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Abstract

We introduce TUPA, a Python-based algorithm to calculate and ana-
lyze electric fields in molecular simulations. To demonstrate the features
in TUPA, we present three test cases in which the orientation and magni-
tude of the electric field exerted by biomolecules help explain biological phe-
nomena or observed kinetics. As part of TUPA, we also provide a PyMOL
plugin to help researchers visualize how electric fields are organized within
the simulation system. The code is freely available and can be obtained at
https://mdpoleto.github.io/tupa/.
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L Electric field analyses for molecular simulations

Here we present TUPA, a Python-based algorithm to analyze electric fields in molec-
ular simulations. The software was designed to be flexible and allow users to inves-
tigate electric fields orientation and magnitude on atoms, bonds, or even in absolute
coordinates in a simulation box throughout the trajectory. A PyMOL plugin to vi-
sualize the electric fields alongside molecules is provided. We expect TUPA to aid
in efforts to analyze electrostatics-driven events in molecular simulations.
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Electrostatic interactions dominate many aspects of macromolecular dynamics,
frequently giving rise to important molecular phenomena, such as ion transport“ or
enzyme catalysis?™. The molecular mechanisms behind such processes are subject of
multiple investigations in both experimental and computational fields. Molecular dy-
namics (MD) simulations have been commonly used to study molecular interactions
and structural features of biomolecules that are required to trigger electrostatic-
driven events.

By taking advantage of the classical molecular mechanics (MM) description of
particles and their assigned partial charges, MD engines compute short-range elec-
trostatic forces between N atoms in a system using Coulomb’s Law. Analogously,
the electric field (E) exerted by N atoms at a given point in the simulation box can

be computed according to Equation
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in which [ is the electric permittivity, [J; is the partial charge of atom [, U is
the distance between atom I and the point in space and UGk the unit vector of the
distance. Thus, by defining a point in space and iterating over N atoms in each
trajectory frame, one can obtain the magnitude and directionality of electric fields
in a simulation box.

Understanding how biomolecules create suitable electrostatic environments for
many biological purposes can be a powerful tool for computational biophysicists.
To date, only a few studies have calculated the electric field generated by biological
systems or investigated how electric field are oriented and correlated with biological
4O

processes of interes . More recently, Nash et al."Y developed an algorithm that



calculates the electric field exerted on atoms involved in a covalent bond by using the
Tinker™® MD package in the context of the AMOEBA polarizable force field=-"-2,
Aiming to facilitate such studies while using different force fields and MD packages,
we present [0, a Python-based algorithm to calculate and analyze electric fields
in molecular simulations. Importantly, TUPA does not make any assumption about
the underlying force field used for the MD simulation; as long as discrete particles

are present to which charges are assigned, electric fields can be calculated.
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In TUPA, we apply the concept of atom-centered partial charges commonly used
in MD simulations to calculate the electric field that a set of atoms (from now referred
as 00000000000 0OD) exert on a given Cartesian point (from now referred as 00000 000)
in the simulation box.

Our code is based on Python3™ syntax and it employs the MDAnalysis--
package to handle MD trajectory and topology files. Therefore, all file formats
supported by MDAnalysis should be compatible with our workflow. Also, selection
of atoms to establish the environment and probe sets is based on the selection syntax
in MDAnalysis.

For simplicity, TUPA can be executed by simply providing a configuration file, a

topology file, and a trajectory file via the command-line, as shown below:

$ python TUPA.py -top topology_file -traj trajectory_file -config

configuration_file -outdir Results

In the configuration file, the user defines the calculation mode (see below), the

set of atoms composing the environment and the atoms/coordinates to be used as



probes. A sample configuration file is described in Supplementary Materials, but

users can conveniently create one via the command-line:
$ python TUPA.py -template config_sample.dat

Note that any atoms in the system can be included in the environment set,
including proteins, lipids, carbohydrates, nucleic acids, etc. For highly dynamic
molecules, such as water and ions, users can choose to include their contribution in
the calculation set using a radial cutoff around the environment. Doing so employs
the 000000 selection function of MDAnalysis, allowing the selection of atoms within
the cutoff, including image atoms that are present as a consequence of periodic
boundary conditions (PBC).

TUPA has three calculation modes: I) OO0 1000, in which the position of
a selected atom is tracked and used as probe to calculate E; II) 0000 OO00d, in
which the midpoint of 2 selected atoms is tracked and is used as probe to calculate E
and its alignment to the defined bond axis; and III) 0000000000 OO0, in
which a fixed (X,Y,Z) coordinate is used as probe throughout the entire trajectory.

The general workflow of TUPA is presented in Figure . First, the configuration
file is parsed and parameters are stored, including the calculation mode. After,
topology and trajectory files are read to create an MDAnalysis universe. Iterating
over each trajectory frame, the coordinates of the environment and probe atoms are
updated, making it possible to iterate over each atom in the environment set to
calculate their X, Y and Z contributions for E and store them as arrays. After, the
total vector contributions are calculated and used to obtain the vector E and its
magnitude. Exclusively for BOND MODE calculations, TUPA also computes the
projection of E onto the defined bond axis via Equation :
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where 1ooo is the bond axis vector. By doing so, it becomes possible to calculate
how much of E is actually aligned to the bond axis by simply evaluating:
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During the iteration loop over the environment atoms, TUPA keeps track of each
atom’s residue number, which allows it to calculate and store the partial contribution
of each residue to the total E for each trajectory frame. Hence, TUPA also calcu-
lates and outputs the average contribution of each residue to E and their respective
alignment with it. If BOND MODE is set, the alignment is calculated between each
residue’s contribution to E and the defined bond axis.

TUPA calculations were finished in a matter of minutes for the systems presented
here (see Table S1) due to the computational efficiency of MDAnalysis and NumPy--.
In addition, it is important to stress that even though our approach is compatible
with any all-atom additive and polarizable force fields relying in a partial charge

description, the accuracy of E is entirely dependent on the force field itself.
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Visualizing the electric field vectors at a given position within the simulation box
can be a useful tool to understand the configuration of the electrostatic forces and
their impact on biological phenomena. Thus, we developed pyTUPAmol, a PyMOL
plugin that can be used to plot E calculated previously as 3D arrow objects and

render them together with visualizations of the molecular systems. We note that
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/¥6r frame in u.trajectory:
environment = u.select(environment_selection)
probe = u.select(probe_selection)

for atom in environment.atoms:
Ef_xyz = calc_ElectricField(atom, probe)
Efx, Efy, Efz = Ef_xyz
xfield_list.append(Efx)
yfield_list.append(Efy)
zfield_list.append(Efz)

totalEfx = numpy.sum(xfield_list)

totalEfy = numpy.sum(yfield_list)

totalEfz = numpy.sum(zfield_list)

totalEf = numpy.array([totalEfx, totalEfy, totalEfz])

totalEfmag = calc_magnitude(totalEf)

if mode == “bond”:

Efprojection = calc_projection(totalEf,target_position)

\_ alignment = calc_alignment(Efprojection, totalEf) J

Figure 1: General workflow of TUPA and a pseudocode for its basic functions. After
the configuration file is parsed, an MDAnalysis universe is built and used to extract
atomic positions and charges to calculate E exerted on the probe. The contributions

of each residue to E are also calculated.



all figures depicting the electric field orientation in this article were rendered with
pyTUPAmol and PyMOL. The plugin is freely available and it is distributed as part
of TUPA code.

The plugin has three functions that can be called from the PyMOL command-line:

o [JO00ODOIOI: generates a 3D vector at the probe coordinate based on an array
[E 0 ED, ED]. Users can either provide a PyMOL selection for the probe using
PyMOL syntax or an absolute (X,Y,Z) coordinate.

o [UUIDOO0OO: generates a 3D vector similar to UOUIUOUOMIL, but the probe posi-

tion is defined halfway between two selected atoms comprising the bond axis.

o UI00OI00DDOON: generates a 3D vector between two selected atoms to visually
define the bond axis used in TUPA. Users can either provide two PyMOL
selections using PyMOL syntax or absolute (X,Y,Z) coordinates. By default,

the direction is defined as from Selectionl towards Selection?2.
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To demonstrate possible applications of TUPA in biological systems, we evaluated
how the electric field organization plays an important role in three test cases. First,
we characterized the electric field sensed by a benzene ligand bound to the T4 bac-
teriophage lysozyme (PDB 227L“") using the Drude-2019 polarizable force field--.
Second, we calculated the well-studied electric field preorganization at the active
site of the ketosteroid isomerase (PDB 5KP4""). We used the CHARMMS36m force
field“Y to study the electric field projected onto the C=0 bond of 19-nortestosterone

(19NT), a substrate-like molecule. Our third and last study case was the K"”-selective



NaK ion channel (PDB 30UF"-), also known as NaK2K, in which we investigated
the electric field organization throughout the ion channel core and the electric force
sensed by the coordinated K" ions. Detailed methods describing how systems were
built can be found in Supplementary Material.

It is important to note that TUPA assumes that all trajectories have been re-
centered in a simulation box and that molecules in the environment set are not split
across the box. As mentioned above, highly dynamic molecules can be selected tak-

ing the PBC into account. For the cases below, trajectories were recentered using

the IMAGE facilities within the CHARMM software™".
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As early studies of electric field effects on enzyme catalysis focused on enzymes

J we investigated

such as egg-hen-white lysozyme and T4 bacteriophage lysozyme®
the electric field exerted by T4 lysozyme on a benzene ligand bound to its active site
(Figure [2A) throughout 100 ns of MD simulations. Here, we used the the polarizable
Drude-2019 force field to demonstrate that polarizable force fields are suitable to our
approach as long as they are based on the classic MM convention (partial charges
assigned to atoms).

In our TUPA calculations, we included all lysozyme atoms and the SWM4-NDP
water molecules™ within a 10 A cutoff radius from the benzene ligand in the envi-
ronment set used, thus accounting for their contributions to the total electric field
E (see Section 3.1 in the Supplementary Material). It is important to note that if
the probe set has multiple atoms, TUPA uses the center of geometry (COG) of the

selection for the electric field calculation. As shown in Figure 2B, the time series

of E magnitude fluctuates around an average of 44 0 19 MV /cm at the benzene



COG. Although a stable field was observed, it is important to mention that ben-
zene’s dynamics within the binding site are fast and multiple rotation events were
observed. Regardless, the ligand stayed within the crystallographic binding site and
the orientation of the electric field was maintained during the entire simulation. In
fact, when we used the same environment set (lysozyme and waters within 10 A of
benzene) to calculate E sensed by each benzene carbon atom, we observe the same
field orientation (Figure [2C).

One of the main features implemented in TUPA is that it can calculate the con-
tribution of each residue (EDDD) to the total E, together with the alignment between
EDDD and E This feature allows for further investigations into the effectiveness of
each contribution and might prove useful when designing point mutations. In Figure
, we show EDDD for T4 lysozyme, highlighting that residues Glull, Asp70, GIn105
and Argl4b were identified as the major contributions to the total E with magni-
tudes of 49 0 7 MV /cm, 38 0 6 MV/cm, 15 0 6 MV/cm, and 28 0 5 MV/cm,
respectively. Note that these contributions may have different directionalities and,
therefore, do not add up to the E average value. To study the directionality of
each residue contribution, the user may compose the environment set with only the

residue of interest.
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The electric field model of catalysis, in which a preorganized electric field exerted

D Particu-

by the enzyme facilitates catalysis, has been studied for many years
larly, ketosteroid isomerase in complex with 19-nortestosterone has been the subject
of many studies in this regard due to its low degree of conformational rearrange-

ment necessary for catalysis. The Boxer group demonstrated that KSI exerts a large
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Figure 2: Electric field properties exerted by T4 lysozyme. A) Benzene ligand (car-

bon in orange) bound to T4 lysozyme. B) Time series of E sensed by benzene at

its COM. C) Direction of E at the benzene COM (solid cyan vector) and at each

benzene carbon atom (translucent cyan vectors). Oxygen lone pairs are shown in

green spheres. D) Contribution of each T4 lysozyme residue to the total E
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