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Abstract
Computation of trajectories for ligand binding and unbinding via protein tunnels and channels is important for predicting pos-
sible protein–ligand interactions. These highly complex processes can be simulated by several software tools, which provide
biochemists with valuable information for drug design or protein engineering applications. This paper focuses on aiding this
exploration process by introducing the DockVis visual analysis tool. DockVis operates with the multivariate output data from one
of the latest available tools for the prediction of ligand transport, CaverDock. DockVis provides the users with several linked
views, combining the 2D abstracted depictions of ligands and their surroundings and properties with the 3D view. In this way,
we enable the users to perceive the spatial configurations of ligand passing through the protein tunnel. The users are initially
visually directed to the most relevant parts of ligand trajectories, which can be then explored in higher detail by the follow-up
analyses. DockVis was designed in tight collaboration with protein engineers developing the CaverDock tool. However, the con-
cept of DockVis can be extended to any other tool predicting ligand pathways by the molecular docking. DockVis will be made
available to the wide user community as part of the Caver Analyst 3.0 software package (www.caver.cz).
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1. Introduction

Protein function can be effectively manipulated through interactions
with other molecules. In protein engineering and drug design, the
crucial interactions are those between the protein and a small ligand
molecule. Ligands are often entering the protein inner structure and
undergoing a chemical reaction in a deeply buried active site. The
simulation of transportation of the ligand to the active site is the
main task for algorithms predicting a ligand trajectory [MLW08].
This challenging task has already been investigated by many re-
search groups. As a result, there are several published tools enabling
fast calculation of possible ligand trajectories [LKC*09, DBV*13,
BVAG05, YWC*19].

As the problem of ligand transport is very important for drug
design or protein engineering, new methods for its calculation are
appearing. Recently, a novel method for the analysis of ligand

pathways was released by Filipovič et al. [FVP*19]. Their Caver-
Dock tool uses the knowledge about a possible ligand entrance
path, called access tunnel. Such a tunnel is computed purely ge-
ometrically, using one of the existing and widely adopted tools,
such as CAVER [CPB*12], Mole [SSVB*13], MolAxis [YFW*08]
or PoreWalker [PCMT09]. An overview of the existing algo-
rithms and methods for tunnel calculation, along with their vi-
sual representation, can be found in the survey by Krone et al.
[KKL*16].

The novelty of CaverDock comes from the idea to utilize the de-
tected tunnel for navigating the ligand to the protein active site and
calculate the possible passage of the ligand. The algorithm outputs
a sequence of consecutive ligand configurations and corresponding
energy profiles. These need to be further analysed by biochemists
and the most biologically relevant dockings need to be tested in
a laboratory.
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The analysis of data produced by the ligand transport predic-
tors, such as CaverDock, is challenging as the computational tools
usually provide no or only limited visual support. The biochemists
need to combine many geometric and physico-chemical properties
of the computed ligand docking to assess its feasibility. This in-
cludes studying the ligand conformation changes along the trans-
portation, energy profiles, interactions of the ligand with the sur-
rounding amino acids, properties of amino acids and others. The
existing approaches mostly allow the users to visualize only the 3D
representation of protein and ligand and animate the calculated tra-
jectory. However, the rest of the crucial properties are completely
omitted. Therefore, the biochemists are forced to use several in-
dependent tools to create visual representations of these proper-
ties and manually combine the information, without any mutual
interactivity.

Therefore, in this paper, we propose a novel visual analysis tool,
DockVis, enabling the user to load the results of the CaverDock tool
and explore many properties at once and in an interactive manner.
To reach that, we integrate several linked views, both spatial and
abstracted, aiming to provide the biochemists with an all-in-one so-
lution for exploration of the transportation of a ligand to the active
site. It should be stated that in this paper, we are presenting the re-
vised and extended version of the original DockVis tool that was
presented at the VCBM 2019 conference [FKVB19].

The main contributions of this paper are:

• analysis of requirements for visual investigation and comparison
of trajectories of ligands passing through a given protein tunnel;

• the means to spatially and temporally align these trajectories and
compare them based on multiple properties;

• the means to detect and visualize conformational changes of the
ligand along the trajectories;

• the means to relate the ligand spatial conformation with its sur-
roundings in an abstracted view.;

• visual analysis tool for exploration and comparison of ligand tra-
jectories and their physico-chemical properties.

The proposed tool has been designed in tight collaboration with
protein engineers to address their research needs. Although the tool
has been tailored to interplay with the results obtained by the Caver-
Dock tool, the principles can be applied to any of the other compu-
tational tools that produce trajectories of ligand passing through the
protein tunnels.

2. Related Work

In this section, we will describe the most important approaches for
molecular docking calculation, tools for the prediction of ligand tra-
jectories as well as for the visualization of ligand passage through
the protein tunnels.

2.1. Molecular docking

Molecular docking aims to predict the most probable interaction
of two molecules; in our case a ligand with a given protein. It re-
quires examining many mutual conformations of the ligand and
protein. The quality of the binding can be evaluated using the po-

tential energy of the system, which is usually approximated by a
force field, e.g. AutoDock3 [MGH*98], or using empirical scoring
functions. These functions are considering the energy term as well
as other properties, such as electrostatics, entropy, hydrophobicity,
etc. Examples of the scoring functions are ChemScore [EMA*97],
PLANTS [KSE09] or AutoDock4 [HMOG07]. Early methods eval-
uated the binding based on the geometric fit of the interacting
molecules [Mez03].

Searching for the best ligand pose depends on the overall flex-
ibility of the system. The early methods considered both the lig-
and and protein to be rigid [Mez03]. This leads to a search in
6D space (i.e. position and rotation), where the binding is eval-
uated based on the shape complementarity using fast Fourier
transforms (FFTs) [KKSE*92]. FFT-based tools are, for example,
ZDOCK [BFR00] and MEGADOCK [OSS*14].

However, experiments show that ligand and protein should be
considered as flexible [Ham02], which motivates the development
of new tools. In semi-flexible docking, only one of the molecules is
considered to be flexible; the second molecule remains rigid. This
leads to a search in the (6+N)-dimensional space (with N confor-
mational variables), which requires a different approach. Among the
most notablemethods belong the systematic and randomized search.
The systematic search requires to strictly decrease the number of
rotations to limit the search space [FBM*04]. The ligand’s flexibil-
ity can also be emulated using a set of conformations [SLVM08].
The randomized methods are more suitable for searching the high-
dimensional spaces. For example, in Monte-Carlo-based search,
actual conformation is changed randomly in each iteration. This
change is accepted if the new conformation has a better score. Other-
wise, the new configuration is accepted with the probability deter-
mined by the difference between the two scores. Tools using this
search are, e.g. MCDOCK [LW99], AutoDock Vina [TO10] and
RosettaLigand [MB06]. Considering the full flexibility of both pro-
tein and ligand significantly increases the dimension of the space
to be searched. A possible approach to decrease the search space
is docking a flexible ligand to several static protein conformations.
These static protein conformations can be obtained from molecu-
lar dynamics (MD) that computes the behaviour of a protein with-
out any ligand [ABM08] or tools for generating possible protein
conformations that use various levels of approximation [SHdG07,
LAKD06]. Overall, molecular docking is a very active research area
with many designed tools, so we refer to recent surveys for more de-
tails [SM18, PST17].

2.2. Prediction of ligand transport

The methods described in the previous section usually focus on
the binding of small ligands to protein cavities while ignoring the
access pathways, which are explored by the ligand upon its en-
try to these cavities. The computation of ligand trajectories gives
a higher level of detail about the possible interactions between the
protein and the ligand. The state-of-the-art approach to generat-
ing ligand trajectories is to use MD simulation of a protein com-
plex with ligand [AMBB*11]. Several enhanced sampling meth-
ods based on MD simulations were developed with the specific
goal of simulating ligand transport, such as Steered MD [PBR*14],
Umbrella sampling [STB95], Metadynamics [BBP10] and many
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more [RN17]. The setup and running these types of simulations
are complicated and requires extensive knowledge in the field of
computational biology. To enable easier setup and assessment of
MD-based simulations, several prediction methods were developed,
namely the Protein Energy Landscape Exploration [BVAG05],
Binding Free Energy Landscape [BXC*13], IterTunnel [KL14],
KBbox [BGRW19] and LARMD [YWC*19]. Other approaches
were also explored in the past to further facilitate the analysis of lig-
and unbinding. Sampling-based motion planning, originally devel-
oped in robotics [ABSC12], was applied to conformational search,
e.g. in the MoMa-LigPath [CLIS10]. The use of algorithms focus-
ing purely on the description of the geometry and spatial colli-
sion lacks the information about the potential energy of the system.
These predictions can be improved by applying, e.g. the mmPBSA
method [GR15] or re-scoring the complex with a molecular dock-
ing algorithm. This kind of combined approach was used in the
SLITHER [LKC*09], where the authors used the docking engine
from AutoDockK4 [MHL*09] to quickly search possible positions
of the ligand inside the protein along its unbinding pathway. Simi-
larly, the very recently released tool, CaverDock [VFP*19, FVP*19,
PVF*19], calculates the ligand passage by iterative molecular dock-
ing. It is using an optimized docking algorithm from AutoDock
Vina [TO10] combinedwith the predefined geometry of access path-
ways from CAVER 3.02 [CPB*12].

2.3. Visualization of ligand trajectory

Visualization and visual analysis of ligand passage through a protein
have already been in the focus of several research groups. The sim-
plest visual representation of ligand transportation can be reached
by animating the movement of the ligand in a frame-by-frame man-
ner using one of the state-of-the-art general-purpose molecular vi-
sualization tools, such as PyMol [Sch15] or VMD [HDS96].

Moreover, there are several specialized tools and visualizations,
enabling to investigate several additional features of the ligand
transportation. Furmanová et al. [FJB*17] proposed a visual anal-
ysis tool for the exploration of several geometric properties of the
ligand passage, such as the free space around the ligand or its speed.
Additionally, they proposed methods for smoothing the originally
very scattered ligand trajectory to be able to reveal trends in ligand
movement. However, this tool cannot be used for the comparison of
multiple trajectories and it does not take into account the chemical
properties, such as the binding energy.

The ligand binding energy of trajectories was studied in a very
recent approach by Jurčík et al. [JFB*19]. They analysed large en-
sembles of ligand trajectories and their energy profiles. These trajec-
tories were calculated using a path planning method which does not
provide the users with information about the protein access tunnel.
Therefore, it is also not directly applicable to our case.

Duran et al. [DHR*19] presented another tool for interactive anal-
ysis of ligand trajectories, combining the 3D view with 2D plots of
several properties (both geometric and chemical). Their tool focuses
on suggesting the potentially interesting parts of the MD simulation
to the user by highlighting the background of the graphs. A lot of
effort is given to interaction and linking between the views. The tool
also enables to compare the trajectories of few ligands entering the

Figure 1: Illustration of the tunnel, represented by a set of grey
spheres and its centreline (black dashed line). Such a tunnel is sliced
into a set of discs in CaverDock (black arcs).

same protein structure. However, it does not operate with protein
tunnels and does not support the interplay between data obtained by
molecular docking. Another approach was proposed by Hermosilla
et al. [HEG*17]. Their tool enables the users to visualize the inter-
action forces between the ligand and protein amino acids. Although
the task is very similar, the tool does not provide the users with the
energy plots and the information about the tunnel used by the ligand.

There are also several approaches operating with abstracted
representations of ligand and its interactions with the protein.
LigPlot+ [LS11] is a typical representative of these approaches.
This tool automatically transforms the 3D representation to a 2D di-
agram of a ligand and amino acids of the interacting protein which
are in the reaction distance to the ligand. The diagram then depicts
the interactions as dashed lines between the corresponding atoms.
More recently, Vázquez et al. [VHG*18] published their system for
compact 2D visualization ofMD simulations, capturing the protein–
ligand interaction. The central part of their proposed visualization
shows the ligand, while the protein is encoded into a circular layout
around the ligand.

Although the abstracted views are already well adopted by bio-
chemists and for small molecular structures they give a very com-
prehensible overview of the structure, these cannot be used in our
case without any supplementary view, showing the other molecu-
lar docking properties. However, in our solution, we were inspired
by the concept of the mentioned abstracted views and they form an
important part of our proposed visual analysis tool. We also drew
inspiration from the KBbox and LARMD web servers [BGRW19,
YWC*19] which aim to provide all-in-one analyses of ligand tra-
jectories.

3. Data and Tasks Abstractions

To understand the design rationale of our proposed tool, we first
have to describe the input data and the tasks which were extracted
from numerous discussions with the biochemists. The input data are
coming from the software tool CaverDock, which will be briefly
introduced in the following section.

3.1. CaverDock

CaverDock [VFP*19, FVP*19, PVF*19] simulates the transporta-
tion of a ligand through a tunnel using a stepwise algorithm. Firstly,
the input spheres representing the tunnel are sliced into a sequence
of discs (Figure 1). Secondly, the ligand is fitted into each disc sepa-
rately such that one atom of the ligand, called a drag atom, which is
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selected prior to the simulation, has to be always placed within the
tunnel disc corresponding to a given frame of the simulation. The
best orientation of the ligand is then selected, based on the scor-
ing function from AutoDock Vina [TO10]. The algorithm produces
two distinct ligand trajectories, called lower bound and upper bound.
Each trajectory is represented as a sequence of frames, where each
frame contains the positions of all atoms of the ligand.

The lower-bound trajectory is formed by gathering all ligand con-
formations from the successive discs, irrespective of their mutual
orientation. It provides themost energetically favourable transporta-
tion of the ligand through the tunnel, but it can contain fast (non-
continuous) changes of the ligand orientation. It is strongly advised
that the energetic analysis of the transport process generated by
CaverDock should always be based on the lower-bound trajectory.

On the other hand, when computing the upper bound trajectory,
the algorithm considers the position of the ligand in the previous
disc already during the fitting process and allows only small changes
of its conformation. To ensure that the final path is energetically
favourable, the algorithm compares the current binding free energy
in each step with the lower-bound trajectory. If the energy in lower
bound and upper bound is too different, the algorithm inserts sev-
eral frames into the upper bound trajectory. Within these frames,
a smooth transformation (e.g. rotation) between two ligand con-
formations is performed such that the current energy is lowered.
This step aims to remove the problem of non-continuous ligand
orientations in the neighbouring frames of the lower-bound trajec-
tory. These additional frames break the correspondence between the
lower-bound and upper-bound trajectories which complicates their
frame-by-frame comparison.

In summary, the input data to our visual analysis workflow con-
sist of the protein structure, set of ligands, pair of trajectories for
each ligand (lower- and upper bound) and the sequence of discs de-
scribing the tunnel used by all these trajectories. Each disc is defined
by its centre, radius and normal vector determining its orientation.
The trajectories are formed by the sequence of frames, describing
consequent ligand conformations. Each frame corresponds to one
of the discs. The trajectories can be of different length but they do
not contain backward movements of the ligand.

3.2. Tasks

When analysing the CaverDock results, the experts have to evaluate
both lower-bound and upper-bound trajectories as they provide the
complementary information. The lower-bound trajectory gives in-
formation about the best possible scenario concerning energetic effi-
ciency and can even be used for the comparison of multiple datasets.
However, it also often ignores smaller energetic bottlenecks which
can be skipped due to the rapid changes of the ligand conforma-
tions. On the other hand, the upper bound trajectory is continuous
and smooth; however, it may not be energetically optimal as the
algorithm can generate very unfavourable conformations in the nar-
row parts of the tunnel.

When the domain experts are investigating the lower- and upper-
bound trajectories, they are mostly interested in the exploration of
their energy profiles. These profiles provide the information about
the likelihood of a particular ligand–protein conformation happen-

ing and about the rates of these processes—the higher energy values
are indicative of energetic barriers that the ligand may not be able to
pass in a given time. When the energetic barrier is too high, the up-
per bound trajectory may not be calculated at all. However, the lig-
and binding energy itself does not provide enough information for
some tasks. For instance, in protein engineering, one of the ultimate
goals is to strengthen or weaken particular protein–ligand interac-
tions. Here, the domain experts are either designing new regulatory
molecules (i.e. activators or inhibitors) that adjust the interactions or
they directly modify the protein itself to achieve their goals. When
developing new activators and inhibitors, the investigation of possi-
ble hydrogen bonds and hydrophobic interactions between the new
regulatory molecule and protein plays a crucial role for the strength
of interactions. On the other hand, when modifying the protein it-
self, the task is to identify particular amino acid residues that should
be modified. Here, the protein engineers need to relate the energy
profiles to the protein structure as the energy may be used to identify
the problematic parts that need to be mutated. Namely, the geometry
of the protein tunnel and the physico-chemical properties of amino
acids in the tunnel vicinity are then the most important parameters.

Moreover, protein engineers are often interested in comparing
trajectories of multiple ligands with different shapes, sizes and
physico-chemical properties in order to evaluate the protein reac-
tivity and select the most suitable protein– ligand pairs which can
be verified in the laboratory experiments. When comparing the tra-
jectories of multiple ligands, protein engineers are mostly interested
in the lower-bound trajectories, which give them more relevant in-
formation about the suitability of the given protein–ligand binding.

However, when investigating the lower-bound trajectories, it is
important to detect sudden changes in ligand conformation and ex-
plore them. Such changes can be either artefact caused by the miss-
ing continuity constraint or indicate natural flexibility of the protein
which is not possible to simulate in CaverDock at themoment. Here,
the knowledge about the orientation of protein secondary structures
(α-helices and β-sheets) in the vicinity of the ligand can be very
helpful (Figure 2e).

To identify all requirements for a system that would enable the
visual investigation of the CaverDock results, we have conducted
several informal interviews with the authors of the tool. Based on
these interviews, we have identified the following set of crucial tasks
that our visualization system has to support:

• R1 Enable the comparison between the upper- and lower-bound
trajectories to identify important differences.

• R2 Enable the comparison between the lower-bound trajectories
of several ligands, passing through the same protein tunnel.

• R3 Enable the identification of changes of ligand orientation or
conformation and relate them to changes in the binding energy.

• R4 Enable intuitive study of the surroundings of the ligand in
selected parts of its trajectory.

• R5 Enable assignment of the ligand trajectory to the protein tun-
nel used by CaverDock.

• R6 Enable identification of secondary structures in the vicinity of
the ligand during transportation.

• R7 Enable identification of hydrogen bonds and hydrophobic in-
teractions.
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Figure 2: System overview: (a) energy profiles, (b) navigation slider, (c) lining residues plot, (d) ligand view and (e) 3D view. The protein is
displayed using cartoon representation with α-helices depicted by orange and β-sheets by light blue colour. Compared ligands are depicted
using sticks representation and the amino acids interacting with the ligand in the selected frame are displayed using balls and sticks.

4. Proposed Solution

Based on these requirements, our system consists of five main parts
(Figure 2): The energy profiles (a) provide the users with an initial
overview of the trajectories and means for their comparison. The
navigation slider (b) allows selecting a single frame (current po-
sition) of the trajectory which the user wants to analyse in detail.
The lining residues plot (c) depicts the amino acids surrounding in-
dividual tunnel discs. The energy profiles and lining residues plot
are interactively linked with the ligand view (d) that shows the lig-
ands (their current positions in the trajectories) and the lining amino
acids, both projected to the 2D plane, corresponding to tunnel disc
at the selected position. The same information is also depicted in the
3D view (e). In the following sections, we will describe the individ-
ual parts of our system and how they address the specified tasks.

4.1. Trajectory alignment

To understand the energy plots depicted in the energy profiles view,
described in detail in the following section, we first need to explain

our approach to the alignment of trajectories. As described in Sec-
tion 3.1, the lower-bound trajectory is formed by the most energet-
ically favourable ligand conformations in each tunnel disc, while
the upperbound trajectory restricts the conformational and energetic
changes. It often contains multiple continuously changing ligand
conformations per single tunnel disc. As a result, the upper-bound
trajectory is usually longer in terms of frames. To be able to com-
pare the properties of these trajectories (R1), and also to compare
the lower-bound trajectories of several ligands passing through a
given tunnel (R2), we need to align them over time. In other words,
when we are comparing the ith frame from multiple trajectories, we
need to make sure that at the ith frame, the ligands from all the com-
pared trajectories are at the corresponding location within the pro-
tein tunnel. For each frame of the trajectory, we have the information
about its position within the tunnel (i.e. the tunnel disc ID). There-
fore, we simultaneously iterate over the trajectories to be aligned
and check the ID of the tunnel disc. In case the disc IDs at the cor-
responding frames do not match, we extend the trajectory with the
higher disc ID by duplicating the previous frame, i.e. the frame with
the matching disc ID (see Figure 3). This way we ensure that the

1 2 2 2 3 3
1 1 2 2 3 3

...
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... 1 2 2 2 3 3

1 1 2 2 3 3
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...
...

frames

trajectory 1:

trajectory 2:

disc IDs

1 2 2 2 3 3
1 1 2 2 3 3

1
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2
...
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Figure 3: Illustration of the alignment algorithm. The boxes correspond to individual frames, while the numbers within the boxes indicate
the assigned tunnel disc IDs. The grey boxes indicate the trajectory frames that were copied by the alignment algorithm.
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Figure 4: The energy profile plot of a ligand trajectory. The violet line depicts the energetic profile of the lower-bound ligand trajectory, and
the grey one, displayed on demand, stands for the upper-bound trajectory. The blue line indicates the width of protein tunnel. The grey bars on
the top and bottom of the plot are indicating the insertions of frames, performed in the alignment phase (in this case between the lower- and
upper-bound trajectories). Blue and pink bars depict the rotations and conformational changes of the ligand in the corresponding frames.

resulting trajectories contain the same number of frames and the
parallel frames correspond to the same tunnel disc.

If the trajectories end at the same position (e.g. the active site), the
aligned trajectories contain the same number of frames. However,
in some cases, the ligand cannot reach the active site. In such cases,
only the corresponding portions of the data are aligned.

This algorithm is primarily intended for trajectories that do not
contain loops. For trajectories containing loops, the resulting align-
ment might not be optimal as the algorithm is based on the forward
traversal through protein tunnel discs, while loops also include the
backward movement. Each time a backward movement occurs in
one of the trajectories, the remaining trajectories ‘wait’ for the back-
ward moving trajectory to reunite with them (i.e. they are extended
by the copied frames for the duration of the loop). Consequently, the
frames containing the backward–forward loop are not aligned with
the rest of the trajectories. However, as CaverDock does not allow
the backward movement of the ligand, we are not facing such issues
in our case.

4.2. Energy profiles

The aligned trajectories are plotted in the energy profiles view, en-
abling the users to compare the trajectories of several ligands pass-
ing through a given tunnel (R2) and their lower- and upper-bound
trajectories (R1). In this view, we create one plot for each ligand
(Figure 4), which depicts the energy profiles of the lower- (violet)
and upper-bound (grey) trajectories for a given ligand, as well as the
tunnel disc radius (blue). Alternatively, the geometric differences
between the ligands from the lower- and upper-bound trajectories at
the corresponding frames can be plotted instead of the tunnel disc
radius (green line in Figure 7). These differences are computed as
root mean square deviation (RMSD) of the ligand atoms. Each lig-
and trajectory generates one such a plot in the energy profiles view
(see Figure 2). In each plot, we are displaying the lower-bound tra-
jectory by default. However, the user can add the upper-bound tra-
jectory line to each plot on demand. From these plots, it can be ob-
served that in most cases, the high binding energy corresponds to
the geometric bottlenecks in protein tunnels.

As we mentioned in the previous section, the trajectories are
aligned with respect to the corresponding tunnel discs. We anno-
tate the frames inserted within the alignment step by light grey bar
segments lining the chart along its top and bottom borders. These
annotations serve two main purposes. Firstly, we need to make sure
that the altered portions of the trajectories are easily identifiable.
Secondly, the alignment is performed in places where the ligand in
a given trajectory lingers in the same place for multiple consecu-
tive frames. This means that the ligand was not able to easily pass
through the corresponding portion of the tunnel and the domain ex-
perts are likely to be interested in the causes of this problem.

To address the need for fast identification of geometrical changes
within the trajectory (R3), we further annotate the frames with such
changes. We distinguish between two types of geometric changes:
the rotation and conformation change. We identify these changes
by computing the RMSD of the ligand atoms in two consecutive
frames. If the value is above a user-defined threshold, we compute
the alignment of the ligand conformations from the two frames us-
ing the combinatorial extension algorithm [SB98]. This alignment
removes the differences between the conformations, caused by the
rigid-body rotation and translation.

After the alignment, we can compute RMSD again and derive
that if the RMSD before the alignment was high, but the RMSD af-
ter the alignment was equal or very close to zero, the main reason for
the detected change was the rotation of the whole ligand and not a
conformational change. But if the RMSD is still high after the align-
ment, it is a sign that the ligand underwent also some conformational
changes. These changes are againmarked as segments along the bor-
ders of the energy plots—rotation in light blue and conformation
change in pink. To make the colouring more prominent, the users
can choose to use full-height indicators (i.e. colour the background
of the whole frame) according to these changes (see Figure 7). It
should be stated that we compute the geometric changes for the
lower-bound trajectories of all ligands, as the restrictions imposed
during the computation of the upper-bound trajectories prevent large
changes of ligand conformation in the consecutive frames. Thus,
unless the RMSD threshold value is set close to zero, the geometric
changes are only detected in the lower-bound trajectory.

© 2020 The Authors Computer Graphics Forum © 2020 Eurographics - The European Association for Computer Graphics and John Wiley & Sons Ltd



458 K. Furmanová et al. / DockVis

4.3. Lining residues plot

To enable the exploration of the amino acids surrounding the lig-
and during the transportation (R4), we provide the users with their
overview within the lining residues plot. Here, we first extract all
amino acids that are either within the interaction distance from the
protein tunnel wall or ligand itself. Users can switch between these
two modes. We represent each amino acid by one row, separated
from the others by the black line. Each row is further split into sev-
eral lines. Their number corresponds to the number of compared
trajectories. We indicate the presence of the amino acid in the in-
dividual frames by colouring the corresponding portion of the line
(see Figure 5). In this way, the user can easily compare the contri-
bution of each amino acid to the scrutinized trajectories. The navi-
gation slider placed between the energy profiles and lining residues
plot (see Figure 2b) enables the selection of a frame which is then
highlighted with a vertical line in both views. Thus, the users can
easily identify amino acids surrounding the molecular tunnel or lig-
and in the selected frame. The frames are coloured according to
the selected property of the amino acids, e.g. their hydrophobicity
or the type of secondary structure (R6). We also extract the amino
acids which form the hydrogen bonds and hydrophobic interactions
with the ligands. As these bonds influence the transportation of the
ligands, the domain experts are particularly interested where these
bonds and interactions were formed and how they affect the ligand
trajectory (R7). Therefore, we indicate the frames where the bonds
and interactions were detected by colouring the parts of correspond-
ing amino acid rows in the lining residues plot. The amino acids can
be selected in this plot and highlighted in 3D.

4.4. Ligand view

To provide more detailed information about a single frame (R4),
we adapted the MoleCollar View from [BJG*15] (see Figure 6). In
this view, we display the abstracted representation of amino acids
surrounding the tunnel disc at a given frame. The amino acids are
depicted as bars coloured by multiple user-defined properties, ar-

Figure 5: The lining residues plot depicting the amino acids sur-
rounding the tunnel that are coloured according to their hydropho-
bicity. Each amino acid row is divided into several lines, and each
line corresponds to one of the currently compared ligand trajecto-
ries. Each ligand is marked by its unique colour that is then used
in the other views as well. The hydrogen bonds formed along the
trajectory between the amino acids and the ligand are indicated by
light brown colour, and the hydrophobic interactions are depicted
bymedium brown. The vertical line indicates the currently examined
frame, selected using the navigation slider.
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Figure 6: The ligand view showing the abstracted representation
of a single trajectory frame. The innermost contour represents the
shape of tunnel cross section. The rectangles around the contour
represent the properties of amino acids surrounding the tunnel. They
are coloured according to these properties. In this example, we are
comparing two ligands projected onto the tunnel disc plane. The
dashed line connecting one ligand atom with the Y29 amino acid
indicates the detected hydrogen bond between them. The dot-and-
dash lines are depicting the hydrophobic interactions between the
ligand and protein’s amino acids. The orientation of the amino acids
and the ligands is preserved, i.e. corresponds to their spatial 3D po-
sitions. The part of ligand behind the disc is depicted using dashed
lines and the drag atoms are highlighted by empty circles.

ranged in concentric circles (one circle per property) around the
tunnel representation (tunnel cross section contour) in the central
part of the view. Among such properties belong, for example, the
hydrophobicity or membership of the amino acid to one of the main
secondary structure types.

Since the original view from [BJG*15] was intended for the anal-
ysis of molecular tunnel behaviour in MD simulation, we modified
the view in several ways to fit our needs. Firstly, we enable the users
to switch between the contour representation of themolecular tunnel
and the disc representation that is used in the CaverDock algorithm.
Secondly, we display the ligand positions within the ligand view.
For this, we offer two alternative views.

By default, we use orthogonal projection, where we project the
atoms and bonds of the ligands to the plane given by the correspond-
ing tunnel disc (Figure 6). For smaller ligands, this representation
is preferable as it naturally preserves the mutual ligand orientation
as well as the positioning of the ligand atoms concerning the sur-
rounding amino acids. However, for ligands with a larger number
of atoms and bonds, the orthogonal projection might become too
cluttered. Therefore, we also offer a standard 2D structure diagram
representation of the ligands, generated by the Chemistry Devel-
opment Kit library [WMA*17] (see Figure 9). This representation
gives a better overview of the ligand structure but does not provide
any information regarding the changes in the spatial conformation
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of the ligands. It is also less precise in terms of distance and orien-
tation between the atoms and surrounding amino acids. To partially
address the second issue, we rotate the structure diagrams of the
ligands to minimize the difference in distances between the ligand
atoms and amino acid in the 3D and 2D representations, as well as
the distances between the ligands themselves.

In both representations, the hydrogen bonds and hydrophobic in-
teractions between the atoms of the ligand and the protein amino
acids are depicted by dashed and dot-and-dash lines, respectively.
Additional information about the exact atoms forming the bond is
shown on mouse hover. Users can also optionally highlight the drag
atom of the ligand, i.e. the atom that is placed within the tunnel disc
by the CaverDock algorithm. If this option is enabled, the part of
the ligand behind the tunnel disc is depicted using the dashed lines
(see Figure 6). This helps the users to determine the actual spatial
orientation of the ligand.

4.5. 3D view

The above-mentioned views provide a fast and intuitive way to com-
municate the most important information about the binding free en-
ergy and amino acids in the close vicinity of the ligand during trans-
portation. However, in order not to overwhelm the user, these views
are abstracting from the detailed spatial information. In order not to
lose this information, which is traditionally well understood by the
domain experts, we are accompanying the abstract 2D views with
the 3D View (Figure 2e), depicting the protein structure and trajec-
tories of investigated ligands in the currently selected frame. The
main strength of this view is coming from the fact that it is inter-
actively linked with all other views. This means that the user can
always obtain additional spatial information (e.g. position and ori-
entation of amino acids) through interaction.

The 3D view supports all common molecular representa-
tions [KKF*17] for both protein and ligand structures. One of the
most popular ones is the cartoon representation which depicts the
secondary structures, and hence, it directly enables the users to study
their shape and orientation (R6). We decided to communicate this
information solely via the 3D view as it is the most straightforward
communication channel for this purpose.

In the 3D view, we are commonly facing the occlusion problem
when the most important parts, i.e. the ligand and its surrounding
amino acids, are hidden behind other objects. To handle this issue,
we are supporting a clip plane which removes the unimportant parts
of the protein, occluding the important ones. By default, the orienta-
tion and position of this clip plane are set such that they correspond
to the disc that was used during the ligand fitting by CaverDock in
the currently selected frame. Note that it is the same plane as the
one used for computing the projection in the ligand view. The users
can, however, manually modify both position and rotation of the clip
plane in the 3D view.

Finally, to provide the users with additional context, we enable
to visualize the tunnel that was used by the ligand during the trans-
portation (R5). Our solution supports both the spherical represen-
tation used by CaverDock, as well as the more realistic surface
representation [JBSK15] that can capture the asymmetric shape
of the tunnel (see Figure 8). In both cases, the users can decide

whether the tunnel should or should not be affected by the clip
plane.

5. Evaluation

To verify the usability and contributions of our tool, it was tested by
senior protein engineers from our collaborating research group. For
that, we used multiple datasets produced by the CaverDock tool. In
this section, we demonstrate the usefulness of our solution on two
case studies, conducted using these datasets, and present the most
notable feedback we received from the domain experts.

5.1. Case study 1

The input dataset for this case simulates the transportation of the
adenosine triphosphate (ligand, ATP) to the active site of carbamoyl
phosphate synthetase (protein with PDB ID 1A9X). In this case, the
expert studied one pass of ATP and was aiming to explore its lower-
and upper-bound trajectories. The ATP molecule has an elongated
shape with adenine (two aromatic rings) on one side of the ligand
and the phosphate groups on the other side (Figure S1 in the Sup-
porting Information). To ensure that the ligand reaches the active
site, the simulation was performed in the reverse order, i.e. the lig-
and was placed into the active site and CaverDock was used to com-
pute its movement towards the outer environment. The simulation
was performed for three different tunnels present in the 1A9X pro-
tein. However, finding the exit trajectory was fully successful only
for one of these tunnels.

After loading the data into our tool, the expert started the analy-
sis by looking at the energy profiles (Figure 7). He noticed that the
plot contains two areas with large structural differences between the
lower- and upper-bound trajectories (around frame 20 and between
frames 50 and 80). He also noticed that the changes in RMSD be-
tween the upper- and lower-bound trajectories correspond to frames
with large conformation changes of the lower-bound trajectory, indi-
cated by pink stripes. Therefore, he turned to the 3DView to identify
what happened in these frames.

The expert noticed that at the beginning of the simulation, both
ligand conformations from lower-bound and upper-bound were po-
sitioned with the adenine side closer to the protein active site.
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Figure 7: The energy profiles view depicting the lower- (violet)
and upper-bound (grey) trajectories and the RMSD between them
(green). The colour stripes in the background show significant con-
formation changes of the ligand when passing through the tunnel.
Changes in rotation are depicted by light blue and other confor-
mation changes are marked with pink. It is visible that significant
structural differences are present around frames 20, 50 and 80.
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Figure 8: The ligand from the upper-bound trajectory (grey) is fol-
lowing the main tunnel (blue), while the phosphate groups of the
lower-bound ligand (violet) are sticking out of the main tunnel and
following a secondary tunnel (white). The sharp turn in the middle
of the secondary tunnel is marked by an arrow.

However, the orientation of the phosphate groups was different.
Upon displaying the main tunnel used for computation of the trajec-
tories, it was apparent that while the ligand from the upper-bound
trajectory follows the tunnel, the phosphate groups of the lower-
bound ligand were sticking out of the tunnel (see Figure 8). The ex-
pert suspected the presence of another tunnel at this location. There-
fore, he loaded two other tunnels into our tool, which confirmed this
assumption. Moreover, from the shape of the tunnel, the expert im-
mediately saw that the ATP would not be able to pass through it due
to the sharp turn in the middle (Figure 8).

The expert then decided to explore what was happening in the
frames with high conformation changes. He forwarded the trajecto-
ries to frame 18, before the first change. Then, by slowly browsing
through individual frames in 3D, he quickly noticed that the lower-
bound ligand completely changed its orientation several times—in
some of the frames, the phosphate groups were oriented towards the
active site, while in others it was adenine. After these changes, the
two ligands seemed to be better aligned and followed a similar path
until frame 50, where the lower-bound ligand flipped its orientation
again and kept it almost until the end of the simulation.

While it was obvious that the drastic change of orientation ex-
hibited in the lower-bound simulation is infeasible for the ligand
within the free space of the tunnel, the expert was still curious why
the reverse orientation of the ligand was considered more energet-
ically suitable in the simulation. Therefore, he turned to the lining
residues plot and the ligand view to explore the presence of the hy-
drogen bonds (Figure 9). He used the lining residues plot to navigate
to the frames where the bonds were present, particularly in the parts
of simulation where the bonds were detected inmultiple consecutive
frames. Using the ligand view and the 3D view, he then studied the
precise location of the bonds. In the ligand view, he alternately used
the orthogonal projection of the ligand to better estimate the orien-
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Figure 9: The lining residues plot (top) and the ligand view (bot-
tom) showing the hydrogen bonds (depicted by dashed lines) at
frame 60. The ligand is depicted using the structure diagram based
on the Chemistry Development Kit [WMA*17].

tation of the atoms, and structure diagram to better see where within
the ligand structure, the bond was formed. He noticed that several
hydrogen bonds were also formed with the lower-bound ligand in
the reversed orientation.

Based on his observation from our tool, the expert made two hy-
potheses. Regarding the part of simulation where one of the ligands
seemed to travel through the tunnel that was not intended for this
simulation, the expert noted that this was probably due to wrong
initial settings of the simulation computation. Normally, the atom at
the ligand’s centre of mass is selected as the drag atom (i.e. the atom
that is always placed within the tunnel disc during the simulation),
but the expert speculated that for elongated ligands, such as ATP,
this might not be the best choice.

The second hypothesis is related to the reversed orientation of
the ligand. Based on the large portion of the simulation the ligand
spent in this position as well as the presence of the hydrogen bonds
which suggests the correct orientation, the expert speculated that
it is possible that in the native state, the ligand might be oriented
such that the phosphate groups should face towards the active site
and that also the initial placement of the ligands in this simulation
might have been incorrect.

5.2. Case study 2

A second dataset was created to test the robustness of the tool
when studying multiple ligands passing through the same tunnel.
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For the initial ligand trajectory calculations, the protein structure
of LinB (PDB ID: 1K63) and its P1 tunnel was used. Five lig-
ands (1-chloropropane, 1-chlorooctane, 1,2-dibromopropane, bro-
mocyclohexane, 4-bromobutyronitrile) were selected from the set
of molecules [KHJ*05], which are experimentally used during the
test of substrate specificity of haloalkane dehalogenase LinB. These
ligands differ in size, molecular shape and atom constitution (Figure
S2 in the Supporting Information).

The expert started the exploration in the energy profiles view (Fig-
ure S3). By analysing all five ligands at once he was able to find the
barriers in the energy profiles. In combination with the other views,
he could immediately observe the orientation of the ligands in the
protein and identify important amino acids in the ligand vicinity and
also the tunnel bottleneck amino acids, whichmight have a very high
impact on the binding of the ligand. By interacting with the naviga-
tion slider, he was able to compare these properties in different parts
of the trajectories. Using the energy profiles view, he made the fol-
lowing observations. The ligand bromocyclohexane has the highest
energy barrier of all the ligands. At frame 70, he could see that it is
the place with the lowest tunnel radius. Both bromocyclohexane and
4-bromobutyronitrile had to undergo a rotation of the molecule to be
able to fit better in this place. When analysing the flips and rotations
of the molecules, he could easily see that the 1-chlorooctane and
4-bromobutyronitrile, which are elongated linear molecules, had to
change their conformation the most.

The ligand view enabled the expert to see the amino acids which
were in direct contact with ligands and he used this information to
compare the interactions at specific sites in the protein. In combi-
nation with the option to show and hide individual ligands, he con-
firmed that he was able to quickly analyse the differences in confor-
mations of ligands (Figure S4).

By combining the 3D view with the lining residue plot, he was
able to compare the ligand conformation and the number of hy-
drophobic interactions. This information along with the energy plot
led him to the selection of potentially interesting ligands, which
could then be used in real experiments. When it comes to the low-
est energy barrier, it would seem that the 1-chlorooctane is the
best ligand for this protein structure, but due to the high number
of flips and rotations, it seems that the complete unbinding might
be complicated for this ligand. The second best ligand with re-
spect to energy is the 1-chloropropane, which together with the
1,2-dibromopropane had the least amount of conformation changes
during its trajectory. When it comes to the number of favourable
interactions, the bromocyclohexane has the most of them during
its passage. This might be caused by its bulkiness, which is mir-
rored in the fact that it has the highest energy in the bottleneck
region of the tunnel. All other ligands have favourable hydropho-
bic interactions during the whole binding process. From this, the
expert assumed that all of them would bind with the tendency of
moving towards the active site. Based on all these observations, he
suggested picking the 1-chloropropane as the best ligand from the
tested set. Similarly, after finding the most suitable ligand from the
set, he could then focus on the protein and suggest mutations of
amino acids in the tunnel bottleneck regions, to ensure less difficult
ligand binding. Another usage of this scenario was to suggest the
changes of amino acids in other places to improve the number of
interactions.

5.3. Discussion and feedback

During and after the testing, we collected the feedback in the form
of informal interviews with the domain experts. First of all, the ex-
perts appreciated the results of the algorithm for the initial alignment
of trajectories. They noted that without our solution, they had to
manually search for the corresponding frames whenever he wanted
to compare the trajectories and their properties at a specific posi-
tion in the protein tunnel. Thanks to the alignment step, the experts
could easily navigate themselves through the trajectories and com-
pare them at the specific position.

The experts used the energy profiles and lining residues plot as a
form of navigation to the interesting frames. Here, they particularly
appreciated the possibility to compare the energies of individual tra-
jectories and navigate to their interesting parts. They stated that this
information was previously inaccessible to them. The experts ap-
preciated, namely the highlighting of frames that were subject to
large conformation changes. They also stated that the distinction be-
tween simple rotation and conformational changes is very important
for the analysis and they were unable to retrieve such information
before without tedious manual scripting.

The experts also described that having the direct visualization
of hydrogen bonds and hydrophobic interactions in both the lin-
ing residues plot and the ligand view was very helpful in this case
as they were instrumental in identifying more probable conforma-
tions. They stated that it is highly probable that they would miss
them when using some traditionally used visualization tool because
they would have to know a priori where exactly they are formed to
set the visualization properly. On the other hand, they suggested that
it would be beneficial to show in the lining residue plot in which tra-
jectory (upper or lower bound) the ligand formed the bond at the par-
ticular position, as well as the bond count. This information would
be beneficial as the higher number of bonds indicates stronger re-
action affinity. They also stated that the detailed list of the bonds
formed at the selected frame could be shown in the tooltip of this
plot. This information can currently be accessed in the ligand view.
However, the user first needs to navigate to a single frame, which
makes the exploration more tedious.

In general, the experts clearly stated that they would never be able
to make the observations described in the previous section without
our tool. They did not look at the simulation in 3D until now as it was
too complicated for them to set up the alignment of the trajectories
manually using some of the traditional tools.

6. Conclusion and Future Work

In this paper, we have presented a newly developed system for the
interactive visual analysis of molecular docking results. Our system
enables the domain experts to quickly explore their data and explore
its various properties. Although our system operates primarily with
data from the CaverDock tool, we believe that it can be easily ex-
tended for other tools as our system processes a sequence of frames
describing positions of atoms, which is a common output of many
related tools.

In the near future, we plan to address the remarks collected from
the domain expert during the testing and release of the tool as part
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of the next version of the CAVER Analyst tool [JBB*18], available
at www.caver.cz. The current version of DockVis is already avail-
able upon request. Another possible and desired extension of the
tool would be to support the studying of ligand trajectories passing
through different tunnels. However, this would require significant
changes in the concept, as the initial alignment with respect to the
tunnel discs is not feasible in such a case.
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Figure S1: Adenosine triphosphate (ATP) molecule consisting of
adenine, ribose and three phosphate groups.

Figure S2: Five ligands used in the study (from left: 1-
chloropropane, 1-chlorooctane, 1,2-dibromopropane, bromocyclo-
hexane, 4-bromobutyronitrile).

Figure S3: Energy profiles view for all studied ligands, enabling to
explore their energy barriers within their trajectory. For example,
the bromocyclohexane ligand has the highest energy barrier around
frame 70, where there is also the lowest tunnel radius. This view also
suggested parts of ligand trajectories where the ligands underwent
significant rotations and flips.

Figure S4: Studying the difference in conformations of ligands and
their surrounding amino acids using the ligand view.
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