
Computers in Biology and Medicine 159 (2023) 106902

Available online 13 April 2023
0010-4825/© 2023 Elsevier Ltd. All rights reserved.

Unpolarized laser method for infrared spectrum calculation of amide I 
C––O bonds in proteins using molecular dynamics simulation 

Viet Hoang Man a,**, Xibing He a, Phuong H. Nguyen b, Celeste Sagui c, Christopher Roland c, 
Xiang-Qun Xie a, Junmei Wang a,* 

a Department of Pharmaceutical Sciences and Computational Chemical Genomics Screening Center, School of Pharmacy, University of Pittsburgh, Pittsburgh, PA, 15261, 
USA 
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A B S T R A C T   

The investigation of the strong infrared (IR)-active amide I modes of peptides and proteins has received 
considerable attention because a wealth of detailed information on hydrogen bonding, dipole-dipole interactions, 
and the conformations of the peptide backbone can be derived from the amide I bands. The interpretation of 
experimental spectra typically requires substantial theoretical support, such as direct ab-initio molecular dy
namics simulation or mixed quantum-classical description. However, considering the difficulties associated with 
these theoretical methods and their applications are limited in small peptides, it is highly desirable to develop a 
simple yet efficient approach for simulating the amide I modes of any large proteins in solution. In this work, we 
proposed a comprehensive computational method that extends the well-established molecular dynamics (MD) 
simulation method to include an unpolarized IR laser for exciting the C––O bonds of proteins. We showed the 
amide I frequency corresponding to the frequency of the laser pulse which resonated with the C––O bond vi
bration. At this frequency, the protein energy and the C––O bond length fluctuation were maximized. Overall, the 
amide I bands of various single proteins and amyloids agreed well with experimental data. The method has been 
implemented into the AMBER simulation package, making it widely available to the scientific community. 
Additionally, the application of the method to simulate the transient amide I bands of amyloid fibrils during the 
IR laser-induced disassembly process was discussed in details.   

1. Introduction 

Infrared (IR) spectroscopy, which is based on the absorption of IR 
radiation, is one of the most popular methods in molecular structure 
determination [1]. It has been widely used to investigate protein 
structures in protein folding, unfolding and misfolding [2–7]. Among 
the IR normal modes of the protein IR spectra, the amide I mode, which 
arises mainly from the C––O stretching vibration, is most commonly 
used for protein secondary structure analysis due to its strong signal. 
Additionally, the amide I vibration is hardly affected by the nature of the 
side-chain, but it is sensitive to hydrogen bonding, dipole-dipole in
teractions, and the conformation of the backbone [8,9]. The amide I IR 

spectra of a protein for a given protein structure can reveal the per
centages of the basic secondary structural contents including α-helix, 
β-sheet, turns and disordered loops in the protein structure [10,11]. 
However, it cannot directly show the protein tertiary structure which 
may be modeled from the data of X-ray or NMR experiments, or by pure 
theoretical modeling. In this context, one can first calculate the theo
retical IR spectra of a protein tertiary structure model, and then inves
tigate how well the calculated IR spectra are consistent with the 
experimental ones. In this way, the quality of the protein model can be 
assessed. Moreover, the combination of theoretical and experimental 
amide I IR spectra can reveal the transition-state structures in a protein 
dynamics process [12,13]. 
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In the last few decades, several theoretical-computational ap
proaches have been proposed to reproduce the amide I IR spectra of 
well-defined molecules [14–26]. These approaches are typically based 
on mixed quantum-classical strategies and can be divided into two 
categories. In the first category, the vibration frequencies and eigen
states for single amides are determined by employing quantum me
chanical calculations and then calibrated for the whole protein [14–18]. 
In the second category the Hessian matrix for the whole isolated protein 
is calculated, and then the local, single-residue-based, vibrational fre
quencies are obtained via a matrix reconstruction [19–21]. In these 
approaches, diagonalization of the whole Hamiltonian matrix or local
ized amide Hamiltonian matrices provides the vibrational eigenstates 
and energy of the whole protein for a given protein conformation. These 
approaches have been successfully applied to investigate different pro
teins, including β-hairpin peptides, ubiquitin, and other globular pro
teins, as well as to characterize the IR spectral features of individual 
secondary-structure elements [14,16,18,27]. Conversely, given an IR 
spectrum, we can deduce the secondary-structure elements that 
contributed to it. 

In this study, we simulated an “unpolarized” laser via external 
electric field (EEF) to probe the infrared spectrum of C––O bonds in 
different protein structures by using all-atom nonequilibrium molecular 
dynamics (MD) simulations. In our method, the IR radiation is mimicked 
by a time dependent EEF which has a shape of laser pulse and IR fre
quencies. The EEF is applied along the directions of the individual C––O 
bonds to get maximize EEF’s effect. The basic principle of the method is 
that the EEF causes C––O stretching vibration and subsequentially leads 
to a system energy change which represents the radiation absorption. 
This application of an EEF along covalent bonds allows us to simulate 
single-wavelength radiation. Note that polarized lasers are popular in 
experiments as well as applications for IR spectroscopy. In an experi
mental IR spectrum measurement, each protein in the solution will only 

experience an electric field in a given direction, but the signal is aver
aged over the ensemble. Therefore, to model an experiment with a 
polarized laser, we need to use many same proteins with different ori
entations in a simulation system and/or multiple scanning with different 
angles of the EEF. This will result in considerable computational cost. On 
the other hand, the simulated “unpolarized” laser, where all excitation 
orientations are sampled, allows us to model an experimental IR mea
surement with a single protein in a simulation system and without the 
consideration of the EEF angles. This method has been implemented in 
the AMBER software package [28]. Using the unpolarized radiation, we 
computed the amide I IR spectrum of the C––O bonds in representative 
protein structures including β-sheet and α-helix. The optimization of the 
important input parameters for the IR spectrum calculation has been 
investigated. Finally, we discuss the application of the laser radiation for 
force field development and molecular mechanism studies for radiation 
absorption. 

2. Methods and materials 

2.1. Protein structural models and equilibrium MD simulation 

The protein structures selected to calculate C––O bond infrared 
spectra include amyloid anti-parallel β-sheet (PDB ID: 2KIB) [29], am
yloid parallel β-sheet (PDB ID: 1YJP) [30], β-hairpin (Tryptophan Zipper 
2, PDB ID: 1LE1) [31], α-helix (PDB ID: 6N8C) [32], and the structure of 
the transmembrane region of the M2 protein H+ channel (PDB ID: 
1MP6) [33]. The representative protein secondary structures, 
anti-parallel β-sheet (PDB ID: 2KIB), parallel β-sheet (PDB ID: 1YJP) and 
α-helix (PDB ID: 6N8C), are shown in Fig. 1b. For each structure, the 
protein was placed at the center of an octahedron box with a minimum 
distance of 10 Å between box borders and any atoms of protein. The 
protein was solvated with explicit water using the TIP3P water model 

Fig. 1. Laser pulse mimicked by an external electric field and representative protein secondary structures studied in this work. (a) Cartoon of the carbonyl (C––O) 
bond vibration (dotted blue box) when the unpolarized laser shown in the figure is applied, (b) representative protein secondary structures. 
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[34]. The ff14SB force field [35] was used to describe proteins. The 
Na+/Cl− ions were properly added to neutralize the systems. Detailed 
information of the simulation systems is provided in the Supporting 
Information (Table S1). Each MD system underwent the following steps. 
First, the steepest descent minimization followed by a conjugate 
gradient minimization with the peptide atoms restrained at their initial 
positions, then the steepest descent minimization without restraint fol
lowed by a conjugate gradient minimization were carried out. The 
minimization step was followed by a short MD simulation under con
stant volume while the system was heated from 0 K to 300 K with weak 
restraints on the protein atoms. Next, Langevin dynamics at constant 
temperature (300 K) and constant pressure (1 atm) were run for 100 ps, 
after which the density of the system was found to be stable around 1.0 
g/cm3. Finally, in the sampling phase, NPT simulations at 300 K were 
performed using the leap-frog algorithm with a time step of 2 fs and a 
duration time of 10 ns. The long-range Coulomb interaction was 
accounted by means of the Particle-Mesh Ewald (PME) method [36] 
with a 10 Å cutoff. The van der Waals interactions were calculated by 
means of a 10 Å atom-based nonbonded lists, with continuous correc
tions applied to the long-range parts. The constant pressure simulations 
were carried out at 1 atm via the Berendsen barostat [37] with the 
pressure relaxation time τp of 3.0 ps. The temperature was regulated 
using Langevin dynamics with a collision frequency of 1 ps−1. The 
SHAKE algorithm [38] was applied to all bonds involving hydrogen 
atoms. The periodic boundary condition was applied to all MD simula
tions which were performed using the pmemd. cuda module imple
mented in the AMBER 19 package [28]. 

2.2. Simulated laser applied on the amide bond (C––O) 

An “unpolarized” laser pulse was simulated by a time dependent 
electric field as shown in Equation (1). 

E = E0 ∗ exp

[

−
(t − t0)

2

2σ2

]

∗ cos[2πcω(t − t0)] (1) 

Here, E0 (in V/Å) represents the amplitude of the electric field, σ (ps) 
is the pulse temporal width, t (ps) is the time, t0 (ps) is the time when the 
pulse is the maximum (E0), c (cm/ps) is the speed of light, and ω (cm−1), 
the space frequency is the inverse of the wavelength, as such 2πω is the 
wavenumber. This technique has been implemented in the GROMACS 
simulation package [39], but not in the AMBER package [28] yet. We 
have used this mimic laser for laser-induced simulations to study the 
dissociation of amyloid fibrils, poliovirus, peptide nanotubes and cel
lulose fibers and fast DNA melting [40–44]. The input parameters for a 
laser-induced simulation include E0, t0, ω and σ, in which, E0 and σ 
control the laser power. In these laser simulations, the mimic laser is 
applied on a molecule such that the harmonic electric field excites the 
vibrational transitions of ions or partially charged atoms with the cor
responding laser frequency, ω. In the case of the C––O amide bond, C and 
O atoms have positive and negative partial charges, respectively. 
Therefore, their vibration transitions are opposite to each other, 
resulting in bond stretch vibration. If the electric field frequency, ω, 
equals the natural frequency of the bond, the bond vibration will be 
resonant, and the energy of the simulated system will increase. In other 
words, one can state that the amide bond absorbs the laser energy at the 
specific bond stretch frequency, namely amide I frequency. In experi
ment, although the polarized laser is used, there are many molecules in 
the sample, and the measurement is repeated for each sample with 
different angles. Then, the spectrum is basically averaged over all ori
entations of molecules. In this context, we can think that the laser used 
in experiment is “unpolarized”. On the other hand, in MD simulations, 
the sample usually consists of a single protein. Therefore, if the mimic 
laser behaves like a polarized light beam for which the electric field 
vectors only vibrate in a specific plane, it shows maximum effect on the 
vibration of a bond only when the electric field vector is applied along 

with the bond direction, and it has no or very little effect on the bond 
vibration when its electric field vector is perpendicular to the bond di
rection. The mimic laser can be used to measure the infrared spectra of 
amide I in some special peptide/protein structures such as β-sheet and 
single helices in which all C––O bonds are mostly in the same direction. 
In those cases, we can choose the direction of the electric field vector as 
parallel to the C––O bond to maximize the laser effect. However, in most 
protein structures, all C––O bonds are not ordered and take random 
directions. Thus, it is impossible to mimic the effect of applying a 
polarized laser on an ensemble of protein molecules in experiment by 
using a single protein in macromolecule in periodic MD simulations. 

To overcome the above limitation, we applied a previously unused 
strategy to mimic the effect of applying an unpolarized laser to a protein: 
for a given C––O bond, the magnitude of the electric field is described by 
Equation (1), but the direction of the electric field vector is adapted and 
always aligned to the direction of the C––O bond. With this new strategy, 
the forces acting on the C and O atoms due to the electric field, F→C and 
F→O, are now calculated by Equations (2) and (3): 

F→C = E ∗ qc ∗ r̂CO (2)  

F→O = E ∗ qO ∗ r̂CO (3)  

Where, E is electric field magnitude described by Equation (1). qc and qO 

are partial charges of C and O atoms, respectively. The r̂CO is the unit 
vector which points from C atom to O atom. The parameters for con
trolling the laser now include the C––O bond information, E0, t0, ω and σ. 
By scanning some parameters especially ω, we are able to study the 
infrared absorption of a covalent bond mimicking the effect of applying 
a polarized laser beam on a protein sample in experiment. 

2.3. Laser-induced simulations for the infrared spectra investigation 

To investigate the IR spectra of amide bonds in the protein structures, 
we have implemented aforementioned technique into the AMBER soft
ware package. For each considered protein structure, we performed the 
laser-induced simulations for 201 parameter sets with the laser fre
quencies, ω, varied from 1550 cm−1 to 1750 cm−1 at a step of 1 cm−1 

and the other laser parameters being fixed at values of E0 = 0.18 V/Å, t0 
= 3 ps and σ = 1 ps. The total simulation time is 10 ps. For each 
parameter set/frequency, ten trajectories were carried out with ten 
different starting conformations taken from the 10-ns equilibrium 
simulation. We also investigated ten different simulated time steps 
varying from 0.01 fs to 2 fs for each trajectory. Thus, there are about 
20,100 laser-induced simulations which were carried out for each pro
tein model. Additionally, we carried out the laser-induced simulation to 
estimate the effect of C––O bond stretching force constant on the IR 
spectra (for the simulation time step of 0.1 fs only). Overall, the total 
number of laser-induced simulations performed in this study is more 
than 80,000. 

2.4. Data analysis 

The time-dependent fluctuation of a C––O bond was calculated by 
the following equation: Δi(t) = |di(t) − 1.23|, where di(t) is time evo
lution of the ith C––O bond and 1.23 Å is its equilibrium value. The time- 
dependent fluctuation of the C––O bond in a protein is the ensemble 
average, 〈Δ(t)〉, which was averaged over all trajectories and all C––O 
bonds in the protein. 

To estimate the IR radiation absorption of a protein system, we 
calculate the time-dependent difference between the laser-induced and 
the equilibrium energies: SE(t) = SElaser(t) − 〈SEeq〉. Here, SElaser(t) is the 
energy of the system in a laser-induced simulation at a given time, and 
〈SEeq〉 is the averaged equilibrium energy at the same temperature as in 
the laser-induced simulations. 
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3. Results and discussions 

3.1. The IR radiation absorption of C––O bonds 

The basic principle of IR spectroscopy is that when IR radiation 
passes through a sample, the absorption of IR radiation by the sample 
produces a change of the radiation intensity, and the change is then 
detected and translated into the absorption intensity of the sample. In 
our laser-induced simulation, the laser mimicked by the time-dependent 
electric field (Fig. 1a) induces the vibration of the targeted bonds, 
resulting in a change of the system energy. Therefore, the IR absorption 
can be described by the difference between the energies of the system 
before and after the laser pulse applied. Fig. 2 shows the time depen
dence of the energy differences and the fluctuation of the C––O bonds in 
the different protein systems during the laser-induced simulations for 
the given laser frequencies. The data shows that the energy difference 
and the bond fluctuation strongly depend on the laser frequency, and 
they are highly correlated. For example, for laser frequencies of 1630 
cm−1 and 1720 cm−1, the energy of all considered systems did not 
change (or changed very little). Their C––O fluctuation is very small, 
suggesting that the C––O bonds did not absorb the laser radiation energy 
at those frequencies. In contrast, for laser frequencies of 1676 cm−1, 
1679 cm−1 and 1691 cm−1, the C––O fluctuation is clearly shown. The 
energy difference was significantly changed during the simulation time. 
The time dependence of the energy difference can be divided into three 
states. In the first state, from the beginning of the simulation to 2 ps, the 
energy mostly did not change. The second state, from 2 ps to 4 ps, the 
energy difference dramatically increased. In the last state, the energy 
difference slightly increased from 4 ps and reached a plateau value at 
about 5 ps. Therefore, for each laser frequency, the energy difference at 
the last 10th ps of the laser-induced simulation will be used as the 
protein absorption energy, which is equal to the absorption intensity in 
IR spectra. 

3.2. Important input parameters for the laser-induced simulation 

Since the mimic laser absorption in the simulation was caused by the 
C––O vibration, the temperature coupling parameters, which directly 

affect the instantaneous velocities of the atoms, are important to a laser- 
induced simulation. In principle, when a system is coupled to the ther
mostat, the velocities of all atoms in the systems will be rescaled to get 
the system temperature close with the desired value. This implies that 
the effect of laser on the atom vibrations will diminish when the tem
perature coupling is applied. Therefore, in an ideal laser-induced 
simulation, the system is only coupled to the thermostat at the begin
ning of the simulation for its initial thermostat temperature, and the 
temperature coupling should not be applied during the rest of the 
simulation time. To satisfy the temperature coupling condition, in our 
laser-induced simulations, the flag ntt, which is used for the temperature 
regulation, was set to 3 and with gamma_ln being set to 0.00001. This 
setting will rescale velocities of the atoms every 100,000 ps, which is 
much longer than the 10 ps of a laser-induced simulation. 

In the laser-induced simulations, the external forces due to the 
electric field applied on the atoms of the C––O bonds are calculated by 
Equations (2) and (3). Because the partial charge of an atom is constant, 
the time dependence of the external electric force is similar to that of the 
external electric field described by Equation (1). In any MD simulation, 
the force acting on an atom and the velocity of the atom is calculated and 
updated for every simulated time step, namely dt. Therefore, the 
external electric force contributed by laser is discrete. If the laser period, 
T = 1/(cω), is too small, the ratio T/dt (resolution) will be significant 
small, the effect of the discreteness will become obvious, and the 
external electric field will be very different from the one truly applied in 
the simulations. The effect of dt on a mimic laser pulse, which has the 
frequency ω of 6000 cm−1 (corresponding to the period T of 5.56 fs) was 
shown in Fig. 3. It shows that when dt = 0.02 fs, the resolution T/dt is 
large enough to reproduce the periodicity of the laser, while the reso
lution will be too low for the laser expression if dt = 2 fs. In general, the 
higher the resolution is, the better the time-dependent pattern of the 
laser is reproduced, and the unpolarized laser effect better achieved. 
Although applying a small dt can increase the resolution, it also 
considerably slows the simulation. Thus, it is important to determine 
reasonable values of dt for laser-induced simulations at a given range of 
laser frequencies. In this study, the scanning frequencies were in the 
range of 1550 cm−1 to 1750 cm−1. We have measured the amide I 
spectra with 11 values of dt (2, 1, 0.5, 0.4, 0.25, 0.2, 0.1, 0.08, 0.05, 0.02 

Fig. 2. The time dependence of the energy difference 
and the fluctuation of the C––O bond during the 
nonequilibrium MD simulations under an unpolarized 
laser for different protein structures: antiparallel 
β-sheet (a, b), parallel β-sheet (c, d) and α-helix (e, f). 
The energy difference of a system was calculated by 
dividing the difference between instantaneous energy 
and the energy at the beginning of the laser simula
tion by the number of targeted C––O bonds. The 
fluctuation was averaged overt all the C––O bonds. 
The laser’s parameters are E0 = 1.8 V/nm, t0 = 3 ps, 
σ = 1 ps and different frequencies, ω. The result with 
laser frequencies of 1630, 1676, 1679, 1691 and 
1720 cm−1 are shown in black, red, green, blue and 
orange colors, respectively. The data was averaged 
over ten independent MD trajectories.   
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and 0.01 fs). Fig. 4a, b and 4c show the spectra of the different protein 
structures at dt = 1, 0.4, 0.2, 0.1 and 0.01 fs. The results indicate that 
when dt decreases, the peak of the spectrum first shifts to low fre
quencies, then the peak is unchanged as dt is smaller than 0.4 fs 
(Fig. 4d). In other words, a dt value smaller than 0.4 fs is good enough for 
studying the amide I spectra via laser-induced simulations. Later, we 
will discuss the results of simulations using dt = 0.1 fs. 

Other tunable parameters include E0 and σ, which control the energy 
of a laser pulse at a given frequency. If the laser energy is too high, the 
structure of the protein may dramatically change, discrepancies may 
also occur because the calculated spectrum is not for the true protein 
structure at all. If the laser energy is too low, the absorbed peak will be 
very low, which may not be distinguishable from the thermal noise. As 
the demonstration in Fig. 5, when E0 = 0.5 V/nm and σ = 1 ps, the 
absorption energy is very small, while if E0 = 3.0 V/nm and σ = 3 ps the 

protein structure significantly changed in comparison with the initial 
conformation. In this study, we used the laser parameters, E0 = 1.8 V/ 
nm and σ = 1 ps. It provides a good observation of the IR radiation 
absorption but has neglectable effect on the structure of protein models. 

Fig. 3. View of the external electric field with frequency, ω = 6000 cm−1 for 
different simulated time steps. 

Fig. 4. The frequency dependence of carbonyl absorption energy in antiparallel β-sheet (a), parallel β-sheet (b) and α-helix (c) secondary structures at different 
simulated time steps. Panel (d) shows the dependence on simulation time step of the space frequency at which maximum absorption energy is observed. 

Fig. 5. The effects of the laser parameters, E0 and σ, on the absorption energy 
and structure of the α-helix model (PDB ID: 6N8C). The laser frequency is 1692 
cm−1 which gives maximum absorption energy in the model. The result is 
similar for the β-sheet models (data not shown). 
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3.3. Amide I spectra of proteins 

3.3.1. Amide I spectra of secondary structural elements 
One of the most important applications of a protein amide I IR 

spectra is to determine protein secondary structures. In this application, 
the correct identification of the absorbed peak positions, which corre
spond to the protein secondary structure elements, is crucial. Goor
maghtigh et al. have collected and evaluated the assignment of amide I 
band positions to protein secondary structure based on experimental 
data and assignments in various publications [45,46]. Their study sug
gested that two IR regions, 1623-1641 cm−1 and 1674-1695 cm−1, are 
assigned for β-sheet structures, and a region, 1648-1657 cm−1, is 
assigned for α-helix structures. The average positions of those assign
ments are 1633 cm−1 and 1684 cm−1 for β-sheets, and 1654 cm−1 for 
α-helixes. Those assignments have been widely applied in analyzing the 
Fourier-transform infrared (FTIR) spectroscopy [39]. In this study, we 
applied our specific method to calculate amide I spectra of some protein 
models which contain only one type of secondary structure elements, 
and we compared our calculated spectra with the average experimental 
data. 

Fig. 6 shows the amide I IR spectra of the antiparallel β-sheet, parallel 
β-sheet and α-helix protein structures which were calculated by 
nonequilibrium MD simulations with the external electric field 
mimicking a laser pulse, with E0 = 1.8 V/nm, σ = 1 ps and dt = 0.1 fs. For 
the β-sheet structures, our calculated spectra contain only one peak. The 
absorbed peak of the parallel β-sheet spectra is located at 1675 cm−1, 
and the peak for the antiparallel case slightly shifted to a higher fre
quency, 1679 cm−1. Those values are about 42–46 cm−1 higher than the 
experimental low frequency, and 5-9 cm−1 lower than the experimental 
high frequency, respectively [45,46]. Many previous studies agreed that 
the spectra of both the β-sheet structures contains a main peak with 
strong intensity at low frequency region (1617-1641 cm−1), and the 
peak with much lower intensity at the high frequency region (above 
1680 cm−1) is a feature of antiparallel β-sheet structure only [47–50]. 
Thus, our observed peaks should belong to the low frequency region, but 
they were shifted 40 cm−1 toward the higher frequency direction in 

comparison with the average experimental value. We did not observe 
the low intensity peak at high frequency region in our calculated spectra. 
For the α-helix structure, we observed a peak at 1692 cm−1, which is 
again higher than the experimental observation about 40 cm−1. Despite 
of the significant shift of our calculated spectrum peaks compared to the 
experimental values, the difference between α-helix and β-sheet peaks in 
our calculation (about 17 cm−1) is comparable with the experimental 
finding (about 20 cm−1). Additionally, our result, which showed a 
slightly difference between the spectra of parallel and antiparallel 
β-sheet structures, is consistent with a previous theoretical calculation 
[51]. 

3.3.2. Correction on the C––O bond force-constant of the FF14SB force 
field 

Although our IR spectra were calculated by targeting only the vi
bration of the C––O bond, we still observed the distinguished peaks for 
different protein structures as experiments and other theoretical calcu
lations did. However, the peak positions in our spectrum calculations 
were different from the ones assigned by experimental data. We have 
discussed how the IR spectra are affected by the laser and simulation 
parameters. We showed that the peak positions only depend on the 
simulation time step dt when dt is larger than 0.4 fs, and this dependency 
disappear when dt is smaller than 0.4 fs. Thus, we wondered whether the 
difference was caused by force field parameters. In order to investigate 
the factors that affect the absorbed frequencies of the C––O bonds in 
different protein conformations, let us consider a simple two-atom 
oscillator, which has the natural frequency (ω0) given by the equation: 

ω0 =
(
kfb

/
mr

)0.5
/

(2πc) (4)  

1
mr

=
1

m1
+

1
m2

(5)  

where, the natural frequency ω0 is in cm−1, c is speed of light, kfb is the 
force constant between the two atoms, mr is the reduced mass, m1 is 
mass of the first atom, and m2 is mass of the second atom. Therefore, two 
factors influencing the frequency are the force constant and the mass of 
the vibrating atoms. The frequency rises when the force constant in
creases and/or the reduced mass decreases, and vice versa. Applying this 
oscillator to the case of our spectrum calculation with all-atom MD 
simulation, kfb is the force constant of C––O bond, which was defined by 
the force field and did not change during the simulations, and m1 and m2 
are effective masses of C and O atoms. Those effective masses mostly 
depend on the masses of the atoms, intermolecular interactions, intra
molecular interaction and conformation of the protein, resulting in the 
dependence of IR absorbed peak on the protein structure. Note that, like 
the force constant of a bond, the mass of an atom was also constant and 
defined by force field. In the AMBER FF14SB [35] we used, the atomic 
mass was experimentally measured, while the force constant was usually 
calculated using quantum chemical methods. Therefore, we only 
consider the impact of the bond force constant on the protein spectra. As 
seen in Fig. 7, the absorbed peaks of both antiparallel β-sheet and α-helix 
spectra shifted to lower frequency when the C––O bond force constant 
was reduced. Interestingly, when kfb = 515 kcal/mol/Å2 the absorbed 
peaks of the β-sheet and α-helix spectra are 1633 cm−1 and 1654 cm−1, 
which are the same as the experimental averaged values assigned to the 
β-sheet and α-helix secondary structure. In other words, with the C––O 
bond stretching force constant, kfb being set to 515 kcal/mol/Å2, not the 
original one (570 kcal/mol/Å2) in the AMBER ff14SB force field, our 
method can exactly reproduce the amide I IR spectra of β-sheet and 
α-helix protein structures. Therefore, our method can also be applied to 
adjust the bond force constant parameters of a force field, which may not 
be ideal for all-atom MD simulations of biomolecules as those force field 
parameters were usually developed through the quantum mechanical 
calculation of prototype molecules in vacuum. Note that most of AMBER 
biomolecular force fields share the same bond force-constants of the 

Fig. 6. The frequency dependence of the C––O bond absorption energy (a) and 
maximum fluctuation (b) in different protein secondary structures (PDB IDs: 
2KIB, 1YJP, 6N8C). The data was obtained from the laser simulations with 
parameters, E0 = 1.8 V/nm, σ = 1 ps and simulation time step dt = 0.1 fs. 
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bonds in proteins. However, other force fields such as GROMOS [52] or 
OPLS-AA [53] do not share the bond-force constants with AMBER force 
fields. Therefore, the correction of the bond-force constants based on IR 
spectra should be done for an individual force field or for a force field 
family. 

3.3.3. Application of unpolarized laser all-atom MD simulations to 
calculate amide I spectra for representative protein secondary structures 

In this section, we applied the mimic laser to calculate the IR spectra 
of additional proteins and compared the calculated spectra to the 
experimental data. It is noted that the force constant of C––O bond 
stretching parameter, kfb, was set to 515 kcal/mol/Å2. The first system 
considered was Tryptophan Zipper2 (Trpzip2), a β-hairpin structure. 
The experimental amide I spectrum of Trpzip2 was produced by Smith 
and Tokmakoff [18]. Our calculated spectrum agreed with the experi
ment in terms of the peak location that was around 1636 cm−1 (Fig. 8). 
However, the calculated spectrum peak width was narrower than the 
experimental one, probably due to insufficient conformational 
sampling. 

The second protein system we considered was the three peptides 
encompassing the transmembrane domain of Influenza A virus M2 
protein H+ channel (Ser22-Leu46, SSDPLVVAASIIGILHLILWILDRL). 
The first peptide was not labeled (wild type peptide), the second one 
contains a13C=16O isotopic labeled alanine residue at position 29 
(13C=16O A29 peptide), and the third peptide contains a13C=18O iso
topic labeled glycine residue at position 34 (13C=18O G34 peptide). The 
amide spectra of those peptides were experimentally examined by 
Torres et al. for studying the vital role of the isotopic labels in relaying 
site-specific secondary structure and orientational information of pro
teins [54]. To calculate the peptide spectra, the initial structure of the 
wild-type peptide was taken from PDB databank (PDB ID: 1MP6), while 
the isotopic labeled residues were obtained by properly changing the 
mass of the related atom in the AMBER topological file of the wild-type 
peptide. All systems of the peptides were created and underwent the 
simulated process as described in the method section. As illustrated in 

Fig. 9, the calculated spectra were close to experimental ones. The 
calculated spectrum peaks, which related to 12C=16O bond absorptance, 
was at 1654 cm−1, differing from experiment (1659 cm−1) by only 5 
cm−1. The experimental weak peak at 1619 cm−1 associated with the 
isotopic 13C=16O labeled A29 was not clearly observed in our calcula
tion, while the experimental weak peak at 1595 cm−1 in 13C=18O G34 

Fig. 7. The frequency dependence of the C––O bond absorption energy anti
parallel β-sheet (a) and α-helix (b) protein structures at different C––O force 
bond constants, kfb. The kfb = 570 is the original value of C––O force bond 
constant defined in the AMBER force field. The unit of the force bond constant 
is kcal/mol/Å2. 

Fig. 8. IR spectra of the Trpzip2 peptide (PDB ID: 1LE1). The experimental data 
is from Ref.18. The calculated spectrum was normalized to the experimental 
value by matching the maximum absorption intensities of calculated and 
experimental spectra. 

Fig. 9. IR spectra of the three different peptides encompassing the trans
membrane domain of influenza A virus M2 H+ channel (PDB ID: 1MP6). The 
top, middle, and bottom panels are spectra from peptides that contain no iso
topic label, a13C–16O alanine residue at position 29 and 13C–18O glycine residue 
at position 34, respectively. The experimental data is from Ref.54. The calcu
lated spectra were normalized to the experimental value by matching the 
maximum absorption intensities of calculated and experimental spectra. 
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peptide system was reproduced in our theoretical spectrum. This 
red-shifted peak can be qualitatively explained by the increasing of 
masses of labeled atoms (Equation.2). In other words, our method was 
able to describe the experimental red-shifted spectra caused by isotopic 
labeling if the effect is significant, such as the 13C=18O isotopic label. 

Last, we evaluated our method using a much larger protein system, 
the receptor binding domain of the spike protein of SARS-CoV2. We 
calculated the spectrum maps of all the residues of the protein in two 
different states, the apo state and the binding state in complex with the 
ACE2 protein as shown in Fig. 10. The initial structure of the RBD-SARS- 
CoV2/ACE2 complex was taken from PDB databank (PDB ID: 6M0J) 
[55]. Two MD systems, the RBD-SARS-CoV2/ACE2 complex and the 
apo-structure of RBD-SARS-CoV2 (extracted from the complex), were 
prepared and simulated following the same protocols as described in the 
Method section. The residue-spectrum maps of RBD-SARS2 protein in 
the binding and unbound state were constructed and compared 
(Fig. 10). The difference of the maps reveals the residues which are 
possibly keys to the RBD-SARS2 and ACE2 binding. Interestingly, many 
residues, such as 73D, 74 E, 114G, 143 A, 144G, 161Q, 162S and 165F, 
which have the largest differences in vibrational frequencies between 
the two states are located in the Spike and ACE2 binding interface. Those 
residues could be hotspot residues for the protein-protein interactions. 
Interestingly, many of those residues are also recognized as hotspot 
residues through free energy decomposition analysis including 143 A 
and 161Q. Still the neighbors of some residues like 144G, 162S, 165F are 
hotspot residues in free energy decomposition analysis [56]. 

3.4. Limits of unpolarized laser all-atom MD simulations in calculating IR 
spectra 

A number of methods for IR spectra calculation, remarkably 

vibrational frequency maps, have been recently developed, and most of 
them are based on the mixed quantum-classical treatment [17–25]. 
Those state-of-the-art methods typically utilize biomolecular simula
tions to calculate IR spectra and the theoretical IR spectra can quanti
tatively reproduce the experimental ones [12,22,25,26]. However, the 
mixed quantum-classical approaches are usually complicated and their 
broad applications may be limited. To our best knowledge, the vibra
tional frequency maps take into account only the second nearest 
coupling between amide groups, and the contribution of the solvent is 
usually calculated based on classical MD simulation trajectories of small 
dipeptides or tripeptides, using the electric field or potential methods (e. 
g. Skinner’s map) [22]. Therefore, these vibrational frequency maps 
produce very good IR spectra of small peptides, but for large bio
molecules such as proteins and amyloid fibrils, the accuracy of these 
maps is questionable. This situation indicates that the simulation of IR 
spectra of biomolecules is highly challenging. In addition, the vibra
tional frequency maps have been parameterized only for a few bio
molecular building blocks, including amino acids [17–25], [17–25] and 
nucleobases [57]. Our method, using a purely classical approach, is 
different from the aforementioned methods. It is theoretically simpler 
and more efficient in generating IR spectra with the MD simulations 
accelerated by GPUs. For example, it took us less than a day to calculate 
the spectra of Trpzip2 and the transmembrane domain peptide on using 
one Nvidia GTX1080 GPU. Most importantly, the main advantage of the 
method when compared to other methods is that our method allows for 
calculating transient IR spectra directly from nonequilibrium simula
tions. In other words, the laser-induced conformation changes, such as 
fibril dissociation and the IR spectra is directly obtained. Note that the 
direct equilibrium simulation of fibril dissociation is impractical with 
the current computer power, therefore the vibrational frequency maps 
cannot be used to obtain the transient conformations. Thus, our 

Fig. 10. Two conformational states of the SARS- 
CoV2 spike receptor-binding domain (RBD-SARS- 
CoV2), bound and unbound to ACE2 receptors. Top 
Panel: the RBD-SARS-CoV2 sequence and initial 
structures of the simulations. The RBD-SARS-CoV2 
residues that are close and directly interact with 
ACE2 receptors are colored in green. Bottom Panels: 
the residue-spectrum maps of RBD-SARS-CoV2 in 
different states and the difference map. The color bars 
indicate the intensity of C––O bond fluctuation (in Å). 
The residues that showed largest spectrum differences 
include 73D, 74 E, 114G, 143 A, 144G, 161Q, 162S 
and 165F at the RBD-SARS-CoV2/ACE2 binding 
interface.   
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approach complements other methods. Nevertheless, the current theory 
which only considers C––O bond stretching vibration has limitations. 
First, although our method can reproduce the locations of the experi
mental absorption peaks well, the distribution widths, however, may be 
narrower than those found for the Tryptophan Zipper2 protein. Second, 
the anharmonicity effects were not completely considered because only 
implicit coupling between carbonyls was counted, while the contribu
tion of the C–N bond absorption was neglected. We could observe the 
delocalization due to the natural coupling between C––O bond vibra
tions (Fig. S1). Of note, the carbonyls were linked by the backbone and 
NH–CO hydrogen bonds in the MD simulation, resulting in a coupling 
effect between the C––O bond vibrations. Our computational algorithm 
can be further improved to take the full anharmonicity effect into 
consideration. 

3.5. Applications of unpolarized laser all-atom MD simulations in 
phototherapies 

Besides calculating IR spectra for a biomolecular system, our method 
may also be applied to find optimal conditions of phototherapies. The 
radiation absorption of biomolecular systems has been studied and 
widely applied for many health therapies such as infrared and visible 
light therapies. The phototherapies have been medically used as the 
treatments for skin condition, cancer, sleep disorder, etc. [58–60] 
Although the effectiveness of the phototherapies is evidently confirmed, 
the risks still exist [58]. Therefore, understanding the atomistic mech
anism of the radiation absorption is vital for the therapy usage. It is still a 
grand challenge to fully reveal the atomistic picture of the photo
therapies experimentally. Although computational approaches can 
describe biomolecular systems at the atomic level, a model/tool to 
mimic an unpolarized radiation in MD simulation is not available yet. 
Thus, the approach and implementation shown in this study will 
strongly support future studies to investigate the optimal conditions of 
phototherapies. Along this direction, we will focus on the development 
of the IR laser as a non-drug approach for the treatment of Alzheimer’s 
disease (AD). This is important because despite intensive studies in both 
academia and the pharmaceutical industry for many decades, there is 
still a lack of drugs, including small molecules, vaccines and antibodies, 
that could arrest or reverse the cognitive impairment of AD. A structural 
feature of amyloid fibrils in AD is the cross β-sheet stacking conforma
tion stabilized by the hydrogen bonding network involved in the C––O 
bonds. In our previous studies, we have used the polarized IR laser to 
excite the amide I modes of the fibrils, resulting in the dissociation of the 
fibril structures [40]. We find that the primary step in the dissociation 
process is due to the strong resonance between the fibril amide I vi
brations and the tuned laser frequencies, and not just the deposited 
infrared thermal energy. Through a combination of experiments and 
simulations on disassembling of amyloid fibril of the 7-residue peptide 
GNNQQNY from yeast prion protein, we revealed the dissociation 
mechanism in an unprecedented detail [61]. Although the results are 
encouraging, the use of the polarized IR laser to target the amide I modes 
required high laser intensity in simulations compared to that used in 
experiments, such that the dissociation can be observed within reason
able simulation timescales. With the new unpolarized IR laser simula
tion method developed in this work, we will be able to directly target the 
C––O bonds. As a result, the required laser intensity is much lower, 
making it possible to make meaningful comparison between the simu
lation results and experimental observations. 

4. Conclusions 

In conclusion, we have developed a comprehensive method for 
calculating the IR spectrum of the amide I modes of a single protein or 
amyloid fibril via all-atom MD simulations. The method involves 
mimicking an unpolarized laser that applies the energy only along the 
C––O bonds, equivalent to the effect of applying an IR polarized laser on 

an ensemble of identical proteins or a single molecule at a certain di
rection. The method has been implemented in the GPU version of the 
molecular dynamics simulation engine (pmemd.cuda) in AMBER simu
lation package. We have tested the performance of the method with 
various single proteins which have both β-sheet and α-helix structures 
and amyloid fibrils. The simulated IR spectra are roughly about 40 cm−1 

blueshifted compared to experimental data. This is likely due to the 
inaccuracy of classical force fields which are not well-parametrized for 
high frequency bond stretching modes such as that for C––O bond 
stretching. We proposed a simple remediation by rescaling the fore 
constant of the C––O bond taken from the employed force field. With this 
correction, we can produce not only the experimental spectra but also 
the difference between the peak positions of the α-helix and β-sheet 
structures. More encouragingly, the simulation method can also reveal 
small differences between the IR spectra of the parallel and anti-parallel 
β-sheet structures of proteins, consistent with the previous high-level ab 
initio calculations. We believe that the method will be useful for 
obtaining the amide I IR spectra for various types of proteins, given its 
simplicity in theory, efficiency in computation, and accuracy in the 
result. 

Our simulation method can also be combined with the IR pump- 
probe experimental technique [62] to track conformational changes in 
proteins and amyloid fibrils. In this experimental technique, an ultra
short IR laser pulse is used to excite the system to generate a 
non-equilibrium state, and another pulse is used to monitor the time 
evolution of the IR spectrum. In our simulation, the unpolarized laser 
excites the C––O bonds, resulting in conformational changes in the 
molecule. By calculating the IR spectrum for each conformation during 
the simulation, we can obtain the time evolution of the spectra. 
Comparing the simulated spectra with experimental counterparts allows 
us to identify the conformations from the simulation trajectory whose IR 
spectra closely match those obtained from the experiment. We plan to 
develop this simulation/experimental approach to study the molecular 
mechanism of the IR laser-induced dissociation of amyloid oligomers 
and fibrils. This could contribute to the development of non-drug ap
proaches for treating Alzheimer’s disease. 
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