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The natural vibrational frequencies of biological particles encode critical information about their
structures and properties. The natural vibrational frequencies have been explored for early detection
and inactivation of viruses. The resonant frequency-based biophysical methods present an interesting
alternative to traditional vaccine and drug treatment against the spread and infection of pathogenic
viruses. However, measuring natural vibrational frequencies of a single virion in a biological
environment is challenging. Assigning structural features to measured spectra is even more difficult.
We have simulated the dynamic motion of SARS-CoV-2 spike protein using all-atom molecular
dynamics simulation. A resonance frequency at 7.3-7.4 GHz has been identified. The finding provides a
molecular-level theoretical basis for attributing the experimentally observed SARS-CoV-2 microwave
absorption peak at ~ 7.5 GHz to the intrinsic vibration of the spike protein, which is different from the
previously proposed viral shell-core dipole model.

Biological particles such as proteins, viruses, bacteria and fungi display low-frequency vibrations. These
vibrations arise from the collective motion of all their constituent atoms. The vibrational frequencies encode
critical information about their size, shape, composition, three-dimensional structure and conformational
flexibility, and interactions with their environments. The natural vibrational frequencies have been explored as
fingerprints for viral detection and inactivation!~.

The Influenza A virus H3N2 in solution was irradiated by microwave with the frequency range of 6-12
GHz. It has been shown that a 100% inactivation ratio can be achieved at a resonance frequency 8.4 GHz with
power density 810 W/m?*. Human coronaviruses (HCoV-229E) in solution were exposed over microwave
irradiation in the range of 0.8-40 GHz. A resonance frequency within 15.0-19.5 GHz has been observed®. Small
drops containing SARS-CoV-2 virus were exposed on microwave of frequencies ranging from 6.5 to 17 GHz.
A resonance frequency at 10 GHz has been found®. These studies hypothesized that viruses could be physically
ruptured by the resonant vibration of a confined dipolar mode inside a spherical virus. A dipole moment is
formulated by the separation of viral shell and core with opposite electrostatic charges. The dipole mode could
be resonantly excited by applied microwave with the same frequency as the vibration frequency of the dipolar
mode, resulting in the rupture of the shell.

If the above hypothesis is true, the vibration frequency of the dipole mode can be inferred by the most
effective viral inactivation frequency. However, the above observed resonance frequencies from empirically
testing the inactivation effectiveness of a range of microwave frequencies are different from directly measured
ones. Using a coplanar-waveguide-based sensor, two resonance frequencies have been directly measured at 4 and
7.5 GHz for SARS-CoV-2, and at 4.2 and 7.5 GHz for HCoV-229E, respectively”:.

From the above brief review, it is clear that assigning structural features to measured spectra is challenging.
The different resonance frequencies reported by different research groups for similar viruses call for the physical
interpretation of resonance sources and underlying mechanism of inactivation.
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The SARS-CoV-2 is an enveloped virus with a spherical shape of diameter ~ 100 nm and mass m =~ 1 fg
°. The SARS-CoV-2 has four main structural proteins: nucleocapsid (N), spike (S), membrane (M), and envelope
(E). The N protein surrounds the RNA genome, while the S, M, and E proteins are embedded in the lipid
envelope. The S proteins protrude out of the spherical shell and look like crowns. The binding of the spike
protein to the receptor angiotensin converting enzyme 2 (ACE2) on human cells initiates the viral infection
process. The vibration of any components may be resonated by exposed electromagnetic waves. Is there an
alternative interpretation to the previously proposed “shell-core” dipole model to account for the experimentally
observed ~7.5 GHz and ~ 4.0 GHz resonance?

Indeed, recent experimental studies of similar virus particles have suggested that at low frequency, viral
inactivation is more likely due to the altering of S protein binding ability than the physical rupture of the
particle!®!2. Recent development of BioSonic spectroscopy has made it possible to detect natural vibrational
frequencies from 2 to 21 GHz of a virus particle similar to SARS-CoV-2 virus. The low frequency from 2 to 10
GHz has been assigned to the vibration of virus envelope glycoproteins. The higher frequency from 19 to 21 GHz
has been demonstrated to be sensitive to virus morphology!>.

All-atom molecular dynamics (MD) simulations have also shown that electric fields can dramatically
denature the receptor binding domain (RBD) of the S protein, resulting in complete loss of its binding affinity to
ACE2'*15, In our recent work, we have observed a permanent dipole moment nearly parallel to the axis of the
S protein. Its interactions with applied electric fields denature the HR2 domain in the S2 unit to possibly break
the membrane-fusion process'®.

All-atom MD simulations have also been demonstrated to be a useful computational tool in interpreting
optical absorption spectra from molecular structure and dynamics!’-2°. To theoretically account for the physical
origin of the natural frequencies in the low frequency range from 2 to 10 GHz, we have carried out all-atom MD
simulations of the S protein in the SARS-CoV-2 virus to determine if a resonance frequency could be identified.

Results

Energy absorption resonance frequency

The structure of the S protein has been revealed using cryo-electron tomography and MD simulation
3-dimensional model of the S protein in a closed conformation embedded in a membrane is shown in Fig. 1A.
The S protein is a trimer with each chain composed of the same 1273 amino acids. The three chains are in blue,
red and gray in Fig. 1A. The S protein has a club-like shape with a head and a stalk. The head protrudes outside
of the viral membrane, whereas the stalk connects the head to the viral membrane. The stalk has three flexible
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Fig. 1. All-atom molecular dynamics simulations. (A) Set up of MD system. A spike protein of three chains
in blue, red, and gray is embedded in a membrane (cyan). Three flexible hinges are marked in “hip’, “knee’,
and “ankle” The box size is 22.4 X 22.2 x 44.5 nm. For clarity, a portion of the water molecules is shown. (B)
Evolution of radius of gyration of the spike protein in three independent simulations starting with different
initial velocities.
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hinges: a hip, a knee, and an ankle. The knee between the upper leg and lower leg is most flexible. The feet insert
into the viral membrane. The membrane model is composed of eight lipid types based on the ratio

DPPC/POPC/DPPE/POPE/DPPS/POPS/PSM/Chol =4:6:12:18:4:6: 20 : 30

estimated from influenza and HIV experimental data?®. The system is solvated in 641,385 TIP3P water and
neutralized with 0.15 M KClI solution. The total number of atoms in the system is 2,260,694. The simulation
unit cell size is 22.4 x 22.2 x 44.5 nm. The initial configuration is available at https://www.charmm-gui.org/.

Assuming the S protein is exposed to an incident wave Epcosw t, w = 27 f, and the energy absorption
is isotropic. The quantum mechanical Golden Rule can be used to derive the amount of energy at a specific
frequency absorbed per unit time as®

(@V/dt) = 222 (1) S (), S(w)

+oo .
/ (M @©)- M),

—oo

where 3 = 1/kpT; h is the reduced PlancKs constant; i* = —1; M (t) = (M (t), My (t), M. (t)) is the
total electric dipole moment of the S protein at time ¢. The angular brackets denote the ensemble average of the
dipole-dipole time correlation function at equilibrium. S (w ) is the power spectral density (PSD).

In the classical limit where fiw /kpT < 1, Eq. (1) becomes
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is proportional to H.S (w ), the harmonic renormalization of the power spectral density:

HS(w)= Bw’hS (w) (3

abs

HS (w ) has the physical units Debye?. The normalization factor 38 w ?# is included to match the convention
in the visual molecular dynamics (VMD) signal processing plugin package (version 1.1).

Within linear response theory where the perturbation is small from applied external field,
a(w)= ;;h HS (w) is the absorption coeflicient at frequency w 2%, where n is the refraction index, cis the
speed of light in vacuum. The harmonic pre-factor (w/i)? accounts for quantum correction.

To investigate whether there is an energy absorption resonance frequency, we need to compute the function
HS (w) in the frequency range of interest. A frequency corresponding to a significant peak of the function
HS (w) is called a resonance frequency, where more incident energy is absorbed than at other frequencies. In
the following, we will refer to the plot of the function H.S (w ) as the absorption spectrum.

Resonance frequency predicted by MD simulation

We first calculate the PSD S (w ), w = 27 f and then multiply the prefactor 8w 2/ to obtain H.S (w ).
To numerically estimate S (f), MD simulations have been employed to generate a discrete sample of dipole
moments My = M (kA t) of the S protein, 0 < k < K — 1, where A tis the sampling period, and K is the

total steps of a simulation. Following the Welch’s algorithm?’, we have divided a time series into @ overlapping
segments with equal segment data length L and 50% overlap. L is chosen to be even.

According to the Wiener-Khintchine theorem?®??, at each segment, S (w ) can be estimated as
8ot = 4R 0
where f; =jA f, 0< j < L—1,and A f = 3% is the frequency resolution, and F (f;) is the discrete
Fourier transform of dipole moments:
ﬁq (fi) = f—ole_%lLM(A %) (5
Then the true S (f;) is estiamted by the average:
S = &S () (6)

For each segment, we have calculated SB7i(27 f;)*S, (f;) using VMD1.9.4 signal processing plugin package
specden’®.

We have generated three time-series vectors of the total electric dipole moment of the S protein using all-
atom molecular dynamics simulations. By randomly re-initiating the velocity of atoms according to the Maxwell-
Boltzmann distribution at temperature 300.15 K, a previously equilibrated configuration has been restarted and
simulated at the constant-temperature and constant-pressure (1 atm)'®. The center of mass of the S protein is at
the center of the simulation box. We have performed three independent simulations Sim0, Sim1 and Sim2 for
178.2 ns, 213.05 ns, and 202.5 ns, respectively. Trajectories were kept at the rate of A ¢ = 50 ps for each of the
three simulations, resulting in the Nyquist frequency 20 GHz.
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The time evolution of the radius of gyration of the S protein is shown in Fig. 1B for the three simulations. The
average radius of gyration of the S protein is 7.4686 + 0.0196, 7.4820 £ 0.0306, and 7.5158 + 0.0296 nm for
Sim0, Sim1 and Sim2, respectively.

After wrapping the S protein back to @)e center of the simulation box using VMD PBCTools Plugin (version
2.7), the total electric dipole moments M = M (kA t) of the S protein for each simulation were calculated

using VMD, where 0 < k < K —1and K = 3564, K = 4261, and K = 4050. The X, y, z components of
the dipole moments are shown in Fig. 2A, B and C for Sim0, Sim1 and Sim2, respectively. It is seen that there
are more fluctuations in the z direction. This is because the stalk of the S protein is flexible to bend and stretch.

It has been demonstrated that the length L of the segments is a critical parameter for limited amount of
data®. There is a balance between the length L and the number @ of the data segments. To obtain a high-
resolution spectrum, the length L needs to be large, resulting in a small number of @ and large variance which
may obscure the true signal. In contrast, if L is small and @ is large, a very smoothed spectra may smear out
spectral structure. For small time series datasets with low signal-to-noise ratio, the choice of L becomes more
critical.

We have first tested the case L = K. In this case, ) = 1. A whole time-series is fed into the module specden
in VMD signal processing package, the output harmonic renormalized spectral density functions are shown in
Fig. 3A-C. The strongest absorption peaks appear at 7.4, 7.2 and 7.3 GHz for Sim0, Sim1 and Sim2, respectively.
However, the absorption spectra are very noisy in Sim0 and Sim1.

We have then tested varied L = 512, L = 1024, and L = 2048. Although we can observe that a peak
around 7.5 GHz in all calculated spectra shown in Fig. S1 in Supplementary Information, a good balance
between resolution and variance is achieved at L = 2048. The frequency resolution achieved at L = 2048 is
9.765625 MHz. The noise is significantly reduced. The normalized absorption spectra are shown in Fig. 3D-F
Now we can clearly see the strongest absorption peaks appear at 7.4, 7.3 and 7.3 GHz. The corresponding actual
intensity is 0.01154, 0.01118 and 0.01571 Debye2 for Sim0, Sim1 and Sim2, respectively.

Significance test of the observed peaks

A problem in signal analysis is the false positive prediction of false peaks attributed to random noise!32. We shall
test whether the above observed maximum absorption intensity is due to a deterministic periodic component
or random noise in the three data sets of time-series dipole moments. To this end, we have computed the false-
alarm probability (FAP) using the bootstrap method??. The FAP measures the likelihood that the absorption
peak of a similar magnitude can be observed after the time-series data are randomly resampled. If the FAP is
high, the peak is most likely not due to a periodic structure of the data.

For each data set, we keep the temporal coordinates the same, but randomly draw dipole moment observations
with replacement from the time-series, and then compute the maximum intensity of the corresponding spectrum
using the same procedure. We repeat the process 10,000 times for each case. The distributions of the obtained
maximum absorption intensities are plotted in Fig. 4A-C, where the FAP is defined as the probability that the
obtained maximum absorption intensity is not less than the original maximum absorption intensity 0.01154,
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Fig. 2. Time evolution of calculated dipole moments. The x, y and z components of the dipole moments are
plotted for three independent simulations. Stronger fluctuations are seen in Z components due to flexibility in
benching and stretching along Z direction.
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Fig. 3. Normalized microwave absorption spectra for three independent MD simulations. The strongest
absorption intensity is scaled to 1. (A-C) Spectra calculated using a whole time-series vector. Maximum

intensity appears at 7.4, 7.2, and 7.3 GHz for Sim0, Sim1, and Sim2, respectively. (D-F) Spectra calculated
using equally divided segments of a time-series vector and then averaging the resultant spectra. Maximum
intensity appears at 7.4, 7.3, and 7.3 GHz for Sim0, Sim1, and Sim?2, respectively.

10

0.01118 and 0.01571 Debye? for Sim0, Sim1 and Sim2, respectively. It is seen that the FAP for Sim0, Sim1 and
Sim2 is 8.61%, 4.34% and 0.05%, respectively. These FAPs imply that the likelihood for false positive prediction
is very low. Further, the shapes of all the three distributions are the same with maximum intensity appears at
0.007671 & 0.00044 Debye?, which is much smaller than our observed maximum intensity from the original
data sets. Therefore, it is most likely that the observed peaks are due to a determined periodic component with

frequency around 7.3-7.4 GHz.

We note that the predicted FAP 0.05% in Sim2 is much smaller than Sim0 and Sim1, although the difference
in the length of generated MD data points is small. To validate the variation of FAPs, we consider the following

model modified from3’:

z (t) = cos (27r x 7.5 X 109t) + N (0,20)

7)
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Fig. 4. Significance test of the observed peaks by calculating the false-alarm probability (FAP). (A) The
maximum absorption intensity in $Sim0 is 0.01154 Debye?. If it is due to noise, the probability of observing
the maximum intensity is <8.61%. (B) The maximum absorption intensity in Sim1 is 0.01118 Debye?. If it
is due to noise, the probability of observing the maximum intensity is <4.34%. (C) The maximum absorption
intensity in Sim2 is 0.01571 Debye?. Ifit is due to noise, the probability of observing the maximum intensity
is <0.05%.

where a cosine wave with frequency 7.5 GHz is completely overwhelmed by a Gaussian noise N (0, 20) with a
mean of zero and a standard deviation of 20.0.

Setting a random seed using numpy.random.seed (seed = 54321), the cosine wave with a frequency at 7.5 GHz
is clearly revealed with FAP 0.11% using only 6,500 data points at the sample rate 1 point per 50 ps, as shown in
Fig. S2. However, after resetting the random seed using numpy.random.seed (seed =12345), the cosine wave is
completely unobservable when only 6,500 data points are used, as shown in Fig. S3. When we use 11,000 data
points, the cosine wave becomes observable with FAP 21.35%, as shown in Fig. S4. When we further increase the
data points to 13,000, the cosine wave is clearly revealed with FAP 0.41%, as shown in Fig. S5.

This simple model demonstrates that FAPs depend on both the noise characteristics and the number of data
points. For one noise distribution, 6500 data points are enough to achieve a high confidence with FAP=0.11%.
For the other noise distribution, 6500 data points are too small to reveal the cosine wave frequency 7.5 GHz. A
data set of 13,000 has to be generated to reveal the 7.5 GHz cosine wave with FAP =0.41%.

In our simulations, the random seeds to initialize velocities are different. The random seeds for Langevin
dynamics to maintain a constant temperature and pressure during the simulations are different. Therefore,
the underlying noise distributions are different. The above simple model well explains the variation of FAPs
estimated from our simulations. The result 7.3 GHz in Sim2 has very high confidence with FAP =0.05%, which
is strongly supported by the other two replicates.

Localized domain vibrations

The S protein is made up of two subunits S1 and S2 which are cleaved at the site Arg685-Ser686 by cellular
protease furin®. To investigate whether the 7.3-7.4 GHz peak is due to global conformational movements
or localized domain vibrations of the S protein, we have recalculated the absorption spectra after separately
selecting the S1 and S2 subunit of the S protein, respectively. The re-calculated absorption spectra are shown in
Fig. S6 and S7, respectively. No significant peaks are observed in the S1 domain whereas profound peaks can
be observed in the S2 domain at the same frequency 7.4 GHz, 7.3 GHz and 7.3 GHz for Sim0, Sim1, and Sim2,
respectively. So, the S2 domain is the main contributor to the peak. This is in agreement with the observed
flexibility of the S2 stalk domain from experiments®.

Discussion

Low-power non-thermal microwave technologies offer a novel strategy for viral detection and inactivation
The natural resonance frequencies of virus particles are key parameters for the development of microwave-based
devices!. Due to high sensitivity required to precisely detect and distinguish weak responses attributed to a
small single particle and its components, it is technically challenging to experimentally measure the microwave
absorption spectra of a single virion and to correctly assign structural features to the measured spectra.

2,35-38
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Using a coplanar-waveguide-based sensor, two resonant frequencies of SARS-CoV-2 have been identified
as 4 and 7.5 GHz’. The two frequencies have been assigned to two-body vibration of the viral shell and core.
Recently, BioSonic spectroscopy has detected natural vibrational frequencies from 2 to 21 GHz of a virus particle
similar to SARS-CoV-2'3. However, the low frequency from 2 to 10 GHz has been assigned to the vibration
of virus envelope glycoproteins. To theoretically validate the frequency assignment, we have simulated the
dynamic motion of SARS-CoV-2 spike protein using all-atom molecular dynamics simulation. Using the Welch’s
algorithm in fast Fourier transform, we have identified a resonance frequency at 7.3-7.4 GHz. This provides an
alternative explanation for the physical origin of experimentally measured microwave absorption resonance
frequency of SARS-CoV-2 at 7.5 GHz. The observed dipole mode at 7.5 GHz is most likely attributed to the
vibration of the spike protein rather than the displacement between the spherical shell and core. This agrees with
the speculation from the BioSonic spectroscopy of a virus particle similar to SARS-CoV-2 virus that the low
frequency from 2 to 10 GHz observed in the BioSonic spectroscopy is due to the vibration involved with virus
envelope glycoproteins'>.

This conclusion can be further validated by a recent experiment!!. Bovine coronavirus (BCoV) as a surrogate
of SARS-CoV-2 were illuminated by electromagnetic radiation in the radiofrequency (RF) range of 6-12 GHz.
If the microwave at 7.5 GHz excited the resonant vibration of the shell and core resulting in physical rupture
of the virus, nearly 100% inactivation of viral infectivity should be expected. However, up to 70% reduction in
viral infectivity was observed in the experiments. So, the authors hypothesized the up to 70% reduction might
be attributed to RF impact on S proteins.

Although our conclusion is strongly supported by those experiments, we have to point out that our conclusion
is based on the study of a single S protein in its closed conformation. To achieve the goal of identifying resonant
frequencies of viruses for microwave-based detection and inactivation of pathogenic viruses, we have to further
solve the following problems.

(1) Two absorption peaks have been experimentally observed. The peak at 7.5 GHz has been observed for
both SARS-CoV-2 and HCoV-229E. A peak at 4 GHz has also been identified for SARS-CoV-2. How-
ever, this peak shifts to 4.2 GHz for HCoV-229E in the same medium conditions. It has been proposed
that the vibrational frequencies of a spherical particle can be estimated by numerically solving the Lamb’s
Eqs*>*. For virus particles from 60 to 140 nm in diameter with longitudinal and transverse sound ve-
locities of 1800 m/s and 900 m/s, the resonant frequencies have been estimated to be in the range of 7.4
to 17.2 GHz*.. In our simulations, we are not able to observe any peaks around 4.0 GHz. What is the
structural origin of the resonance peak around 4 GHz?

(2)  The S protein exhibits extensive conformational flexibility*2. Molecular dynamics simulations have
shown the vulnerability of the profusion conformation of the receptor-binding domain of the S protein
in response to moderate electric field'%. Here, we have simulated a closed conformation of the S protein.
In an open conformation, an upright receptor-binding domain is flexible. How will the conformational
change impact the absorption spectra?

(3)  Molecular dynamics simulations have revealed that the S protein possesses a large dipole moment
aligned with its axis'®. The amplitude of the dipole moment is 23313.34 + 30.22 Debye. The intrinsic
vibration of the dipole moment can be observed in Fig. 2 because of the flexibility of the three hinges:
the hip, knee and ankle?. How the interactions between the RF and the dipole moment of the S protein
impact its structure and function?

(4) A SARS-CoV-2 virion particle has 24 £+ 9 spike proteins decorated on the surface*’. Here, we have
simulated a single S protein. How would the collective motion of all the S proteins impact the absorption
spectra of a whole virion?

Computational methods

Molecular dynamics simulation

Starting with a previously equilibrated system!®, three independent MD simulations were carried out under
the condition of constant temperature (300.15 K) and constant pressure (1 atm) by randomly reinitializing the
atomic velocities to a given temperature. All MD simulations were performed using the NAMD 3.0 package**.
The CHARMMS36 force field*® and TIP3P water model were used. Periodic boundary conditions were imposed
in all 3-dimensions. Particle mesh Ewald summation® was employed to account for long-range electrostatics. A
12 A cutoff was implemented for short-range interactions. The bond lengths between a hydrogen atom and its
attached heavy atom were constrained by the application of the SHAKE algorithm®’.

Calculation of dipole moments
The electric dipole moments M were calculated by:

]\7 = Z ﬁvzﬂh (71 - ﬁcom) , ﬁcom = ﬁ Z ;yzlmj7j (8)

where g; and 77 are the partial charge and vector position of the jth atom; N is the total number of atoms in
selection; R com is the center of mass.

The dipole moments for a selected set of atoms were computed using VMD 1.9.4 command [measure
dipole $sel -debye -masscenter] after wrapping the system back to the center of mass of the S protein. Since each
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trajectory frame requires about 178.6 MB memory to load, we used the following steps to overcome the large
memory challenge. We first used [catdcd] plugin included in VMD to divide the whole trajectory into batches.
Then we ran the Tcl script provided in the Supplementary Information from a terminal using the command
[vind -dispdev text -e diople.tcl].

Data processing _ _
A discrete time series of dipole moments M (k) = M (kdt) were generated from a MD simulation using NAMD

software, where 0 < k < K — 1, dtisthetime step, and K is the total number of simulation steps. We divided
the sequence into () segments of length L with 50% overlap. Then the qth segmentdata 0 < ¢ < Q — 1is

My (=M (A qL/2), /=0, L1 ()

For each segment, we calculated the harmonic renormalized spectral density using the fast Fourier transform
which is implemented in the module specden in the VMD signal processing plugin package (Version 1.1). Then
we took the average of the () harmonic renormalized spectral densities as the final absorption spectrum.

Data availability
Data supporting this study are available at https://zenodo.org/records/16907381.
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