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Abstract
Motivation: Molecular dynamics (MD) simulations provide critical insights into the transport of solutes, solvents, and drug molecules across 
protein channels embedded in a membrane bilayer. However, identifying and analyzing the permeation events from complex simulation data 
remains as a challenging and laborious task. Thus, an automated tool that facilitates the capture of permeation events of any molecular type 
across any channel is essential to streamline MD trajectory analysis and enhance the understanding of biological processes in a timely manner.
Results: Molecular Dynamics Trajectory Analysis of Permeation (MDTAP) is a Linux/Mac-based software that automatically detects permeation 
events across membrane-embedded protein and nucleic acid channels. The tool accepts trajectories in DCD (CHARMM/NAMD) and PDB for
mat (obtained from any MD simulation package) and employs bash scripts to analyze the input trajectories to characterize the molecular perme
ation. The efficiency of MDTAP is demonstrated using MD trajectories of Escherichia coli outer membrane protein Wzi and E. coli Aquaporin Z. 
MDTAP can also analyze permeation across heterogeneous lipid membranes and artificial nucleic acid channels, addressing their growing im
portance. Thus, MDTAP simplifies trajectory analysis and also reduces the need for manual inspection.
Availability and implementation: MDTAP is open-source and is freely available on GitHub (https://github.com/MBL-lab/MDTAP), including 
source code, installation instructions, and usage documentation.

1 Introduction
Molecular dynamics (MD) simulation has emerged as a com
putational microscope to capture the time-dependent confor
mational dynamics of biomolecules (Dror et al. 2012, Feng 
et al. 2019). Since its flourishing in the 1970s, the efficacy of 
MD simulation techniques in providing structural insights 
about biological phenomena has been well-demonstrated 
(Gao et al. 1989, Marszalek et al. 1999, Zhang et al. 2010, 
Cheatham and Case 2013, Littlefield et al. 2014, Schlick and 
Portillo-Ledesma 2021, Schlick et al. 2021). One such exam
ple is the translocation of small molecules like water, ions, or 
other solute molecules, which plays a pivotal role in main
taining cellular homeostasis across membrane-embedded pro
tein channels (Lynch et al. 2020). For instance, the 
mechanism of water conduction by aquaporins, a water- 
conducting membrane protein that regulates the amount of 
water inside cells across all the kingdoms of life (Kruse et al. 
2006), was elucidated in greater detail by MD simulations 
(de Groot and Grubmuller 2001, Tajkhorshid et al. 2002). 
Similarly, MD simulations helped understand the gating 
mechanisms of mechanosensitive (Gullingsrud and Schulten 
2004), voltage-dependent anion channel (VDAC; Rui et al. 
2011), potassium channels (Noskov et al. 2004), and so on 
(Beckstein et al. 2003, Carnevale et al. 2021, Niitsu and 
Sugita 2023, Freites and Tobias 2024, Acharya and 
Kleinekathofer 2025). MD simulations were also helpful in 

understanding the solute conduction mechanism across artifi
cial nucleic acid channels (Joshi et al. 2023).

There are many tools to map the transmembrane channels, 
like CHAP (Klesse et al. 2019), HOLE (Smart et al. 1996), 
CAVER (Petrek et al. 2006), and MOLEonline (Pravda et al. 
2018). Interestingly, the PerMM tool differs from the others 
(Smart et al. 1996, Petrek et al. 2006, Pravda et al. 2018, 
Klesse et al. 2019) as it provides the permeation coefficient 
and the translocation pathway of drug-like molecules 
through artificial and natural membranes (Lomize et al. 
2019). However, to the best of our knowledge, there is no 
tool available to capture the solute/solvent conduction events 
across a membrane protein from the vast volume of MD tra
jectory in a simple fashion irrespective of the nature of the 
pore shape, pore size, and directionality of transportation 
[viz., unidirectional (extracellular to intracellular or vice-a- 
versa) or bidirectional]. To this end, a trajectory analysis 
tool, Molecular Dynamics Trajectory Analysis of Permeation 
(MDTAP), is developed here to capture and quantify the per
meation events across protein and nucleic acid channels. 
MDTAP offers flexibility for the user to define the molecule 
of interest (water/ions/solute/small molecules) whose perme
ation across a protein or nucleic acid channel can be tracked 
using the PDB files or CHARMM/NAMD DCD files gener
ated from the MD trajectory irrespective of the mode of con
duction (viz., a single molecule in narrow channels or bulk 
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molecules in wider channels which may either be unidirec
tional or bidirectional). MDTAP uses a distinct approach to 
facilitate the capture of molecules transported across a chan
nel having a straight or tortuous diffusion path. To the best 
of our knowledge, there is no single platform available that 
can comprehensively characterize molecular permeation 
across a channel using MD trajectories. Thus, MDTAP is de
veloped to seamlessly extract detailed information about the 
permeation path, the number of permeating events, the time 
taken by a molecule to permeate across the channel, the ca
pacity of a channel to accommodate the permeating molecule 
of interest at any instance, and the net flux. The source code, 
installation, and usage instructions for MDTAP are freely 
available to the public on GitHub.

2 Methods
2.1 Development of a methodology to calculate 
permeation events
A molecule (e.g. water, ion, solute, or small molecule) is con
sidered to be permeating only if it moves from one side of the 
channel to the other. However, the permeation path may not 
always follow a single-file trajectory (Sachdeva et al. 2016, 
Sachdeva et al. 2017), as seen in the outer membrane protein 
Wzi of Escherichia coli (Bushell et al. 2013) (Fig. 1A). Due to 
multiple entry and exit points in this protein, a water mole
cule entering the Wzi channel does not necessarily have to 
cross the channel during the MD simulation time. Thus, this 
complicates the understanding of water permeation mecha
nism(s). This study introduces an automated method to cap
ture molecular permeation events across any channel type 
(viz., straight or tortuous with single or multiple entries/exits) 
from the MD simulation trajectories (Fig. 1B).

First, the channel’s dimensions are defined by identifying 
the minimum (Xmin, Ymin, and Zmin) and maximum (Xmax, 
Ymax, and Zmax) coordinates along the X, Y, and Z axes. 
These coordinates can be extracted from the first frame of the 
trajectory or obtained from prior knowledge of the channel’s 
geometry. Note that the minimum and maximum coordinates 
are identified by considering all the atoms (including hydro
gens) of the channel based on the user-defined chain ID and/ 
or seg ID. Exceptionally, for the Z-density profile submodule, 
while the minimum and maximum X and Y coordinates (of 
the channel) are determined as mentioned above, the Zmin 

and Zmax values are identified by considering all the atoms of 
both the channel as well as the reservoir to capture the per
meation path of the molecule along the Z-direction (along 
which the channel is aligned). However, the user has the free
dom to define the dimensions manually. Soon after obtaining 
the channel’s dimensions, the permeating molecule(s) of in
terest (for instance, water, as depicted in Fig. 1A) falling 
within the defined channel dimensions in the given MD tra
jectory are identified using a representative atom of the mole
cule. For example, in the case of a water molecule, the 
oxygen atom can serve as the representative.

To improve the computational efficiency, a frequency cut- 
off defining the minimum number of occurrences of a mole
cule inside the channel is subsequently defined. For every 
molecule above the frequency threshold, the trajectories 
where the Z-coordinate falls within the range of Zmin to Zmax 

are considered for further analysis. The Z-coordinates of the 
first and last frames satisfying the frequency cut-off are desig
nated as Z1 and Z2 to determine the permeation events. 

Additionally, the Z-coordinates of the molecule before enter
ing the channel (frame before Z1) and after exiting the chan
nel (frame after Z2) are checked to ensure the accurate 
identification of permeating or non-permeating molecule(s). 
This is achieved by comparing the Z-coordinates of the mole
cule (Z1 and Z2) with those of the channel (Zmin and Zmax), 
as described in the following. Non-permeation events can be 
of five different categories: (i) the molecule enters from Zmax 

direction but does not cross the channel (viz., Z1 > Zmax and 
Zmin < Z2 <Zmax; indicated as 1 in Fig. 1B), (ii) the molecule 
enters from Zmin direction but does not cross the channel 
(viz., Z1 < Zmin and Zmin < Z2 <Zmax), (iii) the molecule is 
already within the channel at the start (Zmin < Z1 <Zmax) but 
exits from either side of the channel (Z2 > Zmax or Z2 <

Zmin; indicated as 2 in Fig. 1B), (iv) the molecule remains 
within the channel throughout (Zmin < Z1 <Zmax and Zmin <

Z2 <Zmax; indicated as 3 in Fig. 1B), or (v) the molecule 
enters and exits from the same side of the channel (jZ2 − Z1j

< jZmax – Zminj) (indicated as 4 and 5 in Fig. 1B). If a mole
cule does not meet these criteria, it is likely to permeate the 
channel. Permeation events are divided into two types based 
on the direction: (i) the molecule crosses the channel from the 
Zmax to Zmin direction (direction 1; indicated as 6 in Fig. 1B) 
and (ii) the molecule crosses the channel from the Zmin to 
Zmax direction (direction 2; indicated as 7 in Fig. 1B). The di
rection of permeation is determined by checking the proxim
ity of Z1 to Zmax or Zmin at the entry frame and the 
proximity of Z2 to Zmax or Zmin at the exit frame. However, 
some of the molecules might still not satisfy any of the above 
criteria due to periodic boundary conditions and are classi
fied as non-permeating.

2.2 MDTAP software development: implementation, 
prerequisites, functionality, and validation
The above methodology is implemented as a Linux/Mac- 
based software named “MDTAP: Molecular Dynamics 
Trajectory Analysis of Permeation.” The software executes 
this methodology in a Bourne Again Shell (bash) environment 
and utilizes a Fortran 90 script to read CHARMM or 
NAMD trajectories in DCD format, as DCD files are written 
in unformatted Fortran format. The Fortran 90 file is exe
cuted using a GNU Fortran compiler and is called as 
“gfortran.” The software has multiple interactive modules, as 
detailed in the following sections, along with the input and 
output information. Since some modules generate output 
graphs for the user’s preliminary inspection, the system exe
cuting the software should have gnuplot installed and can be 
accessed by the name “gnuplot.”

Note that MDTAP is not limited to capturing permeation 
across transmembrane protein or nucleic acid channels; it 
also facilitates the characterization of molecular permeation 
across heterogeneous lipid membranes.

3 Results and discussion
3.1 Starting and exiting MDTAP
3.1.1 Rename module
The interface of the MDTAP software is given in Supplementary 
Table S1, wherein the user has to first select whether the trajecto
ries are in PDB or DCD format. Subsequently, the “Rename” 
module (invoked by “A” or “a”) has to be executed to rename 
the PDBs (any MD simulation package) or DCDs (CHARMM/ 
NAMD) to make them accessible to MDTAP (Supplementary 
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Figure 1. Methodological development of MDTAP. (A) A schematic representation describing complete and incomplete permeation events by 
considering the water-conducting E. coli Wzi protein channel (cartoon representation, PDB ID: 2YNK) as an example. Wzi in a periodic boundary condition 
is shown on the left. For the sake of clarity, POPE and POPG (3:1) membrane molecules are not shown. The water reservoir on either side of the channel 
is shown in line representation. While the light blue colored water molecule shows the complete permeation event, the dark blue colored water molecule 
shows an incomplete permeation. (B) Flowchart describing the methodology implemented in MDTAP to identify the permeation events in an automated 
fashion. See text for details. The yellow cylinder indicates the channel through which the molecule(s) is expected to permeate.
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Table S2). This module renames the PDBs/DCDs in sequential 
order with the prefix “step_” and extension “.pdb” or “.dcd” 
(viz., step_1.pdb, step_2.pdb, step_3.pdb, etc., or step_1.dcd, 
step_2.dcd, step_3.dcd, etc).

3.1.2 Exit module
The user can leave the software interface using options “C” or 
“c” of the main module. It is important to note that while the 
examples discussed here have used PDB as the input trajectory 
format, MDTAP accepts both PDB and DCD files as input.

3.2 Analyze permeation module
Since parameters such as permeation coefficient, pore dimen
sions, and diffusion events are crucial for characterizing the 
permeation of a solvent/solute/small molecule(s) across a 
channel, the second module of the software, “Analyze 
Permeation Module” (APM), which is invoked by typing “B” 
or “b,” includes nine submodules, as described in Table 1
and Supplementary Fig. S1. Notably, all the APM submod
ules assume that the channel is aligned with respect to the Z- 
axis of the Cartesian coordinate system. Figure 2 summarizes 
the outputs generated by the submodules of the “APM” by 
considering the previously published E. coli Wzi trajectory 
(Sachdeva et al. 2016) as a test case.

MDTAP automatically recommends the channel dimen
sions based on the minimum (Xmin, Ymin, and Zmin) and max
imum (Xmax, Ymax, and Zmax) coordinates of the protein/ 
nucleic acid channel along the X, Y, and Z axes. This helps 
capture the permeation event(s) even if the channel extends 
beyond the inner/outer membranes (extracellular, periplas
mic, or cytoplasmic sides). One such example is Wza, an E. 
coli protein that spans beyond the outer membrane bilayer 
(Dong et al. 2006, Supplementary Fig. S3).

To facilitate the multichannel analysis, the software also 
allows the user to enter the segment and/or chain IDs of the 
channel of interest. For example, in a system like aquaporin 
with four channels labeled with seg IDs as “segA,” “segB,” 
“segC,” and “segD” in the input PDB files, the user can spec
ify “segA” to analyze the permeation across the first channel. 
In the absence of a seg ID in the PDB files (like in a single 
channel), the user may skip this option by pressing the enter 
key. Similarly, the user can use the chain ID as an input; in 

the absence of which in the PDB, the user may skip this op
tion by pressing the enter key.

3.2.1 Z-density profile (APM 1)
This submodule provides information about the molecule’s 
conduction path along the channel axis. After obtaining the 
necessary information from the user (Supplementary Table 
S3), the positions of the transporting molecule(s) along the Z- 
axis (viz., the channel axis) are determined. This is achieved by 
counting the number of molecules in each 1 Å block. The sub
module generates individual plots and text files for each input 
PDB file and a time-averaged plot (with standard deviations) 
showing the “Number of molecules in every 1 Å block versus 
Position along Z-coordinate (Å)” (Fig. 3A, Supplementary Fig. 
S4A). Note that, unlike the other submodules, this submodule 
uses the maximum and minimum values of Z-coordinates of 
the entire system to fetch the Z-axis dimension of the channel. 
However, the user can also manually define the dimensions.

3.2.2 XY area profile (APM 2)
This submodule provides insight into the localization of the 
permeating molecules within the XY cross-sectional area of 
the channel. Its input format is similar to the previous sub
module (Supplementary Table S4). However, while specifying 
the channel dimensions in the input, the user can refer to the 
plots generated by the previous submodule to identify appro
priate upper and lower Z-axis limits. This submodule gener
ates a series of two-dimensional (2D) plots to give the user a 
clue about the localization of the transporting molecule in the 
XY plane with respect to time (Supplementary Table S4). 
Along with the 2D plots, the submodule also generates a se
ries of 3D plots (Supplementary Fig. S5) with respect to time 
by incorporating the Z-axis coordinate of the permeating 
molecule in the third dimension (for each input PDB). The 
submodule further generates a series of density plots (using 
all the input PDBs), which is the projection of the transport
ing molecule onto the respective XY plane for each 1 Å block 
defined along the Z-axis to precisely obtain the pore size (in 
the XY plane) of the channel (Fig. 3B, Supplementary Fig. 
S4B). An animated GIF file is also created by combining all 
the density plots (Supplementary Movie S1).

Table 1. List of MDTAP modules and their functionalities.

APM number Submodule name Function

1 Z-density profile Identifies the variation in the population of permeating molecules along 
the channel axis (viz., Z-axis)

2 XY area profile Identifies the aerial and spatial distribution of the molecule of interest 
projected to the XY plane

3 Rate of change of molecules Calculates the number of molecules present inside the channel with 
respect to time

4 Permeation Identifies and lists molecules that undergo complete and incomplete 
permeation through the protein

5 Net flux and permeability coefficient (Pd) Provides the net flux and the diffusion permeability coefficient (Pd) of the 
molecule of interest across the channel

6 Residence time Calculates the time (in ps) that the permeating molecule resides in the 
conduction path

7 Track molecule Tracks the path followed by the permeating molecule along the pore axis 
(Z-axis) as it passes through the channel

8 Diffusion entry/exit Calculates the number of molecules that enter or exit through a diffusion 
plane defined by three or more amino acids

9 Distance calculation Calculates the distance between electronegative atom pairs of the molecule(s) 
of interest and the channel residues and reports atoms that are within a 
distance of 3.5 Å, along with the frequency of occurrence

Notes: The submodule number to be used in the software interface (Supplementary Table S1) to invoke the appropriate submodule is given in column 1. Note 
that these submodules do not need to be executed in a sequential order.
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3.2.3 Rate of change of molecules (APM 3)
This submodule calculates the number of molecules inside the 
channel over the simulation time, providing insights into the 
channel’s capacity to accommodate the molecule of interest. 
Defining the X-, Y-, and Z-axis dimensions based on the plots 
generated by the previous submodules is recommended. Once 
the required data is obtained (Supplementary Table S5), the 
submodule outputs a text file and a corresponding “Time 
(ps) versus Number of Molecules” graph, illustrating the dis
tribution of the molecule inside the channel (Fig. 3C, 
Supplementary Fig. S4C). Additionally, the submodule gener
ates a text file with the volume occupied by the molecule 
within the specified X, Y, and Z dimensions with respect to 
time in picoseconds (ps) by multiplying the number of mole
cules by the molar volume of the molecule of interest.

3.2.4 Permeation (APM 4)
This submodule calculates the number of molecules permeat
ing through the channel, regardless of directionality 
(Supplementary Table S6). A “permeation event” is defined 
as the complete translocation or transport of water, ions, or 
small molecules through the channel from one reservoir to 
another (Supplementary Fig. S6). The submodule generates 
three output text files: Permeation-dir1.dat, Permeation-dir2. 
dat, and Non-permeating.dat, listing molecules that permeate 
in two distinct directions and those that do not permeate, re
spectively. Note that for unidirectional channels, only mole
cules crossing in one specific direction will be listed. To 
further visualize the path traced by the permeating molecule 
(s), the submodule also generates individual PDBs that consist 
of the positions of the permeating molecule during its 

residence inside the channel. Each PDB file corresponds to a 
specific atom number.

3.2.5 Net flux and permeability coefficient (Pd) calculation 
(APM 5)
Insights obtained from the “Permeation” submodule can be 
used for calculating the net flux and permeability coefficients 
using the “Net flux and permeability coefficient” submodule 
(Supplementary Table S7). The net flux is calculated by sub
tracting the total number of permeating molecules in one di
rection from the opposite direction (for bidirectional 
channels) during the simulation time frame. Such a net flux 
calculation from the simulation trajectories can be utilized to 
observe the channel conduction mechanism and determine 
the attainment of equilibrium, wherein the number of mole
cules translocating from both sides should be equal. This is 
done by counting the number of water molecules crossing the 
channel in two different directions by considering the total 
number of permeating molecules listed as direction 1 and di
rection 2 in the “Permeation” submodule. The resultant num
ber will be the net flux. For the unidirectional channels, the 
number of permeating molecules will be zero in one of the 
directions. The submodule also calculates the diffusion per
meability coefficient (Pd) as described elsewhere (Equation 
(1); Zhu et al. 2004): 

Pd ¼
Vw

NA

� �

qo (1) 

Where Vw is the molar volume of the molecule of interest, 
which is 18.07 cm3 for water, NA is Avogadro’s number, and 
qo is the number of permeation events in one direction per 

Figure 2. Schematic representation describing the outputs generated by the nine different submodules of the “APM” (refer to Table 1 for the 
functionality details and Supplementary Fig. S2 for the interlink between these submodules) by considering E. coli Wzi trajectory (200 ns) (Sachdeva et al. 
2016) as a case in point is shown. The channel’s position with respect to the Z-axis is obtained from the “Z-density profile” submodule and is used as the 
Zmax and Zmin values for the subsequent submodules. Similarly, the “XY area profile” submodule gives a clue about the channel’s position with respect to 
the XY plane. The list of atom numbers that are found to permeate across the channel is obtained from the “Permeation” submodule (viz., the atom 
numbers of those molecules that undergo complete or true permeation) and is used in the subsequent submodules (refer to Supplementary Fig. S2). The 
red-colored double hashtags (##) in the graph titles indicate that it is a representative output of the respective submodule.

MDTAP: Molecular Dynamics Trajectory Analysis of Permeation                                                                                                                                    5 

https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data
https://academic.oup.com/bioinformaticsadvancesarticle-lookup/doi/10.1093/bioadv/vbaf102#supplementary-data


unit of time. Due to the equilibrium conditions, the number 
of permeation events in both directions should be nearly simi
lar for bidirectional conduction. Thus, the total number of 

permeation events is 2qo for bidirectional conduction. In MD 
simulations, an equal number of bidirectional permeation 
events may not occur during the simulation time. Thus, an 

Figure 3. Graphical outputs generated by submodules 1, 2, 3, and 7 of APM: (A) A snapshot of the MD trajectory showing the bulk water (represented by 
spheres) translocation across the E. coli Wzi (cartoon representation) channel: (top) front view of the channel and (bottom) the concomitant “Number of 
water molecules in every 1 Å block versus Position along Z-coordinate (Å)” plot generated by the submodule “Z-density profile.” The dotted lines indicate 
the position of the channel in the Z-dimension. (B) (top) Top view of the Wzi channel and (bottom) the corresponding position of the channel in the XY 
plane projected onto the 1 Å block defined along the Z-axis (representative plot between 44–43 Å) generated by the “XY area profile” module. (C) The 
number of molecules within the channel (Z-coordinates between 40 and 60 Å as defined by Figure (A) (bottom)) is shown as a “Time (ps) versus Number 
of molecules” plot generated by the “Rate of change of molecules” submodule. A mean of �150 molecules is seen in the channel in accordance with 
the previous study (Sachdeva et al. 2016). (D) The path traced by the water molecule with atom number 37664 (oxygen) is shown as a “Time (ps) versus 
Z-coordinate (Å)” plot generated by the “Track molecule” submodule. This molecule takes about �50 ns (viz., enters and exits between �100 and 
150 ns) to cross the channel from the periplasmic side to the extracellular side.
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average of the permeating molecules is considered when cal
culating qo.

3.2.6 Residence time (APM 6)
This submodule calculates the residence time (in ps) of one or 
more molecules inside the channel. It requires a text file with 
a single column listing the atom number(s) of the permeating 
molecule(s) as input (Supplementary Table S8). The user can 
generate this input file based on insights from the 
“Permeation” submodule outputs. The submodule produces 
a two-column output text file that lists the atom numbers and 
their corresponding residence times. The residence time indi
cates the duration a molecule spends crossing the channel in 
either direction.

3.2.7 Track molecule (APM 7)
This submodule allows users to fetch the permeation path of 
molecules along the Z-axis. It requires the same input as the 
“Residence Time” submodule (Supplementary Table S9) and 
generates a “Time (ps) versus Z-coordinate (Å)” plot 
(Fig. 3D, Supplementary Fig. S4D) along with text files for 
each permeating molecule. To trace the path the permeating 
molecule takes in the Z-axis, the user can use the atom num
bers generated by the “Permeation” submodule 
(Supplementary Fig. S7).

3.2.8 Diffusion entry/exit (APM 8)
This submodule provides an insight into the number of 
entries/exits of the molecule(s) of interest through a diffusion 
point. For this, a diffusion plane is defined, through which 
the molecule(s) of interest must pass to be considered as a dif
fusion (Sachdeva et al. 2016, Supplementary Fig. S8). A diffu
sion entry or exit plane is defined by calculating the center of 
mass (cm) (viz., Xcm, Ycm, and Zcm indicated by O in 
Supplementary Fig. S8) for three or more user-defined amino 
acids located at the entry/exit point (Supplementary Table 
S10). A local XY plane (diffusion plane) is subsequently de
fined with upper and lower bounds of (Xcmþ5 Å, Ycmþ5 Å) 
and (Xcm−5 Å, Ycm−5 Å), respectively. The entry of the mole
cule of interest into the channel, which is aligned along the Z- 
axis, is considered as a diffusion only when the molecule has 
a Z-coordinate greater than Zcm (let us say, Z2 as indicated in 
Supplementary Fig. S8) at the nth ps and subsequently falls 
within the defined XY plane having the Z-coordinate value 
between Zcm and (Zcm−3.5 Å) (Z1) and also crosses Z1. 
Similarly, the diffusion exit is calculated in such a way that a 
molecule that has Z-coordinates less than Zcm (let us say, Z1) 
at nth ps and subsequently falls within the defined XY plane 
having the Z-coordinates value between Zcm and 
(Zcmþ3.5 Å) (Z2) and further crosses Z2.

3.2.9 Distance calculation (APM 9)
This submodule calculates the distance between the electro
negative atom pairs of the molecule(s) of interest and the 
channel residues (Supplementary Table S11). It then identifies 
and reports atoms that are within 3.5 Å of each other. This 
analysis helps determine which channel atoms may be in
volved in interactions with the molecule(s) of interest. 
Additionally, it could reveal potential channel residues that 
might be obstructing the molecule’s permeation, thereby im
proving the understanding of conduction across the channel.

3.3 Test cases
The implementation of the MDTAP methodology is validated 
by considering two water-conducting channels as the test 
cases. The first test case is an E. coli outer membrane protein 
Wzi, which conducts water bidirectionally and has a tortuous 
path (Fig. 3). The second test case is E. coli Aquaporin Z 
(Aqp-Z). In contrast to Wzi, Aqp-Z is a single-file mode uni
directional water transporter with a narrow pore 
(Supplementary Fig. S4). Wzi represents the channels or 
transporters with a wide pore, wherein the conduction takes 
place in bulk, and the molecule(s) freely diffuse across the 
protein channel. An earlier MD study has shown that Wzi 
conducts water from the periplasmic side to the extracellular 
side and vice versa (Sachdeva et al. 2016). These calculations 
were done by manually inspecting the trajectories, which is a 
laborious task. Here, it is shown from the last 200 ns trajec
tory of the published Wzi simulation (Sachdeva et al. 2016) 
that MDTAP can automatically fetch the list of permeating 
molecules (Fig. 3) and the path traced by them in the Z-direc
tion (Supplementary Fig. S7). Thus, the last 200 ns trajectory 
of the published Wzi simulation is taken to test MDTAP’s au
tomation in characterizing the water permeation across Wzi. 
Similarly, the 50 ns trajectory of Aqp-Z is also used for calcu
lating the permeating events, and the results generated are 
shown in Supplementary Fig. S4. In summary, the results 
align with the published values, validating the MDTAP 
implementation.

4 Conclusion
MD simulation plays a crucial role in understanding the dy
namics of various membrane-embedded natural and artificial 
channels. To reduce the complexity of manual analysis of 
permeation events from the vast MD trajectories, a user- 
friendly software package called MDTAP has been devel
oped. MDTAP is flexible enough to take the user-defined 
inputs specific to a given system. The implementation is vali
dated by considering an E. coli outer membrane protein Wzi, 
which conducts water in bulk through a wider channel bidi
rectionally, and E. coli Aquaporin Z (Aqp-Z), which con
ducts water in a single file through a narrow channel 
unidirectionally. MDTAP successfully captures the conduc
tion of molecules across the channel irrespective of the mode 
of conduction (Supplementary Fig. S5). In summary, 
MDTAP enables the user to carry out seamless analyses of 
permeation events across monodirectional/bidirectional 
channels or heterogeneous membranes by using the MD tra
jectories (in both DCD and PDB formats), by simply provid
ing the information about the permeating molecules.
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