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Streszczenie

Enzymy z gteboko osadzonymi miejscami aktywnymi majg prowadzace do nich sciezki, ktére
nazywane sg tunelami. Skupiajgc sie na rodzinie enzymow hydrolaz i podkreslajgc znaczenie
wody w tych tunelach, niniejsze badanie zapewnia cenny wglad w ich funkcjonalne implikacje.
Dzieki wykorzystaniu symulacji dynamiki molekularnej i adaptacyjnych technik probkowania,
stany konformacyjne systeméw sg doktadnie badane. W szczegdlnosci obliczenia tuneli
prowadzgcych do miejsca aktywnego sg przeprowadzane dla wszystkich ramek obszernej
symulacji, co prowadzi do identyfikacji wcze$niej nierozpoznanych tuneli. Sledzac ruch
czagsteczek wody z objetosci do okreslonego regionu (miejsca aktywnego) biatka, okreslane
sg sciezki transportu wykorzystywane przez enzym podczas symulacji. Aby ufatwi¢ analize
ogromnych ilosci danych zwigzanych z tunelami i czgsteczkami wody, opracowano modut
Python o nazwie TransportTools. Modut ten usprawnia analize obszernych danych
dotyczgcych tuneli i czagsteczek wody. Pomaga w ocenie wykorzystania czgsteczek wody,
wydajnosci transportu i funkcjonalnosci w strukturach biatkowych. Narzedzie to odkryto nowe
tunele transportujgce wode w enzymach takich jak dehalogenaza haloalkanowa, zwiekszajgc
nasze zrozumienie dynamiki tuneli. Ponadto odkryto, ze czgsteczki wody mogg skutecznie
poruszac sie w waskich regionach tuneli poprzez interakcje wigzan wodorowych. Odkrycia te
zostaty potwierdzone poprzez poréwnanie hydrolazy epoksydowej typu dzikiego z jej
mutantem E470G, w ktorym zaobserwowano wzrost wykorzystania alternatywnych tuneli w
mutancie. Co wiecej, wybdr jawnych modeli wody, takich jak OPC, TIP3P i TIP4P-Ew,
znaczgco wplywa na wykorzystanie tuneli enzymatycznych przez czgsteczki wody.
Zaobserwowane roznice miedzy trzema modelami wody mozna przypisa¢ réznicom w ich
wiasciwosciach dyfuzyjnych i rozktadach tadunku. W przypadku modelu TIP3P migracja wody
byta zauwazalnie przyspieszona, transportujgc okoto 2,5- i 2,0-krotnie wigecej czgsteczek wody
niz w przypadku modeli OPC i TIP4P-Ew. Zjawisko to wynika przede wszystkim z
zaobserwowanych krotszych czasow przejscia i wiekszej liczby czasteczek wody
jednoczesnie migrujgcych przez tunele przy zastosowaniu modelu TIP3P. Spéjnosc tych
wynikéw dla roznych enzymow, takich jak oksydaza alditolowa i cytochrom P450 2D6, wraz z
geometrig tuneli, podkresla ich szersze znaczenie. Podkresla to znaczenie modelu wodnego
dla doktadnych symulacji enzyméw z gteboko osadzonymi miejscami aktywnymi, ktére majg
kluczowe znaczenie dla zrozumienia ich cykli katalitycznych, projektowania enzymow i

przewidywania czasOw przebywania lekow.

Stowa kluczowe
TransportTools, modele wody, tunele, enzymy, dynamika biatek, wydajno$¢ transportu



Abstract

The enzymes with buried active sites have pathways leading to them which are called tunnels.
By focusing on the hydrolase family of enzymes and emphasizing the importance of water
within these tunnels, this study provides valuable insights into their functional implications.
Through the utilization of molecular dynamics simulations and adaptive sampling techniques,
the conformational states of the systems are thoroughly investigated. Notably, the calculation
of tunnels leading to the active site is conducted for all frames of the extensive simulation,
leading to the identification of previously unrecognized tunnels. By tracking the movement of
water molecules from the bulk to the defined region (active site) of the protein, the transport
pathways employed by the enzyme during the simulation are determined. To facilitate the
analysis of vast amounts of data related to tunnels and water molecules, a Python module
called TransportTools is developed. The module streamlines the analysis of extensive tunnel
and water molecule data. It aids in assessing water molecule utilization, transport efficiency,
and functionality within protein structures. This tool has uncovered new water-transporting
tunnels in enzymes like haloalkane dehalogenase, enhancing our understanding of tunnel
dynamics. Additionally, it is discovered that water molecules can effectively navigate narrow
regions within the tunnels through hydrogen bonding interactions. These findings are validated
through a comparison between wild type epoxide hydrolase and its mutant E470G, where an
increase in the utilization of alternate tunnels is observed in the mutant. Moreover, the choice
of explicit water models such as OPC, TIP3P, and TIP4P-Ew significantly impacts the
utilization of enzyme tunnels by water molecules. The observed differences between the three
water models can be attributed to variations in their diffusion properties and charge
distributions. With TIP3P model, water migration was noticeably accelerated, transporting
about 2.5— and 2.0-times more water molecules than with OPC and TIP4P-Ew models,
respectively. This phenomenon primarily arises from the observed quicker transit times and
more water molecules concurrently migrating through tunnels when employing the TIP3P
model. The consistency of these findings across various enzymes, such as alditol oxidase and
cytochrome P450 2D6, along with tunnel geometries, highlights their broader relevance. This
emphasizes water model importance for accurate simulations of enzymes with buried active
sites which are critical for understanding their catalytic cycles, enzyme design, and predictions

of drug residence times.

Keywords
TransportTools, water models, tunnels, enzymes, protein dynamics, transport efficiency



Abbreviations

OPC optimal point charge water model
TIP3P three-site transferable intermolecular potential water model

TIP4P- Ew four-site transferable intermolecular potential with Ewald correction water

model
EC enzyme commission number
PDB protein data bank
MD molecular dynamics
HTMD high throughput molecular dynamics
MSM Markov state model
RMSD root-mean square deviation

TCG tunnel conformation group



Summary of the doctoral research

Introduction to structure-function relationship of tunnels in enzymes:

Enzymes are biological molecules that act as catalysts, and they aid in chemical reactions in
cells. They play a critical role in maintaining biochemical processes essential for life. The
enzymatic conversion of the substrate to product occurs in the active site of the enzyme, where
it can involve solvents or other cofactors for the catalytic conversion of the substrate to
product.1® When searching the active sites of the enzyme, it can be located on the surface
where the substrate can bind on a surface cavity, or it can be between interfaces between
domains* or buried deep within the core of the protein (Figure 1) and the substrates, solvents
and the product must travel to the core of the protein to carry out its enzymatic activity,®> which
will be the focus of my doctoral research.

- ¢
30 ,_@
L~ Buried active site

Figure 1: Surface representation of enzymes showing their buried active sites. The protein is
shown as surface, active site residues shown as dots and colored in red for haloalkane dehalogenase,
green for epoxide hydrolase, and blue for lipase.
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The active site residues in such buried enzymes are found to be less flexible in terms of
temperature factors or B-factors when compared to non-active site residues in apo-enzyme,
and they are flexible to accommodate substrates or ligands upon their arrival.>® Enzymes with
buried active sites have been found to play critical roles in various cellular processes such as
gene regulation, protein synthesis, and metabolic pathways.” In addition to their catalytic
function, these enzymes have the capability of regulating their activity in response to different
environmental conditions and they also have the feature of filtering out any unnecessary

substrates that may enter the active site.®

Understanding how ligands migrate through proteins with buried active sites will help us to
understand some characteristics of the protein like substrate specificity and hydropathy.°Such
passages taken by the molecules to reach the active sites in the core of the protein are called
tunnels and depending upon the enzyme, there can be multiple tunnels leading to the active
site.1® A study that characterized such pathways leading to the active site of the protein found
out that over 64% of the analyzed enzyme structures from all the enzymatic classes had two
or more tunnels on average in them. Also, the tunnels had different physiochemical properties
in different parts of the tunnel respectively.’® Which means, overall, the tunnels also can vary
in terms of physiochemical properties and amino acid compositions which means depending
on the amino acid composition, a tunnel can be hydrophilic or hydrophobic which leads to
specific selectivity of the molecules it can transport.”!! As we know, the activity of the enzyme
happens over time and the dynamic movement of the side chain and backbones of the amino
acids in the enzyme, the voids in the proteins also vary. This leads to the statement that the

tunnels are also observed to change over time as the surrounding environment changes.’

So now we know that tunnels are also an important component of enzymatic activity which
makes it essential to study their structure-function relationship. The modifications of such
enzymatic tunnels can also lead to changes in enzymatic activity, specificity, promiscuity,
enantioselectivity, and stability.!* The movement of the side chain residues in the enzyme can
lead to obstruction in the pathways of tunnels and this obstruction can be called gating. During
the dynamics, these gates can switch reversibly between open and closed states thereby
controlling the traffic of molecules entering or leaving the enzyme through those tunnels, which
makes the access pathway dynamic.? The ability to explore tunnels in protein is being
developed over a long period of time. In the early days, when only X-ray crystallography and
NMR spectroscopy were available, the large cavities and tunnels in the single snapshot of
protein were only seen by visual methods. However, these methods were missing dynamic
information about the pathways. At the same time, more advanced methods computational
methods such as molecular dynamics simulations, were becoming popular with the availability

of suitable hardware. This led to the development of complex algorithms to explore the voids
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in the proteins from the snapshots obtained from molecular dynamics simulations and to
explore the tunnels which are transiently occurring. The software tools designed to explore
tunnels in proteins use Voronoi diagrams to define the skeleton of the voids within the protein

structure.!?

CAVER is a software tool used for identifying tunnels connecting buried protein cavities to the
protein surface. CAVER 3.0, which employs Voronoi diagrams constructed from approximated
protein structures. The software employs a two-step search process, optimizing the starting
point and identifying pathways from the user-defined starting point to reachable points on the
inner surface. Tunnels are ranked based on a cost function evaluating their length and
distances to the closest atoms. CAVER is available as a plugin for PYMOL, a standalone Java
application, and CAVER Analyst graphical interface.**® It provides tunnel parameters, plotting
data, visualization options, and compatibility with trajectory analysis and protein channels
analysis. A tunnel found by CAVER 3.0 is illustrated in Figure 2A, where the sphere

representation of the Voronoi diagram is shown.¢

MOLE is another software tool that uses Voronoi diagrams to identify tunnels in protein
structures. The cost function in MOLE evaluates edges based on width and length, and the
search is performed to find tunnels with the lowest overall cost. Identified tunnels are
compared to avoid duplicates. MOLE is available as a stand-alone application, a plugin for
PYMOL, and a web server. It provides tunnel parameters, profiles, surrounding atom lists, and

visualization options.*’

MOLAXIS is another software tool designed to identify both tunnels and channels in protein
structures. It approximates protein atoms with spheres and constructs a Voronoi diagram
based on the radius of the smallest atom. The search for tunnels is performed using a cost
function that considers edge length and the average distance between vertices and their
closest atoms. Tunnels are ranked and duplicates are discarded based on a user-defined
forking threshold. MOLAXIS is available as a stand-alone application, a web server, and a
VMD plugin, providing tunnel parameters, profiles, surrounding residues, and visualization

options.8

CAVER clustering feature helps identify the most representative tunnels, providing a more
concise output. Compatibility with popular visualization tools like PyMOL and support for
trajectory analysis further enhance its utility, making it a valuable choice for analyses of tunnel

dynamics compared to primarily static structure targets of MOLAXIS and MOLE.®
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\

Water molecule

Traced path of water

Pocket leading to
active site

Figure 2: Detection of tunnels and water tracking. (A) Determination of tunnels by CAVER for a
single snapshot where a tunnel (in blue) is shown as a set of spheres connecting the continuous voids
in protein (in grey spheres), (B) a raw path of AQUA-DUCT visualized as a line representing the
successive positions of the water during the simulation. The blue line represents the entry of water, the
red line represents the release of water and the green line represents that the water is in the active site.
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Over the past decade, there have been major improvements in computational power with
simulation packages that are able to run simulations on GPU which made micro-second
simulations accessible.’® Also, there have been considerable improvements in machine
learning methods for exploring more confirmatory states of the protein with fewer hardware
requirements.2%2! This now allows us to obtain massive simulations with millions of frames in
the resulting trajectories. Protein dynamics studied at the atomic level using the current
improvements in simulation techniques reveal side chain movements and structure-function
relationships of proteins more comprehensively. One application of such a resolution would
be to study the evolution of transient tunnels within proteins that appear and disappear over
time. Transient tunnels are influenced by various factors, such as protein conformation,
solvent, ligand, and environment.???* Recent advancements in molecular dynamics
simulations, particularly with enhanced sampling methods, have greatly improved our ability
to study protein dynamics and explore the buried active sites of enzymes. Molecular dynamics
simulations have been found to be the most suitable method to study drug binding and
unbinding kinetics and to discover some rare molecular events which are not accessible to
experimental methods.?* By accurately predicting tunnels behavior over time, we can gain
insights into the mechanism by which ligands move from the bulk solvent to the protein surface
and subsequently migrate into the active site of the enzyme through these tunnels.?
Moreover, in drug discovery and design, transient tunnels provide access to novel binding
sites that can modulate protein function. Studying the properties of these tunnels, such as the
types of amino acids they are composed of, can provide valuable information on their
biochemical properties and the enzyme’s catalytic mechanism. By targeting these transient
tunnels, researchers can develop new drugs that selectively interact with the protein of
interest, potentially leading to new treatments for various diseases.??%2” Furthermore,
transient tunnels can also be utilized in protein engineering by modifying them to alter the
selectivity and efficiency of protein transport.?®?° This can be achieved by introducing
mutations or altering the properties of the amino acids lining the tunnels. For example, a single
mutation to bulkier residue in a tunnel was shown to led to the decline in the overall efficiency
of the product release through the tunnel which became a rate-limiting step in the biological
process of that enzyme.*® Conversely, another study improved the enzyme’s activity to 32-fold
higher than the wild type by modifying the key residues in the access tunnels leading to the

active site, resulting in restricted accessibility.3!
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Developing a comprehensive methodology for analyzing transient tunnels in enzymes

With good motivation about the importance of studying enzymes with buried active sites, better
hardware, and the advent of many improved sampling methods to explore a wide range of
protein states, when looking at existing methods to study ligand or solvent transport through
the channels, existing software such as CAVER, ¥ MOLE " were available to analyze the
tunnels in the simulations. Nevertheless, a consistent method for highlighting the equivalence
between tunnel IDs in different simulations was absent. In addition, there was information
about the physiochemical properties of the tunnels and information about the bottlenecks of
the tunnels. But this was still not enough to say whether the tunnels were being used at all.

To establish structure—function relationship | focused on hydrolytic enzymes during my
doctoral study. They are the class of enzymes that use water as a reaction component during
the catalysis of the breakdown of complex molecules into smaller subunits. Hydrolytic
enzymes are important enzymes that play a vital role in the human body such as
gastrointestinal digestion of protein, cellular metabolism, and recycling of biological
materials.3 They are also used in sewage sludge treatment, where they degrade highly
polymeric substrates.®® A few examples are, lipases, which degrade lipids into fatty acids and
glycerol, and haloalkane dehalogenases, which are one of the best-characterized families of
enzymes that degrade halogenated compounds including chlorinated and brominated
compounds.®* Solvent, being an important component of a simulation, is dynamic and travels
from the bulk to the core of the enzyme which is being simulated. Systematic analysis of such
movements can give an insight into how the solvent is being utilized by the enzyme. Now,
when we combine i) hydrolytic enzymes ii) enzymes with buried active sites and iii) the ability
to detect tunnels systematically, lead to believe that if we systematically trace the utilization of
waters by the enzyme, we will be able to characterize the function of the tunnels based upon

the paths taken by such water molecules during the simulation time.

Upon looking up such tools, AQUA-DUCT represents one such tool capable of tracing the
paths taken by the waters during simulations.**3® The software works in several stages to
achieve its results. First, it identifies the residues of interest based on user-defined criteria,
such as the active site of the protein and the boundaries within which the residues should be
tracked. It then calculates the positions of these residues in each frame of the simulation,
allowing paths to be generated that represent their movements. These paths represent the
coordinates of the center of mass of a traceable residue at different frames of the simulation
as shown in Figure 2B. It captures the spatial movement of the residue over time, providing
valuable information about its behavior within the molecular system. AQUA-DUCT further

refines the analysis by separating the paths into distinct events, and tracking when residues
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enter and leave the defined boundaries. This information helps to identify clusters of entry and
exit points, which can be useful in understanding the pathways or tunnels within the molecular
system.

Now, by combining all the tools and techniques mentioned above, a method was set to be
developed to systematically analyze the utilization of water by a hydrolytic enzyme. This
method begins with the results obtained from extensive simulations to explore numerous
conformational states of the protein. Subsequently, by analyzing the simulation trajectory,
tunnels can be identified, and the water molecules traced, providing valuable insights into the
enzyme's utilization of water via these tunnels. Me with my colleagues developed this
methodology using different hydrolytic enzymes which were i) haloalkane dehalogenase DhaA
from Rhodococcus rhodochrous ii) lipase from Diutina rugosa, iii) epoxide hydrolase | from
Solanum tuberosum, and iv) human epoxide hydrolase. All the enzymes have active sites
buried in the core of the protein and were studied well in terms of simulation and characterized

tunnels from previous studies.3"-3°

| focused on haloalkane dehalogenase as the system in which | conducted simulations and
explored the transport pathways. Haloalkane dehalogenases (EC: 3.8.1.5), belongs to the a/B-
hydrolase family of enzymes. Their function involves catalyzing the hydrolysis of carbon-
halogen bonds in halogenated compounds. These toxic compounds are produced by bacteria,
macroalgae, corals and terrestrial plants.*° Haloalkane dehalogenases find application as
industrial catalysts in the bioremediation of environmental pollutants and microbial
dehalogenation processes. Structurally, DhaA (PDB ID: 4e46) consists of 293 residues
forming two distinct domains: a rigid core domain and a flexible cap domain, between which
the active site is housed, as illustrated in Figure 3. The active site of DhaA contains a catalytic
pentad consisting of the following residues: Asn 38, Trp 104, Asp 103, Glu 127, and His 269.
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Core DOn‘flf

FIGURE 3: Cartoon representation of domains in haloalkane dehalogenase DhaA consisting of a
core domain (in cyan and pink) and a flexible cap domain (red and green)

The first stage in the developmental process was to select the simulation method to be used.
When it comes to classical molecular dynamics (MD) simulations, exploration of the potential
energy landscape occurs sequentially, often demanding extensive sampling time to surmount
high-energy barriers, leading to substantial time and resource consumption.** Conversely,
enhanced sampling techniques accelerate transitions over energy barriers, potentially
reducing computational expenses, yet necessitating careful parameter tuning to ensure
accurate representation of rare events, which is why adaptive sampling driven by Markov-
state-models (MSM) was selected,*? as implemented in HTMD package.*® Previous studies
employed this approach to investigate the DhaA enzyme, exploring its distinct conformational
states and elucidating the impacts of introduced mutations on its tunnels.*

17



The HTMD module developed by Acellera provides a highly suitable Python-based
programmable environment for conducting parallel simulations, constructing Markov State
Models (MSMs) based on user-defined metrics, and iteratively exploring additional states
throughout simulation iterations,*® as illustrated in Figure 4. | have used dihedral angles to
effectively capture the changes in the enzyme's structure and explore of different states,
including slower conversions. This approach allows the investigation of rare states, such as
opened states of transient tunnels. Considering this, using the dihedral angles of residues
surrounding the active site as a metric would enable the exploration of a wide range of states.
By conducting this analysis across 10 iterations (epochs), an optimal and effective approach

is employed to uncover the intricate conformational dynamics of the enzyme.

With simulations now in place, the subsequent phase involves identifying tunnels within the
resultant simulation data. Based on our familiarity with the CAVER software,'® we have
established consistent starting points from which the tunnel search will initiated as the set of
least mobile atoms across all simulations whose center of mass is located at the bottom of the
active site cavity. Such consistency is crucial for achieving unified results. For tracking the
movement of water molecules within the simulations, we employed AQUA-DUCT.®
Specifically, the software was configured to track water molecules entering and exiting the
region surrounding the active site residues, resulting in a comprehensive list of water
molecules that migrate from the bulk solvent into and out of the active site region. This analysis
allowed us to gain insights into the behavior and interactions of water molecules within the
active site and surrounding regions. Upon completing the simulations and acquiring data
regarding tunnels and water molecule trajectories for each distinct simulation, the task of
directly comparing these elements across all simulations arose as a challenge. Consequently,
we devised a comprehensive analytical approach, which eventually evolved into a software
tool named TransportTools. This tool facilitated the integration and comparison of tunnel data
and water dynamics from multiple simulations, providing a unified approach to analyzing and
interpreting the results. The development of TransportTools proved to be a significant
contribution and led to the publication of our work (Publication 1). TransportTools seamlessly
integrates outputs from CAVER and AQUA-DUCT, enabling the consolidation of tunnels
across simulations while accurately assigning water molecules to these unified tunnels.
Detailed documentation for the technical information of its working and user manual is

available at https://github.com/labbit-eu/transport tools.

18


https://github.com/labbit-eu/transport_tools

; 3

& 5 p g
A) Wt 1 - Start from crystal
D ¢ ey structure
Q - 2R

Sy
Minimization, equilibration
and short NPT simulation

~Build MSM models

converges or reached limit

Repeat until simulations

C)

l

8 BACKBONE RMSD - CRYSTAL

3.5

3.0 A

2.5+

2.0

iyt

NN LOO 00 O —HAM SHNO N 0O —NM SHNO N 0N O—NMHLNO N 0NO =N
A A AN NN NN MM MMM MM MNMNMN NN SE <<t

Simulation Number

RMSD (4)

1.5/

1.0

0.5

43

Figure 4: Exploring different conformational spaces of protein by adaptive sampling method.
Starting from the crystal structure (A), from initial simulations, MSMs are created based on the variation
of the change in dihedral angles of the residues surrounding (shown as wheat color in B) the active site
residues (shown in B as red color lines) where new simulations are started from least explored states
in the MSM created. The various states explored are shown as backbone RMSDs to the crystal structure
in (D).
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Using the TransportTools engine, end-users can access efficient analyses of molecular
tunnels in extensive MD simulations, including those from massively parallel calculations or
very long simulations. The tool provides information on molecular tunnels in biomolecules and
their utilization by small molecules. It also enables a rigorous comparison of transport
processes in different simulation sets, allowing for contrasting transport in the original system
and system perturbed by mutations, different solvents, or the presence of ligands. A detailed

illustration of the workflow of TransportTools is shown in Figure 5.

Upon collecting the results of traced waters from individual simulations in DhaA,
TransportTools was employed to identify the most suitable supercluster (a cluster of similar
caver tunnels across various simulations) to which the water transport events can be assigned.
This process enabled the determination of the transport pathways utilized by the tunnels. It is
possible that certain novel tunnels, through which water transport occurs may not be initially
present in the starting crystal structure. This highlights the dynamic nature of the tunnels and
underscores the significance of sampling multiple conformational states of the protein. To
resolve ambiguity, waters that are assigned to multiple superclusters are traced back to the
precise simulation frame and reassigned to the corresponding tunnel that was present at that
specific moment. This process ensures that, by the end of the calculations, each water
molecule is assigned to a specific tunnel, allowing for the study of major transport pathways.
This analysis is conducted based on the number of frames and the number of waters assigned
to a particular supercluster. This comprehensive workflow was utilized to analyze the water
transport usage of the other two selected enzymes (epoxide hydrolase and lipase) providing
a holistic overview of their behavior in the transient tunnels. In-depth insights into the tunnels
and transport events of epoxide hydrolase and lipase are elaborated upon in Publication 2.
Subsequent sections of this thesis will focus on presenting results specifically pertaining to
DhaA.

Characterizing the tunnels in DhaA

Haloalkane dehalogenase DhaA as discussed in the previous section, has a well-described
structure, and characterized transport pathways. The names of tunnels are established in prior
literature,*® which are, the main tunnel (p1) and slot tunnels (p2 group of tunnels — p2a, p2b,
p2c and p3 tunnel). The main tunnel is surrounded by the residues 145,176 and 172 which
are part of helices a4 and o5. Building upon the pre-existing knowledge of characterized
tunnels, the adaptive sampling simulations demonstrated a consistent pattern by successfully
predicting both the well-established tunnels (Figure 6A,C) and certain transient ones (Figure
6B,D), attributed to the extensive and enhanced sampling techniques. The RMSD analysis in
Figure 4D underscores the efficacy of adaptive sampling in exploring diverse protein states

across various simulations.
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Several MD
simulations

(i) Merging (iv) Merging
tunnels water
pathways

(v)Assigning waters to tunnels by Transport Tools

FIGURE 5: TransportTools workflow describing (i) The creation of superclusters from individual
CAVER clusters (ii) Creating a network of waters from AQUA-DUCT results and (iii) Integrating the
tunnel and water networks to form tunnel volumes (superclusters) and their associated water transport
networks.
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From the results of TransportTools, the tunnels in all simulations were consolidated into a
single set of results that revealed the presence of permanent and transient tunnels that were
present in all 50 simulations. Looking only at the consolidated tunnels, or superclusters as
those structures are called, there were 65 superclusters that were merged and clustered by
hierarchical complete-linkage clustering of TransportTools. Many of the superclusters were
novel and had not been seen in previous studies. The majority of the superclusters consisted
of p1, all sub-tunnels of p2, and p3 tunnels (Figure 6A, C). But there were also other auxiliary
tunnels that were predicted to exist in about 2% of the total simulation (Figure 6B, D). During
this supercluster creation, some basic filters were applied to filter out irrelevant tunnels. The
filters were such that the tunnels, which were too short (< 5 A), had small bottleneck radius (<
0.75 A), or were highly curved (the curvature > 2), were eliminated from consideration. The
viability of predicted tunnels can be assessed by associating traced water molecules with
superclusters, enabling the individual interpretation of each supercluster's functionality. By
excluding tunnels without water transport events, only those tunnels facilitating water
transportation to or from the active site would remain. After such filtering, the tunnels involved
in water transport for DhaA were pl, p2a, p2b, p2c, and p3 (Figure 6A, C). There were two
new tunnels named new_A and new_B (Figure 6B, D), which were also involved in water
transport. The major water transport tunnel was pl, which was utilized by 2080 water
molecules, while the least used was the p2b tunnel which transported 6 molecules throughout
the simulation period. For epoxide hydrolase, there were 22 superclusters that were utilized
out of which 3 were characterized tunnels and similarly, for Lipase, there were 24
superclusters out of which 2 were characterized tunnels. These new tunnels which were
capable of water transport can be engineered to improve the overall efficiency of the enzyme,
as highlighted by comparison of the tunnels used by human epoxide hydrolase and its mutant
E470G. A single remote mutation can affect the utilization of the tunnels, notably the Tmb5,

Tside, Tcapl, and Tc/m by water molecule.*®

Apart from the differences in water transport in the tunnels, the models used for the simulations
can introduce differences in the interpreted simulations.*>* Due to the differences in the
properties of waters, it might also be a case that the volume of waters migrating through such
tunnels will be affected as well. To validate this, the final chapter of this thesis will focus on

how these water models affect the transport of water molecules through such a tunnel.
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Figure 6: The tunnels which are described on the literature for DhaA. (a) pl (blue), p2a(green),
p2b (pink),p2c (cyan)and p3 (red c) rotating the same view 90° counterclockwise in the Z-axis; and
newly observed b) up (salmon) and back (light green) tunnels, d) rotating the same view 90° clockwise
in the Z-axis. Adopted from Publication 2.
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Impact of water models on the routine analysis of tunnels

Water forms the base of life, and it is also an essential component in biomolecular
simulations.®? Water models play a vital role in accurately simulating the environment of the
protein and its interaction with amino acids and itself.4":5® The measurable properties of waters
from experiments include physiochemical properties such as diffusion coefficient, dielectric
constant, dipole moment, charge distribution, etc., which can define how a water behaves in
biomolecular simulations.*® The key differences in the different models of waters used in the
simulations are based upon number of sites and parameters used to describe interaction
between the sites and their physiochemical properties (Figure 7). The most commonly used
water is the three-site transferrable intermolecular potential (TIP3P) model, which has two
positive charges on the hydrogen atoms and one negative charge on the oxygen atom.>* The
improved version of TIP3P model is TIP4P where it is a four site model with one negative
charge on an massless site called M instead of oxygen atom, and two positive charges on
hydrogen atoms,>® a reparametrized version of the TIP4P model called TIP4P-Ew was
introduced to use with Ewald techniques.®® 4-point Optimal Point Charge (OPC) model is
another model which has been shown to provide more accurate results than of the older
models. Also, 4-point models are computationally more expensive to simulate when compared
to the TIP3P model.%®
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Figure 7: Key differences between the physiochemical properties of water models. The figure
shows the relative error with experimental waters for different tested parameters. Adopted from
Publication 3.
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This part of the study focused on the differences in water use by tunnels introduced by different
water models using haloalkane dehalogenase — DhaA as the test system. The simulations
were organized into five distinct groups, distinguished by variations in the bottleneck radii of
the pl1 tunnel. The individual groups were designated as Tunnel Conformational Groups
(TCGs). The starting structures representing the groups were chosen so that the bottlenecks
became progressively wider from TCGO to TCG4 (Figure 8). Each group had five replicates
of 200 ns, totaling 1 ps per group, and this was repeated with three different water models
(OPC, TIP3P, and TIP4P-Ew), accounting for 15 ps of cumulative simulation trajectories.

Detailed methodological information is available in the methodology section of Publication 3.
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Figure 8: Average bottleneck radii of all the TCGs for pl tunnel. The plot shows average +SD of
15 simulations. Adopted from Publication 3.

Following the same protocol in the previous section to obtain transport events (Figure 5), the
transport events for TCGs in all water models were calculated and analyzed. Additionally,
using the comparative analysis module of TransportTools, separate transport events results
were availed for different groups and models (Figure 9). Upon inspecting the transport events
implied by TransportTools, it was evident that there were several tunnel clusters present.
However, most of the water transport events occurred in pl and p2 tunnels and rarely in p3

and other tunnels.
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OPC TIP3P TIP4P-Ew

MD simulations — 5 groups x 3 water models

Waters assigned to tunnels by TransportTools

Results split by groups and models by Comparative Analysis in TransportTools

Figure 9: The workflow illustrates the effect of water models on water transport through pl
tunnel of DhaA. First, MD simulations were conducted for three sets, each containing five groups with
different tunnel geometry with five simulations, using distinct water models. Within the five groups,
tunnel geometries remained constant, while progressively increasing their bottleneck radius across
groups. This was followed by the merging of tunnels and water molecules using TransportTools,
creating a unified dataset. Finally, the unified dataset is split based on water models and groups through
the Comparative Analysis module of TransportTools, allowing for an in-depth analysis of tunnel-water

interactions between water models and groups.

To get a deep insight into the changes in water utilization by tunnels introduced by water
models, an in-depth analysis was carried out for the p1 tunnel. This was done because it was
the tunnel that was utilized for the selection of starting structures, and the bottleneck radii were
progressively increasing along the TCGs which was confirmed by measuring them after the

simulations. Also, this was the most prevalent and utilized tunnel as interpreted by
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TransportTools. Now, when inspecting the transport of waters through the TCGs by different
water models, TIP3P waters dominated in the number of waters entering and exiting the
tunnels. This was followed by TIP4P-Ew waters and finally OPC waters (Figure 10A). This
was true for all the TCGs regardless of the tunnel geometry which implied that the differences
occurred only due to the properties of the water model itself. Viscosity and self-diffusion play
a vital role in determining how fast water molecules can diffuse. OPC and TIP4P-Ew have
values close to experimental methods and considerably higher than TIP3P. As a
consequence, the overall number of transported water molecules was much lower compared
to TIP3P, which could migrate faster due to its lower viscosity and higher self-diffusion
coefficient.>>%” To support this claim, upon measuring the time taken by the waters in the
tunnel to enter/exit, it was revealed that TIP3P waters were the fastest to migrate within all
TCGs, followed by TIP4P-Ew and OPC (Figure 10B). The significant advantage of the OPC
model is that the optimized charge distribution due to accurate hydration free energy, in turn,
enables the atomistic solute-solvent interactions to be more accurate,®>" as has been
recently shown for water transport via aquaporin 1.4’ The findings were then also tested with
two other systems, namely human cytochrome P450 2D6 (CYP2D6) and alditol oxidase from
Streptomyces coelicolor (AldO) (Figure 11). Both the proteins had buried active sites and well-
defined tunnels.%®>° For cytochrome P450 2D6, the starting structures were systematically
selected based upon the bottleneck radii of Ch2B-F, ChS, and Ch2C tunnels and T1 tunnel
for alditol oxidase. The analysis was split into two different TCGs called TCGnarrow and
TCGwide.58:59
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Figure 10: Impact of different water models on the transport of water molecules through P1
tunnels of DhaA in different TCGs. (A) Number of traced water molecules in different TCGs with
different water models in p1 tunnel. (B) The transit time of water molecules to enter/ release from pl
tunnel. Both plots shows average +SE of 5 simulations. Adopted from Publication 3.
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Alditol oxidase (AldO) Cytochrome P450 2D6
(CYP2D6)

A)

Figure 11: Spatial location of tunnels which are included in the analysis for (A) alditol oxidase
showing T1 and T2 tunnels, (B) cytochrome P450 2D6 showing Ch2B-F, Ch2C and Ch2S tunnels.

The analysis of water transport across the above tunnels in both the enzymes revealed similar
trend like DhaA where there were more number of waters transported by TIP3P waters
followed by TIP4P-Ew and OPC waters. Similarly, TIP3P waters were the fastest to migrate
across these tunnels. The above results strongly imply the differences in water utilization in
tunnels are strongly affected by the choice of water models which are used during the
simulation, regardless of the system being used and the geometry of tunnel in which the water

is transported.

Conclusions and future perspectives

In summary, this study has effectively addressed the knowledge gap regarding the function
and usage of tunnels in protein structures. Previous literature has acknowledged the existence
of these tunnels; however, their specific roles and degree of utilization have not been
extensively studied. By using the hydrolase family of enzymes as a test system and
emphasizing the involvement of water as a key component within these tunnels, we have
gained valuable insights into their significance and functional implications. By performing MD
simulations and using adaptive sampling, it proved to be remarkably efficient in investigating
the conformational states of the systems. Since the nature of tunnels is dynamic, the
calculation of tunnels leading to the active site was performed for all frames of these massive
simulation. This led to the discovery of new tunnels that had not been identified in the initial
crystal structure. By tracking the movement of water moving from the bulk to the enzymes
active sites, the paths taken by the water were determined, leading to an understanding of the

water transport pathways used by the enzyme.
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A Python module called TransportTools was developed based on the data obtained from the
trajectories and traced paths of water in tunnels. This module serves as a valuable tool for
analyzing large amounts of data related to tunnels and water migration. By using
TransportTools, the process of determining the use of waters by tunnels, along with assessing
their transport efficiency and functionality, has become a much easier task to perform. The
development of this module has facilitated the exploration of tunnel dynamics and provided a
practical means to evaluate the functional aspects of these critical components in protein
structures. The analysis of water transport through these tunnels in haloalkane dehalogenase
and other enzymes led to the discovery of several new tunnels capable of transporting water.
It was also found that the waters can squeeze themselves into very narrow regions with the
help of extra hydrogen bonds. These results were also validated by a comparison of wild-type
epoxide hydrolase and its mutant E470G, which had an increased use of alternative tunnels

in the mutant, potentially highlighting novel molecular bases for some diseases.

Finally, the effect of water model selection on water molecule transport through tunnels within
three different enzymes—haloalkane dehalogenase, alditol oxidase, and cytochrome P450—
was carefully investigated. A comparative analysis included three water models (TIP3P, OPC,
and TIP4P-Ew) and five tunnel conformational groups (TCGs) characterized by different
bottleneck radii. The results showed that TIP3P water molecules exhibited increased migration
rates and frequencies within enzyme tunnels compared to OPC and TIP4P-Ew molecules, a
trend that was consistent across tunnel geometries and different enzyme systems. These
results highlight the critical role of the chosen water model in simulating complex enzymatic
actions, informing enzyme design strategies, and predicting drug residence times. As water
molecules play a pivotal role in these processes, the careful selection of a water model

emerges as a critical determinant in achieving accurate insights and predictions.

Future research should explore a broader range of enzymes and protein systems to provide
a comprehensive understanding of all biological systems. Advances in computational tools
and algorithms, such as the incorporation of machine learning and high-performance
computing, can enable more efficient analysis of tunnel dynamics. Investigating the
relationship between tunnel properties and functionality would reveal structural determinants
that control tunnel behavior, facilitating protein engineering and drug design. By combining
computational and experimental approaches, a comprehensive understanding of tunnel-
mediated processes can be achieved, leading to novel therapeutic strategies and

biotechnological applications.
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