and unpub-
lished software applications such as Proasis4 [16] and 3deci-
sion [17] offer similar search capabilities. Of the published
tools, PRDB, PROLIX, Relibase, Relibase+, PDBeMotif,
and nAPOLI are no longer available. CSD-CrossMiner and
PELIKAN are desktop applications, while GSP4PDB and
GeoMine are accessible on the web. GSP4PDB and GeoMine

@ Springer
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are freely available. CrossMiner and PELIKAN require a
commercial or academic license, respectively. The tools dif-
fer significantly regarding the supported query content and
what regions of the structures in the PDB are searchable. For
example, while the PDB web service allows searching the rel-
ative spatial arrangement of o- and B-carbon atoms of specific
residues in complete protein structures, PELIKAN permits a
query that describes a relative spatial arrangement of arbitrary
user-specified heavy atoms and intermolecular interactions to
screen ligand-bound binding sites defined by a radius of 6.5 A
of the ligand’s heavy atoms. For a comprehensive overview
of the query differences and technical aspects of the different
tools, like the underlying data storage approach, see [13].

Due to the multidimensional nature of the data and the
varying complexity of the supported 3D query, spatial
searches are highly challenging, not only from the devel-
oper’s point of view but also from the user’s perspective.
In contrast to the simple text-based user input of keywords,
scalar values, sequences, or even substructures, specifying
relative spatial arrangements of chemical features is a com-
plex task. In general, drawing with a graphical editor sub-
stantially simplifies query generation, in contrast to defining
the query purely textually.

A two-dimensional (2D) or 3D editor provides a more
intuitive interface for placing and specifying chemical fea-
tures and their geometric constraints. Additionally, both edi-
tor types already give life scientists a familiar environment
for visualizing chemical structures. Generating queries
with such an editor can be further simplified by visualizing
a structure of interest as a template, in which the user can
select the arrangement of chemical features to search for.
Nevertheless, an additional textual specification of the 3D
query as a manual post-processing step is useful for adapt-
ing its chemical and spatial precision to individual needs.

The PDB web service, CSD-CrossMiner, GeoMine, and
PELIKAN provide a 3D editor. A template structure for
query design can be used in all tools. While a query can
be designed anywhere in a loaded 3D representation of a
PDB entry using the PDB web service, the query options in
CSD-CrossMiner, GeoMine, and PELIKAN are limited to
corresponding 3D-visualized binding sites as structural tem-
plates. Query generation from scratch is possible with CSD-
CrossMiner and GeoMine via the 3D editor and PELIKAN
via a textual and tabular representation. PROLIX enables a
purely textual approach. All other tools offer a 2D editor for
template-free query generation.

Considering a 2D and 3D editor in comparison, both
visualization concepts have advantages and disadvantages
for generating spatial queries. A 3D environment is a natural
choice because it provides precise spatial information. How-
ever, the drawback of a 3D editor is that its usage requires
practice and time, especially when using a template for

@ Springer

query selection. Due to the high amount of visualized struc-
tural information, the chemical features of interest might be
visually buried inside the structure and must, therefore, be
focused on by users by zooming, translating, and rotating
the scene extensively. Therefore, query generation can still
be challenging, even though a 3D visualization provides all
required information.

In contrast, a 2D environment provides only distorted
spatial information due to the dimensionality reduction.
Furthermore, converting a 3D template structure into a pla-
nar representation prevents the visualization of the entire
structure due to consequential structural overlaps causing
suboptimal 2D layout quality. Therefore, 2D visualization
requires a reduction in the amount of visualized structural
information. Even though a 2D visualization provides less
information than a 3D visualization, it visualizes and high-
lights only the most relevant chemical information a user
might want to search for. Furthermore, 2D visualization
offers chemical structure representation as structure dia-
grams that are very familiar to scientists. A 2D visualization
permits an instant overview of the most relevant selectable
chemical features, simplifying query generation.

In this article, we will introduce the latest version of
GeoMine. First, we will provide a user-focused overview
of GeoMine, including its new features: the 2D query editor
and the 3D template type based on the artificial intelligence-
predicted AlphaFold structures [18] that are retrieved from
the corresponding database at https://alphafold.ebi.ac.uk.
We will then present the 2D editor in more detail and show-
case the application of the new features of the latest tool
version, which exploits all the above-mentioned query gen-
eration approaches to design a graphical user interface with
the highest usability possible for spatial searching within
known and predicted binding sites.

Methods
Features overview

The key features of the most recent release of GeoMine are
summarized in the list below. Subsequently, some of these
points are illustrated in detail, including the integration of
the new features of GeoMine, the 2D query editor, and the
AlphaFold-based 3D template type:

e A graphical user interface that is freely accessible via
the ProteinsPlus [19-21] web server (https://proteins.
plus).

e A fast and precise search functionality that enables 3D
querying of ligand-bound and predicted empty binding
sites of protein or nucleic acid structures in the entire
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PDB. In the new GeoMine version, binding sites are
predicted by DoGSite3 [22]. The binding sites are post-
processed by Protoss [23, 24] to calculate the presence
and coordinates of polar hydrogen atoms.

e On-the-fly loading of ligand-bound and predicted empty
binding sites as query templates created from a PDB
structure, an AlphaFold structure, or an uploaded cus-
tom structure file in PDB format.

e An interactive and user-friendly query generation pro-
cess in a 2D and 3D editor that allows synchronized
query selection in a ligand-bound or predicted empty 3D
template binding site and 2D ligand interaction diagram,
respectively, as well as its generation from scratch.

e A large number of selectable chemical features that in-
clude all buried and solvent-exposed heavy atoms of all
ligands (e.g., solvent molecules, cofactors, small mole-
cules), simple ions like metal ions, and biomolecular resi-
dues (amino acid and nucleic acid residues) in a binding
site, as well as visualized aromatic ring centers, second-
ary structure elements, and hydrogen bond, pi-stacking,
cation-pi, metal, and ionic interactions. GeoMine allows
combining all of these chemical features into a single
complex 3D query.

o The placement of hypothetical chemical features in 2D
and 3D space for template-free query generation.

e A comprehensive specification of the spatial relation-
ships between chemical features through geometric con-
straints, which include orientations, distance ranges, and
angle ranges.

e A simple verification and arbitrarily precise specifica-
tion of the query due to its additional representation in
tables, which show various properties of the chemical
features and geometric constraints that can be adjusted
in detail or kept more generic. For example, users can
specify whether a selected atom of the polar residue ser-
ine matches only serine residues or all polar residues or
residues of any type and class.

e The automatic loading of the primary or even all proper-
ties of a chemical feature into the query table by chemi-
cal feature selection.

e A clear visual correspondence of the query visualized
in the 2D and 3D editors and the tables achieved by
synchronized mouse-over highlighting and individual
coloring for the chemical features and geometric con-
straints of the query.

e A user-specified ulterior restriction of the search in the
PDB by an optional list of PDB identifiers and by the
inclusion or exclusion of results based on 53 additional
textual and numerical filter criteria, such as the source
organism, the protein class, or the root-mean-square de-
viation (RMSD) between the match and query points.

e An iterative search process of query editing and subse-
quent searching in already-detected results enabled by a
refinement functionality and results history.

o The download and upload of a GeoMine query in Ja-
vaScript Object Notation (JSON) file format for sharing,
archiving, reusing, and later editing.

e A comprehensive presentation and comparative analysis
of the resulting binding sites by a table with information
about the 150 best results and the visualization of these
in the 3D editor together with the 3D template binding
site as superimpositions of the template and matching
binding sites with various 3D visualization options. The
ranking and superimpositions of results are based on the
RMSD between the chemical point features of the query
(atoms, aromatic ring centers, secondary structure ele-
ments) and the corresponding ones of the matches.

e The download of the table content in JSON or comma-
separated values (CSV) format, of the superposed bind-
ing sites of the 150 best results in PDB format, and of a
file that contains the statistics for all matches.

New features integration

The user can specify a template structure for query genera-
tion on the ProteinsPlus landing page (Fig. 1) in several
ways. Besides the specification of a Protein Data Bank
structure by its 4-letter identifier (Fig. 1a) or a custom struc-
ture by a file in PDB format (Fig. 1b), the user can now
directly access predicted structures in the AlphaFold data-
base through their UniProt accession numbers. Additional
ligands can be uploaded in Structural Data File (SDF) for-
mat (Fig. 1¢) for the specified template structure. The linked
advanced search functionality (Fig. 1d) allows the user to
query the Protein Data Bank (Fig. 2a) and AlphaFold data-
base (Fig. 2b) by keywords to search for potential input
structures (Fig. 2c¢).

After input confirmation on the ProteinsPlus landing
page (Fig. le), the user is forwarded to the ProteinsPlus
main page (Fig. 3), which consists of three scrollable sec-
tions. The user can select GeoMine from the tool list in the
right section to access the tool-specific graphical user inter-
face components, including the new 2D query interface. The
central section provides two scrollable lists: the Pockets and
Ligands lists (Fig. 3b). The Ligands list contains informa-
tion about all ions and small molecules of the input struc-
ture. The Pockets list provides information about on-the-fly
calculated ligand-bound and DoGSite3-predicted empty
binding sites. Ligand-bound binding sites are predicted with
a so-called “ligand-bias™ option, i.e., the solvent grids are
biased by the buried fragments of the ligand to enforce these
parts to be included in the predicted sites (ligand-biased

@ Springer



23 Page 4 of 12

Journal of Computer-Aided Molecular Design

term:

Thls

Fig. 1 Excerpt of the landing page of ProteinsPlus. a Text field for the
specification of a Protein Data Bank or AlphaFold structure as input. b
Upload button for a PDB file with a custom input structure. ¢ Upload
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Fig. 2 Advanced search functionality of ProteinsPlus. a Text field for the keyword-based querying of the Protein Data Bank. b Text field for the
keyword-based querying of the AlphaFold database. ¢ List of search results

predicted sites, see [22] for details). A ligand might not be
contained in any DoGSite3-predicted binding site, i.e., less
than 20% of its heavy atoms lie in the pocket. In this case, a
ligand radius-based binding site is created instead, including
the ligand and all residues, other small molecules, and sim-
ple ions within a radius of 6.5 A of the ligand’s heavy atoms.
In the case of AlphaFold-based input, only predicted empty
binding sites are available, as those structures do not con-
tain ligands. A 2D ligand interaction diagram created with
PoseEdit [25] and PoseView [26—28] as a template for query
selection can be loaded for a user-specified ligand from the
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Ligands list into the 2D editor on the right (Fig. 3c). The
corresponding ligand-bound 3D binding site from the Pock-
ets list is then automatically visualized in the 3D editor on
the left (Fig. 3a).

Figure 4 provides a detailed view of the 2D ligand
interaction diagram content, the 2D editor functionality,
and the supported components of the query. A 2D ligand
interaction diagram (Fig. 4b) shows an excerpt of the
corresponding ligand-bound 3D binding site. The select-
able chemical feature types are the same as in the 3D
binding sites, but the visualized content is restricted to a
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Fig.3 Main page of ProteinsPlus showing the main components of the
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bound and predicted binding sites of the input structure for visualiza-
tion in the 3D viewer. A toggleable list of small molecules and ions
of the input structure for visualizing the corresponding 2D interaction

specific ligand and directly interacting metals and macro-
molecular residues. Hydrophobic contacts with residues
are not visualized in atomic detail but are indicated by
green splines labeled by the corresponding residue iden-
tifiers. It is not possible to generate 2D diagrams for pre-
dicted empty binding sites. The substantial quantity of
solvent-exposed residues in such a binding site cannot
be effectively limited, as it is difficult to automatically
specify which residues might be more important than
others for query selection. A 2D diagram that displays
all binding site residues is overly crowded and does not
provide any chemical reference point to the user on what
to select, rendering the query formulation in 2D space an
ineffective alternative. In contrast, a query selection in a
predicted empty 3D binding site is more feasible since
residues are distinguishable on a spatial level. For exam-
ple, a user might want to select specific solvent-exposed
atoms of nearby residues surrounding a distinct subsec-
tion of the binding site. However, for ligand-bound 3D
binding sites, it is possible to highlight the ligand, its
interaction partners, and the intermolecular interactions

diagrams in the 2D viewer can be shown by clicking on “Ligands”.
¢ 2D viewer showing a 2D ligand interaction diagram and the query.
d Scrollable section for the query representation by tables, with sepa-
rate tables for query points, distances, angles, and interactions. In the
figure, the focus is on the points table

in a 2D diagram. This focus increases the clarity of 2D
diagrams while providing chemical information useful
for query selection even without spatial information.

In addition to the input specification via the Ligands list,
users can upload a diagram file in JSON format (Fig. 4d).
This upload functionality is particularly useful when users
want to improve the automatically generated 2D layout for
query selection. With the 2D diagram editing tool PoseEdit,
which is also accessible on ProteinsPlus, the user can load
and visualize the same 2D diagram to manually rearrange
its content for resolving graphical issues like overlapping
residues or intersecting intermolecular interactions. The
optimized 2D diagram can be downloaded from PoseEdit
as a JSON file and can then be uploaded into the 2D editor
of GeoMine.

The 2D editor has the same query-building functionality
as the 3D editor. Furthermore, the 2D editor is synchronized
with the 3D editor and the query tables regarding query gen-
eration, visualization, mouse-over highlighting, and color-
ing. This synchronization allows the simultaneous usage of
all query input types in a complementary manner. The query

@ Springer



23 Page 6 of 12

Journal of Computer-Aided Molecular Design

consists of chemical features and geometric constraints that
can be added without a template or selected in a template
via several user modes (Fig. 4a). A legend below the 2D
drawing area (Fig. 4c) explains the precalculated chemical
features.

In the Point mode, the user can select so-called points, i.e.,
heavy atoms, aromatic ring centers, and secondary structure
elements, represented by a-carbon atoms of central or termi-
nal protein residues in helices and strands. Solvent-exposed
heavy atoms are highlighted by big colored spheres. Like in
the 3D editor, hypothetical points can be placed and moved
in 2D space. They are automatically placed in the center of
the ligand-bound 3D binding site that corresponds to the 2D
ligand interaction diagram. The relative position of a hypo-
thetical point can be adjusted via the 3D editor and by dis-
tance ranges. Intermolecular interactions are visualized by
colored dashed lines and can be selected in the Interaction

0 a Selection mode:ﬁ@

Ligand ©: |asp_A_1208

Leu83A

Glug1A

angle range

1

1

U

)

1

|
T

1

|
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N

mode. It is also possible to specify a hypothetical intermo-
lecular interaction between two points in that mode. Any
two points can be connected by a distance range in the Dis-
tance mode. Lastly, angle ranges can be placed between
connected distance pairs and interactions in the Angle mode.

The corresponding tables in the scrollable section below
the 2D editor list defined points, distances, interactions,
and angles (Fig. 3d). The tables allow further verification
and modification of their properties, for example, the resi-
due an atom belongs to or the tolerance value of a distance
range. The user can specify that all properties of a selected
chemical feature are automatically recognized and set in its
corresponding table entry after selection by enabling the
checkbox next to the list of modes. Otherwise, only its main
properties are set automatically, i.e., the element for atoms
and the molecule type for atoms, aromatic ring centers, and
secondary structure elements. For a screen recording video

2D/3D viewer controls

Ly
PoseEdit diagram

d

Leul34A

WA

Asp86A
1le10A
===== hydrogen bond metal interaction O- - - ——Q@pi-pi interaction
————— ionic interaction ©cation-pi interaction hydrophobic contact

©aromatic ring center

Fig.4 Excerpt of the ProteinsPlus main page, showing the 2D editor of
GeoMine with a 2D ligand interaction diagram and all possible query
components. a List of modes for query generation in 2D and 3D. b
Drawing area displaying a 2D diagram of the inhibitor with the inter-
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* secondary structure element

@surface atom (e.g. O)

nal ProteinsPlus ID 4SP_A_1298 interacting with a cyclin-dependent
kinase (PDB code: 1H1S) [29]. ¢ Legend illustrating chemical fea-
tures. d Button for uploading diagram files
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demonstrating how to apply the user modes, see Online
Resource 1. A 2D diagram of the inhibitor with the inter-
nal ProteinsPlus ID 4SP_A 1298 interacting with a cyclin-
dependent kinase (PDB code: 1H1S) is shown in the video
to exemplify query generation with the 2D editor.

Technical implementation details

The graphical user interface is primarily implemented with
HTML, Vanilla JavaScript, and the Bootstrap 3 library
(https://getbootstrap.com). Several JavaScript libraries
were used to integrate specific frontend components. The
3D viewer uses the NGL library [30, 31] (https://nglviewer.
org). The query tables employ the DataTables library
(https://datatables.net). The 2D editor is based on the Inter-
actionDrawer JavaScript library (https://github.com/rarey-
lab/InteractionDrawer), which draws interactive 2D ligand
interaction diagrams in Scalable Vector Graphics (SVG)
format. The web server’s backend is implemented using the
Ruby on Rails framework (https://rubyonrails.org) and a
MySQL database (https://www.mysql.com).

GeoMine’s searches are performed on a server using a
PostgreSQL (https://www.postgresql.org) database, 200 GB
of main memory, up to 30 cores of a 2x Intel Xeon Gold
6248 processor (2.5 GHz), and a Dell 1.6 TB NVMe HHHL
AIC PM1725b solid-state drive with an XFS file system.

Application

Binding site function prediction and off-target
analyses for methyltransferases in Leishmania

In our case study, we want to illustrate how GeoMine can
be used to analyze AlphaFold models and assist in suggest-
ing ligands and their binding modes for a predicted protein
structure of interest. The resulting complexes can subse-
quently be used to assess the uniqueness of the 3D arrange-
ment of ligand-interacting binding site atoms using 2D
query design. Here, we want to focus on neglected tropical
diseases threatening millions worldwide [32]. Their treat-
ment is restricted to a few medications that often harbor
severe side effects [33]. Causative agents for these diseases
are, among others, parasites of the genus Leishmania. The
search for potential therapeutic agents became the focus of
academic infection research, which identified several phar-
maceutically promising targets [34]. Understanding their
structure and function is crucial for future early-phase drug
discovery and development.

The protein of interest in this case study is an enzyme
called sterol 24-C methyltransferase (SMT) in Leishmania
species. The enzyme uses S-adenosyl methionine (SAM)

as a cosubstrate and catalyzes the C-C bond formation
between a methyl group and the C24 of zymosterol to
form ergosterol [35], the major sterol component of these
parasites. Several substrate-based inhibitors of the enzyme
from Leishmania amazonensis are known [36] and a recent
computational study aimed to design novel inhibitors [37].
The authors focused their analyses on the zymosterol bind-
ing site of the protein to find novel inhibitors. In contrast,
we wondered whether the SAM-binding site might provide
a suitable starting point for structure-based design. Due to
the unavailability of experimental structures, we used the
AlphaFold model of the enzyme from L. donovani (UniProt
Accession Q6RW42).

Upon loading the structure on ProteinsPlus by entering its
UniProt Accession, we can see the ligand-free structure of
the protein. In the Pockets tab, we see two pockets predicted
by DoGSite3 for the structure. The first is very large, with
a volume of 587 A3 (P1), while the second is much smaller
and mainly occupied by charged residues (P2). We conclude
that the first pocket might be the active site responsible for
SAM and zymosterol binding. DoGSite3 detects three sub-
pockets in this binding site: a large one with many aromatic
atoms and a hydrophobicity ratio of 0.76, which is flanked
by residues with low pLDDT scores (P1_1), and two smaller
ones with lower predicted hydrophobicity and high pLDDT
scores (P1 2 and P1 3, Fig. 5). Therefore, we hypothesized
that the smaller subpockets might be the site binding to SAM
and rely on these subpockets with an overall higher predicted
accuracy in terms of pLDDT.

We performed a molecular docking of SAM with
JAMDA [38, 39] into these combined subpockets. How-
ever, we obtained highly diverse potential poses partially
extending to the P1_1 subpocket. Due to structural uncer-
tainties of the structural model representing a considerable
challenge for molecular docking [40], the best-scored pose
might not correspond to the native binding mode. To find
the most probable of the predicted binding poses, we built a
GeoMine model based on flanking solvent-exposed binding
site residues (Fig. 5) and a point indicating the position of
the ligand and screened for similar binding sites in complex
with SAM, its enzymatic product S-adenosyl homocysteine
(SAH), or their analog sinefungin (SFG). The correspond-
ing query file in JSON format is available in the Supple-
mentary Information (Online Resource 2). The search
finished in 21 s. Intriguingly, we found only one protein
ligand-complex with SAH that did not clash considerably
with the query protein residues: the SAM-binding pocket of
ribosomal RNA large subunit methyltransferase K/L from
Escherichia coli (strain K12, PDB code 3v97). The JAMDA
pose on rank 6 is similar to the one in the RNA methyltrans-
ferase aligned with GeoMine and might provide a reliable
binding hypothesis.
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Fig. 5 Ligand annotation and off-target prediction for binding sites
of Leishmania donovani sterol C-24 methyltransferase. The explored
workflow involves binding site prediction by DoGSite3 (light blue),
molecular docking with JAMDA (dark blue), and the search for related
binding sites of SAM, SAH, or SFG in the complete PDB for binding
pose comparison and a subset of human structures for searching poten-
tial off-targets using GeoMine (predicted site 3D query generation and
complex 2D query generation, red). The query for the initial GeoMine
search with a predicted site was based on manually chosen solvent-
exposed atoms. The pharmacophoric properties of the selected atoms
were used as query points (hydrogen bond acceptors and donors, aro-
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matic centers, and hydrophobic atoms). For the prediction of related
sites in human protein structures, i.e., pockets with similar interaction
patterns to the cosubstrate SAM, with the 2D editor, the point features
of oxygen and nitrogen atoms were set as solvent-accessible hydrogen
bond donors and acceptors, respectively, if they are involved in hydro-
gen bonds with the ligand. Aromatic centers were modeled if they
undergo pi-pi interactions with the ligand. Independent of the query
type, all modeled points connected by distances below 14 A were
annotated by distance restraints with tolerances of 1 A. Note that only
point-point distance restraints up to 15 A can be defined in the frontend
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One well-known issue of targeting SAM-binding sites
is the comparatively high risk of off-target effects and cor-
responding toxicity when addressing similar conserved
interaction patterns in related enzymes [41]. Although we
find highly specialized classes of SAM-binding enzymes in
nature [42], a close examination of the interaction pattern
similarities might help to identify selectivity-mediating site
properties and prevent the design of non-selective inhibi-
tors. Therefore, we further explored the unique features of
the binding site. We saved the JAMDA pose on rank 6 and
uploaded it as complex to ProteinsPlus. The correspond-
ing PDB file is available in the Supplementary Information
(Online Resource 3). Next, we used the 2D query feature
of GeoMine to model residue atoms potentially interacting
with SAM-related compounds. As the binding site is highly
buried and the number of interactions is high, it is more
convenient to use the 2D representation of the interacting
partners in this case. We modeled the pharmacophoric prop-
erties of all interacting atoms except for the residues inter-
acting with the carboxylic group of the methionyl moiety
and backbone atom of Ile177, as those atoms are far apart
from the adenosyl moiety. The resulting query was used to
screen for related binding sites of human protein structures
in the PDB. The corresponding query file in JSON format
is available in the Supplementary Information (Online
Resource 4). The search took 19 s. Intriguingly, we could
not identify similarities in the SAM binding mode predicted
for SMT to the one observed for any human enzymes of
known structure in complex with SAM, SAH, or SFG, indi-
cating a unique interaction pattern in this protein.

To compare this finding to the results of similar
approaches with other SAM-binding enzymes from L. don-
ovani, we used another SAM binding site of the enzyme
alpha N-terminal protein methyltransferase 1 (UniProt
accession number AOA3S7X350). A SIENA [43] search in
the PDB revealed a highly related SAM-bound structure of
the enzyme of L. major (PDB entry 1xtp by the Structural
Genomics of Pathogenic Protozoa Consortium). The tool
searches for closely related binding sites of other proteins
based on perfect k-mer sequence matches in an indexed
database of the PDB. As the residues of both active sites
overlap nearly perfectly and there are no mutations or gaps
in a 5 A environment, we used a similar GeoMine search
strategy to find potentially related sites for this target. As
described previously for SMT, we modeled all interact-
ing residue atoms and their distances, omitting the atoms
interacting with the carboxylic group of the methionyl moi-
ety and the backbone oxygen atom of Gln165. We omitted
the oxygen atom of Thr167 as the ether might represent a
comparably weak acceptor. The corresponding query file in
JSON format is available in the Supplementary Information
(Online Resource 5). The search was performed in 31 s. In

contrast to our findings for SMT, we identify several binding
sites in human enzymes that are structurally highly related
(Fig. 6). The low RMSD values of the matched points indi-
cate a high validity of the hits in terms of matching interact-
ing atoms. A visual inspection of the matches highlights that
mainly human N-terminal Xaa-Pro-Lys N-methyltransfer-
ase 1, N-terminal Xaa-Pro-Lys N-methyltransferase 2, and
mRNA cap guanine-N7 methyltransferase should be consid-
ered potential off-targets of compounds addressing similar
interacting residues of the SAM site. The match with actin-
histidine N-methyltransferase does not lead to a convincing
ligand alignment, indicating that the site of this enzyme is
different regarding the atoms interacting with SAM. This
result suggests that selectively inhibiting this binding site
might be more challenging than addressing the one for SMT
with an SAM-competitive inhibitor.

In summary, this study illustrates how GeoMine can sup-
port the analysis of protein structures concerning ligand
binding in just one of the numerous imaginable workflows.
Using DoGSite3, putative sites, e.g., from predicted protein
structures, can be used as starting points. The fully integrated
2D and 3D query design options paired with the efficient
database search capabilities of GeoMine enable on-the-fly
structural investigations exploiting data from hundreds of
thousands of protein structures. The new functionalities
provide easy access to binding site function prediction and
automated searches for potential off-targets.

Conclusion

In this article, we present features and exemplary applica-
tions of the new version of GeoMine, a search engine for
3D searching in ligand-bound and predicted empty protein
binding sites. Exploiting the full capabilities of such a search
engine is a considerable challenge from the user’s perspec-
tive due to the complexity of 3D molecular arrangements
on the atomistic level being part of the query. In related
tools, the 3D query formulation is based on either 2D, 3D,
or text input. Each of these input types has advantages and
disadvantages.

The new version of GeoMine seamlessly integrates all
three input types to maximize the usability of the complex
3D query-building process. The newly implemented 2D
editor enables a simplified template-free query genera-
tion and template-based query selection for ligand-bound
binding sites. The 2D templates make optimal use of the
editor’s limited 2D space by highlighting only those chemi-
cal aspects of the binding site that are most relevant to the
ligand’s interaction with a macromolecule and, therefore,
particularly interesting to search for. The 2D editor is instan-
taneously synchronized with the 3D editor and the textual
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Fig. 6 Off-Target Prediction for the SAM-binding site of alpha
N-terminal protein methyltransferase 1 from L. major. The presented
aligned matches are based on the query in Fig. 5 for the binding site
of PDB entry 1xtp. The aligned matches of N-terminal Xaa-Pro-Lys
N-methyltransferase 1 (PDB entry 5elo), N-terminal Xaa-Pro-Lys
N-methyltransferase 2 (PDB entry Subb), and mRNA cap guanine-N7

query representation in tables, enabling a synergistic query
generation process complemented by all three input types. A
seamless integration of the PoseEdit features into GeoMine
might further improve the usability of the 2D interface.
Finally, predicted empty binding sites of artificial intelli-
gence-based protein structure models can now be used as
3D templates in the 3D editor, giving the user a new start-
ing point to tailor queries of interest to elucidate potential
ligands.

The search engine’s extended graphical user interface
will support life scientists in effortlessly generating struc-
tural 3D queries on the PDB for the functional analysis of
macromolecule-ligand interfaces.
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methyltransferase (PDB entry 3bgv) show striking correspondences in
the spatial arrangement of interacting atoms and residue types. They
should be considered potential off-targets. In contrast, the match with
actin-histidine N-methyltransferase does not lead to a convincing
alignment. Additionally, the ligand clashes with binding site residues
of the query, indicating a different interaction pattern with SAM
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PDB Protein Data Bank

2D Two-dimensional

RMSD  Root-mean-square deviation
JSON  JavaScript Object Notation
CSV Comma-separated values
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SVG Scalable Vector Graphics
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SAM S-adenosyl methionine
SAH S-adenosyl homocysteine
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ABSTRACT

Due to the increasing amount of publicly available
protein structures searching, enriching and investi-
gating these data still poses a challenging task. The
ProteinsPlus web service (https://proteins.plus) of-
fers a broad range of tools addressing these chal-
lenges. The web interface to the tool collection focus-
ing on protein-ligand interactions has been geared
towards easy and intuitive access to a large variety of
functionality for life scientists. Since our last publica-
tion, the ProteinsPlus web service has been extended
by additional services as well as it has undergone
substantial infrastructural improvements. A keyword
search functionality was added on the start page of
ProteinsPlus enabling users to work on structures
without knowing their PDB code. The tool collection
has been augmented by three tools: StructureProfiler
validates ligands and active sites using selection cri-
teria of well-established protein—ligand benchmark
data sets, WarPP places water molecules in the lig-
and binding sites of a protein, and METAL.izer calcu-
lates, predicts and scores coordination geometries
of metal ions based on surrounding complex atoms.
Additionally, all tools provided by ProteinsPlus are
available through a REST service enabling the auto-
mated integration in structure processing and mod-
eling pipelines.

INTRODUCTION

Awailable structural data of macromolecular complexes in
the Protein Data Bank (PDB) (1) are often used as starting
point for the successful development of new drugs (2). Al-
though data quality and resolution increase with continu-
ous improvement of methods, structure quality assessment,
data enrichment and investigation are a prerequisite for suc-

cessful structure-driven life science research. Selecting an
appropriate macromolecular complex as starting structure
poses a great challenge with regard to the growing number
of available data and the great differences in quality and ap-
plied structure determination methods. Manually curated
benchmark datasets like the Astex Diverse Set (3) or the
Iridium HT (4) are outdated by now, but the selection cri-
teria used for the generation of these sets are still applicable
to the search for new reliable structures. In order to keep
pace with the rate of data generation, there is a need for
fully automated structure validation methods. The data se-
lection step is followed by structure enrichment consisting
of adding computed properties, which cannot be derived di-
rectly from the structure determination. A prominent exam-
ple for an essential enrichment step is the addition of hydro-
gens to X-ray or Cryo-EM determined structures. The esti-
mation of the formation of hydrogen bonds between pro-
tein and ligand directly depends on the calculated positions
of hydrogens, protonation state, and the tautomeric state of
the amino acid side chains and bound ligands. Also the cor-
rectness in prediction of water molecule positions plus the
orientation of the water hydrogens and the assignment of
metal coordination geometries are essential for a functional
understanding of binding and influences the prospects of a
design process.

Finding answers to the various questions emerging in
a modeling process poses a great challenge for scientists.
Many web services addressing specific topics like pocket de-
tection (5), protein-ligand interaction visualization (6,7),
protein—protein interface analysis (8,9) and metal interac-
tions (10-12) exist. But there is a lack for comprehensive so-
lutions offering different tools in a unified interface that fa-
cilitates the reuse of intermediate results and provides inter-
operability between tools. The members of the Worldwide
PDB partnership (wwPDB; wwPDB.org) (13), for example,
provide numerous tools and services to access and explore
PDB content (14-16) on their own web pages. Additional
to the web services, many software tools for protein struc-
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tures and their complexes have been developed both as open
source (17) and commercial solutions. Often, software us-
age is restricted by platform dependencies and installation
obstacles. Web servers circumvent these issues, however, in-
teroperability between tools and command line based ap-
plications remain problematic in practice.

Here, we present an extended version of ProteinsPlus
that addresses a large variety of molecular modelling tasks
covering the following areas: structure quality assessment
by EDIA (18) and StructureProfiler (19), structure enrich-
ment by Protoss (20), WarPP (21), METALizer, 2D visu-
alization by PoseView (22), binding site ensemble genera-
tion by SIENA (23), protein—protein interface classification
by HyPPI and pocket detection and druggability estima-
tion by DoGSiteScorer (24). The web interface to our tool
collection focusing on protein-ligand interactions has been
geared towards easy and intuitive access for life scientists.
This includes the visualization of the 3D structure in the em-
bedded NGL viewer (25,26) and the 2D structure diagrams
of all ions and small molecules. The layout of the start page
with only a text field and two upload buttons is similar to
the start page of popular internet search engines and there-
fore self-explanatory. Once the desired structure has been
selected or uploaded, the default layout of the page consist-
ing of the 3D view of the complex on the left hand side, a
column containing the aforementioned structure diagrams
in the middle of the page, and a tool panel on the right hand
side is loaded, see Figure 1. The textual or tabular results of
the different tools are presented on tool panel while the 3D
view is updated accordingly in order to visualize the cal-
culated result. Structure selections for the different calcu-
lations, e.g. a metal ion for running the METALizer (see
below), can be done by clicking on the structures of interest
in either the 2D or 3D representation. Clicking on results in
the tool panel highlights or toggles the corresponding struc-
ture in the NGL viewer.

MATERIALS AND METHODS—ENHANCEMENTS OF
THE ProteinsPlus WEB SERVER

Since our last publication in 2017, the Proteins Plus web ser-
vice has been extended by additional tools (WarPP, MET-
ALizer and StructureProfiler) as well as it has undergone
substantial infrastructural improvements. Most notewor-
thy, a keyword search, interactive pocket definition and han-
dling, and a REST API have been implemented. The key-
word search enables the user to start ProteinsPlus without
knowing the PDB code of the structure of interest. Struc-
tureProfiler screens structures based on selection criteria
typically used upon data set assembly for structure-based
design methods. Combined with EDIA, a comprehensive
structure validation is enabled within Proteins Plus. WarPP
places water molecules for the active site of a given PDB file.
METALizer predicts the metal coordination geometry and
provides statistical information about the coordination dis-
tribution of metal ions in the PDB. The usage of the tools
is visually supported within ProteinsPlus. All tools can be
used in an automated way via a REST service. The newly
added functionality of ProteinsPlus will be described in de-
tail below.

Nucleic Acids Research, 2020, Vol. 48, Web Server issue W49

Data handling

Keyword search. The entry point to the ProteinsPlus ser-
vice is in many cases a publicly available structure from the
PDB whose PDB code is not necessarily known to the user.
To overcome this issue, a keyword search combined with
a small number of quality filters was introduced. Search-
ing with a keyword enables the user to find structures by
e.g. a protein or author name, a ligand id or a SMILES
string. The obtained results can be further filtered by the
deposition date, the experimental method and resolution,
and the organism. The keyword search is performed di-
rectly on the PDB via its RESTful Web Service APIs (https:
/Iwww.rcsb.org/pdb/software/rest.do). The service provides
different query types controlling the data fields considered.
The initially used query type in Proteins Plus is “Text Search’
that searches all fields in each entry and can be refined after-
wards by additional keyword searches in user-selected fields.
All results are presented in a list sorted by the Match Score
for the keyword. Interactive histograms give an overview on
key data elements like resolution and deposition time and
enable easy filtering. Besides summarizing textual informa-
tion, a 3D picture of the whole structure and 2D structure
diagrams of the ligands are provided. Next, with the selected
structure the user can decide to start Proteins Plus with the
default tool overview or directly with a specific tool.

Pocket handling. Most of the provided tools within the
ProteinsPlus service perform their calculations on the bind-
ing site of the protein-ligand complex. Hence, a pocket def-
inition functionality has been added. Pockets can be gen-
erated automatically from ligands, manually created by the
user by selecting individual amino acids, or extracted from
DoGSiteScorer (24) calculations. If a pocket is derived from
a ligand, all amino acids in a radius of 6.5 A to any ligand
atom are selected following the recommendations concern-
ing pocket sizes given in former publications (27,28). All
pockets can be modified interactively by adding or remov-
ing amino acids. Several pocket definitions can be generated
for the starting structure. Pockets can be visualized and used
as input for binding site ensemble calculations with SIENA
(23).

Structure validation and selection

Up to date, high quality data sets for the validation of
structure-based design methods are often manually curated.
The growing amount of available structures and the need for
specially tailored data sets requires an automated genera-
tion of such data sets. StructureProfiler (19) was developed
as an all-in-one tool to screen structures based on selection
criteria typically used in data set assembly for structure-
based design methods. Combined with EDIA (18), which
calculates an electron density score for individual atoms
and was presented in our previous publication (29), a com-
prehensive structure validation is enabled within the Pro-
teins Plus web service. The analysis performed by Structure-
Profiler can be divided into four different areas: First, the
quality of the experimental data is evaluated using the res-
olution of the protein structure, its diffraction precision in-
dex, R and R _free factor, their difference, and the model
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Figure 1. The ProteinsPlus GUI. The 3D representation of human deoxy hemoglobin (Hb) complexed with RSR-13 (PDB code: 1G9V (41)) is shown
on the left hand side together with the control panel for the NGL viewer options. The central panel contains a scrollable list of structure diagrams of all
ligands contained in the PDB file. On the tool panel on the right hand side, the calculation results of WarPP are shown in a table. In the NGL viewer, a
water molecule corresponding to one line in the table is shown. The red translucent sphere shows the position of the closest X-ray water molecule and the
pink sphere denotes a good average hydrogen bond quality for this water molecule.

significance. Secondly, the pocket around a ligand is ana-
lyzed for its occupancies, intramolecular clashes, EDIA,
per residue, deviations from standard VSEPR bond an-
gles and usual bond lengths. Thirdly, the pocket to ligand
B-factor ratio and their intermolecular clash is inspected.
Last, small molecules in up to 8.0 A distance to the protein
complex are analyzed as ligands by StructureProfiler. With
21 tests ranging from EDIA,, over torsion angle analysis
to their possible exclusion through a SMARTS and a lig-
and id (PDB HET code) filter, the features of the ligand can
be well profiled. Overall, a thorough, objective, transparent,
and automatic analysis of any complex available in the PDB
can be performed with the help of StructureProfiler.

‘Water molecules and metal ions

Water molecules and metal ions play a key role in the me-
diation of protein-ligand interactions. Therefore, the Pro-
teins Plus tool suite has been augmented by a water place-
ment procedure (WarPP) (21) and a metal complex ge-
ometry prediction tool (METALizer). WarPP, validated
on ten thousands of crystallographic waters, places water
molecules in the binding sites of a given PDB structure.
METALizer predicts the metal coordination geometry and
provides statistical information about metal coordination
type distribution in the PDB.

WarPP predicts the energetically favorable, stable, posi-
tions of water molecules in protein—ligand binding sites. Ina
first step, free interaction directions are identified, which in-

clude nitrogen or oxygen atoms with an unsaturated hydro-
gen bond function. Additionally, hydrogen bond acceptors
and donors with a bad geometry are considered (geomet-
ric score < 0.85, see (21)). Based on interaction geometries,
previously derived from a large scale analysis of interactions
in high resolution protein structures using NAOMInova
(30,31), potential water positions are generated in ideal hy-
drogen bond distances (2.6 and 2.8 A). These discrete points
receive a geometric score based on their deviation angle to
the ideal interaction direction. Next, the availability of these
potential water positions needs to be determined. Due to
close contact with other ligand or protein atoms, some of
the interaction surface may not be available and thus can-
not be converted into potential water positions. Finally, all
potential water positions that are position-optimized and
merged in a self-assembling procedure. Herein, based on
the individual geometric score, the potential water posi-
tions are shifted towards each other until clusters are gener-
ated. These clusters are then used to predict water molecules
whose location undergo a final numerical optimization.

In a second iteration, further water placement identifies
water-water interactions in binding sites, which otherwise
might not be identified and can contribute to important wa-
ter networks. For more details on the WarPP method and its
parametrization, please refer to our publication (21).

The web service displays the placed water molecules in
the protein-ligand binding site. Additionally, important in-
formation regarding the formed hydrogen bonds to wa-
ter molecules are summarized. If crystallographic water
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Figure 2. Visualization of METALizer results for Atrolysin C with Batimastat (PDB code: IDTH (42)). The connection between the coordinating atoms
and the metal ion are denoted by solid lines, the optimal geometry is denoted as arrows outgoing from the ion. METALizer predicts three different
coordination geometries for the zinc ion bound to chain A of the protein: (A) tetrahedral (Free Sites: 0, Geometry RMSD: 0.190, Overlap Penalty: 0.0,
Score: 9.51), (B) trigonal bipyramid (Free Sites: 1, Geometry RMSD: 0.173, Overlap Penalty: 0.0, Score: 12.63) and (C) trigonal prismatic (Free Sites: 2,
Geometry RMSD: 0.246, Overlap Penalty: 0.001, Score: 20.29). The tetrahedral geometry is considered to be the best one due to the lowest calculated

score.

molecules were available in the starting structure, these wa-
ter molecules will be used as a reference for the placed water
molecules. The closest water molecule to each predicted one
is available in a tabular representation and can also be dis-
played in the 3D view, see Figure 1.

METALizer is a tool to analyze the coordination geome-
try in protein-ligand complexes. In the Proteins Plus server
METALizer is combined with EDIA (18) for additional
quality assessments and SIENA (23) for the search for sim-
ilar metal sites. Initially, METALizer identifies the coordi-
nating atoms in the metal’s coordination sphere; Supple-
mentary Table S1 in the Supporting Information contains a
list with element-specific radii of the coordination spheres.
All oxygen, nitrogen, sulfur, and chlorine atoms are used as
coordinating atoms; carboxylate groups are treated as po-
tential bidentates (32). METALizer identifies the best fitting
metal coordination geometries by superposing the geomet-
ric arrangement of the coordinating atoms in the binding
site to ideal reference geometries (see Supporting Informa-
tion, Supplementary Table S2 for a list). First, the RMSDs
between the angle list of the query site and the angle lists of
the reference geometries are calculated (32). For the selected
reference geometries the actual superposition is calculated
and the resulting distance RMSD is then used for scor-
ing (33). The resulting coordination geometries are scored
with a function that includes - besides the superposition
RMSD-—also the number of free coordination sites (prefer-
ring simple geometries) as well as the overlap that a poten-
tial binding partner at the free sites would have with other
atoms in the protein—ligand complex (this parameter is also
used, e.g. by UCSF Chimera (34)). The superposed coor-
dination geometries are supplemented with statistics calcu-
lated on the PDB on the frequency of different coordination
geometries for the given metal ion and the distribution of
metal-partner distances. As an example, the superposition
of a calculated zinc geometry and the three closest reference
coordination geometries is shown in Figure 2.

Using EDIA (18) it can be checked how well each coor-
dinating atom is supported by the electron density provid-
ing an additional quality assessment of the metal coordi-

nation site. SIENA (23) allows the fast retrieval, structural
superposition and analysis of similar metal sites (with a se-
quence identity of >70% within the metal site) from the
PDB. Within seconds to minutes similar metal sites can be
retrieved using SIENA, analyzed and compared with MET-
AlLizer, finding at least one similar site in another PDB
structure for 75% of our test queries (for details, see Sup-
porting Information). Additionally, the very same statis-
tics as for the PDB (coordination geometry frequency and
metal-partner distances) are calculated for the SIENA en-
semble of similar metal sites.

METALizer provides the same basic functionalities
(metal coordination geometry identification and statistics)
as other—still maintained—web servers with a focus on
metal ions in biological complexes like the MetalPDB (12)
or the CheckMyMetal server (11) do, however, has some
unique features making it complementary to existing tools:
The integration of our EDIA score adds valuable informa-
tion to the quality assessments given by the CheckMyMetal
server. Our SIENA-based search for similar metal binding
sites has a different focus than the MetalS? (10) database
search tool within the MetalPDB: The SIENA-based search
together with METALizer is able to find and analyze metal
sites with a similar amino acid sequence to the query metal
site within seconds to minutes. On the other hand, the
MetalS? tool searches for metal sites that are structurally
similar, however, can take hours to run for user-provided
PDB files (10). For more information about computing
times and search results of METALizer in combination
with STENA, see last paragraph and Supplementary Figure
S1 in the Supporting Information.

Accessibility

Additional to the graphical user interface, a REST API for
each of the Proteins Plus tools has been made available. API
requests can be sent with the command line tool curl or
with a browser rest client plugin. The API allows the user
to create jobs for the respective tools, each requiring a dif-
ferent set of parameters. Calculation results can then be
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accessed and downloaded. The base URL for version 1 is
https://proteins.plus/api. The REST service usage and out-
put is documented in detail for each individual tool on the
Proteins Plus website together with a sample call for both the
POST and the GET method. Providing a REST API makes
the different tools available for an automated integration
in modelling pipelines and software libraries. As an appli-
cation example, a KNIME node (https://www.knime.com)
has been developed for each tool and made available on the
Proteins Plus website showcasing the usage of the respective
APIs.

SUMMARY AND OUTLOOK

Together with the additional functionality described above,
Proteins Plus evolved into a versatile instrument for molecu-
lar modeling processes. The analysis and processing of bind-
ing sites and ligands on atomic level give comprehensive
insights in the binding mode of the interacting molecules.
In 2019, the server received 61,830 unique page view re-
quests from 21,217 users. Further usability improvement
of Proteins Plus workflows could be reached by an increase
of tool interoperability: using results from calculations of
other tools as input without needing intermediate format-
ting steps would enable the implementation of automated
workflows.

Proteins Plus combines the advantages of a web service
and a molecular modeling desktop application: the unified
graphical user interface makes the usage of new or unfa-
miliar tools possible without a tedious learning effort, cal-
culation results can be interconnected or reused for fur-
ther calculations, and no local installation is needed. Con-
necting ProteinsPlus to other web services could lead to
deeper knowledge of a PDB structure. So far, a connection
to the enzyme database BRENDA (35) already exists. A
tool that searches for related bioactivity data of a complex
in ChEMBL (36) is already included as alpha version in Pro-
teins Plus. Currently, we investigate methods to include al-
ternative structure files, for example from PDB-REDO (37).

For the near future, we plan to extend ProteinsPlus by
a search functionality that performs a textual, numerical
and 3D search with full chemical awareness in protein—
ligand interfaces (38). Additionally, we intend to incorpo-
rate docking and virtual screening methods (39,40). Thus,
Proteins Plus opens the way to a large range of functional-
ity from the analysis of protein structure and function to
molecular design techniques for every life scientist.
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ABSTRACT

Upon the ever-increasing number of publicly avail-
able experimentally determined and predicted pro-
tein and nucleic acid structures, the demand for easy-
to-use tools to investigate these structural models
is higher than ever before. The ProteinsPlus web
server (https://proteins.plus) comprises a growing
collection of molecular modeling tools focusing on
protein-ligand interactions. It enables quick access
to structural investigations ranging from structure
analytics and search methods to molecular docking.
It is by now well-established in the community and
constantly extended. The server gives easy access
not only to experts but also to students and occa-
sional users from the field of life sciences. Here, we
describe its recently added new features and tools,
beyond them a novel method for on-the-fly molecu-
lar docking and a search method for single-residue
substitutions in local regions of a protein structure
throughout the whole Protein Data Bank. Finally, we
provide a glimpse into new avenues for the annota-
tion of AlphaFold structures which are directly ac-
cessible via a RESTful service on the ProteinsPlus
web server.

GRAPHICAL ABSTRACT

/7 PROTEINS
P PLUS

INTRODUCTION

The Proteins Plus (1,2) web server, openly available at https:
/Iproteins.plus, offers molecular modeling support for all
protein structures that are publicly available as PDB files
in the Protein Data Bank (PDB) (3). Usually, workflows
for structure-based design necessitate a comprehensive user
knowledge of different molecular modeling tools. For exam-
ple, predicting potential binding sites, finding similar bind-
ing sites for ensemble docking, and molecular docking of
small molecules of interest into a binding site requires access
to and knowledge of a high number of tools with a multi-
tude of parameters. Furthermore, researchers must rely on
their computational resources. With the Proteins Plus server,
these shortcomings are overcome by enabling users to per-
form all these steps via one unique and easily accessible in-
terface. The server is under constant development including
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fine-tuning, feature extensions, and the integration of addi-
tional modeling tools.

Here, we offer insights into feature extensions for the
structural multi-purpose comparison tool GeoMine, the
newly integrated molecular docking tool JAMDA and Mi-
croMiner - a method that can be used to screen for single-
residue substitutions in local protein environments in the
whole PDB.

Finally, the artificial intelligence-based protein struc-
ture predictions by AlphaFold (currently predicted by Al-
phaFold Monomer v2.0) enable unprecedented access to
high-quality models of proteins of yet unknown structure
(4). These models are now readily accessible via the Al-
phaFold Protein Structure Database (https://alphafold.ebi.
ac.uk/) and can be directly imported via the provided REST
API.

MATERIAL AND METHODS: EXTENSIONS AND
NOVEL TOOLS

GeoMine

From the analysis of binding sites to investigations of geo-
metric preferences for interactions, the ever-increasing num-
ber of molecular structures in the PDB offers a multitude
of possibilities for in-depth studies of binding sites, their
properties and their similarities. This requires comprehen-
sive search capabilities. With GeoMine (5,6), we have de-
veloped a search engine that allows for the generation of
and the search for atom-based geometric query patterns
and an extensive textual and numerical filtering of the PDB.
The query atoms can be described manually or automat-
ically with varying degrees of detail, from major proper-
ties like the corresponding molecule type, i.e. nucleic acid,
protein, ligand, water, or metal, to more restrictive ones,
e.g. the molecular surface contribution of a protein or nu-
cleic acid atom. Further feature points like aromatic ring
centers can be added to the query and described equally.
Distance ranges or hydrogen bond, pi—pi, pi stacking, pi—
cation, metal and ionic interactions between atoms and fea-
ture points can be introduced into the query, and angle
ranges between those can be specified. With the combina-
tion of all these features, almost any 3D pattern can be de-
signed and searched in the entire PDB.

In the ProteinsPlus user interface, the query can be cre-
ated in a 3D viewer from scratch by the placement of new
atoms and feature points or by selecting those in a visualized
binding site of a PDB/AlphaFold structure or any uploaded
structure file. For this structure, GeoMine predicts bind-
ing pockets with interactions and hydrogen atoms using the
tools DoGSiteScorer (7) and Protoss (8,9), respectively. If a
ligand is present but no pocket has been calculated, a pocket
is defined using a radius of 6.5 A of any ligand atom. The
computing times for the iterative search of over one million
preprocessed bindings sites depends on the specificity of the
query. Most requests can be processed in the range of min-
utes. For each detected hit, the root-mean-square deviation
(RMSD) between the query and the part of the site match-
ing the query is calculated enabling a ranking of the results
by geometric fit. The 150 best results are listed in a table and
can be visually inspected superimposed to the query in the
NGL viewer. Different visualization options are available,

for example, choice of residues (complete pocket or only of
the residues that match the query). The 150 best-matching
pockets can be downloaded in PDB format together with
a report containing the statistical overview of all results.
The statistics report lists the PDB IDs and ligand names
of all found pockets, the distributions of the RMSD values,
and the properties of all matched atoms, feature points, dis-
tances, interactions, and angles of the query, e.g. the func-
tional group distribution for a matched ligand atom. The
user interface with a query history allows a continuous re-
finement of the results providing an interactive workflow of
query modification and subsequent searching in the results.
With this tool, protein function or ligand off-targets can be
discovered by searching similar binding site properties in
3D space. GeoMine has recently been applied for a detailed
analysis of structural features in protein kinase structures

).

JAMDA

Protein—ligand docking is one of the core tasks in structure-
based drug design. With JAMDA, we aimed for the imple-
mentation of a fully-automated docking workflow in the
ProteinsPlus server that does not only provide the actual
docking algorithm but also encompasses all necessary pre-
processing steps, including protonation state assignment
and calculation of hydrogen coordinates for the protein
(8), prediction of protonation and tautomeric states of the
molecules to be docked (10), as well as the generation of 3D
coordinates/conformations (11). While a certain degree of
manual intervention is possible, our goal was to provide a
fully automated workflow with optimized default parame-
ters. This enables even less experienced users to derive po-
tential binding modes of small molecules in the binding site
of interest. From the analysis of structure-activity relation-
ships to the test of new binding hypotheses, the established
pipeline offers unlimited access to predicted binding modes.

JAMDA docking combines the TrixX docking algorithm
(12,13) for initial pose generation with the JAMDA scoring
function (14), and our novel LSL-BFGS optimization al-
gorithm(14,15) for scoring and pose optimization. Initially,
conformers for the molecule to be docked are generated
with the Conformator (11). The raw poses are subjected to
a scoring and optimization cascade using the JAMDA scor-
ing function to refine and rank the docking poses.

On ProteinsPlus, JAMDA allows for a fully automated
docking: Only the protein, the binding site, and the
molecules to be docked must be provided by the user. The
binding site can be defined based on a known ligand or se-
lected from the pocket definitions in ProteinsPlus (1) (e.g.
predicted by DoGSiteScorer (16)). To enable the user to
manually adjust the binding sites, all ligand-based and pre-
dicted binding sites which do not originate from GeoMine
are editable by the user in the pockets tab by clicking on the
pencil symbol of the pocket of interest in the upper right
corner. Neither the protein nor the molecules to be docked
must be manually prepared by the user because this is an
integral part of the JAMDA docking workflow: The pro-
tein is prepared by assigning likely protonation states us-
ing Protoss (8). Furthermore, only structurally relevant wa-
ter molecules and small molecules that are common cofac-
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tors are kept. The molecules to be docked can be provided
by picking a ligand from the NGL viewer for redocking
studies or by uploading molecules in any common molec-
ular file format (including SMILES without coordinates).
Their predominant protonation and tautomeric states are
predicted with UNICON (10) prior to docking. Most of
these preprocessing steps can optionally be customized by
the user.

The preprocessing and docking are performed on the
server and, currently, up to five molecules may be docked
simultaneously. In the ProteinsPlus web interface, the re-
sulting docking poses are shown in a table (with JAMDA
score and the RMSD if a redocking was performed) and
visualized in the NGL viewer panel for interactive analy-
ses. They can also be downloaded for alternative visualiza-
tions and further processing. In consequence, JAMDA of-
fers a pipeline for molecular docking that provides reliable
results even in the absence of substantial knowledge regard-
ing molecular modeling tools.

MicroMiner

MicroMiner searches for mutations in protein structure
databases. On Proteins Plus, it screens for single-residue sub-
stitutions in the experimental structures of the entire PDB.
Retrieved mutant structures can be easily analyzed and
compared to the wildtype through automatically generated
superpositions in the NGL viewer. The tool focuses on the
local 3D micro-environment of single residues in a query
protein. It searches the protein structure database for sim-
ilar local environments with a mutated central residue. For
reasonably large wildtype protein structures it is feasible to
search for substitutions of all residues in the query at once.
In this way, a user can comprehensively explore the wealth
of experimental protein structures that exemplify the local
effects of mutations through the interactive web interface.

MicroMiner originates from the ASCONA (17) and
SIENA (18) technology for binding site similarity search
and ensemble compilation. However, instead of focusing on
the protein environment of ligands, MicroMiner uses the
local 3D micro-environment of any individual residue as
the query to search for residues embedded in similar lo-
cal arrangements. A database search starts by selecting a
query residue from which the local 3D protein neighbor-
hood within a distance cutoff (default 6.5 A) represents the
query micro-environment. The connected sequence frag-
ments of this environment are used to identify candidate
protein structures with similar sequence fragments in the
database. Second, all potential matches are identified by
residue-wise sequence alignments. A subsequent fuzzy geo-
metric filter based on the Ca atom orientation and distances
of the matching sequence fragments ensures a reasonably
similar structural arrangement while tolerating structural
changes upon mutation. Thus, we identify local micro-
environments with a high sequence and structural similar-
ity. Figure 1 shows the MicroMiner workflow.

Within the ProteinsPlus server, the user can select single
residues of interest or all residues in the input structure to
be searched against the PDB. Searching for all residues is
feasible within one minute or less on average, depending
on the size of the input protein and the number of similar
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trypsin complexed with BPTI

(2FTL, SKEMPI2) Lys15I of BPTI

\ 4

PDB

Q

Figure 1. MicroMiner workflow. With the local 3D micro-environment of
a selected query residue, the PDB is searched. Structures from the database
containing a similar micro-environment identical in sequence except for the
query residue position are retrieved and superposed for analysis. In this
way, MicroMiner yields structure ensembles exemplifying the local effects
of mutations.

Superposed residue micro-
environments

micro-environments in the PDB. The protein structures of
retrieved micro-environments can be explored interactively
as a structure ensemble in the 3D viewer and sorted by prop-
erties of interest, for example, the RMSD of the local envi-
ronments to investigate the structural effects of mutations.
Further applications are the search for highly conserved re-
gions in protein structures, comparisons of the impact of
conservative and radical substitutions, or the investigation
of structural effects upon substitution for evaluating the re-
liability and accuracy of computationally generated models
of single-residue substitutions.

Integration of AlphaFold structures

The inclusion of AlphaFold protein structure models (4)
(https://alphafold.ebi.ac.uk/) in the Proteins Plus web server
enables easy access to machine learning-based predictions
of previously unknown structures. The models are accessi-
ble on our web server by entering the UniProt Accession
Number on the landing page or uploading a preprocessed
structure. The user can analyze these structures in the same
way publicly available PDB structures can be analyzed by
making use of all applicable capabilities of the Proteins Plus
tools.

Besides the structural uncertainty of AlphaFold struc-
tures (19), the missing ligand annotations are a major draw-
back. This led to the development of the database AlphaFill
(20) which annotates the 3D models with cofactors and
metal ions and transfers them into the structure assisting
in the functional annotation of the models. However, this
annotation procedure was only followed for structures that
show an identity of at least 35% to known 3D structures
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AlphaFold Model on the ProteinsPlus
(Nek6, UniProt Accession No. Q9HC98)

Figure 2. This workflow shows exemplary results for structural investigations of the AlphaFold model for the Nek6 (UniProt Accession Number QOHC98).
First, the user can detect druggable binding sites with DoGSiteScorer. Pocket ‘P_2’ which was predicted as druggable is depicted in green on the right.
Next, the pocket can be used for a SIENA search for similar binding sites. Shown are two matches from this analysis with Nek7 structures: 2WQN with
ADP and 6573 in complex with the ligand with the ID FON in the PDB. GeoMine can be applied for more specific user-defined searches in the binding sites
of the PDB. Using a geometric query annotating solvent-exposed potentially interacting atoms and their distances, we found 116 pockets with a similar
geometry in the PDB (e.g. cAMP-dependent protein kinase A with the PDB ID 7BAQ, PDB ligand ID T82 or interleukin-1 receptor-associated kinase
4 with the PDB ID 6094, PDB ligand ID LRS). The corresponding query can be found in the Supplementary Data for upload to the GeoMine tool on
the Proteins Plus for this structure. Interesting small molecules from the identified similar sites can be downloaded and subsequently be used for molecular
docking with JAMDA. The figures on the right show the second highest-scoring predicted binding mode for ADP in the binding site of Nek6 and its 2D

interaction visualization with PoseView (21).

stored in the PDB and restricted to common cofactors and
ions with potentially functional roles. For researchers inter-
ested in the structural annotation of structures that have no
known homologs in the PDB, the ProteinsPlus web service
comes in handy. It enables on-the-fly prediction of bind-
ing sites with DoGSiteScorer, retrieval of similar binding
sites with STIENA, the identification of further potentially
interesting ligands by user-defined GeoMine queries, and
the molecular docking of these ligands into the AlphaFold
model with JAMDA, see Figure 2.

Ligand annotation for AlphaFold models

Given a protein of interest, e.g. the human protein ki-
nase NIMA-related kinase 6 (Nek6), we can start our Pro-
teins Plus investigations by providing its UniProt Accession
Number QO9HC98 and entering the structural analysis mode
of the web service. Next, we can predict potential binding
sites using DoGSiteScorer. These predicted sites can be used
to search for potential ligands with SIENA. By selecting, for
example, the pocket named ‘P_2’ and performing a SIENA
search for this predicted binding site, we can retrieve similar
sites in complex with various ligands. Besides ADP (the an-
notation which was also found by AlphaFill), we find sim-
ilar kinase binding sites in complex with further ligands, in
this case, the inhibitor with the PDB ligand ID FON in com-
plex with Nek2 and Nek?7. The active site sequence iden-
tity is 94%. The retrieved aligned complexes can be down-
loaded, together with the corresponding ligand SDF files.
The results also enable the exploration of structural flexibil-
ity of similar binding sites that can be used, e.g. for the gen-
eration of other conformational states that are not covered

in the AlphaFold database by homology modeling based on
the identified structures.

The ligands retrieved from the SIENA run can either
be transferred into the binding site based on the resulting
alignment or using the on-the-fly docking tool JAMDA. It
can be applied to find whether the found ligands from sim-
ilar sites can be accommodated in the model’s binding site.
However, care should be taken regarding the model quality
of the binding site residues as this can have a huge impact on
the docking performance. Some preprocessing steps of the
original AlphaFold structure might be necessary to obtain
reliable ligand binding modes (22).

The search for similar binding sites using the Pro-
teins Plus, however, is not restricted to binding sites with a
high sequence identity. GeoMine can be applied to generate
user-defined queries that search for geometric patterns of in-
teracting binding site residues in nearly one million binding
sites (predicted or ligand-annotated) in the PDB. For our
example protein kinase, additional GeoMine queries result
in the identification of further protein kinases in complex
with inhibitors which can be used as idea generators for in
silico drug design.

SUMMARY AND OUTLOOK

The ProteinsPlus web server offers a unique access point
to protein structure and protein—ligand complex data pro-
cessing on the worldwide web. Current developments with
only conservative extensions of the user interface enable
even broader access to molecular modeling tools which
usually require comprehensive user knowledge. Further-
more, steady improvements and feature extensions based
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on suggestions of users render it a lively and well-kept
platform. To support users in getting started with the web
server, we offer comprehensive documentation of the pro-
vided services (https://proteins.plus/help/index) and hands-
on tutorials (https://proteins.plus/help/tutorial). As with all
computational modeling approaches, the tools behind Pro-
teins Plus have their limitations. All users are asked to con-
sult the corresponding methods’ publication for more de-
tails on the respective restrictions and application domains.

Besides the introduction of new features for GeoMine
and the integration of the novel methods JAMDA and Mi-
croMiner, we are in a constant process of elaborating the
web server, its tool base, and its potential use cases. The first
inclusion of AlphaFold structures in the web server opens
new avenues for structural explorations that have not yet
been fully explored. With numerous extensions in mind, in-
cluding 2D and automated query generation in GeoMine or
multiple mutations search in MicroMiner, we hope to create
a steadily growing, easy-to-use modeling infrastructure for
the life science community.
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