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Abstract. Supercomputer simulation of several amino acid oligomers using the molecular
dynamics method has made it possible for the first time to identify a complex of characteristics
of both intrinsic intramolecular local vibrations, or normal modes, and forced vibrations when
specifying an alternating electric field in the IR frequency range. Amplitude-time dependences
of energy and electric dipole moment were obtained for oligomers of Gly, Ala, Trp, Val amino
acids, the Fourier transform of which revealed their frequency spectra. The type of solvent
model was shown to significantly affect the position of spectral peaks because of variations in
local interactions and system dynamics. The interpretation of the obtained patterns made it
possible to propose a non-contradictory model that satisfied the fundamental physical concepts
of the intramolecular and intermolecular dynamics of groups of biomolecules. The model
allows for intramolecular interactions of normal local vibrations, including those of the Fermi
resonance type.
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AnHoranusg. CynepKOMITbIOTEPHOE MOJEIUPOBAHUE METOAOM MOJEKYISIPHON AUHAMUKU
psiia OJUTOMEPOB AMWHOKHWCIOT TIO3BOJIMJIO BIEPBBIE BBISIBUTH ISl TAaKUX YacCTHI]
OCOOEHHOCTM KOMILJIEKCAa XapaKTepUCTUK KaK COOCTBEHHBIX BHYTPUMOJICKYISIPHBIX
JIOKaJIbHBIX KOJe0aHWil (HOPMaJIbHBIX MOI), TaK M BBIHYXIEHHBIX KOJIeOaHUI B pacTBOpe
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Ipy 3aJaHMU 3JIEKTPOMATHUTHOTO IOJsI B majbHeM M cpegHeM MK-auamasoHax, a Takxe
Pa3IMYHBIX aJTOPUTMOB CTPYKTYPhl pacTBopuTessi. s onuromepoB amuHokucior Gly,
Ala, Trp, Val u ux rpynn MojiydeHbl aMIUIMTYIHO-BPEMEHHBIC 3aBMCUMOCTH JHEPIUU U
DJIEKTPUUYECKOrO OUITOJBHOTO MoOMeHTa, Dypbe-npeoOpa3oBaHUEM KOTOPBHIX BbISBJIEHDI
CIEKTPBI 4acTOT. BrmepBble OOHApy:XKe€Hbl M BBIYMCIEHBI CMELUEHUS CIEKTPaJbHBIX ITUKOB,
BBbI3BAHHBIE PA3IMUYUSIMK aJrOPUTMOB 3aJaHUsl CTPYKTYpbl pacTBopuTess. MHTepmpeTauus
MOJIyYEHHBIX 3aKOHOMEPHOCTEM MO3BOJIKIIA MPEeaI0XUTh HEIPOTHUBOPEUUBYIO
MOJEjb, YIOBIECTBOPSAIONIYIO (yHIAMEHTaJIbHbIM  (QU3UYSCKUM  IIPEIACTABICHUSIM O
BHYTPUMOJICKYJISIDHOII M MEXMOJICKYJISIDHOM AMHAMMKE TPYII OMOMOJIEKyJd. DTa MOAe/b
JIOMYCKAeT BHYTPUMOJIEKYJISIPHbIE B3aMMOAENCTBUS HOPMAaJbHBIX JIOKAJbHBIX KOJEOaHuii, B
TOoM umciie o tTuiry depMu-pe3oHanca.

>
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Introduction

Forced vibrational processes in biomolecules, driven by external electromagnetic fields, are
of considerable importance for life sciences, medicine, microelectronics, nanotechnology, and
experimental spectroscopy [1—13]. Computational analysis of the time-dependent total dipole
moment (summed over all molecular charges) in the absence of an applied field revealed the
sub-picosecond dynamics of intrinsic biomolecular vibrations [14, 15]. The intrinsic vibrational
frequencies correspond to local normal modes and delocalized collective motions spanning the
terahertz (THz) to infrared (IR) range. Molecular dynamics simulation computing the time-de-
pendent total dipole moment under an applied electromagnetic field makes it possible to deter-
mine molecular conformations and IR absorption spectra of forced vibrations, yielding substantial
scientific and applied results in modern bio- and nanophysics [10, 16—25]. For instance, molec-
ular dynamics simulations were performed for monomers, dimers, and protofibrils of AB42 in the
THz range, and the applicability of the method to the mid- and far-infrared ranges was also con-
firmed [20]. It was shown that Newtonian force-field mechanics is a valid approach in molecular
dynamics for the mid- and far-infrared ranges, alongside quantum-mechanical calculations [17,
20, 21, 23, 24, 26—28]. Comparisons of molecular dynamics studies in these frequency ranges
yield reasonably close agreement between the calculated spectral characteristics and experimental
or theoretical data for both intrinsic and forced vibrations [6, 21—23].

For example, the assignments of the most intense intrinsic vibrations at the calculated frequen-
cies (wavenumbers, cm') are given for amino acid solutions:

1100, 1519, 1652, 3018, 3322, 3364, 3362 for alanine (Ala);

927, 1060, 1542, 1643, 3210, 3322, 3364, 3479 for glycine (Gly);

1048, 1533, 1640, 3030, 3325, 3361, 3479, 3663 for valine (Val);

784, 1403, 1495, 1536, 1646, 2917, 3325, 3562, 3766 for tryptophan (Trp).

These results are in agreement with theoretical and experimental data reported previously,
although the extent of this agreement has not been quantified [26, 28].
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4 Simulation of Physical Processes

According to the established view, spectral components above roughly 200—800 cm™' corre-
spond to local intramolecular vibrations (normal modes), while those below this range are collec-
tive delocalized vibrations. The assignment of local oscillator bands to normal modes and their
frequencies was discussed in numerous sources, for example, in [26].

The spectral window from 2600 to 900 cm™' is reported in [29]. Nine characteristic vibra-
tional bands (amides A, B, I, II, ..., VII) are prominent in the IR spectrum, with amides I
and II falling between 1600—1700 cm™' and 1500—1600 cm™', respectively. The unperturbed
C=0 stretching vibration (amide I) has a frequency of 1688 cm™'; the corresponding spectral
band shifts in the presence of water or other solvents and also depends on conformation. The
N—H bending vibration (Amide II) occurs in the wavenumber range of 1530—1580 cm™'. The
Co—N stretching vibration (Amide III) falls within the range of 1200—1340 cm™!. The resonant
field frequencies (fundamental frequencies of the square wave at 3335.66 and 1042.37 cm™)
coincide with specific intrinsic local vibrations (asymmetric N—H stretching of Amide A and
C—N stretching, respectively).

Recent advances in molecular dynamics yielded new supercomputer simulation results
describing the dynamics of increasingly complex protein molecules under electric fields with
various polarizations and modulations in the THz and IR ranges [30—33]. Oligomers are
attracting growing attention as key functional units that enable proteins to initiate allostery and
cooperativity [14, 15, 34—37].

The vibrational dynamics of oligomers driven by electromagnetic fields of different polariza-
tions and time profiles was simulated for the first time over a range of wavenumbers, particularly
in the far- and mid-infrared ranges [25].

The goal of this supercomputer study is to refine the analysis of forced vibrations of oligomers
and their aggregates in solution, which is essential for advancing fundamental biological and bio-
physical understanding, as well as for a range of current and emerging applications.

Computational approach and validation

The computational approach we adopted relies on a methodology for supercom-
puter simulation of molecular dynamics that has already proven to be highly efficient and
reliable [25, 29, 38—41].

The techniques previously developed for single molecules were also applied here to oligomers
and their assemblies.

The dynamic simulations of molecular complexes were performed using the RSC Tornado
cluster at the Polytechnic Supercomputer Center of Peter the Great St. Petersburg Polytechnic
University, as described in detail in our previous work [33]. The cluster, with a peak perfor-
mance of 10 flops, comprises 668 dual-processor nodes (Intel Xeon E5-2697 v33), 56 of
which are equipped with two NVIDIA K40 accelerators. This configuration allows generat-
ing, within a reasonable computation time, extensive databases of the time-dependent total
dipole moment with trajectory durations up to 40 ns and a minimum sampling interval of 1
fs, thereby providing high resolution in the Fourier spectra over the far- and mid-infrared
frequency ranges. The software suite included Avogadro, Visual Molecular Dynamics (VMD),
and NAMD, along with additional custom Python scripts. The Packmol tool was used to place
oligomers in groups of p = 1, 2, ..., 20 particles within a cubic water box with a side length
of 70 E. Initial coordinate files for the Gly, Ala, Trp and Val oligomers in aqueous solution
were generated using Avogadro. The results presented below are primarily from simulations
of polyAlaN oligomers (initially modelled as a-helices) with different numbers of amino acid
residues N = 18 ,... ,2 ,1. The VMD software was used to generate structural files based on
the topology of molecular bonds, add water molecules and salt ions, visualize molecular
systems, calculate the energy and dipole moments of conformationally flexible molecules.
Newton’s equations of motion were solved for each atom of the system, atomic coordinates,
force field parameters, system temperature, pressure, etc. were determined at each time step.
The time-dependent total dipole moment p(#) was then computed from the instantaneous
coordinates and velocities of the charged particles by summing the displacement vectors of
each charge at each time step.

The change in the partial dipole moment Ap,; at the jth time step of duration Af corresponds
to the spatial displacement of charge g, by the vector Ar,;
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The time-dependent total dipole moment (7) was then obtained by summing the partial
moments over all charges in the oligomer solution:

N
HOEDIPI AN (1)

where N is the total number of charges.

The time series of the instantaneous total dipole moment, p(7), represents a superposition of
the local vibrational motions of all charged atoms within the molecule.

The wavenumber spectrum of these vibrational motions was obtained by Fourier transforma-
tion of the time-dependent total dipole moment, both for each individual oligomer and for the
entire assembly of particles in the simulation cell. The algorithm for computing the time series
relies on the independence of the fluctuations of the total dipole moment (1) from the origin of
the displacement vectors Ar, . High resolution in the characteristic frequencies of the studied part
of the Fourier spectrum was achieved due to its numerical equality to the ratio of the duration of
the amplitude-time realization to the oscillation period.

The Fourier method employed here has the advantage of reproducing all spectral components
within a specified wavenumber range, including higher harmonics and combination bands. The
range is limited by half the sampling frequency but can be extended using the computational
resources of the supercomputer.

An applied electric field induces charge displacements at characteristic IR frequencies and a
polarization response altering the components and magnitude of the dipole moment. To ensure
the most informative study, three types of electromagnetic fields were specified with plane spatial
polarization along the coordinate axes (x,y,z), with components [ £,0,0] and amplitudes from 0.01
to 0.50 V/nm:

a harmonic electric field,

a periodic sequence of unipolar rectangular pulses,

a symmetric square wave.

The square wave was chosen because it combines the properties of periodic pulse sequences
and is of practical interest for microelectronics, particularly for controlled switching of molecu-
lar states and for probing anharmonic molecular dynamics. The feasibility and effectiveness of a
square-wave electric field with a fundamental frequency in the IR range were tested and validated
in several studies [14, 15, 23—25]. A similar square-wave electric field was used in molecular
dynamics simulations of liquid water in the 20—500 GHz frequency range [40].

The strength of the local electric field acting on the charges within the molecule was
varied over a wide range, from 0.004 to 0.400 V/nm. As in our previous works and in
studies by other authors, the time dependence of the vibrational amplitudes was linear
and did not lead to molecular fragmentation. Indeed, such fields exist only in the micro-
scopic region near a charge and correspond to typical atomic intramolecular fields. This
approach does not require comparison with macroscopic fields, which have different energy
characteristics [42—44].

Based on the obtained data for the intrinsic vibrational spectra of oligomers, we applied the
electric field E(7) at a set of resonant frequencies corresponding to the following fundamental
wavenumbers (in cm™!):

5555,4167, 3333, 1667, 1515, 1111, 1042, 980 and 200.

The energy characteristics corresponding to these wavenumbers are shown in Fig. 1.
The time evolution of the kinetic and potential energies of the particles and the system as a
whole was computed simultaneously with the time-dependent dipole moment.
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Fig. 1. Typical potential energy characteristics of Ala (a), Gly (b), Trp (c) molecules in aqueous
solution obtained with an explicit solvent model. The figure shows 3D plots of energy
as a function of square-wave amplitude of the electric field at selected wavenumbers (WN).
Temperature: 298 K, time step: 5 fs

The most pronounced dependence on the strength of the alternating electric field was observed
at the wavenumber 3333 cm™!, corresponding to the asymmetric N—H stretching vibrations
(Amide A) (see Fig. 1,a). This may also be related to preferential localization of vibrations in
hydrogen-bond networks. The molecular energy at resonance depended to a greater extent on the
applied field strength and to a lesser extent (or not at all) on the trajectory duration. The potential
eneregv remained nearlv constant in the field strength range from approximately 0.01 to 0.50 V/nm
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Fig. 2. Potential and kinetic energies of

diphenyl-L-alanine (/, 2), tryptophan (3, 4),

and glycine (5, 6) in aqueous solution as
function of field strength at # = 500 ps

over the time interval from 0 to 510 ps for Gly
and Trp, showing a more complex dependence
for Ala, presumably due to the larger side chain
(see Fig. 1,b).

Fig. 2 shows the potential and kinetic ener-
gies of diphenyl-L-alanine, tryptophan, and gly-
cine in aqueous solution as functions of the field
strength at a fixed time = 500 ps. Fundamental
wavenumber of electric field: 3333 cm™.
Notably, there is a linear increase in energy
from very small field strengths at the fundamen-
tal frequency of 3333 cm™' up to about 0.4 V/
nm for glycine and tryptophan, and up to 0.2 V/
nm for diphenyl-L-alanine. At other character-
istic frequencies (e.g., 980 and 200 cm™'), both
types of energy were nearly independent of the
field strength, which is consistent with the data

Fundamental wavenumber of electric field: 3333 cm™ in Fig. 1,a.
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Shifts in the spectral peaks along the wavenumber scale were observed, depending on the algo-
rithms chosen for local interactions and system dynamics. Specifically, the virtual molecular sys-
tems differed in the way water (solvent) was added: either as an implicit solvent or as an explicit
solvent (with water molecules added), i.e., using the coarse-grained model [45].

In the Iatter case, the volume and complexity of computations increase significantly because
it is necessary to set the parameters and states of the water molecules, the size of the water box,
etc. The generalized Born implicit solvent (GBIS) method was used for the former case. It is a
fast but approximate method for calculating molecular electrostatics in a solvent, described by the
Poisson—Boltzmann equation, which models water as a dielectric continuum:

_Zieo(P(r)} ?)

Vx[g(r)V(p(r)] = —pf(r)—ZcfozieO exp[ T

where ¢(r) is the dielectric permittivity of the medium, ¢ is the electric potential, p/(r) is the
charge density in the medium, ¢, is the concentration of the ith ion at infinity, z, is the valence
of the ith ion, k; is the Boltzmann constant, 7' is the temperature.

This method allows simulating atomic structures without including explicit water, i.e., without
adding hydrogen and oxygen atoms and without computing their coordinates. Using an implicit
solvent significantly accelerates the simulations and greatly reduces the size of the output files
(roughly in a 1 : 50 GB ratio), which was a key factor in this study.

Amino acid molecules were placed in a periodic system with a cubic water cell (with a
side length of 70 E, independent of the molecular sizes). The distance from the outermost
molecule to the cell boundary was 15 E. Solvation of molecules was simulated by the TIP3W
water model, corresponding to three atoms of the water molecule at three interaction points.
Such models provide high computational efficiency and are used in many applications for
molecular dynamics simulation. The chosen water model was also used with the CHARMM
force field. The difference lies in the Lennard—Jones parameters: unlike TIP3, the CHARMM
version of the model assigns these parameters to hydrogen atoms in addition to the oxygen
parameters in the water molecule [46, 47]. Many similar studies used this water model, but the
frequency shifts of intrinsic vibrations associated with different algorithms were not discussed
previously [48, 49].

Simulation results

Fig. 3 shows the spectral characteristics of water in the periodic system of cubic cells, com-
puted in this paper using the explicit solvent model; the ranges of intrinsic vibrations of water
molecules known from the literature are also shown for comparison [50].

The Fourier spectrum of the electric dipole moment of water molecules was calculated using
the VMD IR Spectral Density Calculator plugin; the duration of the amplitude-time realization
was 20 ns.

Analyzing the spectra in Fig. 3, we can conclude that the vibrational bands of water molecules
are close to the positions of the intrinsic vibrational peaks of biomolecules [20, 30, 31, 33]. The
resonant spectral effects of forced vibrations under an applied electric field, observed in the total
dipole moments of oligomer assemblies, are similar in energy characteristics to those found for
single amino acid molecules [20, 33] as well as for dimers, trimers, and other peptides [51, 52].

The Fourier spectra of the intrinsic intramolecular vibrational bands of polyAlaN oligomers were
qualitatively similar for different N (N =1, 2, ..., 18) and for different numbers p (p = 1, 2, ..., 10)
of such oligomers in the water box, but they also exhibited several quantitative features. Fig. 4
shows the typical overview and selected window spectra of polyAlal2 oligomers, derived from the
time-dependent total dipole moment reflecting the intrinsic vibrational motions of the molecules.
The spectra were obtained with a trajectory duration of 2 ns, time window of 510 ps, and a time
step of 5 fs (7= 298 K).

Comparing the overview Fourier spectra of intrinsic vibrations for single polyAlal2 oligo-
mers (p = 1) and for their assemblies with p = 10 (see Fig. 4), we found that the set of spec-
tral components was virtually identical. However, a change in the spectral components was
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Fig. 3. Fourier spectra of time-dependent dipole moment of water molecules: IR M D corresponds
to results obtained with the VMD IR Spectral Density Calculator plugin (z = 1 ns, f, = 200 THz);
IR exp NIST corresponds to the experimental results from the NIST database [48]

The wavenumbers (cm™") of spectral bands /—4 are given in the legend

observed as the number of oligomers increased: the structure with two peaks in the center at
3313.5 and 3358.1 cm™! transformed into a structure with two peaks at 3277 and 3394.4 cm™'.
This change likely indicates dipole—dipole interactions between oligomers in the assembly. A
similar evolution of spectral components was reproduced for other values of the parameters N
and p. The differences observed between the typical spectral windows from the overview spec-
tra of polyAlal2 oligomer assemblies (see Fig. 4) are likely due to phonon—phonon coupling
of local vibrations, as well as to collective mechanisms forming spectral components in the
molecular assembly.

The Fourier spectra of forced vibrations for polyAlal8 oligomers (p = 1) were calculated
from the total dipole moment, with a trajectory duration of 2 ns, under an applied symmetric
square-wave electric field. The square-wave amplitude was varied over two orders of magnitude,
from 0.004 to 0.400 V/nm, corresponding to local atomic fields within the molecule. The fun-
damental harmonics showed essentially the same behavior and patterns at different vibrational
frequencies with varying excitation parameters. Fig. 5 shows the typical overview spectra of
forced vibrations for polyAlal8 oligomers at p = 1, computed from the total dipole moment,
with a trajectory duration of 2 ns, under an applied symmetric square-wave electric field with a
peak-to-peak amplitude of 0.4 V/nm at different fundamental wavenumbers.

Spectra with similar characteristics were obtained at lower fields in the range of 0.01—0.400 V/nm
for all three types of electric field.

Comparing the spectra of forced vibrations (see Fig. 5) and intrinsic vibrations, we found
that field excitation at wavenumbers of 5555 and 4167 cm', as well as at other wavenumbers
in the region above the frequencies of intrinsic local vibrations, did not cause any noticeable
rearrangement of the spectral components of oligomers for different N(N = 1, 2, ..., 18). When
the excitation frequency coincided with an intrinsic local vibration frequency, for example at
wavenumbers (in cm™') of 3333, 1111, 1042, and 980, a strong rearrangement of the spectral
components was observed, consistent with resonant pumping of forced vibrations (see Fig. 4).
This result is likely due to corresponding changes in the conformational structure and in the total
dipole moment. Indeed, the frequency dependences obtained for the time-averaged total dipole
moment of polyAlal8 oligomers for different values of p at a field strength £= 0.4 V/nm were
consistent with this interpretation.
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Fig. 6 shows the intensities of the peaks in the resonant spectral bands of polyAlaN mole-
culesat N=1, N= 18 and p = 1 as a function of the electric field strength under square-wave
excitation at a fundamental wavenumber of 3333 cm™!. A nearly linear relationship was observed
between the resonance peak intensities and the electric field strength in the region of very small
field amplitudes. This linear region extends up to the maximum intensities of the resonant spec-
tral bands, when the field amplitude reaches about 0.4 V/nm, which is consistent with the results
known from the literature [53, 54].

The spectral line intensities at different excitation frequencies either remained virtually
unchanged or increased linearly with increasing field strength over the given range.

Fig. 7 shows the spectral characteristics of the amplitude-time realization of the electric dipolemo-
ments of Ala and Trp molecules simulated for vacuum conditions and various water-solvent models.
The differences revealed in the spectral characteristics, discussed below, allowed us to formulate and
justify some significant additions to the description of the vibrational properties of molecules.

Discussion

The results presented above allow analyzing the dynamic properties of the considered set of
oligomers in the IR range. Comparing the overview Fourier spectra of intrinsic vibrations for sin-
gle oligomers and for their assemblies, we found that the set of spectral components was virtually
identical for different values of the parameters N and p. The effects of forced vibrations under
external electric fields of various types, including harmonic and pulsed periodic fields, observed in
the total dipole moments of oligomer assemblies, were found to be similar in energy and spectral
characteristics to those observed in single amino acid molecules.

Considering the typical selected spectral windows from the overview vibrational spectra of the
oligomer assembly, computed from the total dipole moment, we observe a frequency proximity
effect both among the local oscillators themselves and between these oscillators and the applied
electric field. We can therefore assume that these windows exhibit effects of mutual coupling of
local vibrations; such coupling is likely due to phonon interactions, leading to collective for-
mation of spectral components. As the oligomer size increased, a redistribution of the spectral
components was observed: the structure with two peaks in the center (at 3313.5 and 3358.1 cm™)
was transformed into a structure with two peaks at 3277 and 3394.4 cm™!. A similar evolution of
spectral components was reproduced for other values of N. In our view, this effect is caused by
Fermi resonance of the second harmonic of the vibrations at 1565.7 and 1695.5 cm™' present in
the spectrum, with the resonant frequency at 3333 cm!, which we were able to identify by apply-
ing an electric field.

No significant changes in the total dipole moment were observed for a single molecule under
an applied electric field in the case of forced local vibrations, which likely points to conforma-
tional stability of a single oligomer upon excitation of local (rather than collective) vibrations.
However, significant changes appear for larger numbers of oligomers in the assembly, when the
parameter p = 3, 4, and 5. In this case, the effects of the applied electric field on intermolecular
vibrations and dipole—dipole interactions may be observed.

During the simulation, a difference was revealed for the first time in the dependences of the reso-
nance peaks of polyAlaN molecules at N =1 and N = 18, on the electric field strength under square-
wave excitation at a fundamental wavenumber of 3333 cm™' (see Fig. 5). The resonance peak intensity
is significantly higher for a single molecule (see Fig. 6) than for the oligomer, whose conformation and
total energy are more stable with respect to excitation of intramolecular local oscillators.

Conclusion

We performed the first supercomputer molecular dynamics simulations of oligomers of several
amino acids under electromagnetic fields in the IR range. The supercomputer methods developed
here are suitable for applications in nanobiotechnology and microelectronics that incorporate bio-
molecular components, among which amino acid oligomers play a major role. The methodology
has proven to be highly effective and reliable, yielding new results that consistently complement
existing theoretical and experimental data. We used three types of amplitude modulation of the
applied electric field (harmonic, a periodic sequence of unipolar rectangular pulses, and a sym-
metric square wave) to lay the groundwork for further practical studies and establish the means to
monitor anharmonicity over a broad frequency band in the mid- and far-infrared regions.
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The method allowed us to compare the frequency spectra of intrinsic molecular vibrations both
in water and in the absence of a water environment, and to identify the common features and
peculiarities. Adding water (in silico) shifted the frequencies upward by a few percent, i.e., towards
higher vibrational energies. This shift likely originates from the specific intrinsic vibrational spec-
trum of water molecules, whose nonlinear couplings become active simultaneously with the local
oscillators of the solutes.

A set of characteristics for both intrinsic local vibrational modes (normal modes) and forced
vibrations of oligomers in the far- and mid-infrared ranges was identified for the first time.
Interpretation of the obtained patterns allowed us to propose a consistent model of molecular
physics, including mutual phonon couplings of local oscillators, satisfying the fundamental phys-
ical concepts of the intramolecular and intermolecular dynamics of groups of biomolecules.

The results can be used to determine the functional properties of dehydrated biomolecular
films for applications in biophysics, nanobiotechnology, and microelectronics, for example in
the design of prototypes of bioelectronic and heterogeneous hybrid microelectronic devices with
embedded biomolecular components [55].
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