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Abstract

Ongoing advances in science and computational methods and technology make it possible to study
proteins better and better. Over the decades, it has become clear that proteins are dynamic entities,
and to accurately study their function, it is not enough to look at the structure only, but also at the
inherent dynamics component. As a result, the original structure-function paradigm is gradually being

replaced by a focus on structure-dynamics-function relationships.

In my doctoral research, | contributed to addressing the global challenge of widespread bacterial
resistance to antibiotics and focused on alternative solutions that will undoubtedly be needed in the
future. Bacteria exhibit social behavior and use signaling molecules to communicate with each other
and respond to environmental changes in a cell-density-dependent manner, a process called quorum
sensing. Disruption of this communication is called quorum quenching and is considered a promising
alternative to deal with bacterial colonies in various fields of life. It can be achieved enzymatically, by
cleavage of signaling compounds, and thus such quorum quenching enzymes were the main interest of
my thesis. In addition, these enzymes are useful models for studying the relationships between

structure, dynamics and function in proteins.

The dissertation consists of four articles. In the first, | investigated details of the dynamic
components that determine and limit the quorum quenching activity in N-terminal serine hydrolases.
The second is a literature review that summarizes approaches in protein engineering that consider
dynamics as crucial during the design process. The third part presents the TransportTools library,
software developed in our laboratory to address the challenge of consistent analysis of interior spaces
in protein ensemble data resulting from massive molecular dynamics simulations. Finally, the last part
of the thesis combines the insights gained from the study of the wild-type quorum quenching enzymes,
approaches for efficient design of protein dynamics, and advantages of the developed software to
rationally design variants of Escherichia coli penicillin G acylase with improved activities and modulated

specificities towards signaling molecules of different pathogenic bacterial species.
Keywords

protein dynamics, structure-dynamics-function relationships, molecular dynamics, protein engineering,

quorum quenching



Streszczenie

Staty postep nauki oraz metod i technologii obliczeniowych pozwala na coraz lepsze badanie biatek.
W ciggu kilkudziesieciu lat stato sie jasne, ze biatka sg dynamicznymi jednostkami i aby doktadnie zbadaé
ich funkcje, nie wystarczy spojrze¢ tylko na strukture, ale takze na nieodtgczny element dynamiki. W
rezultacie, pierwotny paradygmat struktura-funkcja jest stopniowo zastepowany przez ukierunkowanie

na relacje struktura-dynamika-funkcja.

W moich badaniach doktoranckich przyczynitem sie do rozwigzywania globalnego problemu
powszechnej opornosci bakterii na antybiotyki i skupitem sie na alternatywnych rozwigzaniach, ktére
niewatpliwie beda potrzebne w przysztosci. Bakterie wykazujg zachowania spoteczne i uzywaja
czasteczek sygnalizacyjnych do komunikowania sie ze sobg i reagowania na zmiany srodowiskowe w
sposob zalezny od gestosci komdrek, proces ten nazywany jest wykrywaniem kworum (ang. quorum
sensing). Zaktécenie tej komunikacji nazywane jest wygaszaniem kworum (ang. quorum quenching) i
jest uwazane za obiecujgcg alternatywe radzenia sobie z koloniami bakterii w réznych dziedzinach zycia.
Mozna to osiggnac¢ enzymatycznie, poprzez inaktywacje zwigzkdw sygnatowych i dlatego takie enzymy
wygaszajgce kworum byty gtéwnym przedmiotem zainteresowania mojej pracy doktorskiej. Ponadto
enzymy te sg uzytecznymi modelami do badania zaleznosci pomiedzy strukturg, dynamika i funkcjg w

biatkach.

Rozprawa sktada sie z czterech artykutéw. W pierwszym z nich szczegétowo badam dynamiczne
komponenty, ktére determinujg i ograniczajg aktywnos$¢ wygaszania kworum w N-terminalnych
hydrolazach serynowych. Drugi to przeglad literatury podsumowujgcy podejscia w inzynierii biatek,
ktére uwzgledniajg dynamike jako kluczowg podczas procesu projektowania. Trzecia cze$¢ przedstawia
biblioteke TransportTools, oprogramowanie opracowane w naszym laboratorium w celu sprostania
wyzwaniu spdéjnej analizy danych zespotéw biatkowych bedacych wynikiem masowych symulacji
dynamiki molekularnej. W koricu, ostatnia cze$¢ rozprawy tgczy spostrzezenia uzyskane z badan dzikich
enzymow wygaszajgcych kworum, podejscia do efektywnego projektowania dynamiki biatek oraz zalety
opracowanego oprogramowania w celu racjonalnego zaprojektowania wariantow acylazy penicyliny G
Escherichia coli o poprawionej aktywnosci i zmodulowanej specyficznosci wobec czasteczek

sygnatowych réznych patogennych gatunkéw bakterii.
Stowa kluczowe

dynamika biatek, zaleznosci struktura-dynamika-funkcja, dynamika molekularna, inzynieria biatek,

wygaszanie kworum



Abbreviations

NMR nuclear magnetic resonance

cryo-EM cryo-electron microscopy

PDB Protein Data Bank

SEX serial femtosecond crystallography

XFELs X-ray free-electron lasers

HDX-MD hydrogen-deuterium exchange mass spectrometry
FRET single-molecule fluorescence resonance energy transfer
MD molecular dynamics

BPTI bovine pancreatic trypsin inhibitor

GPUs graphics processing units

QM/MM  quantum mechanics/molecular mechanics

sMD steered molecular dynamics

us umbrella sampling

HTMD high-throughput molecular dynamics

CG coarse-grained

COVID-19  coronavirus disease 2019
SARS-COV-2 severe acute respiratory syndrome coronavirus 2

QS guorum sensing
AHL N-acyl homoserine lactone
HSL homoserine lactone

CO6-HSL N-hexanoyl-L-homoserine lactone
C08-HSL N-octanoyl-L-homoserine lactone
C12-30-HSL N-3-oxo-dodecanoyl-L-homoserine lactone

QQ quorum quenching
QSl! guorum sensing inhibition
Ntn N-terminal

paPvdQ Pseudomonas aeruginosa acyl-homoserine lactone acylase

PGAs penicillin G acylases

kcPGA Klyuvera citrophila penicillin G acylase

ecPGA Escherichia coli penicillin G acylase

aPGA Achromobacter species penicillin G acylase

PCA principal component analysis

NMA normal mode analysis

SPM shortest path map

VAF Phel38aVal-Met142aAla-lle177B8Phe ecPGA variant
YAF Phel38aTyr-Met142aAla-lle177fPhe ecPGA variant
MSF Phel138aMet-Met142aSer-1le177BPhe ecPGA variant
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Introduction to structure-dynamics-function relationships in proteins

Living cells are composed primarily of four major types of macromolecules: nucleic acids,
carbohydrates, lipids, and proteins. Among these, proteins were found to be the most abundant,
accounting for nearly half of the total dry mass of the cell. Although each of these macromolecules
plays a key, intrinsic role, proteins are known (at least with current knowledge) to be the most versatile
in terms of their types and different functions. These include: signaling (hormones), structural (actin,
tubulin, keratin), defense (immunoglobins), transport (hemoglobin, myoglobin), storage (albumin),
access control (transporter proteins), and catalysis (enzymes) [1]. The latter, with their ability to
accelerate chemical processes and synchronize them with the multitude of other reactions taking place
in the cell, are the main focus of my doctoral research. They act as biocatalysts, lowering the barrier to
reaction activation and speeding up processes that are often either prohibitively slow or require
additional energy, e.g. in the form of heat, which on the other hand would be harmful to the cell.
Enzymes also have the ability to create a specific environment for the reaction at hand, protecting the
cell from potentially toxic and highly unstable intermediates. Enzymes are not only important
macromolecules for living cells, but also show substantial importance in various fields of life, including
biotechnology, variable industries, medicine, and others. All these features make these
macromolecules immensely exciting, but also very difficult to study. Importantly, with the deepening
level of knowledge, the development of experimental techniques, molecular modeling and
computational capabilities, it is becoming clear that the function of proteins, including enzymes, is not
only defined by the sequence-dependent three-dimensional structure, but also (as much!) by their

dynamics, which is the main focus of this dissertation.

Since the first protein structures of hemoglobin and myoglobin were solved by Perutz and Kendrew
in the late 1950s [2], and the first enzyme structure — lysozyme — in 1965 [3], the mechanism of their
action has been proposed based on the sequence-structure-function paradigm. X-ray crystallography,
together with nuclear magnetic resonance (NMR) [4] and cryo-electron microscopy (cryo-EM) [5]
resulted in over 200 thousand static structures currently available in the PDB database, which
revolutionized the understanding of the molecular biology [6]. Furthermore, the recent breakthrough
with the discovery of AlphaFold 2 for protein structure prediction [7], and the subsequent development
of the AlphaFold Protein Structure Database with more than 200 million protein structures [8] has been
another milestone in the field, expanding the current state of the knowledge and further advancing
science. Nevertheless, proteins have been shown not to be static entities, and the dynamic factor has
to be considered as crucial, on the same level of importance, moving further towards structure-

dynamics-function approaches [9].
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The phenomenon of protein dynamics is complex [10]. Several different modes of motion, occurring
on versatile time scales, contribute to the overall protein motions, depending on the process, system
and environment. The fastest motions are related to the vibrations of covalent bonds, which occur
within femtoseconds to picoseconds and are mostly in the amplitude of one angstrom. Side-chain
motions and rotations of amino acids, some of which are critical for protein function, can occur rapidly,
within hundreds of picoseconds to nanoseconds, depending on the depth of the protein core and the
local environment. The coordinated motions of several residues, which usually constitute a process
called gating, in which the moving fragment acts as a lid, covering the ligand bound to the active site or
influencing its release by exposing the bulk solvent, are in the range of hundreds of nanoseconds to
milliseconds. Another two groups of principal motions are related either to ligand transport and
binding, where the molecule often has to overcome tens of angstroms to reach the binding site,
requiring many structural adjustments at the protein level, or to the collective motions of entire
macromolecules or their parts in multi-subunit complexes, which can reach amplitudes of nanometers.
The former can occur over hundreds of nanoseconds and last as long as milliseconds, while the latter
are typically a matter of at least microseconds and usually considerably longer. Finally, processes
related to folding and unfolding of the protein structure are the type of motions that require the most

significant changes and rearrangements in the structure, so the duration may even be hours [1,10,11].

Due to the described principal motions, proteins, in this case specifically enzymes, coexist in an
ensemble of multiple states that interconvert in dynamic processes [6]. Progress in the field has
broadened the understanding of the dynamics-function relationship of enzymes, so that the original
“lock and key” model, which assumed the enzyme rigidity and complementarity between the substrate
and enzyme structure [12], has gradually been replaced by dynamic models such as induced fit or
conformational selection [13,14]. In fact, from a recent structural point of view, the function of an
enzyme is defined by its conformational landscape. Highly robust enzymes have their conformational
landscape evolutionarily optimized for a particular reaction pathway, positioning alternative options as
significantly less favorable. On the other hand, more promiscuous enzymes exhibit more sophisticated
landscapes with multiple minima separated by moderate energy barriers that are accessible under
standard conditions [15]. The existence of such multiple accessible states is also important for the
overall process of catalysis, which includes not only the chemical reaction itself but also closely related
steps [16]. Considering an enzyme with a buried active site, which will be the focus of the following part
of the thesis as a relatively common example [17], additional stages controlled by an enzyme besides
the chemical reaction itself are critical as presented in Figure 1 [18]. This model perfectly illustrates the
close relationship between structure-dynamics and function in proteins, and emphasizes the

importance of considering the dynamic component on an equal footing with the others.
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Figure 1. Structure-dynamics-function relationships for the enzyme perfoming catalytic function. Starting from the
ensemble of the enzyme in the free form (0), additional stages are critical besides catalytic reaction itself. This
includes: gating processes controlling access to various functional sites (1), adaptation of the catalytic machinery
for productive ligand binding (2), an actual binding of the ligand (3), and later, during the reaction progress, control
of the water molecules to reach the functional site and perform their functions (4), and finally product release and
enzyme regeneration (5) leading to the enzyme in free form, ready for the next cycle (0).

Undoubtedly, the dynamics of proteins in the context of their function play a key role, but how can
the phenomena of structure-dynamics-function interplay be explored in the era of modern science? The
aforementioned standard methods of protein structure determination, such as X-ray crystallography
and NMR, although limited, can be combined to provide an atomic resolution view of the transitions
between different protein conformations in solution. Ongoing developments in the field have led to
variants of these techniques that provide even broader access to functional dynamics. These include

time-resolved and real-time variants of X-ray crystallography [19,20], or serial femtosecond
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crystallography (SFX) taking an advantage of X-ray free-electron lasers (XFELs) [21], a wide range of
NMR variations such as hydrogen/deuterium exchange, spin-relaxation, residual dipolar couplings, and
others [4,22,23]. Insights into the functional dynamics of proteins have been further complemented by
the development of techniques such as hydrogen-deuterium exchange mass spectrometry (HDX-MS)
[24], sub-second time-resolved mass spectroscopy [25], single-molecule fluorescence resonance
energy transfer (FRET), or the aforementioned cryo-EM, but enhanced by incorporation of artificial

intelligence algorithms [26].

Importantly, in parallel with experimental techniques, molecular modeling methods, especially
molecular dynamics simulations (MD), have matured enough to become a distinct influential field for
predicting and studying protein structure and dynamics. In fact, considering the complexity, cost and
human effort of most of the listed experimental methods, MD often represents a convenient alternative
to replace or at least efficiently support experimental efforts. Moreover, some processes in biological
systems, such as the study of transport events through biomolecules or the progress of chemical
reactions, are difficult or even impossible to directly study experimentally at the atomistic level, and
computational methods, such as MD, are the primary alternative [27]. In its early stages, MD was very
limited in terms of speed and efficiency. The first MD simulations of a protein - bovine pancreatic trypsin
inhibitor (BPTI) - performed by McCannon et al. in the late 1970s, although a milestone in the field,
covered a relatively small system and a short time scale of 9.2 ps [28]. Fortunately, the continuous
development of efficient algorithms, versatile MD sampling approaches, and increasing computational
power, including the use of graphics processing units (GPUs) for MD simulations, has resulted in state-
of-the-art methods capable of sampling biologically relevant processes of ever-increasing size [29].
Depending on the process under investigation, researchers have at their disposal a wide range of
models and methods of varying complexity, accuracy and speed. Chemical reactions can be studied at
the atomistic level using hybrid quantum mechanics/molecular mechanics (QM/MM) methods, which
allow the catalytically relevant region to be described by quantum chemical models, while the
environment composed of the protein and solvent is described by the less computationally demanding
molecular mechanics force fields [30], using improved sampling methods such as steered MD (sMD) or
umbrella sampling (US) simulations, which make these processes feasible on the time scale of all-atom
simulations [31,32]. Long time scale processes such as ligand (un)binding or allosteric communication,
which are challenging due to their infrequent nature, can be approached using enhanced sampling
methods such as various biased-potential methods including accelerated MD, metadynamics, adaptive
sampling methods based on Markov state model such as high-throughput MD (HTMD), or variants of
path sampling methods such as weighted ensemble methods or milestoning, all of which have been

extensively described in the recent review by Ahmad et al. [33]. Finally, highly complex multi-subunit
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systems or transmembrane proteins simulated together with lipid membranes and solvent can be
efficiently studied by simulations using computationally less demanding coarse-grained (CG)
models [34]. Although computational models and methods are far from perfect and many challenges
remain to be solved [27], they represent a powerful toolbox for studying structure-dynamics-function

relationships in proteins, and as such inspired their use during my doctoral research for this purpose.

Accordingly, the next chapter contains a summary and highlights of my findings during the
dissertation preparation, followed by conclusion of my findings, an outlook and further perspectives
related to the field of my investigation. At the end of the thesis sections Publications 1-4 contain full

text of the publications.

Summary of the doctoral research

Molecular modeling of quorum quenching enzymes

Antimicrobial resistance is a rapidly growing global health problem that has been prioritized by the
World Health Organization [35]. Although dismissively referred to as a silent pandemic, it must be
seriously considered and addressed on a global scale and referred to as a true pandemic to avoid being
ignored and to spread awareness of the overwhelming danger in society [36]. The last thorough report
on mortality in 2019 showed nearly 5 million deaths associated with, and more than 1 million deaths
directly caused by, bacterial antibiotic resistance [37]. Strikingly, it is expected to be even more
accelerated since 2019 due to the COVID-19 pandemic, as it led to increased antibiotic treatment of
SARS-COV-2 patients [38,39]. Widespread antibiotic resistance is due to a variety of factors, including
misuse/overuse in the treatment of medical conditions such as viral infections, exposure from the use
of antibiotics outside of medical settings in agriculture, aquaculture, and other human uses [37,40]. On
the other hand, because antibiotics are mostly lethal to bacteria, they exert a strong selective pressure
that promotes the development of highly efficient resistance mechanisms [41,42]. Clearly, global

efforts and new alternatives are needed to effectively contain this emerging threat.

One of the recent alternatives to conventional antibiotics, mainly considered as their complement
or substitute in non-medical applications [43], is to target a bacterial communication process called
guorum sensing (QS). In Gram-negative bacteria, QS is mediated by organic molecules - N-acyl-
homoserine lactones (AHLs) of different length (depending on the species) - and enables bacteria social
behaviors in cell-density depended manner [44] — Figure 2. Importantly, quorum guenching (QQ), a
process in which bacterial communication is interrupted, is of particular interest because it can prevent

the expression of genes responsible for bacterial virulence factors, highly problematic biofilm
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formation, swarming and resistance — Figure 2 [45]. QQ can be achieved either by inhibition of signal
biosynthesis, signal detection (QSI) or by direct, chemical or enzymatic inactivation of the signaling
molecule. Since QS| is more susceptible to drug-like resistance mechanisms due to its mode of action,
inactivation is considered to be a more promising strategy, as it acts at the level of the cell environment
and is believed to escape common resistance mechanisms, but as a result of limited selective pressure,
scientists hope not to rapidly observe the development of new defense mechanisms. Furthermore,
enzymatic inactivation has an advantage over the chemical solution in that it is potentially less harmful
to the environment, i.e. it is a green and sustainable solution, and, most importantly, it has a much
more modifiable specificity to particular bacterial strains by targeting a defined type/size of molecule.
Thus, enzymes with QQ activity (hereafter referred to as QQ enzymes) are of particular interest for
future antibacterial applications. AHLs can be enzymatically inactivated by three main classes of
enzymes that catalyze different modifications (Figure 2). Lactonases cleave the homoserine lactone
ring, oxidoreductases reduce 3-oxo substituted AHLs, and finally acylases/amidases hydrolyze the
amide bond between the homoserine lactone and the acyl chain. Among these, the action of acylases
is considered to be the only irreversible modification that cannot be easily reversed by subtle changes
in conditions (such as pH), and also represents the group of QQ enzymes with the highest specificity -
they are sensitive to the length of the acyl chain [46]. QQ acylases belonging to the subfamily of N-
terminal (Ntn) serine hydrolases represent one of the most intensively studied groups of enzymes for
antibacterial applications, some of which exhibit truly promising biotechnological properties and thus
represent excellent templates for further development and engineering. Therefore, they represent a
high-impact research object and, as such, model systems for the computational exploration of

structure-dynamics-function relationships in proteins, the main objective of this dissertation.

My research on QQ enzymes was primarily inspired by two members of the Ntn serine hydrolase
subfamily that have been described to have activity against AHLs. First, the Pseudomonas aeruginosa
acyl-homoserine lactone acylase (paPvdQ), which is known to have native activity against long acyl
chain AHLs [47], enzyme, which is well studied from an experimental and biochemical point of view,
although it lacks biotechnological potential because it is not used in large-scale processes. The second,
a representative of penicillin G acylases, enzymes widely used in the pharmaceutical industry because
of their application in the production of semi-synthetic beta-lactam antibiotics, Klyuvera citrophila
penicillin G acylase (kcPGA), recently identified as having QQ activity towards short AHLs [48].
Interestingly, QQ activity was not detected for other penicillin G acylases, including one from
Escherichia coli (ecPGA), for which activity has even been disputed [49], despite high sequence and
structural similarity and the presence of all functional residues in the catalytic site. This prompted me

to contrast the prototypical paPvdQ with native QQ activity with the ecPGA with alleged inactivity, used
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as a negative control, and another more distant representative from Achromobacter species (aPGA).

The basic question was - why, if so similar, are some active and others not?
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Figure 2. Schematic representation of bacterial communication and its enzymatic interference. Quorum sensing (QS)
and quorum quenching (QQ) processes (top). Three classes of enzymes capable to inactivate acyl-homoserine
lactones (AHLs) acting as bacterial signaling molecules (bottom).

To answer this question, | have performed multistep molecular modeling of paPvdQ, ecPGA, and

aPGA enzymes, gradually increasing the complexity of the methods used. The initial analysis consisted
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of a detailed analysis and comparison of static structures, focusing on the acyl-binding pocket, the
catalytic machinery, and the gating residues that control access to the active and binding sites. This
explains why PGAs are not active towards long substrates, as their binding cavity turned out to be much
shallower compared to paPvdQ, suitable for this type of molecules, but did not justify the inactivity for
molecules of the size that would geometrically fit the PGAs pocket (short and medium length AHLs with
6 and 8 carbons in the acyl chain). Therefore, the next step was to study the equilibrium dynamics in
free form to inspect possible phenomena of permanent closure of the gates or stabilization of the
catalytic machinery in a non-productive state from the perspective of AHLs hydrolysis. Since both were
eliminated and | observed transient but sufficiently frequent opening of the pocket along with the active
site favorably pre-organized for the nucleophile attack reaction, | extracted representatives for
molecular docking experiments of CO6-HSL and CO8-HSLs to verify potential binding difficulties. Protein-
ligand complexes were successfully obtained for both substrates with all three enzymes, as determined
by the docking binding score as well as crucial stabilization by the catalytic residues, excluding the next
potential reason for QQ inactivity. The complexes were subjected to tens of repetitive standard MD
simulations with cumulative sampling of 4.5 pus, with the main goal of evaluating the enzymes' ability to
maintain the productive stabilization of the AHLs and to estimate the binding energy. The stabilization,
although possible in PGAs, was noticeably better in paPvdQ, especially for the longer substrate, which
was determined by the relatively wider openings in the cavity entrance in PGAs and caused the ligand
to fluctuate more in contrast to paPvdQ. Nevertheless, the binding energies were not significantly
different among the studied complexes, so | proceeded with the modeling of the catalytic reaction to
explore the structural or energetic obstacles preventing the hydrolysis of AHLs by the studied PGAs.
Hundreds of sMD QM/MM simulations of the first two rate-limiting steps of the reaction have shown
that paPvdQ, ecPGA and aPGA are capable of hydrolyzing short to medium AHLs according to similar
reaction mechanisms, but with the system-dependent energetic differences. Interestingly, the
differences observed were mostly related to the different topology of the binding sites, the different
dynamics of the gating residues for each of the enzymes studied, and finally the different positioning
of the Arg263B(PGAs)/Arg297B(paPvdQ) residue, which plays a crucial role in the second step of the
reaction. In addition, the catalytic activity of both PGAs toward modeled substrates, although basal,
was experimentally confirmed by our collaborator, Michal Grulich, Ph.D., from the Academy of Sciences
of the Czech Republic, adding these two biotechnologically relevant enzymes to the set of known QQ
enzymes. Full details of this work can be found in the publication summarizing these results in

Publication 1.

Importantly, this research constitutes an example of the structure-dynamics-function relationships

that, if not thoroughly investigated, can lead to incomplete and biased conclusions. Furthermore,
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considering the potential of PGAs for further exploration towards practical applications as antibacterial
agents, and their relatively low native QQ activity, this made me realize that engineering attempts will
inevitably be needed to improve their catalytic activity and fine-tune specificity fully described in
Publication 4, which will not be effective without taking the dynamic aspect seriously, motivating the

literature review, summarized in the next section.

Dynamics as critical aspect for modern rational protein engineering

Before tackling the challenge of modulating PGAs for improved QQ activity, my colleagues and |
reviewed the current (2017-2020) in silico approaches to protein design that consider the component
of dynamics as an important factor in the engineering process. From the collected literature, we noticed
mainly a trend towards post-processing analysis of protein structural ensembles, coming mainly from
MD simulations, focusing on interactions, allosteric effects as well as ligand transport. On the other
hand, we have summarized efforts to incorporate backbone flexibility into the design process and its
implementation in various software packages. For the first group of ensemble analysis methods, the
common approach included the CG representation of the protein as Ca or CP atoms to reduce the
complexity of the analysis, and further either the extraction of interaction networks or dimensionality
reduction by principal component analysis (PCA), both of which can either provide hotspot residues
critical for functional dynamics or, when performed for wild type and considered mutants, indicate
introduced changes. Furthermore, the analysis of transient pathways used by water molecules or
ligands can indicate the regions of the protein for the usually rare transport events inherent in catalysis.
On the other hand, such pathways can first be extracted from the structural ensembles and further
explored explicitly [50], albeit by repetitive molecular docking experiments (although known to have
limitations) without the need to sample the transport process during the simulation, which is often a
non-trivial task and requires efficient sampling. Residues that either form the bottleneck (e.g. gating
residues) in the transport pathways or are related to the high energy barriers during transport events
are of primary interest for engineering as they contribute to the rate-limiting steps. Second, methods
dedicated to incorporate protein dynamics during the design process have been shown to benefit either
from the information obtained from pre-generated ensembles (MD or Monte Carlo derived) or
knowledge-based prediction of motions learned from the experimental or modeled structures, which
will further grow considering the current progress in the development of various improved sampling

methods, hardware and breakthrough in protein structure prediction.

In addition, we highlighted the main limitations and challenges associated with approaches that aim

to incorporate dynamics in protein design. We pointed out that the mutations introduced by these
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methods are mainly located in the vicinity of the catalytic machinery or the functional region, which
allows to limit the computational burden and makes them efficient in terms of likely impact on function,
but at the same time constitutes their limitation. We highlighted the need to invest effort in developing
approaches that take into account distal regions important for allosteric control and/or ligand
transport. These can be based either on approximate methods such as normal mode analysis (NMA),
which may not be sensitive enough to capture subtle changes, or on highly efficient enhanced sampling
MD methods. The latter pose additional challenges related to sufficient sampling of rare events (such
as allosteric motions or ligand transport) and the resource demands of such computations, which, even
if properly captured, provide immense data sets for analysis and post-processing that need to be

addressed in parallel.

Looking back at the observations from our review in the period since its publication, there have been
several excellent review articles that are in line with our perspective. Lemay-St-Denis et al. raise the
importance of integrating dynamics into enzyme engineering and pinpoint experimental and
computational methods suitable for targeting it [11]. A particularly intriguing example pointed out by
the authors was a successful synergy between experimental exploration by HDX-MS and computational
inference by MD simulations that led to a 7000-fold improvement in the catalytic activity of the
ancestral luciferase AnclLuc [51]. Chen et al. and Gu et al. referred to the approaches for designing
allosteric communication in proteins and described the role of distal sites in enzyme
engineering [52,53]. Considerable effort has also been devoted to predicting mutations away from the
active sites and engineering the protein conformational landscape to target novel functions [54,55].
Here interesting results were achieved by Maria-Solano et al. by in silico rationally identifying several
point mutations distant from the active site using their shortest path map (SPM) approach [16], which,
when modified, led to the transformation of an inefficient conformational ensemble into a productive
one for tryptophan synthase [56]. Furthermore, Wu et al. provided a comprehensive review of
molecular modeling tools and software for computational engineering of enzymatic selectivity [57]. The
challenge of intrinsically disordered proteins, which we have addressed in our review, their modeling
and related theoretical description have been thoroughly addressed in [58]. Finally, the field of artificial
intelligence is still evolving in terms of structure prediction, through the aforementioned AlphaFold and
its database of predicted structures, but also in terms of assisting in the protein design process [59—

61].

Both the methods described in our review article (full content of the article can be found in
Publication 2) and those described in recent methodological and computational reviews often rely
heavily on extensive sampling to gain sufficient insight into long-lived processes such as allosteric

control or ligand transport. To address this, we developed a Python library for efficient analysis of
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massive ensemble-based data of protein transport pathways, summarized in the next section, which |

further applied to support the engineering of PGA — Publication 4.

Computational burden of ensemble-based protein dynamics data analysis

Because our lab's research focuses specifically on biomolecular transport and interactions, we have
experienced the challenges of obtaining sufficient samples to analyze such processes, how to discover
transport pathways, how ligands use these pathways, and finally how to consistently analyze or
represent these from a set of massive molecular dynamics simulations, often for multiple variants of a

given protein.

The first question to ask is: how can we computationally identify and study transport pathways in
proteins? Based on their primary approach, these methods can be divided into two main categories:
(i) geometry-based tunnel detection by analyzing empty spaces within the protein structure, e.g. by
Voronoi diagrams [62], or (ii) ligand-tracking methods that indicate the existence of a pathway based
on an observed transport event. Considering the limitations of these methods, the first, although it
allows efficient identification of pathways as free spaces between protein atoms, is mainly limited by a
spherical representation during the analysis and lacks the ability to determine the function of a given
pathway, e.g. in transporting water or ligands. It allows only a geometric description of the pathway,
taking into account parameters such as length, average and maximum opening radius, or information
about the narrowest point, the so-called bottleneck. In contrast, methods based on tracking ligand
molecules provide direct insight into the transport process, but have the disadvantage that not all
functional pathways can be detected, e.g. due to insufficient sampling or the fact that unobserved
pathways can be used by molecules with different physicochemical properties. This severely limits the
detection of relatively closed pathways, which are primarily not used in the native protein/enzyme, but
can be engineered as shown by Brezovsky et al. [63]. However, no matter which of these two
approaches is chosen, efficient sampling is key, and today this can be achieved either by enhanced
sampling methods, e.g. HTMD simulations, which have proven to be good for efficient sampling of
ligand or solvent dynamics [64,65], or by sufficiently long standard MD simulations. Both lead to a huge
amount of data to be analyzed, often derived from multiple simulations or, as already mentioned, for

different variants of the system, making it very difficult to analyze in a unified way.

To address both of these issues, either the limitations of each approach or the burden of a unified
representation and analysis of these large data sets, we developed the TransportTools library. We
decided that since the geometry-based approach and the ligand-tracking approach have different

advantages and can satisfactorily complement each other - why not combine the two (Figure 3)?
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Therefore, TransportTools takes the set of tunnel networks predicted by the CAVER software [66,67],
which can be derived from multiple independent simulations, and combines them into a single, unified
tunnel network convenient for investigation. It generates the ensemble-based average properties of all
detected paths, their visualization and, most importantly, raw output data that allows tracing the
source simulations that sampled a particular path, thus providing the full access to the original data. In
addition, our TransportTools library can optionally process the transport events of specific molecule
types as detected by the AQUA-DUCT software [68,69] from the same set of simulations, its part, or
alternatively from different sets of simulations for the same protein. These transport events are further
assigned to corresponding pathways from the unified tunnel network resulting from TransportTools
processing of CAVER input data, and provide information on the transport functionality of the pathways
by the ligands for which the transport data were provided. Importantly, this software allows
comparative analysis by separately generating geometric properties, transport event statistics, and
visualization for user-defined groups of simulations or ensembles derived from sources other than MD.
This is particularly useful for comparing systems that differ in some way, either in the conditions used
to run the simulations (e.g. pH, solvent, temperature, presence of ligands) or in the protein variant
itself. The latter is the case of interest for my system, PGA, and the goal of designing different mutants
for the protein, which is known to possess the transiently opening pocket gated by residues at its
entrance. This requires both efficient sampling and sensitive detection of introduced changes, both of
which are perfect challenges for TransportTools and fall within the scope for which the library was
designed. The full description of the TransportTools library can be found in Publication 3, while its

assistance in the PGA engineering experiment is summarized in the next section.
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Pathways from various simulations of Transport events from different

protein dynamics detected by simulations indicating pathways
geometry-based approach detected by ligand-tracking approach
(CAVER) (AQUA-DUCT)

Pathways network from Ensemble of functional pathways
geometry-based approach from ligand-tracking approach

Unified transport events
assignment to pathways network
from geometry-based approach
(TransportTools)

Figure 3. TransportTools library principal concept. It processes massive datasets of pathways detected by geometry-
based approach such as CAVER, and optionally information about functional pathways explored by ligand-tracking
method, AQUA-DUCT, and combine these information in unified way into a single dataset.
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Rational engineering of quorum quenching enzyme’s dynamic pocket

Before moving on to the engineering itself, it is worth discussing a bit more about the overall
potential of quorum quenching enzymes, the proof-of-concept studies that confirm their usefulness,
and why | am focusing specifically on PGAs rather than other QQ enzymes. First of all, | have already
mentioned the acylases and especially the Ntn serine hydrolases as an interesting group, but | have not

mentioned specific applications and prototypical studies that have been successful.

The primary areas of application for QQ enzymes include, but are not limited to, medicine,
aquaculture, and membrane-based fields such as industry, biotechnology, and wastewater treatment.
To name just a few of the most interesting possibilities: they can be used as wound healing patches,
biofilm-preventing agents in catheters, coatings on the surfaces of water-contacting instruments that
are subject to biofilm formation and further biofouling, their immobilization can extend the
permeability and life of membranes by reducing the effects of bacterial biofilms growing on their
surfaces, and many others [43,45,46]. paPvdQ has been extensively studied, particularly with regard to
its use in combating bacterial infections. First, it was shown to reduce Pseudomonas aeruginosa
infection in Caenorhabditis elegance, followed by its formulation as a dry powder that, when inhaled in
the infected mouse model, led to improved survival rates [70,71]. Interestingly, it has even been
successfully engineered to shorter substrates (C08-HSLs), signaling molecules of pathogenic
Burkholderia cenocepacia and resulted in increased viability on the infected larval model [72]. Another
interesting example is the acylase PF2571, which has high QQ activity and can prevent early spoilage of
food. Again, a variant of this enzyme was designed to change its specificity towards shorter AHLs [73].
Unfortunately, in the case of both acylases, either paPvdQ, which is useful against infections, or PF2571,
which is promising for the prevention of food spoilage, the biotechnological history and their
optimization in terms of efficient mass production, storage, immobilization, etc. are lacking. This gives
the PGA family of enzymes even greater potential. They have been used in large-scale processes for
decades, have the characteristics of excellent biotechnologically optimized enzymes, are good
templates for engineering, and finally, their modulation to change specificity towards other non-native

substrates has already been successfully demonstrated [74—78].

Of the two wild-type PGAs with newly confirmed QQ activity, | chose ecPGA because of the
availability of several high-resolution X-ray structures, which is a desirable starting point for modeling,
as opposed to aPGA, for which a homology model was used in the initial investigation. Using the
previously discovered dynamic determinants that condition the limited activity of ecPGA against
bacterial signaling molecules, | directed my engineering to reduce or even preferentially eliminate
them. Simplified scheme of the engineering procedure in shown in Figure 4. | aimed to deepen relatively

shallow pocket natively suitable for aromatic groups, inspired by the deep pocket of paPvdQ, which is
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favorable for long AHLs. In addition, | targeted the entrance to the acyl-binding cavity, which is located
near the gating residues that | have shown to be suboptimal in ecPGA, allowing the substrate to
fluctuate more, thus compromising the stabilization in the organization favorable for catalytic action.
To achieve this, | first introduced two substitutions at positions Metl142a and Ile177p3 to deepen and
narrow the pocket, respectively, followed by a third substitution at position Phe138a to further expand
the binding site. This was not a trivial task, as simple combinatorial substitutions considering only 20
naturally occurring amino acids yield nearly 7000 possible variants. Since this was already a substantial
set for in-depth investigation, even computationally, | applied a series of rationally driven filtering steps
to generate a smart library of the most promising variants for extensive molecular modeling, followed
by selection of best hits for experimental validation. These included the following types of filtering:
(i) restriction at the mutation introduction stage, as in the case of lle1773, where to introduce bulkier
residues and avoid unpredictable polar groups, | was restricted to phenylalanine only, (ii) destabilization
energy-based filters to avoid highly unstable constructs, and (iii) ensemble-based geometry evaluations
to promote only mutants with desired modulation of the designed region. The latter was performed
using the TransportTools library and its comparative analysis functionality, where hundreds of pathways
resulting from repeated CAVER calculations on ensembles of designed mutants were unified into a
single pathway network. This allowed consistent identification of the pathway leading to the binding
pocket in all designed variants, their comparison with the wild-type structure as well as among each
other, and finally a methodologically transparent selection of the best variants with the desired

properties, resulting in the selection of six candidates for further detailed study.

Shortlisted variants were used as receptors for molecular docking experiments with a series of six
signaling molecules of varying acyl chain length (from C06- to C12-30-HSLs) to probe designed variants
for compounds mediating communication in different bacterial species. In addition, starting from
docked poses properly organized for hydrolysis, | performed repetitive standard MD simulations for
each complex, resulting in approximately 1000 trajectories cumulatively totaling 5 us of sampling. At
this point, | evaluated the ability of each mutant to productively stabilize the set of AHLs studied, taking
into account both the fraction of simulations in which such stabilization occurred and the average
number of frames. This, when compared to the capabilities of the wild-type simulated in an analogous
manner as a control system, allowed the selection of the three most interesting variants for further
experimental validation. These included the following substitution combinations: Phel38aVal-
Met142aAla-lle177BPhe (VAF), with an appealing specificity for medium-length AHLs, Phe138aTyr-
Met142aAla-lle177BPhe (YAF), with a shifted specificity from shorter to longer ligands, and finally the
variant Phel138aMet-Met142aSer-1le177BPhe (MSF), which showed the most significant improvement

for the longest substrate studied - C12-30-HSL. The designed enzymes were successfully expressed,
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and biochemical assays of catalytic activity against the same set of AHLs indicated modulated activities
compared to wild-type ecPGA. Indeed, we obtained a satisfactory agreement between the
computational activity estimation and the experimental parameter Ku, reaching a Spearman's
correlation coefficient of -0.69, confirming the predictive power of the metric used in the modeling.
Interestingly, VAF showed a 2- to 5-fold improvement in activity towards medium sized AHLs, YAF

almost a 3-fold improvement for longer substrates, similar to MSF with C12-30-HSLs.

This synergistic agreement between modeling and experiments motivated me to analyze in depth
the dynamic determinants that contributed to the change in activity and specificity of the designed
variants. | performed an additional round of free enzyme standard MD simulations for all three variants
and thoroughly explored the dynamics and behavior of the binding pocket, its entrance, including gating
residues, catalytic machinery, and paying special attention to the substituted residues. Going straight
to the most relevant observations, | found that the pocket volumes of all proposed variants were
significantly increased compared to wild-type ecPGA, reaching or even exceeding that observed for
paPvdQ. Interestingly, although VAF sampled the deepest openings, it represented the variant with the
highest fluctuations of the bottom part of the pocket related to the modulated dynamics of modified
residues, explaining its inability to effectively process long substrates. This analysis also shows that |
failed to narrow the entrance to the cavity, while at the same time introducing a constriction in the
initial part of the pocket, which most likely limited the significant improvement in catalytic rates.
Furthermore, by introducing aromatic substitution at position 17783, the dynamics of two gating
phenylalanines were modulated, making them mostly more stable. The full description of this work can

be found in Publication 4.

The study on the engineering of ecPGA pocket dynamics has shown that a relatively simple rational
approach has already led to three variants with improved activities and modulated specificities,
highlighting its further potential and designability towards future antibacterial agents. We also
highlighted the importance of the dynamics aspect in the design process, which cannot be overlooked.
Furthermore, we pointed out the remaining limitations to be addressed in the next studies, mainly
related to the constriction in the initial part of the pocket. In addition, we hypothesize that the
introduced mutations may have shifted the rate-limiting steps of the reaction of AHLs hydrolysis to later
stages, therefore | am currently performing extensive sMD QM/MM simulations of the complete
catalytic cycle of wild-type ecPGA, paPvdQ and VAF with medium length AHLs, which will clarify the

uncertainty of the stage that is directly rate-limiting.
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Conclusions and future perspectives

Based on the QQ enzymes, members of the Ntn serine hydrolases family used as a model system, |
have illustrated the importance of the dynamic component for the function - catalytic activity. The first
step of the study focused on the static structures and molecular docking experiments, which have not
provided the details on the observed experimental low activities. Relevant differences were noted only
from repetitive MD simulations and sMD QM/MM MD simulations of protein-ligand complexes and
their reaction, respectively, which revealed dynamic determinants responsible for QQ activity. These
required extensive sampling, consistent analysis and comparison to track the elucidated system-

dependent differences.

Based on the literature review on the dynamic component of protein design, all approaches agree
that efficient sampling of the conformational ensemble of functionally relevant states is critical for
successful design and evaluation of engineered protein variants. This is becoming more affordable with
the current development of experimental techniques, computational methods, technology/hardware
and artificial intelligence algorithms, but raises the next challenge of efficient and consistent analysis of

massive data sets.

To address these challenges, in the context of transport pathways in proteins and their detection,
analysis and associated transport events, we have developed a TransportTools Python library for
consistent and unified analysis of these from large ensemble-based protein dynamics data resulting
from massive MD simulations. During development, we considered the dynamics component, which
requires sufficient sampling and thus large datasets. In addition, we combined the advantages of
geometry-based and ligand-tracking-based approaches to benefit from their complementarity, which

had not been shown before.

Finally, | utilized the insights gained from the dynamic study of the wild-type with respect to
determinants conditioning the native QQ activity of the paPvdQ enzyme, and following recent trends
in protein engineering that integrate dynamics into this process, | transplanted these and designed a
series of ecPGA variants with modulated specificity and activity towards different bacterial signaling
molecules. This was aided and simplified by the TransportTools library, which was able to unify the
ensemble-based data. Extensive MD simulations provided details of the dynamic changes contributing
to the altered function that were not accessible from the static structures of the designed mutants nor
their complexes with signaling molecules obtained by molecular docking, further emphasizing the
importance of the dynamic component. Furthermore, our study elucidated the remaining limitations

associated with the designed mutants, which motivates and guides their further investigation and
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improvement towards efficient antibacterial agents — an alternative to increasingly ineffective

antibiotics.

Taken together, the evolution of science, experimental and computational methods, and artificial
intelligence has brought us into an era in which structural studies of enzymes and proteins in general
are not limited to single-state insights from static frames, but also allow the integration of protein
dynamics as a major component. This allows an incredible synergy between experiments and
theoretical predictions that is leading to significant discoveries. The further development of molecular
modeling methods, while posing new challenges, especially those related to the systematic analysis and
representation of large data sets, will allow the analysis of ever larger systems over much longer time

scales, which are increasingly approaching the time scale of real processes in the cell.
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