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1. Introduction, aims

Computational docking is a method, that involves the simultaneous conformational sampling
of a ligand on the target molecule and calculation of the binding affinity to produce the
receptor-ligand complex. Method development studies thrive to overcome the burdens of
computational docking, which are the following: the errors of the original (experimental)
structures, the flexibility and size of the receptor and the ligand, the correct handling of water
molecules and appropriate use of experimental data, such as partial charge assignation. In the
first article related to the thesis the ligand binding of metabolistic enzymes was investigated.
The CYP enzyme family has a central iron ion in the binding pocket as a part of the heme, its
correct partial charge assignation was of particular interest. In the experimental structure, the
imidazole N of ketoconazole was 2.7 A away from the Fe®" ion of the heme. To accurately
reproduce this binding, a parameter set produced by gas phase quantum chemical calculation
by an other researcher group was used. This parameter set also allowed for the different
partial charges observed in the catabolic cycle. The second study was focused on the
involvement of interface water molecules to molecular docking. In this study, both the
correction of experimental water positions and partial charge assignation was inevitable to
reproduce the experimental ligand binding position. The energetical and structural role of
water molecules were investigated using the viral ion channels of the influenza A virus
(M2A) and the SARS-CoV-2 virus (EC2). Also, the role of water molecules was observed on
drug reposition between the two targets. Interestingly, water molecules were proven to be at
least as important in ligand binding, as the target proteins themselves. In both studies the main
objective was to test and develop our methods on biologically important systems, that play a
key role in the pathogenesis of diseases.

During my PhD thesis, I aimed to use and develop computational docking tools to produce
target-ligand complexes.

The use of computational docking in its state-of-the-art form was tested on the CYP3A4
metabolic enzyme with a known strong inhibitor, ketoconazole, also to explain its structure
activity relationships. Similarly, the de novo atomic resolution complex of a novel ligand was
produced with the same method, to give a detailed description of its structure activity
relationship.

The other great challenge of fast computational docking is the correct determination of the
position of water molecules, that play an important role in ligand binding. There are important

drug targets, that are sensitive to these water molecules, without which fast computational dry



docking approaches cannot produce accurate results, and might be even misleading. To solve
the problem, we aimed to create the hydrated, target-ligand atomic resolution complex from
scratch, only needing the experimental dry protein structure, and the Lewis structure of the

ligand.



2. Methods

In the articles that give the basis of the thesis tools of computational chemistry were used.
These involve computational docking, molecular dynamics simulations and quantum
chemical calculations. In every case, the missing atoms of the experimental protein structures
were corrected, and hydrogen atoms were added, and then the structures were energy
minimized. To assign partial charges, the Gasteiger-Marsili partial charge system was used
for the amino acids, and the partial charge system of the heme was used from an other study,
where it was calculated by gas phase quantum chemical methods. The ligands were newly
built, Gasteiger-Marsili partial charges were added and all active torsions were enabled on
them. In the case of the CYP3A4 target, a dry docking approach was used, and the results
were compared to experimental ligand binding modes. Then the validated method was

performed to produce the binding modes of the novel ligands.

In the case of the viral ion channels, to incorporate explicit water molecules into
computational docking a five step method was developed, which was named HydroDock. In
the first step, a blind docking search was performed without water molecules, the docking box
covered the whole surface of the target proteins. In the second step, the hydrated structure of
the target was produced, based on the original experimental structure of the protein. In the
third step, the results of the previous two steps were merged, the hydrated target and the
ligand binding mode of the dry docking calculation were placed into the same coordinate
systems, and overlapping water molecules were deleted, and then the hydrated complex was
energy minimized. In the fourth step, the stability of the complexes, the movement of the
ligands and the formation of the hydration structure were investigated by molecular dynamics
simulations. In the fifth step, a representative binding mode was selected from the
approximately 1000 snapshots from the molecular dynamics simulation. This was the binding
mode that showed the least deviation from the average binding mode. The method was first
validated on the ion channel of influenza A virus, because this target had an available
experimental complex structure, to use as a reference. Then, the validated method was
transferred to the E protein (ion channel) of the SARS-CoV-2 virus, that caused the global
pandemic of COVID-19 disease.



3. Results
3.1. Small molecules binding to CYP enzyme proteins

In the ligand-bound CYP3A4 complex structure (2VOM), the imidazole N atom of
ketoconazole is 2.7 A away from the iron ion of the heme. This interaction was successfully
reproduced at 2.3 A RMSD with the approach described in the Methods section. This value is
within the accepted threshold (<2.5 A) for excellent docking results as described in the
literature. Also, the main interactions were reproduced: The phenol rings of F304 amino acid
and ketoconazole were parallel, participating in n-m interactions, the A370 amino acid took
part in hydrophobic interactions with the methyl group of ketoconazole. The positively
charged side chain of R372 participated in an ionic interaction with the partially negatively
charged oxo moiety of ketoconazole. After the successful reproduction of the binding mode of
ketoconazole, the same protocol was transferred to bergamottin and SL-bergamottin. In both
cases the first ranked binding mode of the docking showed similarity to the experimental
binding mode of ketoconazole. The furo[3,2-g]cromene-7-on ring of both bergamottin and
SL-bergamottin was placed similarly as the imidazole ring of ketoconazole within the binding
pocket of CYP3A4 above the heme ring, coordinated to the iron ion. The oxygen of the furan
ring of both new ligands interacted with the iron ion of the heme. In the case of bergamottin
the distance of the two was 4.0 A, and in the case of SL-bergamottin 4.2 A. In this binding
position the furo[3,2-g]cromene-7-on ring and the elongated side chain was similarly placed
for both ligands. The furo[3,2-g]cromene-7-on rings were parallel with the heme,
participating in m interactions with the heme, similarly as in the case of the imidazole ring of
ketoconazole. 7 amino acids interacted with the described binding mode of bergamottin, and 8
with that of SL-bergamottin, of which 5 were the same. The hydrophilic T309 amino acid
formed a hydrogen bond with the furan oxygen. The methyl groups of the ligands interacted
with the side chains of M114, F241, 1301 and F304. F304 played an important role in the
binding of bergamottin, SL-bergamottin and ketoconazole also. In good agreement with the
experimental results, the results of our calculations provided an atomic level explanation on
why SL-bergamottin is a stronger inhibitor of the CYP3A4 enzyme, than the mother

compound, bergamottin.



3.2. HydroDock

To explore the importance of the position and partial charges of the structural water
molecules, a systematic investigation was performed, first on the transmembrane ion channel
of the influenza A virus (M2A) as a target. The dry docking of mainly the binding of small
amphipathic drugs were performed. In this step no water molecules were included, and the
search space of the docking program was extended to the whole surface of the target protein
(blind docking). The results did not meet the literature consensus RMSD value mentioned in
the previous section. Then, the experimental water oxygen positions were included into
docking calculations, with added hydrogen atoms, but the orientation of the hydrogens did not
favour the binding of the ligands, which resulted in still inacceptable results. A special energy
minimization protocol was performed to establish the correct hydrogen bonding network, that
is suitable for ligand binding, yet with Gasteiger-Marsili partial charges, the results of the
docking still lagged behind the expectations. The final solution was the assignation of TIP3P
partial charges, after which excellent matches were observed with the experimental ligand
binding modes. Since for the new target there were no experimentally available water oxygen
positions, the hydration structure had to be predicted first. To validate this new approach first
we started with the “old” M2A target. Of the experimentally captured 10 water molecules, 9
were found by MobyWat. These were energy minimized, and the same docking protocol was
performed as described before. Similarly, excellent matches were observed with experimental
ligand binding modes. Finally, to reach a realistic situation in drug design projects, the 5 step-
protocol detailed in the Methods section was applied to produce the fully hydrated target-drug
complexes only from scratch, which is the Lewis structure of the drugs, and the experimental
protein structure without waters. Excellent agreement was reached with experimental results
by using the HydroDock protocol. After validation on the “old” M2A target, the protocol was
transferred to the new EC2 target, which is the viral ion channel of the SARS-CoV-2 virus
that caused the COVID-19 pandemic. The experimental solid state NMR structure of the EC2
viral ion channel was available, from which we produced the fully hydrated target-ligand
complexes with the amphipathic drugs. In the study, where the experimental structure of EC2
was determined, similarly, an amantadine derivate was used. We also achieved good
agreement with identifying the experimentally determined interacting amino acids using the

HydroDock protocol.






4. Summary

During my PhD work, for computational docking calculations targets of current interest and
of great pathophysiological importance were selected, such as the selective toxicity of SL-
bergamottin on human cervix cancer cell lines and the involvement of SL-bergamottin in the
metabolism performed by CYP3A4, the enzyme that participated in the metabolism of 80% of
the commercially available drugs, making it an important target to check for drug-drug
interactions. First we successfully re-created the experimental binding mode of ketoconazole,
a known strong inhibitor of CYP3A4, and then after this validation step, the target-ligand
complex of bergamottin and SL-bergamottin were de novo described with the same method.
A structural explanation, that is in good agreement with the in vitro results was given on why
is SL-bergamottin a stronger inhibitor of CYP3A4, than the mother compound, bergamottin.
Furthermore, the novel information on the binding mechanism of the investigated compounds
offer valuable help in the detection of plausible off-target and metabolic drug-drug
interactions. Binding to CYP3A4 is not sensible to water molecules, in this case
computational docking can be used as it is. The same approach would not have been
successful in the case of viral ion channels. The binding and potential repositioning of
clinically used drugs, amantadine, rimantadine and a third derivate, spiro-adamantyl-amine
was investigated to the viral ion channel of the influenza A virus (M2A) and to that of the
SARS-CoV-2 virus (EC2). For these two targets we had to face two of the greatest challenges
of computational docking, modelling induced fit binding and the inclusion of water molecules
into computational docking (position and partial charges). To create the fully hydrated target-
ligand complex structure of the viral ion channels, a new protocol was made, which is called
HydroDock. HydroDock is based on well-known, popular and freely available software and
program packages, which were used and combined in a novel way. During the development
of the HydroDock protocol, we showed, that the often used fast, dry docking methods lead to
misleading results in the case of viral ion channels, that are not sufficient for drug design
projects. The correct positioning of water molecules, the orientation of their hydrogen atoms
and selecting the appropriate partial charge system proved to be inevitable to reproduce
experimental binding modes of the drugs. The developed protocol was validated on the
experimentally available target-drug complexes of the ion channel of the influenza A virus,
and after successful reproduction of the reference systems, the protocol was transferred to the
new target, SARS-CoV-2 E protein. With a target-based drug design approach, the

amantadine derivates were repositioned to the unfortunately current viral target, that caused
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the COVID-19 pandemic, reaching good agreements with experimental results on the new
target also. The need to elucidate the role of water molecules in ligand binding often occurs
but is rarely met appropriately. In the light of these findings, hopefully HydroDock will take
part in future drug design projects to handle this great burden.
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5. Thesis points

In the light of my previously listed aims, and the results of the dissertation, I summarize
the most important findings of my doctoral dissertation work in the following thesis

points.

1. The atomic resolution structures of bergamottin and SL-bergamottin in complex with

CYP3A4 enzyme were de novo produced, as pillars of the binding mechanisms.

2. Knowing the results of the previous points, a comparative structural elucidation was
given to the in vitro effects of bergamottin and SL-bergamottin. In good agreement with
the experimental results, SL-bergamottin has a more favourable calculated energy of

binding and is a stronger inhibitor of CYP3A4, than bergamottin.

3. It was shown that the correct partial charge system and H-atom orientation of water
molecules are inevitable in accurately performing computational docking to produce the

atomic resolution target-ligand complexes.

4. With systematic investigation, the protocol of molecular mechanics calculations and
parameters were determined to improve the positional precision of dry docked ligand

binding modes.

5. A new protocol, HydroDock was developed, which can handle one of the greatest
burdens of computational docking, the incorporation of water molecules when docking on
influenza A and SARS-CoV-2 viral ion channel targets. The protocol merges the methods
of dry docking and the hydration of the target protein with explicit water molecules (using

the conclusion of the previous two points) and produces hydrated target-ligand complexes.
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