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ABSTRACT Molecular dynamics (MD) simulations have become ubiquitous in all areas of life sciences. The size and
model complexity of MD simulations are rapidly growing along with increasing computing power and improved algorithms.
This growth has led to the production of a large amount of simulation data that need to be filtered for relevant information to
address specific biomedical and biochemical questions. One of the most relevant molecular properties that can be investi-
gated by all-atom MD simulations is the time-dependent evolution of the complex noncovalent interaction networks govern-
ing such fundamental aspects as molecular recognition, binding strength, and mechanical and structural stability. Extracting,
evaluating, and visualizing noncovalent interactions is a key task in the daily work of structural biologists. We have devel-
oped PyContact, an easy-to-use, highly flexible, and intuitive graphical user interface-based application, designed to provide
a toolkit to investigate biomolecular interactions in MD trajectories. PyContact is designed to facilitate this task by enabling
identification of relevant noncovalent interactions in a comprehensible manner. The implementation of PyContact as a
standalone application enables rapid analysis and data visualization without any additional programming requirements,
and also preserves full in-program customization and extension capabilities for advanced users. The statistical analysis
representation is interactively combined with full mapping of the results on the molecular system through the synergistic
connection between PyContact and VMD. We showcase the capabilities and scientific significance of PyContact by
analyzing and visualizing in great detail the noncovalent interactions underlying the ion permeation pathway of the human
P2X3 receptor. As a second application, we examine the protein-protein interaction network of the mechanically ultrastable
cohesin-dockering complex.
INTRODUCTION
Since the dawn of molecular dynamics (MD) and its appli-
cation to biomolecular systems over 40 years ago, the field
has been rapidly growing, and the methodological toolkit
has been vastly expanding (1–4). This enormous growth
has been largely facilitated by the ever faster computational
resources, and the complexity of the molecular systems
studied has been motivated by development of combined
computational and experimental structural biology tech-
niques (5). Simulations of systems with hundreds of thou-
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sands of atoms have become routine, and systems on the
order of 108 atoms have been successfully simulated
(3,6–8). In addition, the simulation timescales are gradu-
ally increasing (9,10). As a result, more complex biological
systems and processes can now be studied by MD simula-
tions, leading to much larger and denser data sets that need
to be analyzed. In the context of molecular binding and
recognition, noncovalent interactions play a significant
role. Biomolecular recognition heavily relies on a convo-
luted network of nonbonded interactions such as hydrogen
bonding, and ionic or hydrophobic interactions. This holds
true for all biomolecular interactions, including protein-
protein complexes, protein-DNA complexes, peripheral
and integral membrane proteins, and many others
(11–19). Discerning the highly complex networks of inter-
actions is of great interest when performing all-atom MD
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FIGURE 1 PyContact workflow. In step (I),

the read-in of a given MD trajectory is managed.

Any file format from common simulation pack-

ages that is readable by MDAnalysis (24,25)

can be used. The MDAnalysis library also pro-

vides powerful atom selection commands. In

step (II), analysis and visualization are performed

dynamically, directly in the GUI. The data repre-

sentation and analysis are fully customizable.

In step (III), the analysis results can be directly

saved as histograms, graphs, contact maps, or

text files. All the steps in the PyContact

main box are accessible through the GUI as well as text input via Python. User input is colored purple, used software and libraries are colored orange,

and steps executed by PyContact are shown in red and output in green. To see this figure in color, go online.
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simulations. The level of detail achievable is unparalleled
by other analytic methodologies (2). However, this analysis
task is often difficult, tedious, and nonintuitive. Especially
protein-protein interfaces are gaining increased signifi-
cance as potential drug targets, even though they are
deemed highly difficult to target because a detailed under-
standing of noncovalent interaction networks is necessary
(20,21). These types of interactions and their analyses are
so abundantly and routinely used that it is astonishing
that, to the best of our knowledge, no standalone software
package has been developed to address these important
analytical tasks in a rapid, intuitive, and accessible manner
for a broad user base.

Common biomolecular visualization packages, such as
VMD (22) and PyMol (23), aim to provide general and ver-
satile toolkits for MD trajectory analysis. However, graph-
ical user interface (GUI) plugins for customizable and
straightforward noncovalent interaction analyses are sparse
to date. In addition, several packages for trajectory analysis
have been developed, such as MDAnalysis (24,25), MDTraj
(26), g_contacts (27) and the GROMACS tools (28,29),
MAXIMOBY (30), PTRAJ/CPPTRAJ (31), MMTK (32),
LOOS (33), and Pteros (34). However, all these tools are
text-based and require programming to tailor the analysis
to the specific systems under study, which is usually quite
time-consuming and somewhat prohibitive for novice users.
Further, none of the tools allow for real-time interactive con-
tact analysis with a molecular graphics program.

Here, we present a standalone, GUI-based software pack-
age, namely PyContact, for noncovalent interaction analysis
of MD simulation trajectories. PyContact screens MD
trajectories for noncovalent interactions, also referred to
as ‘‘contacts,’’ based on interatomic distances, geometries,
and the type of involved molecules. It is intended for a broad
user base ranging from novices to experts that seek to
streamline the day-to-day analytic task of identifying and
visualizing biomolecular contacts in a comprehensible
manner. Even though the program is designed to work fully
in its standalone mode, we have also fully interfaced it to
the powerful molecular visualization program VMD, thus
providing the users with a seamless interface between
578 Biophysical Journal 114, 577–583, February 6, 2018
the data and the graphical representation of the molecular
system.
METHODS

The general workflow for PyContact (Fig. 1) starts with reading in the tra-

jectory and topology of an MD simulation produced by any common MD

package, followed by data analysis and visualization of contacts through

its GUI. PyContact is highly flexible and can be easily adapted to specific

needs of a user through a multitude of powerful selection commands and

customization of contact analysis parameters or scoring and filtering fea-

tures to identify individual contributions of contacts at different levels of

detail. Contacts are represented through the contact timeline in the main

window (Fig. 2). Color coding is used to distinguish different types of con-

tacts. Detailed statistical information to characterize the evolution and rele-

vance of contacts, e.g., lifetime, contact score, number of hydrogen bonds,

or solvent accessible surface areas (SASAs), are provided through histo-

grams or contact maps. Time-dependent representation of the statistical

contact analysis connected with the molecular graphics view in VMD

(22) allows for interactive inspection of the contacts on the fly. The resulting

contact information can be easily shared by exporting data as graphs,

images, plain text files, or the current state of the complete session.
Capabilities and implementation

PyContact is a standalone software package, allowing for out-of-the-box

usage of all capabilities without any programming knowledge. It is imple-

mented in Python (https://www.python.org, Version 2.7) and uses PyQt5,

the Python bindings to the open-source user interface and application tool-

kit libraries Qt, for the GUI. The installation is easily managed by the Py-

thon package manager pip. PyContact is parallelized using the Python

multiprocessing module, ensuring rapid analysis and quick processing of

large, complex data sets (Table S1). Furthermore, NumPy is employed

for fast numerical calculations (35).

PyContact reads all file formats generated by common MD simulation

packages and provides a multitude of atom selection commands, enabled

by the MDAnalysis library (24,25). When loading trajectories, the user

defines two atom selections, which enables precise differentiation of indi-

vidual contributions at different levels of detail to a certain subsystem of

interest, such as protein-protein, protein-lipid, protein-nucleic acid, or

even protein-small molecule interactions (Figs. 2 and S1).

Further steps are executed on the specified trajectory. For every inter-

atomic distance below a specified cutoff between the two selections, an

interatomic contact score is calculated and recorded (Fig. S2) (12,36–38).

To tweak the analytics to individual scientific questions at hand, customiza-

tion of parameters (e.g., cutoff values) can be done via the graphical

interface. To identify hydrogen bonds correctly, additional geometric

https://www.python.org


FIGURE 2 PyContact main window. (A) Time-

line: The first column shows the labels for contacts

according to user-defined selections. The color

code as determined by amino acid type and geom-

etry is as follows: red, salt bridge; blue, hydropho-

bic; pink, hydrogen bonds. Additional information

is displayed when clicking individual labels.

Drawn boxes correspond to equally sized trajec-

tory segments. The interaction scores are coded

by color intensity and color-coded based on the

nature of the interaction: green, side chain-side

chain; yellow, side chain-backbone; blue, back-

bone-backbone (data not shown in the figure).

(B) Accumulate scores: Contact scores can be

accumulated to user-defined structural entities of

the biomolecule. Thus, the user can switch dynam-

ically between different levels of detail. (C) Statis-

tics button: A panel with general information on

the accumulated contacts can be displayed (total

scores over time, total mean score, total hydrogen

bonds, etc.). (D) Vismode button: Vismode enables

clicking on a contact’s timeline and subsequently displaying this contact in molecular graphics in VMD. Clicking and dragging over boxes makes VMD show

the respective trajectory frame (Fig. 3). (E) Filter and sorting panel: In the first two segments of the panel, the frame stride, displayed range, and filtered range

can be manipulated. The third segment provides filtering and sorting options for the contacts based on their score and type. In the last two panels, contacts can

be filtered by residue names, residue ID ranges, atom names, and atom index ranges for both selections. (F) Status and progress panel: This panel shows the

application status during data processing and the progress of ongoing calculations. In addition, it displays the current atom selection texts. The depicted data

was taken from the steered MD simulation described in the Case Studies section. To see this figure in color, go online.
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criteria (39) are used, i.e., interatomic distances and the angle between a pu-

tative hydrogen bond donor, the hydrogen atom, and the acceptor (Fig. S3).

A major feature is the time-dependent representation of the identified

contacts within the main PyContact window (Fig. 2 A). Depending on the

desired level of detail to be displayed, the user can choose atom-atom inter-

actions or add up the interatomic contact scores to the corresponding atom

names, residue names, residue IDs, or segment names (Figs. 2 B and S4).

These so-called ‘‘accumulated scores’’ are quickly computed on the fly

and can be recalculated during the analysis session (Fig. 1, II). A short

demonstration of an analysis session in PyContact is provided as Movie S1.

The contacts are displayed according to their accumulated score, color-

coded by intensity, highlighting their evolution (Fig. 2 A). Accordingly, a

closer contact will receive a higher score and will be shown with higher

color intensity. In practice, this is particularly useful for users to get a quick

initial glance at their system and its evolution, and to identify potential key

interaction regions. The types of interactions are color-coded to reflect the

properties of the contributing amino acids or atomic geometries (Figs. 2 A

and S5). Furthermore, the color coding distinguishes between side chain-
FIGURE 3 VMD remote control. PyContact users can load anMD trajectory in

between PyContact and VMD, users can click (orange mouse pointer on timeline

graphics session with VMD. Swiping through the timeline (dashed arrow) mak

supplies users with simultaneous statistical and visual analysis in a time-depend

B domains 16 (blue) and 17 (red) is shown. As shown in (16), F1747 (blue) a

interface. To see this figure in color, go online.
side chain, backbone-backbone, and side chain-backbone contacts. Detailed

information about a contact, including time averages of the contact score,

lifetime, and others, can be accessed by simply clicking on its label in

the timeline (Figs. 2 A and S6).

Moreover, the intuitive GUI environment provides a multitude of contact

filtering and sorting capabilities, which narrows the information to the most

important details (Fig. 2 E). Inspired by the VMD Timeline plugin (40), the

capability to visualize selected contacts from PyContact in VMD was

included for three-dimensional visual inspection of the contacts. This

visualization is achieved by remote control of VMD through the PyContact

user interface (Figs. 2 D and 3). The aforementioned add-on interfaces are

readily accessible from the top application toolbar. A quick tour of contact

analysis using the interactive PyContact and VMD connection can be found

in the Movie S1. SASA, which provides a quantitative metric for the overall

contact area at an interface, is commonly used to quantify the extent of non-

covalent interactions of macromolecular complexes. In PyContact, the

SASA is calculated with the Shrake-Rupley algorithm (41) with user-cus-

tomizable parameters available (Fig. S7). To ensure high performance
to VMD through the graphical interface. Through the interactive connection

) on a contact’s timeline to visualize the respective contact in the molecular

es VMD advance to the respective trajectory frame. Thus, the connection

ent manner. In the displayed VMD window, a trajectory of human Filamin

nd V1832 (red) establish a highly correlated contact at the protein-protein
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through fast neighbor-list generation, we adapted an algorithm for Cartesian

grid search from VMD (22). The C/Cþþ code was wrapped by Cython (42)

to make it accessible for PyContact.

To represent and share the results of the contact analysis, figure genera-

tion and data export are enabled through an additional interface, built on the

Matplotlib environment (Fig. 1, III; Fig. S8) (43). This interface supports

saving images from the contact timeline, histograms, and contact maps

for specified parameters (e.g., hydrogen bond percentages). When desired,

the acquired contacts can be saved as plain text files to use the data in any

other plotting software. It is also possible to share an entire analysis session

by saving and reloading the current state, allowing one to easily resume an

analysis session. In addition to simplification of routine noncovalent inter-

action analysis for beginners, advanced users are given the possiblity to

automate more complex analyses through Python scripting and to add their

own analysis procedures (Fig. S9). For example, high-level statistics, such

as principal component analysis and clustering, could be directly performed

with the scikit-learn package (44).
RESULTS AND DISCUSSION

Case studies

PyContact has been thoroughly tested on several diverse ex-
amples, including protein-protein, protein-membrane, and
protein-small molecule systems (45). To illustrate the versa-
tile applicability and capabilities of PyContact, we per-
FIGURE 4 Cation pathway through P2X3. The top timeline shows PyContact

below show the respective events by molecular graphics in VMD (22), where an

sequence, and the lipid-ion interactions guiding permation are shown in the lowe

(PC) phosphate group. The Naþ ion loses contact with DOPC in step 2 and migra

E11 and the DOPC phosphate group. In step 3, Naþ moves toward a fenestrati

step 2. Exit of the Naþ ion in step 4 is guided by a proximal lipid residue tra

atom. The protein chains, represented by cartoons, are colored light blue. The N
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formed case studies on two different systems previously
investigated with MD simulations (18,46,47). In the first
case study, we analyze the protein-lipid, protein-ion, and
lipid-ion interactions involved in ion permeation through
the human P2X3 receptor. MD simulations of the P2X3

ion permeation have already been published (18), however,
the data have not been analyzed in detail for the aforemen-
tioned non-covalent interactions with respect to the precise
permeation pathway and mechanism. In the second case,
we analyze a steered MD simulation (48) of a type III
X-module:Dockerin:Cohesin (XDoc-Coh) complex (46,47).
Lipid-guided ion permeation through P2X3

The P2X purinergic receptors are nonselective cation chan-
nels activated by extracellular nucleotides, such as ATP
(49). These receptors are ubiquitously found in eukaryotes,
modulating diverse processes, such as synaptic transmis-
sion, hearing, taste, and inflammation (50,51). Recent
x-ray structures of human P2X3 did not explain the complete
pathway of ion permeation, but enabled MD simulations
which then provided insights into lipid- and protein-driven
output of protein-ion and membrane-ion interactions. The image sequences

overview of the position of Naþ in the protein is given in the upper image

r sequence. In step 1, Naþ enters the protein lumen, coordinated by a DOPC

tes toward the lower part of the channel. Naþ is subsequently coordinated by

on on the opposite channel side, where it establishes similar contacts as in

nsporting Naþ out of the protein via interaction with the carbonyl oxygen

aþ ion is drawn as a purple sphere. To see this figure in color, go online.
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ion permeation (18). By using PyContact, interactively con-
nected to VMD, we further analyzed the simulation data,
characterizing the permeation pathway in great detail.
Intriguingly, the pathway of sodium ions inside the protein
is governed mainly by precisely positioned lipids, interact-
ing with hydrophobic patches of the protein itself. For the
ion permeation simulation, P2X3 was embedded in a lipid
bilayer of dioleoylphosphatidylcholine (DOPC). The indi-
vidual steps of permeation and corresponding biomolecular
interactions are depicted in Fig. 4. In all steps, Naþ is coor-
dinated by a DOPC phosphate group. Lipid-ion interactions
are much more abundant than protein-ion interactions; how-
ever, the protein plays a pivotal role in positioning the
DOPC molecules inside the grooves: hydrophobic patches
(Table S2), previously defined as key residues in gate open-
ing (18), directly interact with the hydrophobic lipid tails.
The headgroups are coordinated by polar residues. Residue
T330 has been suggested to bind Naþ upon channel entering
in step 1 (18). Our contact analysis, however, shows that
T330 rather interacts with DOPC through hydrogen
bonding. This interaction fixates DOPC positioning inside
the protein such that Naþ can directly bind to the DOPC
headgroup. In step 2, breakage of a salt link between choline
of DOPC and E11 makes the lipid headgroup rotate such
that Naþ is incorporated between phosphate and E11. The
positively charged trimethylamino group points away from
Naþ. In the third step of permeation, Naþ exhibits a similar
contact pattern to step 2. Ion exit (step 4) is guided by inter-
action of Naþ with a DOPC proximal to the egress pathway.

Investigation of the P2X3 trajectory with PyContact in
combination with VMD revealed key protein-lipid and
ion-lipid interactions, which are crucial for proper lipid
positioning and underly molecular events of Naþ perme-
ation. These interactions were immediately visible from
the PyContact timeline, and the synergistic molecular
graphics investigation in VMD of the respective rearrange-
ments complemented the analysis procedure.
Ultrastable cellulosome-adhesion complex

Dockerins and cohesins are the main building blocks of cel-
lulosomes being responsible for the cellulosomal assembly in
a multimodular complexation. It was revealed with atomic
force microscopy-based single-molecule force spectroscopy
experiments that the type III XDoc-Coh complex can with-
stand forces in the remarkable range of 600–750 pN (46,47).

Steered MD simulations, where XDoc and Coh were
pulled apart, mimicked the atomic force microscopy exper-
iment and revealed the key amino acids stabilizing the inter-
face of the XDoc-Coh complex (46). Remarkably, it was
previously observed that contact area slightly increases dur-
ing pulling simulations when compared with equilibrium
simulations (46,47). This phenomenon happens due to
amino acid side-chain reorganization under mechanical
load, with many of these residues establishing much larger
contact areas with their counterpart in the other subunit.
The XDoc-Coh complex therefore provides an excellent
example whereby noncovalent interactions play a key role
in the biomechanical properties. With PyContact, it was
possible to analyze the trajectory and generate publica-
tion-grade figures in a short time without any scripting
(Fig. 5). The time-dependent evolution of the contact sur-
face area during the pulling simulation was analyzed with
the SASA module (Fig. 5, B and D), whereas the rearrange-
ment of the hydrogen bonding array is already directly
observable in the main window timeline (Fig. 2). Using
FIGURE 5 Analysis of the Cohesin-Dockerin

interface with PyContact. In the steered MD simu-

lation, the XDoc-Coh complex was mechanically

pulled apart. (A) Structure of the XDoc-Coh com-

plex (left) and the interfacial residues (right). The

image was created with VMD (22). (B) Time-evo-

lution of the contact area. The contact area of Co-

hesin to Dockerin was calculated for every frame

from within the PyContact SASA module. (C)

The hydrogen bond number per frame (hbond

number) was plotted from the PyContact Statistics

widget. (D) The SASA of the Cohesin interface

residues was also calculated directly from the

SASA module, showing how the residues become

solvent-accessible when the XDoc-Coh complex

is broken. To see this figure in color, go online.
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the various filtering options of PyContact, we could easily
differentiate between permanent hydrogen bonds, e.g.,
N107-D219 and D165-R134, and hydrogen bonds that
are only formed upon mechanical stress, i.e., T68-T137,
K156-D219, and K103-T211, established between XDoc
and Coh, respectively.
CONCLUSIONS

Recognition and conformational changes of biomolecules
mediated by noncovalent interactions are key for cellular
function and integrity. MD simulations provide a tool to
extensively study such interactions at an atomic resolution.
PyContact provides a tool to extract, evaluate, and visualize
noncovalent interaction networks from MD simulation tra-
jectories. Through a plethora of analysis features, PyContact
enables customizability to the individual needs of a scienti-
fic question, and the graphical interface ensures access to all
features and functions in an easy-to-use manner without the
necessity of programming. The implementation in Python
and its free availability and distribution allows scientists
to adjust parameters or even expand the existing code to
their needs. Particularly, job automation is easily accessible
through PyContact. The time-dependent representation of
the contact analysis connected with the molecular graphics
view in VMD allows for interactive inspection and visuali-
zation of contacts on the fly. The obtained contact informa-
tion can be easily shared by exporting data as graphs,
images, pure text files, or the current state of the complete
session. We showcased the capabilities of analyzing pro-
tein-protein, protein-lipid, protein-ion, and lipid-ion interac-
tions with case studies of ion permeation through the human
P2X3 receptor and the XDoc-Coh complex. In the P2X3

case, the time-resolved statistical analysis of protein-ion,
protein-lipid, and lipid-ion contacts during ion permeation
enables easy identification of key steps and provides a
comprehensible representation of the pathway. For cohesin
and dockerin, the load-dependent evolution of the interac-
tion network within the protein-protein complex was
analyzed and represented in a comprehensible way with
just a few mouse clicks. In the future, we plan to implement
customizable scoring functions and smooth scoring func-
tions for hydrogen bonds. Further, we will extend the anal-
ysis features to work even more readily for protein-lipid and
protein-small molecule interactions. Identifying protein-
small molecule interactions will gain more importance
through advances in computer-aided drug design. Therefore,
the need for tools to identify these interactions will even in-
crease in the future, and PyContact provides a basis for more
features and broader applicability yet to come.
Software availability

PyContact is freely available under the GPLv3 license.
The codes for Cartesian grid search and SASA calculations
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were derived from VMD, which is available under a GPL-
compatible license (http://www.ks.uiuc.edu/Research/vmd/
current/LICENSE.html). The most recent information and
a tutorial are available on our project websites (http://
www.ks.uiuc.edu/Research/pycontact and https://pycontact.
github.io) and the development is hosted on https://github.
com/maxscheurer/pycontact. The latest version is 1.0.2 and
has been archived at 10.5281/zenodo.1041419.
SUPPORTING MATERIAL

Supporting Materials and Methods, nine figures, two tables, and one

movie are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(17)35051-8.
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