Computational and Structural Biotechnology Journal 20 (2022) 1580-1583

1010101011

0101019810

1010108811

010 wot0t01000 - COMPUTATIONAL
ooofie ANDSTRUCTURAL

01010101001 §0101C10
11010101001M10 JOURNAL

journal homepage: www.elsevier.com/locate/csbj

ot BTOTECHNOLOGY s -

HIT web server: A hybrid method to improve electrostatic calculations

for biomolecules

Check for
updates

Shengjie Sun?, Juan A. Lopez ", Yixin Xie? Wenhan Guo?, Dongfang Liu¢, Lin Li *%*

2 Computational Science Program, The University of Texas at El Paso, 500 W University Ave, TX 79968, USA
b Department of Computer Science, The University of Texas at El Paso, 500 W University Ave, TX 79968, USA
¢ Department of Computer Engineering, Rochester Institute of Technology, Rochester, NY 14623, USA

d Department of Physics, the University of Texas at El Paso, 500 W University Ave, TX 79968, USA

ARTICLE INFO ABSTRACT

Article history:

Received 25 February 2022

Received in revised form 22 March 2022
Accepted 22 March 2022

Available online 24 March 2022

Keywords:
Explicit solvent model
Electrostatic calculation

The electrostatic features of highly charged biomolecules are crucial and challenging tasks in computa-
tional biophysics. The electrostatic calculations by traditional implicit solvent methods are efficient
but have difficulties on highly charged biomolecules. We have developed a Hybridizing lon Treatment
(HIT) tool, which successfully hybridizes the explicit ions and implicit solvation model to accurately cal-
culate the electrostatic potential for highly charged biomolecules. Here we implemented the HIT tool into
a web server. In this study, a training set was prepared to optimize the number of frames for the HIT web
server. The results on tubulins, DNAs, and RNAs, reveal the mechanisms for the motor proteins, DNA of
HIV, and tRNA. This HIT web server can be widely used to study highly charged biomolecules, including

HIT DNAs, RNAs, molecular motors, and other highly charged biomolecules.

Tubulin © 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
DNA Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
RNA commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The electrostatic calculations of biomolecules are fundamental
in protein folding [ 1], protein stability [2], protein—protein interac-
tions [3], protein-DNA/RNA interactions, and many other fields.
Nevertheless, in cells, small biomolecules and ions make the envi-
ronment of protein extremely intricate for electrostatic calcula-
tions. The highly-charged biomolecules always attract and utilize
the bound ions to balances net charges. These bound ions directly
changed the electrostatic surfaces, strongly affecting the interac-
tions among biomolecules. So far, there are two types of methods
to handle ions and water around biomolecules: explicit model
and implicit model. The explicit model includes explicit ions and
water (such as TIP3P [4] and TIP4P) [5], making the results more
accurate. Thus it is widely used in molecular dynamics simulations
[6,7]. However, the high accuracy is accompanied by high compu-
tational complexity, making it difficult to be applied to electro-
static calculations. By comparison, the implicit model treats the
ions and water around biomolecules as a homogeneous solution,
saving massive calculation time. By the virtue of efficiency, it has
been widely applied in the calculations of electrostatic potential.
In the implicit model, Poisson-Boltzmann (PB) [8] model and Gen-
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eralized Born (GB) [9] model are two of the most popular models. A
traditional method like Delphi [10], based on the PB model, worked
well in neutral system [11,12] but cannot neutralize the net
charges for the systems of highly charged biomolecules [13-15].
In this case, the whole system is unbalanced in charge, which is
unrealistic and unreliable. In nature, the highly charged biomole-
cules are surrounded by oppositely charged ions, neaturalizing
the system. These bound ions cannot be simulated by the current
implicit models. Recently, we have developed a Hybridizing Ions
Treatment (HIT) method [16] and applied it to a web server, which
hybridizes the implicit solvent method with explicit ions to realis-
tically calculate the electrostatic potential for highly charged bio-
molecules. It was proved that the hybrid method is more natural,
accurate and reliable. In this work, the development of the HIT
web server is reported. The electrostatic characters of highly
charged biomolecules were calculated by HIT web server. The
web server provides the target bound ions in PDB format for users.

2. Method
2.1. HIT algorithm
HIT uses the position information from explicit solvation simu-

lations to calculate the ions occurrences to predict the binding
sites. The process includes the preparation, initial, clustering, and
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optimal steps [16]. The preparation is to merge the frames of ions
from the explicit MD simulation trajectory for analysis. The initial,
clustering and optimal steps are three core steps to achieve the
divisions, clustering, and optimizations (Fig. 1). The whole solva-
tion box with ionic cloud was split into several cubes, then the ions
in each cube were counted and sorted. After sorting, the clustering
step clustered adjacent cubes into a binding area, where the selec-
tion of core cube followed the rank of cubes. If the core cube in the
rank was clustered into the previous binding area, it will be
skipped into the next one. The clustering was ceased when the
number of ions in a cube is lower than the average number. Then,
the optimization calculated the mass center of the binding area
and place-bound ions there. More details are shown in our previ-
ous software paper about hybridizing ions treatment method [16].

2.2. Web server technique

The Hybridizing Ion Treatment algorithm is integrated by two
main components. They are the front end and the backend. The
front end was developed using React web framework and it is
embedded in the Django app backend. The React app uses HTML,
CSS, and JavaScript to create a website where the user needs to
input some information (Ion Name, lons Number, cube size(A))
and upload an ionic cloud file (merge.pdb). The merge.pdb file
can be generated following the instructions found on the “Input
file preparation” button. Once the user submitted the required
information, it is sent to an endpoint on the Django app backend.

The Django app backend is coded using python, and it is being
served using Niginx and Gunicorn on a server provided by the
University of Texas at El Paso. The Hybrid lon Treatment endpoint
receives a POST request from the front-end with all the parameters
required to run the Hybrid lon Treatment script. A process is cre-
ated using subprocess.popopen() to run the Hybridizing Ion Treat-
ment shell script. Once the process is done, the generated output is
compressed into a.zip file and sent back as an HTTP response to the
front end. The front-end process the response and the users get the.
zip file into the local computer Downloads folder. The tutorial is
available at https://www.youtube.com/watch?v=WjY8BznPs10.

2.3. Training and testing

2.3.1. The training set
Training set used in this work is a 100 A x 100 A x 100 A
solvation box with 8 restrained potassium ions in a 150 mM KCI
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solution. The simulation was performed for 1 ns, from which 9 data
sets (combined of 1000, 500, 333, 250, 200, 100, 50, 20, 10 frames)
were prepared to analyze the relationship between the accuracy
and the number of frames.

2.3.2. The testing set

Testing sets used in the work are the reversely transcripted DNA
of HIV ((PDB: 5J2M) [17], tRNA (PDB: 4TNA) [18], alpha, and beta
tubulins (PDB: 6AT4) [19]. The solvation model was built by
CHARMM-GUI [20]. 10 ns simulations for each biomolecule were
performed via NAMD [6] to acquire the ionic cloud (Fig. 1 first col-
umn). The bound ions were assembled with biomolecules while
the charge and VDW radius were assigned by pdb2pqr [21] from
CHARMMB36 [20]. Then the surface of electrostatic potential was
calculated by Delphi [10]. The surface was colored from red to blue
by Chimera, representing —1 kT/e to 1 kT/e [22].

2.3.3. Simulation

Each simulation was in the NVT ensembles and performed by
NAMD 2.12 [6]. The CHARMM36 [20] was applied as the force field.
The temperature was set as 310 K (controlled with a Langevin ther-
mostat with the damping constant as 1.0) and the harmonic
restraints were applied to protein or the nucleic acid (no restraints
on hydrogens). The time step was set as 2 fs/step. The PME (full-
system periodic electrostatics) was applied in the simulation. The
minimization was 10,000 steps and was followed by 10 ns
simulation.

3. Results and discussion

3.1. The benchmarks of accuracy and running time based on the
number of frames

In Fig. 2A, the average error was calculated by the average of the
distances between calculated bound ions and real bound ions
(Fig. 2B). The average error reached stable when the number of
frames is over 50. The 50 frames per nanosecond is corresponding
to 10,000 steps per frame for 2 fs/steps in molecular dynamic sim-
ulation, which is a well-accepted frequency for MD simulations.
Indeed, the results are more accurate with the longer simulations
and more frames; so we strongly recommend users to run simula-
tions as long as possible. Besides, the number of frames has no sig-
nificant effect on running time. Generally, the 1 ns of simulation
will take 2 s for users to get accurate results.

Sorting

15t cube 2" cube 3™ cube 4t cube

15

91 82 31

3993 - -0

.

Clustering

Fig. 1. The diagram of the HIT-webserver algorithm.
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The benchmarks for the average error and running time
based on the number of frames for 1 ns simulation
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Fig. 2. The benchmarks of average error, and running time (A) as well as the comparison between calculated bound ions with real bound ions with the different number of
frames in 1 ns simulation. The real bound ions are colored red while the calculated bound ions are calculated in other colors according to the corresponding number of frames.

(B).

3.2. The electrostatic potential surface of Proteins, DNA, and RNA

In Fig. 3, we provide the electrostatic potential surface of the
electrostatic potential for alpha and beta tubulins, DNA of HIV as
well as the tRNA. The first column shows the ionic cloud from

the simulations. The cyan balls in the second and third columns
are the calculated bound potassium ions. The third column shows
the electrostatic surface. The alpha and beta tubulins (Fig. 3C and
F) are always negatively charged, helping the binding with kinesin
for cargo transfers. Compared with previous work [23], the bound

Fig. 3. The ionic cloud, structures with bound potassium ions and the surface of the electrostatic surface of alpha-tubulin (A, B and C), beta-tubulin (D, E, and F), DNA of HIV

(G, H and I), and tRNA (J, K, and L).
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ions on the surface did a modification on the charge distribution.
The changed electrostatic surface [24] then changed force direc-
tions and intensity. The major groove of DNA bound more potas-
sium ions than minor grooves, which could be due to the steric
bulk (Fig. 31). The density of bound potassium ions may be difficult
for binding between DNA repairing proteins [25] (such as BER).
This phenomenon may lead to new findings of the repelling of sur-
rounding ions. In the tRNA, the T-arm is positively charged due to
the bound potassium ions. In previous research, the molecular
replacement with ions happened in the tRNA complex [26,27].
The study of potassium is related to amino acid binding and trans-
porting (Fig. 3L).

4. Conclusion

The HIT-webserver provides an efficient way to calculate bound
ions via the trajectories from simulations. The webserver based on
the High-Performance Computer (HPC) cluster accelerates the cal-
culations by 10 times. HIT web server can be used for any biomo-
lecules including protein and nucleic acids. The tool can also be
downloaded from https://compbio.utep.edu/software/.
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Availability

The HIT web server is available at: http://compbio.utep.edu/
webservers/#/hit.

Significance

We developed a Hybrid Ion Treatment (HIT) method to calcu-
late positions of bound ions for biomolecules. The HIT method sig-
nificantly improves electrostatic calculations with bound ions. The
web server was developed to provide efficient calculations via a
high-performance computer cluster.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Acknowledgment

This work was supported by the National Institutes of Health
under Grant SC1GM132043; National Institutes on Minority Health
and Health Disparities, a component of the NIH under Grant
5U54MDO007592. The calculations and analyses were performed
at the Texas Advanced Computing Center.

1583

Computational and Structural Biotechnology Journal 20 (2022) 1580-1583

References

[1] Dobson CM. Protein folding and misfolding. Nature 2003;426(6968):884-90.

[2] Shoichet BK, Baase WA, Kuroki R, Matthews BW. A relationship between
protein stability and protein function. Proc Natl Acad Sci USA 1995;92
(2):452-6.

[3] Rao VS, Srinivas K, Sujini G, Kumar G. Protein-protein interaction detection:
methods and analysis. Int ] Proteom. 2014:2014.

[4] Price DJ, Brooks Il CL. A modified TIP3P water potential for simulation with
Ewald summation. ] Chem Phys 2004;121(20):10096-103.

[5] Harrach MF, Drossel B. Structure and dynamics of TIP3P, TIP4P, and TIP5P
water near smooth and atomistic walls of different hydroaffinity. ] Chem Phys
2014;140(17):174501.

[6] Phillips JC, Braun R, Wang W, Gumbart ], Tajkhorshid E, Villa E, et al. Scalable
molecular dynamics with NAMD. ] Comput Chem 2005;26(16):1781-802.

[7] Van Der Spoel D, Lindahl E, Hess B, Groenhof G, Mark AE, Berendsen H]J.
GROMACS: fast, flexible, and free. ] Comput Chem 2005;26(16):1701-18.

[8] Im W, Beglov D, Roux B. Continuum solvation model: computation of
electrostatic forces from numerical solutions to the Poisson-Boltzmann
equation. Comput Phys Commun 1998;111(1-3):59-75.

[9] Onufriev A, Bashford D, Case DA. Modification of the generalized Born model
suitable for macromolecules. ] Phys Chem B 2000;104(15):3712-20.

[10] Li L, Li C, Sarkar S, Zhang ], Witham S, Zhang Z, et al. DelPhi: a comprehensive
suite for DelPhi software and associated resources. BMC Biophys 2012;5
(1):1-11.

[11] Sun'S, Karki C, Aguilera ], Lopez Hernandez AE, Sun J, Li L. Computational Study
on the Function of Palmitoylation on the Envelope Protein in SARS-CoV-2. ]
Chem Theory Comput 2021;17(10):6483-90.

[12] Salas GGS, Hernandez AEL, He ], Karki C, Xie Y, Sun S, et al. Using
computational approaches to study dengue virus capsid assembly. Comput
Math Biophys 2019;7(1):64-72.

[13] Li L, Chakravorty A, Alexov E. DelPhiForce, a tool for electrostatic force
calculations: Applications to macromolecular binding. J Comput Chem
2017;38(9):584-93.

[14] Guo W, Xie Y, Lopez-Hernandez AE, Sun S, Li L. Electrostatic features for
nucleocapsid proteins of SARS-CoV and SARS-CoV-2. Math Biosci Eng 2021;18
(3):2372-83.

[15] Sun S, Karki C, Gao BZ, Li L. Molecular mechanisms of cardiac actomyosin
transforming from rigor state to post-rigor state. ] Chem Phys 2021.

[16] Sun S, Karki C, Xie Y, Xian Y, Guo W, Gao BZ, et al. Hybrid method for
representing ions in implicit solvation calculations. Comput Struct Biotechnol ]
2021;19:801-11.

[17] Salie ZL, Kirby KA, Michailidis E, Marchand B, Singh K, Rohan LC, et al.
Structural basis of HIV inhibition by translocation-defective RT inhibitor 4'-
ethynyl-2-fluoro-2’-deoxyadenosine (EFdA). Proc Natl Acad Sci 2016;113
(33):9274-9.

[18] Hingerty B, Brown R, Jack A. Further refinement of the structure of yeast
tRNAPhe. ] Mol Biol 1978;124(3):523-34.

[19] Bertrand T, Kothe M, Liu ], Dupuy A, Rak A, Berne P, et al. The crystal structures
of TrkA and TrkB suggest key regions for achieving selective inhibition. ] Mol
Biol 2012;423(3):439-53.

[20] Huang ], MacKerell Jr AD. CHARMMS36 all-atom additive protein force field:
Validation based on comparison to NMR data. ] Comput Chem 2013;34
(25):2135-45.

[21] Dolinsky TJ, Nielsen JE, McCammon JA, Baker NA. PDB2PQR: an automated
pipeline for the setup of Poisson-Boltzmann electrostatics calculations. Nucleic
Acids Res 2004;32(suppl_2):W665-7.

[22] Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al.
UCSF Chimera—a visualization system for exploratory research and analysis. ]
Comput Chem 2004;25(13):1605-12.

[23] LiL, Alper J, Alexov E. Cytoplasmic dynein binding, run length, and velocity are
guided by long-range electrostatic interactions. Sci Rep 2016;6(1):1-12.

[24] Li L, Jia Z, Peng Y, Godar S, Getov I, Teng S, et al. Forces and Disease:
Electrostatic force differences caused by mutations in kinesin motor domains
can distinguish between disease-causing and non-disease-causing mutations.
Sci Rep 2017;7(1):1-12.

[25] Xie Y, Karki CB, Chen ], Liu D, Li L. Computational study on DNA repair: the
roles of electrostatic interactions between uracil-DNA glycosylase (UDG) and
DNA. Front Mol Biosci 2021;8.

[26] Mikkelsen NE, Johansson K, Virtanen A, Kirsebom LA. Aminoglycoside binding
displaces a divalent metal ion in a tRNA-neomycin B complex. Nat Struct Biol
2001;8(6):510-4.

[27] Schofield P, Zamecnik PC. Cupric ion catalysis in hydrolysis of aminoacyl-tRNA.
Biochim Biophys Acta (BBA)-Nucleic Acids Protein Synth 1968;155(2):410-6.


https://compbio.utep.edu/software/
http://compbio.utep.edu/webservers/
http://compbio.utep.edu/webservers/
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0005
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0010
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0015
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0015
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0020
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0020
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0025
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0025
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0025
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0030
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0030
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0035
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0035
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0040
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0045
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0045
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0050
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0050
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0050
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0055
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0060
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0060
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0060
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0065
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0070
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0070
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0070
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0075
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0075
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0080
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0080
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0080
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0085
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0090
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0090
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0095
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0095
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0095
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0100
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0100
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0100
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0105
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0105
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0105
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0110
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0110
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0110
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0115
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0115
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0120
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0125
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0130
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0130
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0130
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0135
http://refhub.elsevier.com/S2001-0370(22)00098-8/h0135

	HIT web server: A hybrid method to improve electrostatic calculations for biomolecules
	1 Introduction
	2 Method
	2.1 HIT algorithm
	2.2 Web server technique
	2.3 Training and testing
	2.3.1 The training set
	2.3.2 The testing set
	2.3.3 Simulation


	3 Results and discussion
	3.1 The benchmarks of accuracy and running time based on the number of frames
	3.2 The electrostatic potential surface of Proteins, DNA, and RNA

	4 Conclusion
	Author Contributions
	Availability
	Significance
	Declaration of Competing Interest
	Acknowledgment
	References


