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STRESZCZENIE 

 

Analiza tuneli w białkach rozpoczęła się od wizualnej identyfikacji w pojedynczych 

strukturach statycznych. Jednak wraz ze wzrostem mocy obliczeniowej i lepszymi 

algorytmami, liczba konformacji, które można uzyskać dla danego białka znacznie wzrosła, 

głównie dzięki zastosowaniu symulacji dynamiki molekularnej. Ten wzrost ilości danych 

dostępnych do analizy, spowodował trudności i ograniczenia w badaniu tuneli, przede 

wszystkim w zasobach i czasie potrzebnym do wykonania takich analiz. 

W ramach moich badań doktoranckich przyczyniłem się do rozwoju narzędzi i 

metodologii analizy sieci tuneli w białkach. Tunele w białkach są istotnymi cechami 

strukturalnymi, które wpływają nie tylko na procesy katalityczne, ale także na dynamikę i 

selektywność. Obecnie, wraz ze wzrostem możliwości obliczeniowych, ogromnie wzrosła nie 

tylko ilość wytwarzanych danych strukturalnych, ale także rodzaj dostępnych informacji, 

głównie śledzenie ruchu ligandów. Pierwsza z zamieszczonych tu prac pozwala na integracyjne 

spojrzenie na opis geometrii tuneli i przypisanie do nich transportu ligandów, zapewniając 

niesubiektywne wyniki i powtarzalność w porównaniu z analizą wizualną. Druga publikacja 

daje możliwość szybkiej i taniej analizy tuneli z dużych zbiorów danych, eliminując potrzebę 

posiadania specjalistycznego sprzętu do wykonania tego zadania. Co więcej, metodologia ta 

pozwala również na identyfikację wcześniej pomijanych wąskich tuneli poprzez zastosowanie 

mniejszej sondy. 

W drugiej części pracy przedstawiam dwa praktyczne zastosowania metodologii 

opracowanej w pierwszej części. Trzecia publikacja dotyczy selektywnego transportu 

transportera ABCG46 z Medicago truncatula, gdzie pokazałem jak zmiany w tunelu blokują 

lub umożliwiają translokację ligandów. Czwarta i ostatnia praca to opracowanie dotyczące 

transportu wody dla pięciu enzymów hydrolitycznych, gdzie pokazaliśmy jak woda może 

przemieszczać się przez tunele, których promień  najwęższych części jest mniejszy niż 

pojedyncza cząsteczka wody, podkreślając znaczenie wąskich tuneli. 

Słowa kluczowe 

Bioinformatyka strukturalna, tunele białkowe, transport ligandów, dynamika 

molekularna  
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ABSTRACT 

 

Analysis of tunnels in proteins started with a visual identification in single static 

structures. However, with the improvement of computational power and better algorithms, 

the number of conformations that can be obtained for a protein increased considerably, 

mainly by the usage of molecular dynamics simulations. This increase in data available for 

analysis, raised difficulties and limitations in the study of tunnels, primarily in the resources 

and time required to perform such analyses. 

In my doctoral research, I have contributed to the development of tools and 

methodologies for the analysis of tunnel networks in proteins. Tunnels in proteins are 

relevant structural features that affect not only the catalytic processes but also the dynamics 

and selectivity. Nowadays, with the increase in computational capabilities, not only the 

structural data produced has grown immensely, but also the type of information available, 

mainly the tracking of ligand movement. The first paper included here allows for an 

integrative view of tunnel geometry description and the assignment of ligand transport to 

them, providing non-subjective results and reproducibility compared to visual analysis. The 

second publication grants the possibility of analyzing tunnels from large datasets quickly and 

cheaply, overcoming the requirements of specialized hardware to perform this task. 

Furthermore, this methodology also allows for the identification of previously disregarded 

narrow tunnels by employing a smaller probe. 

In the second part of this thesis, I present two practical applications of the 

methodologies developed in the first part. The third publication focuses on the selective 

transport of the ABCG46 transporter of Medicago truncatula, where I showed how the 

changes to the tunnel block or allow the translocation of ligands through it. The fourth and 

final paper is a study about water transport on five hydrolase enzymes, where we showed 

how water can traverse tunnels of bottleneck radii lower than a single water molecule, 

highlighting the importance of narrow tunnels. 

Keywords 

Structural bioinformatics, protein tunnels, ligand transport, molecular dynamics 
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INTRODUCTION 

 

Proteins are molecular machines that allow living organisms to perform the majority of 

molecular processes required for life. Such processes include but are not limited to the 

synthesis of biomolecules, modification of chemical compounds, cleavage of chemical bonds, 

transport of molecules, etc. The biochemical reactions carried by proteins are performed at 

specific places in their structures, the active site. Is at the active site that the chemical 

reactions occur, hence, the chemical compounds required for a reaction need to be physically 

close to the active site. These chemical compounds, usually called ligands, include substrates, 

co-substrates, cofactors, inhibitors, signaling molecules, and ions among others. Therefore, 

depending on the localization of the active site, ligands would require to overcome different 

barriers (or not) before reaching the active site. For proteins with buried active sites, ligands 

are required to traverse internal protein cavities that connect the active site with the external 

environment.1 On the other hand, in proteins that do not perform a catalytic reaction per se, 

but are still responsible for the transport of molecules, these cavities are more like pathways 

that traverse the whole body of the protein, joining two external regions. The most common 

example cases of these proteins are ion transporters and aquaporins.2,3 Hence, protein 

cavities and pathways are important for the catalysis and transport of ligands in proteins. 

Given the importance of these structural features of proteins, I decided to study the 

importance and methods to study protein cavities and pathways. 

To obtain a descriptive and detailed picture of these structural features, molecular 

dynamics (MD) simulations are commonly employed, although some cases where in vitro 

studies were used for this purpose exist, they are scarce and rare.4 Initially, the study of 

protein cavities and paths was performed on static structures coming from X-ray or NMR 

experiments.5–8 Although this approach was useful and gave new insights into the protein’s 

interior, the information obtained was the result of a static structure, a view that has changed 

with time. Since proteins are not static immutable objects, we know now that a static view of 

protein’s properties is not accurate enough to produce conclusive results about dynamics, 

ligand binding affinities, and molecular interactions with other biomolecules. Therefore, MD 

and other sampling methods have been applied to study the dynamic behavior of proteins.9–

11 This dynamical view brought together, not only new insights and more information but also 
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new limitations and obstacles to overcome for the study of general properties and tunnel 

analysis. Therefore, several methods to calculate protein cavities and pathways were 

developed, each one with its advantages and limitations.12,13,22–26,14–21 

Nowadays, improvements in algorithms and computing hardware makes it possible to 

obtain tens or hundreds of thousands of protein states quite easily, leading to a problem in 

the analysis of results. Here, the complexity is increased from the identification of tunnels in 

each frame, to the clustering of tunnels across a set of frames, and even further, to the 

comparison of clusters among different trajectories or related systems. In this sense, the need 

for a holistic view of the huge amount of structural data available, made me wonder if the 

solution to this complex problem can be achieved by simplifying it. Hence, I focused the first 

part of my PhD studies to develop methods to improve the study of cavities and pathways in 

large datasets. In the second part, I have applied these newly developed methods to two 

studies: (1) to describe the structural determinants for the differential transport of ligands in 

a plant ATP-binding cassette transporter wild type and three mutants, and (2) to explore the 

limits of water transport in three members of the subfamily of hydrolases. Finally, I conclude 

this dissertation with a personal opinion about the future of the study of tunnels. 
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OVERVIEW OF THE DOCTORAL RESEARCH 

 

CHAPTER 1: CAVITIES IN PROTEINS AND THEIR STUDY 
 

The dictionary defines a cavity as a hollow place, a void or empty space within a solid 

object. Taking this definition into consideration and simplifying our perspective, if we consider 

proteins as solid objects, any internal empty space can be defined as a cavity, regardless of its 

function or geometry. However, a definition as such would become extremely confusing to 

everyone and also by rejected by the majority (if not all) of researchers in the field. Up today, 

to the best of my knowledge, there is still no consensus or strict definition of cavities, tunnels, 

channels, pores, and pockets in proteins, and the available definitions can vary significantly 

between researchers. Therefore, for this dissertation, I will adopt the definitions of Krone et 

al.27 for tunnels, channels, pockets, and grooves, with slight and minor personal 

modifications. An initial classification differentiates between closed and open cavities, with 

the former being a closed empty space that lacks any contact with the external environment, 

and the latter includes tunnels, channels, pores, pockets, and grooves (Figure 1). Even with 

this straightforward and simple initial classification, inconsistencies may arise when 

considering protein dynamics, since an initially closed cavity can open to the exterior 

environment through gates with variable frequencies, increasing, even more, the complexity 

of the problem. Although closed cavities are not the major topic of this dissertation, I will 

refer to these structures as “enclosed tunnels”, and consider members of this group to be 

closed cavities that are not naturally open or whose biological function requires them to be 

cut out from the protein’s exterior. The first enclosed tunnel described was most likely the 

tryptophan synthase,28 and since then several others have been in the spotlight due to their 

peculiar nature.29,30 On the other hand, among the open cavities, we have tunnels, channels, 

pores, pockets, clefts, and grooves. Open cavities with a single entry site can be tunnels, 

pockets, clefts, and grooves and the differences between them are related to the deepness 

of each one and can be subtle. Here, I will consider a tunnel as a single entry cavity that 

connects a buried active site with the exterior (Figure 1). Similarly, pockets, grooves, and 

clefts are single-entry open cavities, however, they connect a more exposed (or less buried if 

preferred) active site with the exterior, and vary on their deepness, with a decreasing order 
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respectively. In other words, more than connecting structures, pockets, grooves, and clefts 

can be seen as “fitting” complementary environments for an exposed active site. In open 

cavities with multiple entry sites, there are pores (generally straight pathways) and channels, 

which connect two or more sites of the protein surface (Figure 1). As can be seen from these 

descriptions, the definitions can be subjective to the objectives and background of each 

researcher, and even in cases where an agreement is achieved, the dynamical behavior of 

proteins can turn tunnels into channels, pockets into tunnels, and so on. As a deep and 

thorough definition of these cavities and pathways is out of the scope of this dissertation, the 

terminology defined previously should be enough to develop a good explanation of the topic. 

 

 

 

 

 

 

 

 

 

 

Historically speaking, the computational study of protein tunnels probably started in 

the late 70s-80s, when protein cavities became an interesting target of study for protein-

ligand interactions.31–35 Although the study of tunnels did not start itself as such, initially the 

focus was on visual analysis of surfaces to identify “manually” the existing cavities on single 

static structures. This visualization was at the beginning made of dots and lines, to be 

subsequently changed by the more useful Connolly surface, employed even to this 

day.31,32,34,35 Probably the first program focused specifically on protein cavities was Cavity 

Search, a method capable of (given a 3D structure and a starting point) obtaining the shape 

and electrostatic surface of a cavity.12 Nevertheless, this method required still an initial 

Figure 1. Cavities in proteins. Two types of cavities found in proteins are presented. Sliced views of (1) an 

enclosed cavity connecting two active sites (red and green residues) in the same protein, note how the 

cavity is completely disconnected from the exterior environment and surface. Different types of open 

cavities: channels connecting two regions of the surface of a protein (2), tunnels (3) connecting the exterior 

with a buried active site (red residues), pockets (4) and grooves (5) that vary on their deepness. 
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knowledge of the structure to get the starting point, which relied again on an initial surface 

analysis. Soon after, the POCKET software was developed to overcome this limitation, in 

which cavities were identified without the need for a starting point by employing a grid 

approach and representing cavities with a modified marching cubes algorithm.13 Following 

efforts did not focus only on the surface representation of the cavities, but on obtaining data 

from the analysis, like volume,20 electric potentials,24 hydrophobicity,25 likelihood to be 

targeted as binding site,36,37 and length and bottleneck radius.38,39 

Then, molecular dynamics (MD) simulations and other sampling methods shifted the 

static single view to an ensemble of structures, increasing the amount of information 

obtained as well as the complexity of the analysis at the same time. Furthermore, with the 

considerable increase of computation power, especially in MD simulations, the amount of 

conformations a protein can achieve has grown substantially since its birth, reaching 

hundreds of thousands of frames in a matter of days depending on the protein size.40,41 Faced 

with this new challenge, the study of tunnels has started not only to rely on the protein 

structure itself but also on the movement of small molecules that form part of the simulation 

system, these being water molecules, ions, or small chemical compounds. Hence, to date 

there are mainly two procedures to study protein tunnels: a protein-based approach, which 

relays on the coordinates of the atoms that form the protein itself,42 and a small molecule 

tracking approach, which depends on tracking the movement of a target small molecule 

through a protein (mainly) across an MD simulation (Figure 2). 43,44 

Each of these approaches has its advantages and disadvantages,46 and the selection 

would mainly depend on the study to be performed or the availability of resources. The 

protein-based approach methods are the ones more heavily developed and more diverse 

considering the algorithms used, data obtained, required inputs, and availability of 

software.27,42 Since these methods are extremely diverse depending on the type of cavity to 

be analyzed (tunnels, pockets, channels, etc.), I will stick mainly to the study of molecular 

tunnels and leave the other type of cavities aside. The advantage of the protein-based tools 

for the study of tunnels is that they give a detailed physicochemical description of the tunnels, 

and although some of the tools can give probabilities or scores for ligand binding or other 

molecular interactions, they do not provide the actual usage of each tunnel neither direction 

of movement across.16,17,47,48,20–24,36–38 On the other side, tracking-based methods are 
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considerably scarce compared to the previous, and ready-to-use software is even 

scarcer.43,44,49,50 Nevertheless, the attractiveness of these methods relies on the results 

obtained, showing the pathways used by a selected small molecule (most often water). 

Although the results do not show explicitly a tunnel or channel structure per se, like in the 

protein-based approaches, the information obtained is highly valuable and can be easily 

linked to functional and biological data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From this short description of the different methodologies to study protein tunnels, it 

can be inferred that the optimal solution would be a mixture or a combination of both 

Figure 2. Methods to identify tunnels in proteins. Different approaches employed for the identification of 

protein tunnels are represented in a lateral sliced view. a) Surface representation of a protein showing the 

overall shape of the tunnel (dark purple). b) Tracking the movement of small molecules (each green star 

represent a frame of the simulation, here shown in a single view for simplicity) during MD simulations is 

used to infer the location of a tunnel. c) Voronoi diagrams45 of proteins are analyzed to find empty spaces 

(magenta circles) that do not collide with protein atoms (cyan circles), then a tunnel profile can be created 

around a centerline (thick magenta line). d) A grid is constructed to mark all the places where no atoms are 

present (magenta squares), reconstructing this way a tunnel. 
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approaches, yielding detailed information about the tunnel’s geometry and physicochemical 

properties, as well as which tunnels are used for transport of target molecules. Unfortunately 

(or fortunately depending on the view), to the best of my knowledge, such an approach or 

methodology did not exist at the moment of starting my PhD studies. Therefore, our group 

(the Laboratory of Biomolecular Interactions and Transport) focused our efforts on 

developing a methodology capable of using the outputs of the protein and tracking-based 

approaches to combine them in an integrative report that would yield information about the 

transport processes found and the characteristics of the tunnels used by those processes. To 

achieve this objective, we employed the outputs of the two most popular and easy-to-use 

software available today: CAVER47 for the computation of tunnels (Figure 3a) and AQUA-

DUCT44 for the tracking of ligand transport (Figure 3b). We opted for selecting CAVER from 

the vast pool of tools available for tunnel identification, since it is the only option available 

that can handle MD data with considerable simplicity, performs a clustering approach to give 

a complete view of the tunnels across time, produces detailed geometrical information about 

individual tunnels in individual frames, is a stand-alone version available in all operating 

systems, and is well accepted for the community. Nevertheless, even with all the positive 

features that CAVER possess, it still has some pitfalls and technical limitations that were 

alleviated in some grade by another research project performed by myself, although I will 

describe it in the second part of this chapter. For the tracking of ligands, the selection was 

simpler and straightforward since there is no publicly available implemented software to 

perform this task other than AQUA-DUCT. The other available options are, either description 

of methodologies or requests to the implemented code directly to the authors,43,50 which 

adds another layer of complication for the future release and usage of the approach 

developed by our group. The result of this project gave as result the first publication 

presented in this dissertation: “TransportTools: a library for high-throughput analyses of 

internal voids in biomolecules and ligand transport through them”,51 (Figure 3) in Annex 1. 
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The development of TransportTools took several years to complete the code, test the 

software and get the paper published in a high-impact journal. Before we published and 

developed TransportTools, the only approach available to perform a comparative analysis of 

Figure 3. Overall TransportTools methodology. The workflow starts by employing a set of molecular 

dynamics trajectories as inputs, then a) the tunnels (colored surfaces) are calculated with CAVER, b) and the 

transport of small molecules (red and white spheres) with AQUA-DUCT. c) Finally, TransportTools combines 

both results in a single view of the tunnel network, the characteristics of each tunnel, and their usage by 

molecules. 
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tunnels coming from different MD simulations, either repetitions of the same protein, 

between mutants, or between completely different proteins, was a superposition and 

alignment of the structures and results, to further analyze visually the localization of the 

tunnels.52 Although this visual approach seems to be simple to use, it has considerable 

limitations and dangers. First of all, since the visual inspection is performed on a case-to-case 

basis, the results are strongly dependent on the researcher’s experience and criteria, leading 

to subjective results. An improvement of this technique was to employ not only the spatial 

location of the tunnels but also use the residues or secondary structure motifs in contact with 

such tunnels to obtain a better description, however, this would be also non-optimal when 

considering highly-dynamic regions. Furthermore, the application of this technique would be 

restricted only to repetitions of the same protein or mutants. Second, visual inspection is 

extremely time-consuming and even when an experienced researcher is performing this task, 

a high amount of MD simulations make the comparisons extremely confusing and exhausting. 

Finally, when taking into consideration new datasets available to date that consist of dozens 

or even hundreds of MD simulations (either short or long) for a system, the visual comparison 

is already intractable and practically impossible to perform. Therefore, I consider the addition 

of TransportTools to the analysis of tunnels and transport events to be a major step forward 

in an integrative view of tunnels’ description and their usage in structural bioinformatics, 

mainly for two reasons. First, since the comparison of tunnel geometries and assignment of 

transport events are performed by mathematical equations, the subjectivity of the results is 

considerably reduced and the reproducibility is greatly increased. Second, the automation of 

the comparative process reduces the burden of the researcher in technical stages and leaves 

more time for the interpretation of the results and formulation of hypotheses for the 

phenomena observed. Of course, this does not mean that the method and software are 

perfect, as stated in the publication, there are still limitations of the method, and room for 

improvement is acknowledged. 

During the development and testing of TransportTools, I realized that another limitation 

of the current approach to evaluating long MD simulations is the computational resources 

required to perform this task with CAVER. In the time I spent performing the projects related 

to this dissertation, I had to analyze hundreds of MD simulations for tunnel analysis. For all 

those analyses, I was able to count on the infrastructure of our group laboratory, and more 



19 
 

importantly, the Poznan Supercomputing and Networking Center. However, in my personal 

experience, I know that for a good part of the research community (especially in developing 

countries), these types of resources are not easily available, or even impossible to acquire, 

leaving the analysis of tunnels out of their research scopes or performing a limited tunnel 

analysis. Hence, I envisioned another important application for our TransportTools software, 

the opportunity to analyze tunnels from long MD simulations with increased speed, 

considerably low resources, and without losing accuracy. This methodology was successfully 

published and presented as the second publication in this dissertation: “Divide-and-conquer 

approach to study protein tunnels in long molecular dynamics simulations”,53 in Annex 2. In 

the divide-and-conquer approach, I slice long MD simulations into smaller more tractable 

pieces and analyze the tunnels in each one individually with CAVER. Following, TransportTools 

is used to combine the results from all the pieces and yield a unifying single output (Figure 4). 

With this methodology, I showed that the results obtained with the divide-and-conquer 

approach are comparable to the single CAVER analysis, however, the computational 

resources are considerably lower, allowing the analysis of tunnels to researchers with a 

limited budget for computational hardware. Furthermore, this approach allows for a more 

refined search of tunnels, granting visibility to previously important undetected narrow 

tunnels. I will show the practical usage and benefits of the divide-and-conquer approach and 

TransportTools methods in two separate research topics that will cover the second chapter 

of this dissertation. 

 

CHAPTER 2: LIGAND MIGRATION THROUGH MOLECULAR PATHWAYS 
 

ATP-binding cassette transporters (ABC) are trans-membrane proteins that make use of 

ATP as the source of energy, to allow for the transport of molecules across membranes. ABC 

transporters are extremely diverse and can be found in all living groups. ABC proteins are 

divided into eight separate groups (from ABCA to ABCH), and this classification is still used 

today,54 and although there is a new proposed classification for ABC proteins,55 I will keep the 

naming convention for the widely accepted nomenclature in this dissertation. Among all 

classes, ABCG proteins are well represented in plants, in which these proteins play important 

roles in response to drought stress, defense against pathogens, transport of metabolites, and 
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signaling interactions in symbiotic relationships.56 An important scientific opportunity for me 

arrived in the form of collaborative research with the group of Prof. dr hab. Michał Jasiński, 

which focuses on the ABCG46 protein of the plant Medicago truncatula (MtABCG46). This 

protein is involved in the transport of medicarpin precursors in the phenylpropanoid pathway, 

whose compounds have important roles in plant biology. Structurally speaking, the 

MtABCG46 protein corresponds to a full-size ABC transporter, which is composed of two 

“monomers” joined by a linker region. Each of these monomers is formed by two domains: a 

nucleotide-binding domain (NBD) and a trans-membrane domain (TMD). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prof. dr hab. Jasiński’s group showed that MtABCG46 selectively transports two 

compounds required for the final production of medicarpin, namely 4-coumarate and 

liquiritigenin, while at the same time preventing the passage of chemically very similar 

compounds like isoliquiritigenin and 7,4’-dihydroxyflavone.57 Although this phenomenon was 

experimentally observed and verified, there was no structural explanation for this behavior 

Figure 4. A comparison of the divide-and-conquer approach to analyze tunnels in long molecular dynamics 

trajectories to old common approach. a) The old way requires specialized and costly hardware to run an 

analysis, which also takes considerable time to yield results. Meanwhile, b) in the divide-and-conquer 

approach, the trajectory is sliced and analyzed individually, then the results are merged with TransportTools 

to produce results, reducing the time and resources required to yield the same or even better results than 

the old approach. 
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yet. Furthermore, recent data from the same group showed that from three mutants of 

MtABCG46 (residue Phe-562 mutated to Ala, Leu, and Tyr), two of them lose the ability to 

translocate any tested compound (Ala and Tyr mutants), while the remaining (Leu) can 

transport only liquiritigenin. Hence, my task for the collaboration was first, to obtain the 3D 

structure of the protein, and then perform mutations and MD simulations to understand the 

particular behavior of the selective transport. Since there is no experimentally determined 

structure for MtABCG46, I initially modeled the whole protein with AlphaFold258 and later 

evaluated the resulting models with PROCHECK59 to select the most promising candidate. 

Further, I performed the mutations of residue Phe-562 to leucine (Leu), tyrosine (Tyr), and 

alanine (Ala) and carried out MD simulations for all variants embedded in a membrane for a 

collective time of 8.8 μs. The tunnel analysis of these simulations using the TransportTools 

library showed that a tunnel found in the TMD is the most likely to be used for the transport 

of the active compounds (Figure 5). From the results, I showed that mutations to Ala and Tyr 

alter the geometry and reduce the presence of the tunnel during the simulations and that 

such alterations lead to higher energy barriers for the passage of the molecules tested, 

namely liquiritigenin, 4-coumarate, isoliquiritigenin, and 7,4’-dihydroxyflavone. Moreover, I 

performed umbrella sampling (US) simulations to obtain a more open conformation of the 

protein to improve the transport calculation and evaluate the energetic cost of such an 

opening process. The US results showed that Ala and Tyr mutants need to overcome much 

higher energy barriers to open when compared to the wild-type by about 10 kcal·mol-1. 

Additionally, the tunnel analysis on the open conformations showed that in this 

conformation, the wild-type protein was able to translocate liquiritigenin and 4-coumarate 

without major problems, correlating with the experimental observations. Taken together, I 

showed that small modifications to the TMD tunnel were enough to block any transport at all 

or to selectively allow the transport of two molecules. A more detailed description can be 

found in the published paper: “Restriction of access to the central cavity is a major contributor 

to substrate selectivity in plant ABCG transporters”, presented in Annex 3. 

Finally, since water is necessary for life as we know it, I performed research focused on 

the transport of water across the tunnel network of three enzymes from the hydrolase family. 

As water is so important for enzymes’ functions, its transport across a protein’s tunnel 

network is equally relevant. This transport has proven to be extremely hard to study 
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experimentally, albeit with exceptions,4 and the majority of cases use crystallography to 

obtain static structures and infer tunnel usage.60–63 Hence, MD simulations are the most 

attractive methodology to study such phenomena in atomic detail. In the nanomaterial field, 

the transport of water through artificial pores and membranes has received a spotlight due 

to its application to water purification.64–67 Conversely, the transport of water in biological 

systems has been overlooked and such studies focus mainly on aquaporins.3,60,68,69 On these 

proteins, the so-called single-file transport of water has been considered the physical limit for 

a water molecule to be transported across a protein.70–72 In this type of transport, water 

molecules are arranged in a single lane and move across tunnels of a radius of at least 1.4 Å, 

the accepted radius of a water molecule.73–75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. ABCG transporter of Medicago truncatula embedded in a lipidic bilayer displaying the transport 

tunnel. A cartoon representation of the ABCG transporter with two bound ATP molecules (the ball and stick 

representation) is embedded in a lipidic bilayer (green layers of cones with spherical heads), showcasing the 

most likely tunnel used for the transport (the orange surface in the transmembrane region) of natural 

substrates. 
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To improve the knowledge about the transport of water in globular enzymes, we 

performed extensive MD simulations of a haloalkane dehalogenase from Rhodococcus 

rhodochrous (Hal), epoxide hydrolase I from Solanum tuberosum (Epx), and a lipase from 

Candida rugosa (Lip) to evaluate the properties of water transport across their tunnels. Each 

system consisted of 50 MD simulations, giving as a result a total of 150 MD trajectories 

collected in 15 μs of simulation time. The analysis of the tunnel network of all these 

simulations would have been nearly impossible without the development of the 

TransportTools library, furthermore, the time required for the analysis of potential tunnels 

using a very small probe with a radius of merely 0.7 Å was reduced considerably by the usage 

of the divide-and-conquer method. The analysis of the results for the tunnel usage by water 

in these three proteins yielded interesting and surprising outcomes. First and foremost, I 

showed that water molecules can traverse tunnels with a bottleneck radius below 1.4 Å, a 

widely accepted radius for water molecules (Figure 6).73–75 Second, these events account on 

average for ~20% of all the water transported by the tunnel network of the three enzymes 

tested. Third, the transport of water through these narrow tunnels is characterized by a high 

number of H-bonds with the protein’s atoms. Fourth, the majority of the H-bonds are formed 

between water and the backbone atoms of the protein. Lastly, I have performed another set 

of MD simulations of human soluble epoxide hydrolase and a natural variant (E470G), known 

to be associated with an increased risk of ischemic stroke in an African-American 

population.76 In the 100 MD trajectories (accounting for a total of 10 μs) collected, the same 

patterns of water transport identified previously were observed, namely, the passage through 

narrow tunnels, the high presence of H-bonds, and the role of backbone atoms. Additionally, 

by comparing the results of the wild-type and mutant, I showed that a subangstrom increase 

in the bottleneck radius of a mutant tunnel by 0.1 Å, results in a dramatic, 20–fold increase in 

its utilization by water molecules. A more detailed description of the results and methods are 

available in the preprint: “Water will find a way: transport through narrow tunnels in 

hydrolases”, presented in Annex 4. 
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Figure 6. Transport of water through a narrow tunnel. A water molecule is transported through a narrow 

tunnel. a) Size comparison of a water molecule (VdW spheres) moving through the bottleneck of a tunnel 

(the green surface). b) H-bond interactions (pink lines) formed between a water molecule and protein 

residues (the ball and stick representation), within a narrow tunnel (green wires).  
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CONCLUSIONS 

 

The static view of a protein and the analysis of tunnels from a single conformation alone 

is long gone, and the cases that still maintain this analysis today, do it for the sake of 

description rather than to draw conclusions from them. The dynamical view of proteins and 

their tunnels is growing constantly nowadays with larger computing power and more efficient 

algorithms. This advancement leads to an unprecedented amount of data, shifting the 

bottleneck of the research pipeline to the analysis and understanding of the phenomena in 

study. Hence, new tools and methods need to be developed for proper and efficient analysis 

and interpretation of the data produced. We have developed TransportTools to fill this void 

and improve the analysis of tunnels and transport of small molecules, furthermore, I have 

prepared a methodology that employs TransportTools to allow for a systematic tunnel 

analysis of long MD trajectories with limited computational resources or the increased 

resolution of narrow tunnels. 

I have applied the methodologies developed to study the transport of small molecules 

in a plant ABCG transporter and demonstrated that the identified trans-membrane tunnel is 

a major contributor to the selective nature observed for this protein. This outcome improves 

our understanding of the transport process of this protein and represents an interesting 

target for selective transport modulation. Additionally, I have also studied water transport 

through the tunnel network of three enzymes and two variants of a human hydrolase. This 

study shows that water molecules can traverse tunnels narrower than a water molecule, and 

overcome repulsions by increasing the H-bond interactions with the protein. The insights 

obtained in the first part of that research were applied to obtain a structural explanation for 

the differences observed in two variants of the human epoxide hydrolase. These results 

highlight the importance of previously overlooked narrow tunnels to explain phenotypical 

differences, changes in catalytic rates, and target regions for mutational studies. Taken 

together, these two studies showcase the applicability of the developed methodologies, 

TransportTools and the divide-and-conquer approach, for the study of transport tunnels and 

the transport of small molecules. 

Tunnel analysis started almost half a century ago, from protein surfaces of single static 

structures to the dynamical view we observe today, where hundreds of thousands of 
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conformations for a single protein are analyzed. This calls for the requirement of new 

methodologies capable of handling the current volume of data with acceptable speed. As the 

study of tunnels changed from surface analysis to grid-based and geometry-based 

approaches, I believe that the next step of tunnel analysis will incorporate new technologies, 

like machine learning or artificial intelligence in the coming years. These advances will not 

only improve the speed and quality of the results but allow for a more complex and maybe 

interdisciplinary view of tunnels in proteins. 
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