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Abstract

Multiple methods are used today to recognize biomolecular interactions,
often utilizing thermodynamic and chemical procedures. These methods have
been well established over decades of use. However, they tend to require
numerous interactions and therefore may miss interactions such as those
between a single ligand and receptor cell. Application of electrostatic and
electrical engineering theories may provide a novel approach to identification of
biomolecular recognition events. At a very basic level every molecule is
comprised of individual atoms where each atom has a specific electrical charge.
Observing these charges from points at short distances outside the molecule
generates an electrostatic field pattern. This pattern may provide a unique
potential signature to any given molecule and therefore biomolecular interactions
as well. Electrical engineering, through applied radar signaling theory, provides
methods to detect specific electromagnetic patterns against a background of
noise. If we can identify and characterize a unique electrostatic potential pattern
for a given interaction, then utilization of radar theory through matched filters
may one day permit recognizing individual biomolecular events, eliminating the

current requirement of numerous interactions for biomolecular recognition.



Introduction

Cellular assembly, gene expression, disease transmission, and drug
interactions all occur through the non-covalent bonding between a ligand and a
receptor. These bindings are known as biomolecular recognition events and
constitute a key part of life as we understand it [1]. Learning more about
biomolecular recognition events helps us to know how, when, and why these

cellular processes occur. Identification and characterization of these events can
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help tailor drugs to increase potency while reducing side effects, to better
understand how cells carry out basic processes such as replication, or to
understand why some are immune to a disease that others remain susceptible to.
To aid these efforts, numerous methods for identifying biomolecular recognition
events exist today, spanning the fields of biology, chemistry, and

thermodynamics.



While numerous identification methods exist, most of them are limited
through the requirements of either a significant quantity of the system under
evaluation or modification of the system such as with added markers [2]. Recent
efforts utilizing the realms of molecular dynamics, electrochemical,
electrodynamic, and computer simulations have developed identification
methods beyond the existing chemical, biological, and physical ones. Yet many of
these newer methods incur their own limitations such as requiring thermal

excitation or direct contact [2-4].

Electrical engineering may seem far removed from the fields of biology and
chemistry. However, basic field theories regarding electrostatic potentials and
applied techniques involving pattern matching might lead to biomolecular
recognition event detection at a distance. Somewhat similar to how radar uses
matched filters to detect an object at a significant distance, we may be able to
detect molecules based on their constituent electric fields. A search of available
research has uncovered scant investigation of electrostatic characteristics as a
distinguishable trait for identifying biomolecular recognition events. Combined,
applying matched filters to a molecule’s electric charge field could theoretically

provide a unique, identifiable pattern which might be observable at a distance.



Every molecule has a specific chemical structure which may be optimized to
a ground energy state, utilizing the least amount of energy to maintain its
composition. This ground state provides a stable set of atomic locations, bond
lengths, and the angles between these bonds. The resultant geometric pattern of
a molecule’s individual atoms can be further associated with known atomic

electric charge.

Figure 1: GaussView electrostatic potential plots of alanine, arginine, tryptophan, and valine.

To investigate whether such a concept is feasible requires an initial
confirmation that an electrostatic pattern for a given molecule exists and is

unique. For this confirmation, the proteinogenic amino acids provide an



extensive, well researched body of molecules with many known characteristics
and traits. Proteinogenic amino acids are important building blocks in many
chemical and biological processes within the body. As examples, the body uses
the amino acid tryptophan to synthesize the neurotransmitter serotonin and
glycene is known to bind with a number of ionotropic and metabotropic
receptors. This subgroup of molecules can be used to derive electrostatic
potential patterns and is considered of sufficient size and similarity to confirm this

new identifier uniquely matches the specific amino acid under characterization.

This study will complete a geometric optimization to a ground energy state
for each of the 21 proteinogenic amino acids including specification of a
molecular center to orient around. This electrostatic geometric pattern will be
used to construct a visual ‘constellation map’ which provides a unique
representation that identifies the individual amino acid characterized. Future use
of this constellation map should permit application of pattern matching from

radar theory [3, 4] to identify biomolecular recognition events at a distance.

Identification of a unique electrostatic pattern observable at a distance,
albeit likely a small distance measured in angstroms, should eliminate many of

the limitations inherent in existing methods of biomolecular recognition event



detection. Detection at a distance would eliminate the need for direct contact,
specifically, “binding.” Use of electrostatic field theory removes the requirements
for added markers or thermal excitation which each modify the system under
observation. In theory, if a detection system can be built around these concepts,
such would permit more accurate identification of biomolecular recognition
events. This system under consideration would prove essential in investigations
into relatively unknown biological processes, general understanding of disease
transmission, and rapid evaluation of new drugs that both increase potency while

reducing undesirable side effects.

Literature Review

A key aspect of biological life, biomolecular recognition occurs when a pair
of cells complete non-covalent binding [1] - such as when a ligand and a receptor
on two proteins match and bind together. Ligand and receptor bindings directly
result in gene expression, cellular assembly, disease transmission, and drug
interaction among other cellular processes and identification of these binding
events permits further investigation into their resultant biologic processes. Given
their importance, numerous fields across biology, chemistry, and physics have

developed methods for identifying biomolecular recognition between cells



including use of thermodynamics, spectroscopy, nuclear magnetic resonance, and

microarray techniques.

When observing a system, modification of that system is typically avoided
due to potential effects resultant from such changes. Sadik et al. reports the
majority of methods used in identifying biomolecular recognition events require
adding a form of marker which can affect the interactions [2]. These markers
include the use of radio-, enzymatic-, or fluorescent-labeling to detect
biomolecular recognition events. The use of such labelling permits ultrasensitive
detection while potentially changing the event itself in ways not immediately
known or predictable. Labelling also requires additional steps thereby increasing

the potential for error.

More recent efforts have since spanned fields including molecular
dynamics, electrochemical, and computer simulations. However, while often
leading to improvements in biomolecular recognition event detection capabilities,

these methods still include undesirable effects upon the systems observed.

Considering specifically electrochemical methods we find efforts utilizing
detection of potential (voltage), current, and resistance with all methods

referenced requiring direct contact [2]. Hunt et al. report utilization of electrical



engineering techniques including digital radio derived signal pattern matching for
biomolecular identification with experimental results generated from direct
contact with chip-based sensors [3, 4]. This method eliminates concerns with
marking however the direct contact requirements still limit detection capabilities
as each is selective to the molecule(s) detected, the quantity required for
detection, and biomaterial build-up decreasing sensor reliability. More recent
experimentation utilizing nanomaterials has led to reduced concerns regarding
direct contact through improved biocompatibility, greater detection surface
areas, and sensor density [2, 5]. Where use of nanotechnology mitigates

concerns, most limitations from direct-contact requirements remain.

Electrodynamics theory potentially provides identification of biomolecular
recognition events at a distance through cellular resonance. A paper by Hejase de
Trad, Fang, and Cosic reports discrete signal techniques based upon the resonant
recognition model (RRM) [6]. The RRM underwent notable evaluation and
research about two decades ago [6, 7] and a few years ago Preto et al. completed
a mathematical exploration of whether electromagnetic resonances can extend to
long-distances as a part of biomolecular interactions. The latter model utilized
terahertz wavelengths permitting detection beyond short-distances. A notable

limitation to this method is that the oscillation is shown not to occur at thermal



equilibrium and requires excitation of the biomolecules desired for identification
[8]. Each of these methods require detection of discrete oscillations which may

not be detectable at thermal equilibrium.

Electrostatic potential exists due to atomic charges within biomolecules
without the need for specific frequency oscillations, eliminating the excitation
required by electrodynamic methods. Perhaps for distance-based detection,
electrostatic forces may perform differently from electrodynamic forces. If so,
then application of modern electrical engineering theory to biochemical
interaction could present a novel method for characterizing biomolecular

recognition events.

In this study , we intend to extend the radio theory work of Hunt et al. [3, 4]
in the detection of atomic scale electrostatic potentials. We will evaluate the
electrostatic potential of proteinogenic amino-acids to determine whether unique
identifiers exist for each molecule, suitable for pattern matching efforts.
Confirmation of such identifying patterns could lead to distance-based
identification of biomolecular recognition without significantly modifying the

biosystem under observation.



Methods & Materials

To investigate whether distance-based identification of biomolecular
recognition events is feasible, we first consider our overall goal. The general
concept is to determine whether a molecule’s electrostatic potential field
provides a unique identifier for that molecule. Additionally, the intent is to use
such a unique identifier later as a matched filter. We therefore determined to
start out with characterizing a set of molecules through their electrostatic
properties to build a dataset for a uniqueness comparison. As a set of molecules,
we selected the 21 proteinogenic amino acids. We expect that from selecting to
use these protein-creating amino acids that future derived research will benefit
from the existent large base of information and data for verification of
comparative simulation results and in setting up real-world experiments. Once
characterized, we then apply properties of spherical harmonics to generate what
we have termed a “constellation map” as a visual identifier of each molecule’s

electrostatic configuration.

Our first step is to obtain the molecular structure for each amino acid we
wish to characterize. MolView [9], an open-source web-based data visualization
platform, completes molecular data searches through multiple compound,

protein, and spectral databases including The PubChem Project [10] and the RCSB



Protein Data Bank [11]. We searched MolView for a given amino acid, for
example tryptophan, and selected the primary result. Via the online Tools menu
we exported a .MOL file which includes 3D spatial coordinates for each atom

within the molecule and the bonds between the atoms.

The resultant atomic geometric structure included in a compound’s .MOL
file is unlikely to be in an optimized state. The software tool Gaussian [12] can
read in .MOL file data and compute an optimized molecular structure per
parameters input into the tool. Using Gaussian 16, we opened the GaussView
tool and opened a given .MOL file as its input. We modified the Gaussian
Calculation Setup defaults as follows:

e Use the Optimization job type for the minimum

e Set density function theory (DFT) for the ground state
e Basis set 6-31G(d) with + diffuse function

e Merz-Kollman partial charge distributions

e Save ESP charges for later

e (Calculate the electrostatic properties with additional keyword “prop”

10



@ G1:M1:V1 - Gaussian Calculation Setup x
Title: 127864
Keywords: # opt b3lyp/6-31+g(d) pop=(mk,saveesp) density==scf geom=connectivity prop
Charge/Mult.: 01
Job Type Method Title Link @ General Guess Pop. PBC Solvation Add. Inp. Preview

Level of Output: Default - [] at every geometry

Merz-+ollman (ESF) charges [] Hirshfeld {CMs) charges
[] matural Transition Orbitals (MTOs) [] Biorthogonalize orbitals
Perform NBO calc: Mo NBO -
Save orbitals to chk file: Don't save (keep canonical orbitals) -
Save charges for later MM: Save ESP -

Choose Density for Analysis
Select density for analysis: SCF -
[] read density from checkpoint file

Help
Additional Keywords: ||:uru:u|:| Update
Scheme: | (Unnamed Scheme) v @ Assign to Molecule Group

Submit. .. Quick Launch Cancel Edit... Retain Defaults

Figure 2: Example of Gaussian calculation setup screen.

Once run, Gaussian outputs a .LOG file with data representing an atomic

geometry for the molecule in its computed minimum energy state.

The .LOG contains data including calculated atomic locations representative to
the other atoms within the molecule. Additionally, the .LOG file provides the

electrostatic charge found at each atomic location.
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To utilize the .LOG file data, the team developed a series of custom
MATLAB [13] scripts. The first of these scripts parses the atomic geometry and
electrostatic charge for each atom. A second set of scripts algorithmically solves
for the g™ values of a molecule using the charge distribution read from the
Gaussian log-file and an input degree to calculate, /. The script sets the q;" order
m as -/ to I. With the q;"* value calculations, a final set of scripts generates the
visual “constellation map” of q;"* vs m vs | and returns data files containing both
the algorithmic calculated and Gaussian-reported dipole moments (x, y, z, normal)
and a matrix of the data points used to construct the constellation diagram

(L m,qi", qr"|, and phase(q[™)).

12



Multipole Moments glm of
TRYPTOPHAN
Degreel=0to 4
Orderm=-ltol

N

glm Phase [rad]

glm Mag [Iog10(1e*meter('))]
-35 -30 -25 -20 -15
I ! ' B

Figure 3: Constellation map for tryptophan amino acid.

Following this process, we then proceeded to generate constellation maps

for each of the 21 proteinogenic amino acids as selected for direct comparison.
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Findings

To characterize the amino acids, we generated constellation maps with the
degree | set to 4 and the order m follows as -/ to I. Through this method, every
molecule was reduced to an individual characterization dataset containing 45
datapoints. Each of these datasets, however, contain 20 zero values leaving 25
non-zero values. This is readily visible in the constellation map as seen for
tryptophan in Figure 3 and is an expected result of the algorithmic calculations.
For comparison, a tryptophan molecule at the ground state contains 27 atoms
each requiring three additional positional values (x/y/z) for a total of 108 non-
zero values whereas the electrostatic potential map as displayed in Figure 1
includes thousands of datapoints. Characterizing these amino acids through q;"
values alone appears to significantly reduce the dataset size necessary to identify

a molecule.

The final step in the process in generating constellation maps provides
graphical representations of the q;" datasets for the proteinogenic amino acids
characterized in this study. Review of these maps confirmed through quick visual
comparison that each molecule resolved to a unique set of q;"* values. Each of the

21 maps are clearly distinguishable from the other 20. As desired, for this sample
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set of 21 molecules, the constellation maps provide a unique characterization for

each amino acid.

As an example set, the constellation maps for four molecules are included
in Figure 4. Whereas visually alanine, tryptophan, and valine each appear to
share the same result for degree /=0, arginine is already distinctly different.
Valine then immediately diverges at degree /=1 in comparison to alanine and
tryptophan. At degree /=2, these remaining two molecules diverge from one
another. None of the entire set of 21 constellation maps appear visually matched
for either / =3 or / =4. Numerical analysis of the q;"* values confirms the visual

inspection results across the entire set of proteinogenic amino acids.
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Multipole Moments qlm of Multipole Moments qlm of

ALANINE ARGININE
Degree 1=0to 4 Degreel=0to 4
Order m= -! to | Orderm= -! to |

qlm Phase [rad]
glm Phase [rad]

glm Mag [IagIO(We*meler“))] qlm Mag [Iogm(ﬂe*meter('))]
-40 -35 =30 =25 =20 -15 -35 =30 =25 =20 -15 -10
Multipole Moments qlm of Multipole Moments qlm of
TRYPTOPHAN VALINE
Degree = 0to 4 Degree | =0to 4

Orderm =-to | Orderm=-ltol

glm Phase [rad]
glm Phase [rad]

glm Mag [Iog10(1e’me|erm)] gqlm Mag [IcglO(We’meter“))]
-35 -30 -25 -20 -15 -35 -30 -25 -20 -15 -10
I ! | I J |

Figure 4 - Constellation plots of alanine, arginine, tryptophan, and valine.

As an initial confirmation using the proteinogenic amino acids as a subset of
all molecules, this method generates a unique, condensed constellation map for

each molecule.
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Discussion

Applying theories derived within electrical engineering to the task of
biomolecular recognition event detection is a multi-step process. At the very
least, utilizing radar theory for recognition at a distance first requires a pattern to
match. Further research may identify whether the constellation map generated
with this method may provide a useful pattern. Ultimately, whether using
electrodynamics to identify biomolecular recognition events proves of use
remains a ways off. Today’s calculations might result in physical observations in
time. As a first step, the results of this study are promising towards confirming a

unique, identifiable dataset generated based solely upon an atom’s electric fields.

Continuing in this research path should continue to resolve whether the
constellation map delivers unique identifications. Generating and reviewing maps
for a greater variety of molecules would be one task, to extend the range beyond
amino acids. Utilizing the amino acids as a subset provided several molecules,
such as isoleucine and threonine, which exhibit similarities through matching
chiral centers. However, reviewing true chiral pairs like limonene and carvone
would help extend verification into the constellation map’s capabilities for unique

characterizations. Along similar lines, running this process for ‘known’ molecules

17



set into different ground states or viewed from differing orientations should help

further knowledge regarding the method’s use within different constraints.

In its current state, the constellation map does result in an apparently
unique pattern for characterization of the proteinogenic amino acids. Much like
how each amino acid’s written name uniquely identifies the molecule, these
compact q;" value representations also identify molecules. Yet the underpinning
of the constellation map is the molecule’s intrinsic electrostatic charge as
opposed to letters of the English alphabet. Perhaps one day this physical
underpinning, observing electrostatic charges at a distance, may prove the key to
identifying molecules, and thereby, biomolecular recognition events, without

unduly altering the systems of which they are a part.
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