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Introduction
1. Importance of histones

As epigenetics is fundamental in chromatin-related pathomechanisms of various diseases,
understanding the epigenetic regulation is one the key challenges of this century. Among
epigenetic mechanisms, post-translational modifications of histone proteins largely determine
the epigenetic state of the cell and have crucial therapeutic, as well as diagnostic importance
(1,2). Therefore, determining the atomic resolution structure of histone-reader (writer) protein
complexes is a key to unraveling epigenetics and designing new drugs. However, determining
such nucleosomal complex structures poses a significant challenge even to high throughput
crystallographic techniques, due to their large size and the large number of possible complex
structures (3). To answer the challenge, fast, complementary theoretical methods can serve as
valuable alternatives to experimental techniques. These methods can help bridge the gap,
providing insights and predictions that experimental techniques alone may not be able to
achieve in a reasonable timeframe.

2. Peptide docking and challenges

Molecular docking tools predict the binding mode (position, orientation, and conformation) of
ligands (drug candidates) to their target molecules and score and rank them (4). Despite
significant advancements, current molecular docking methods still face several challenges and
limitations, (4,5), especially when it comes to large, highly flexible peptide ligands.

The major drawback in docking peptide ligands is their large size and high conformational
flexibility, which increase the number of possible conformations and search space, leading to
higher computational costs and a greater number of false-positive results (6). In cases of the
histone H3 peptides, anchoring residues located at its N-terminal end contribute the most to
their often weak interactions with shallow binding pockets on the reader proteins which further
complicates the prediction of accurate binding modes. Various strategies have been developed
to overcome this limitation.

Fragment-based docking has gained significant attention in drug discovery, leading to clinical
trials for several promising candidates (7). Unlike traditional docking methods that involve
entire ligand structures, fragment-based docking first divides the ligand into smaller, low-
molecular-weight fragments. These fragments are then docked into the binding site and either
linked covalently or placed one by one incrementally to grow the complete bound ligand
structure. By focusing on smaller fragments, the conformational space of ligand-protein
interactions can be more efficiently explored, resulting in more accurate predictions of binding
modes and affinities (7,8).

Despite its successes in past studies, current fragment-docking methods exhibit several
limitations. Since the success of fragment docking heavily relies on the covalent linking of
fragments (7), the primary challenge in fragment docking lies in finding a way to link the
fragments with optimal steric alignment, considering the shape-wise match and the gap
between the two docked fragments.



3. MD-based refinement methods and their limitations

Fast docking methods can use post-docking refinement steps prior to ranking to address the
challenges in this field, specially to introduce structural flexibility and improve the energetics
of the interface for accurate scoring (9). Refinement procedures can range from short energy
minimizations, which remove steric clashes, to more advanced methods that allow binding site
flexibility upon ligand binding, such as molecular dynamics (MD) or Monte Carlo simulations.
MD simulations have been used in such refinements, as they can incorporate both ligand and
protein flexibility, allowing the binding site to adapt to the ligand, strengthening pre-existing
interactions formed during docking and forming new ones (10). Moreover, MD simulations
can incorporate the effects of structural water molecules within the binding site using various
solvent models. Despite the advantages, MD-based refinement protocols face several
challenges, particularly for large peptide ligands, like H3 histone peptides, due to their
extensive water-mediated hydrogen-bond networks with their target proteins. The presence of
these bridging water molecules is essential for accurate binding mode predictions. For instance,
Rastelli et al. reported that incorporating bridging water molecules into MD-based refinement
methods significantly improved enrichment factors for adenosine A2A (11). However, only
few refinement methods currently incorporate crystal or predicted water molecules to facilitate
accurate mediated interactions during simulations.

Objectives of the present thesis

The primary aim of this thesis is to devise an innovative peptide docking protocol, capable of
generating atomic resolution structures of histone-reader complexes, without requiring prior
knowledge of the binding sites. Additionally, this work seeks to systematically investigate MD-
based refinement strategies to enhance the accuracy of predicted ligand binding modes. The
specific objectives are:

I.  To design PepGrow, incorporating docking and in situ growing of histone H3 peptide
fragments within reader protein binding pockets, followed by scoring and ranking the
resulting complex models. The performance of PepGrow was evaluated on a set of
histone H3 peptide-reader complexes and compared to a benchmark set of ten fast
docking engines.

Il.  Todevelop MD-based refinement protocols to improve the structural accuracy of initial
docking solutions generated by PepGrow, systematically investigating the effects of
various MD simulation parameters to identify refinement conditions for enhancing
peptide binding mode predictions.



I. Development and Evaluation of PepGrow (Paper 1)
Methods

Fragment Selection and Docking: The development of PepGrow starts with the careful
selection of an appropriate seed fragment for docking. For the histone H3 peptide and reader
protein complexes, the popular fast docking tool AutoDock4 (12) was able to accurately dock
short (di-)peptides at high accuracy. Therefore, all possible dipeptides were generated from the
H3 peptide of System 1xwh, resulting in nine distinct fragments and docked using AutoDock
4.2.6. The highest-ranked binding modes were carried forward to the fragment growing step.
Fragment Growing: Instead of directly linking docked fragments, PepGrow utilizes Modeller’s
builder routine for fragment growth (13). We thoroughly evaluate restraints, energy calculation
features, and varying seed numbers. Generating 100 models rapidly using default building
settings was used for the final PepGrow protocol.

Scoring: To score and rank a large pool of peptide binding modes, the target-ligand
intermolecular interaction energy and its separate components (Lennard-Jones and Coulomb
terms) were calculated. The top 1% of ranked binding modes was observed to contain the best
binding mode, thus, the representative of the top 1% ranked according to different energy
values selected as ‘Rank 1°. A comparison of the RMSD value of the Rank 1 binding mode
obtained using different binding energies showed that Einer-based representative selection
method has the best performance.

Final Protocol: Among the nine dipeptides, Fragment 1 (AR) produced the best results and
was chosen as the seed fragment for docking. The top-ranked binding mode of AR fragment
was used as a seed fragment to produce 100 models rapidly using default building settings. The
models were further ranked according to their intermolecular interaction energy and a binding
mode with the closest match with the average coordinates of the peptide binding modes ranked
in the top 1% was selected as the final solution.

Evaluation: A dataset of ten histone H3 peptide-reader complexes was used to evaluate
PepGrow. Its performance was benchmarked against ten fast docking engines using a
standardized protocol to avoid bias. Low-energy peptide structure and the unbound (apo) target
structures were used in all docking calculations. To assess the sensitivity of the docking
methods to target conformational change, we repeated all docking calculations using the bound
(holo) forms of the reader proteins as targets.

Evaluation Criteria: The structural accuracy of all docking methods was evaluated using root
mean square deviation (RMSD) calculated between the predicted and experimental (reference)
binding modes of the peptide. An RMSD below 2 A is generally considered to represent an
accurate binding mode (14). For the histone H3 ligand, this core region corresponds to the first
five amino acids. The lowest RMSD of all docked binding modes is referred to as RMSD pest.

Results

A comparison of the best docking results obtained by all docking methods evaluated in this
study showed that PepGrow outperformed other benchmark methods. PepGrow produced a
mean RMSDyest Of 5.36 (+1.47) A for the full-length histone H3 peptide and achieved an
excellent RMSDpest of 4.09 (+1.18) A for the first five amino acids. The acceptable level of



RMSDrest is 4.0+3.0 A based on data collected from publications of benchmark methods where
RMSD was calculated only for the peptide backbone. On the other hand, side-chain atoms were
also included in the RMSD calculations of this study. Therefore, PepGrow's performance can
be considered good or above average compared to RMSD values from benchmark methods.
Moreover, PepGrow's performance was consistent across both apo and holo target structures,
showcasing the robustness of the method.

Structural accuracy is an important aspect of a docking method, but its ability to accurately
rank the docked binding modes is equally important. Although PepGrow achieved good
structural accuracy, ranking the best result as a final result is still challenging for all methods.
The best binding modes consistently showed better conformational accuracy than the top-
ranked modes across all docking methods, highlighting the need for improved ranking
schemes. The Einer-based representative selection in PepGrow proved to be a viable alternative
but still requires further refinement.



I1. Development and evaluation of MD refinement protocols (Paper I1)
Methods

Previous studies and the results of PepGrow indicate that for peptide ligands, fast docking
methods exhibit moderate structural precision which can be improved by applying a post-
docking refinement step. In this study, we developed six MD-based refinement protocols to
improve the structural accuracy of docking solutions produced by PepGrow.

Since top-ranked docking solutions are often selected as final solutions in drug development
procedures, the top-ranked docking solutions from PepGrow, using apo target structures, were
used as starting points for testing these protocols. All refinement protocols consist of two main
steps: (i) pre-MD hydration, building the void-free hydration structure at the complex interface
followed by five-step refinement of the predicted hydration structure, (ii) consecutive MD
simulations. A pre-MD hydration step prepares the system for MD runs and constructs
hydration structures for the target-peptide interfaces using the all-inclusive identity-based
prediction algorithm of MobyWat (15,16). The hydrated structure underwent a five-step robust
equilibration adapted from the HydroDock protocol (17). The main goal of the refinement step
was to optimize the orientation of hydrogen atoms in the predicted water molecules, facilitating
water network formation. The systems were then subjected to consecutive MD simulations,
with parameters systematically varied across protocols, including simulation composition,
temperature, length, position restraints, and peptide ligand length.

Results

The performance of the MD-based refinement protocols was evaluated by assessing how close
the ligand binding modes come close to the experimental (reference) binding modes upon
refinement starting from the initial conformations produced by PepGrow. All protocols
improved the initial conformations generated by PepGrow, with Protocol P4 showing the best
results. P4 achieved a median improvement of 32% (4.6 A) over the initial docked structures
in terms of the change in RMSD from the experimental references. and consistently delivered
improvements greater than 1 A in nearly all cases, with a maximum improvement of 84%. P4
demonstrated robust performance with apo structures, outperforming its results with holo
structures and indicating its ability to handle variable target conformations.

An analysis of the MD parameters showed that extending simulation time or increasing
simulated annealing temperatures beyond certain limits did not significantly enhance
refinement accuracy. It was also concluded that flexible restraints on the binding site region,
as applied in P4 and P6, improved target adaptability to peptide binding modes without
destabilizing the complex. Excluding non-interacting C-terminal regions of H3 peptides was
shown to facilitate stronger peptide-target interactions and yield more stable complexes.
Additionally, accurate initial positioning of anchoring residues (e.g., R2 in H3 peptides) proved
critical, as it maintained strong target-ligand interactions during MD. Furthermore, the pre-MD
hydration step played a vital role in constructing accurate hydration structures at the binding
interface, enabling optimal target-peptide interactions during refinement.



Summary

This thesis addresses the difficulty of accurately predicting the complex structures of histone
H3 peptides with various reader proteins using computational approaches. Histone peptides
pose significant challenges to fast docking methods due to their linear N-terminal tail with large
conformational flexibility (18) sticking out of the nucleosome structure. Moreover, extensively
hydrated peptides like histones are well-known problematic cases for fast docking methods due
to their lack of explicit water models (18). To overcome these limitations, we developed
PepGrow, a fragment-based docking protocol that combines AutoDock 4.2 and Modeller’s fast
model-building capabilities. PepGrow was evaluated against ten histone H3 peptide-reader
complexes and compared to ten benchmark methods designed for protein-peptide docking. The
results demonstrate that PepGrow outperforms these benchmarks, particularly due to two main
advantages: (i) the use of a di-peptide seed in the initial docking step, and (ii) growing the
remaining peptide fragments using Modeller's robust building routine.

The ranking results showed that ranking the best solutions as a final result is still challenging
for all methods tested in this study. The conformational similarity of the best binding mode,
measured by RMSD, considerably exceeded RMSD of the top-ranked binding mode in all
dockings, indicating poor ranking precisions. The ranking results also showed that Einter-based
representative selection implemented in PepGrow is a viable ranking alternative.

The histone complexes tested in this study were shown to be a particularly challenging test set
for all docking methods, achieving moderate to poor precision in terms of structural accuracy.
The precision drops further when the top-ranked solutions are considered. In such cases, post-
docking refinement methods can be used to improve the accuracy of the predicted target-ligand
complex structures.

In this study, we constructed six MD refinement protocols in an attempt to improve the
precision of the top-ranked docking results produced by PepGrow. Protocol P4 showed the best
performance, achieving a median of 32% (4.6 A) improvement over the docked structures in
terms of the change in root mean squared deviations from the experimental references. The
results showed that the pre-MD hydration step and the inclusion of simulated annealing within
the MD protocol, and the full flexibility of the binding site region made Protocol P4 a robust
option for refining initial conformations of a wide range of structural qualities. The pre-MD
hydration step was shown to provide an accurately predicted void-free hydration structure at
the interface, which is crucial for forming the hydration networks necessary for appropriate
target-peptide interactions during MD. Additionally, an accurate positioning of anchoring
residues (R2 in the H3 peptides) in the starting peptides conformations were shown to affect
the efficiency of the MD refinement significantly.

This study shows that a proper MD-based refinement protocol not only improves the structural
accuracy of target—ligand complexes but also enhances the efficiency and reliability of current
fast docking methods. Improved precision in predicted binding modes positively influences the
estimation of binding affinity energies, therefore potentially enhancing the accuracy of ligand
ranking. This advancement holds a potential for accelerating the discovery of new drugs in
epigenetics or any design projects working with peptide ligands.



Summary of the New Results

In line with the aims of my research and the results detailed in this dissertation, the most
significant findings of my doctoral work are summarized as follows:

1.

Histone H3 peptides in complex with their reader proteins were shown to be a
particularly challenging test set for existing docking methods. The benchmark methods
that were specifically designed for protein-peptide or macromolecular complex docking
(except for AutoDock4) showed moderate to poor structural accuracy, with a significant
drop in precision when the top-ranked solutions were considered.

A novel fragment-based docking protocol, PepGrow, was developed. Instead of linking
all peptide fragments, PepGrow docks a histone fragment seed and grows the full
peptide tail within the reader protein’s binding pocket. This in situ growing approach
outperformed all benchmark methods in terms of structural accuracy.

Accurate ranking of the best binding modes remains a challenge for all docking
methods. While the Einter-based representative selection used in PepGrow offered a
promising alternative, it still requires further optimization to improve ranking
reliability.

Post-docking MD refinement protocols were designed to improve the structural quality
of PepGrow docking results. Among the tested protocols, Protocol P4 performed best,
achieving a median improvement of 32% (the largest improvement of 84%) over the
starting docked structures.

Systematic exploration of MD simulation parameters revealed that extending
simulation time or increasing the maximum simulated annealing temperature beyond
certain thresholds did not yield significant improvements in refinement efficiency.
Proper initial positioning of anchoring residues, such as R2 in H3 peptides, was shown
to significantly enhance the efficiency and accuracy of MD refinements, ensuring stable
interactions throughout the simulation.

The pre-MD hydration step played a critical role in constructing accurate, void-free
hydration structures at the binding interface. This step facilitated optimal target-peptide
interactions and was crucial for achieving reliable and accurate MD refinement results.

These findings highlight the potential of PepGrow and MD refinement protocols to address
long standing challenges in peptide docking, paving the way for more precise and efficient
computational approaches in structural biology and drug discovery.
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