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ABSTRACT: Microwaves have been experimentally shown to
affect the folding dynamics of peptides and proteins. Using
molecular dynamics, we performed all-atom simulations of a model
β-peptide in aqueous solution where individual degrees of freedom
of solvent molecules were decoupled to allow for investigation at
non-equilibrium microwave-irradiated conditions. An elevated
rotational temperature of the water medium was found to
significantly affect the conformation of the peptide due to the
weakened hydrogen-bonding interactions with the surrounding
solvent molecules. Cluster analysis revealed that microwave
irradiation can indeed act as a promoter in the formation of new
misfolded peptide structures of the hairpin type, which are
generally associated with the onset of several neurodegenerative
disorders such as Alzheimer’s, Parkinson’s, Huntington’s, and Creutzfeldt−Jakob diseases as well as certain cancer types such as
amyloidosis.

■ INTRODUCTION

The tertiary structure of peptides and proteins in solution is a
result of a competition between intramolecular torsional
bending and nonbonding interactions, but interactions with
the surrounding solvent also play an important role. Hydrogen
bonds, disulfide bonds, and hydrophobic interactions all
contribute to the delicate stability of the native folded
structure. The thermal heating of peptides and proteins causes
their structured chains to rapidly unfold and to form new,
denatured conformations of the so-called random coil. It has
been proposed that, apart from thermal heating, microwave
(MW) irradiation can also alter the structural dynamics of
biomacromolecular chains such as peptides, proteins, DNA,
and RNA.1,2 Moreover, it could even lead to protein
misfolding, association, and aggregation3aberrant processes
generally associated with the onset of neurodegenerative
disorders such as Alzheimer’s, Parkinson’s, Huntington’s, and
Creutzfeldt-Jacob’s diseases4−7 as well as with certain cancer
types such as amyloidosis.8 However, experimental studies on
the effects of MWs on proteins are difficult to perform in
practice because of the rapid dissipation of increased rotational
energy of polar species into remaining degrees of freedom via
collisions with surrounding molecules.9 In addition, experi-
ments can give little insight into the specific mechanisms that
cause structural changes in the protein. On the other hand, in
silico simulations can provide a useful alternative to study the
non-equilibrium effects of MWs on the folding dynamics of
peptides and proteins in solution.
In silico simulations of the effects of MWs on several

prototypical chemical systems have already been performed.

Bren et al. studied the catalytic effect of MWs on the neutral
hydrolysis of the ester bond in methyl acetate. By performing a
Monte Carlo simulation of the reaction with increased
rotational temperatures of the reactants, they observed lowered
activation free energies, signifying that MWs can indeed act as
catalysts in chemical reactions.10 Later, they turned to study
the effects of MWs on the solvation properties of water. An
elevated rotational temperature of water molecules was found
to severely hinder the hydration of polar molecules, to have a
non-monotonous (ion-specific) effect on charged species, and
to somewhat improve the hydration of nonpolar species.11

This has further implications on the hydration of proteins,
which generally consist of different polar, nonpolar, and
charged amino-acid residues. Mohoric ̌ et al. further studied the
effect of MWs on the solvation properties of water. Using
several popular water models, they performed molecular
dynamics (MD) simulations of solutions of various cations,
anions, polar molecules, and hydrophobic particles.12−15 Their
results showed that upon MW irradiation, short hydrophobic
chains can indeed collapse to more compact globular
structures. Auerbach and co-workers16−18 provided convincing
experimental evidence that in microwave-irradiated systems
the rotational temperature may substantially exceed the
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translational one. Using quasielastic neutron scattering
measurements under microwave irradiation, they (i) demon-
strated the selective heating of methanol in silicalite and little
to no heating of benzene in silicalite and (ii) determined the
effective higher rotational and lower translational temperatures
for the studied system.18 This experimental study justifies our
approach to investigate the non-equilibrium microwave effects
by using molecular dynamics with separate thermostats for
translational and rotational motions. In the scientific literature
one can also find a number of works in which the effects of
microwaves are examined by non-equilibrium molecular
dynamics with an explicitly included electric field of micro-
waves.19−21 Although it is difficult to directly compare the two
approaches, they both result in the increase in kinetic energy
due to the rotation of water molecules.19 The advantage of our
approach lies in the clearer mechanistic picture at the
molecular level, which allows even for analytical treatment of
the resulting non-equilibrium microwave effects.22

In this study, we present the results of a MD simulation of
structural dynamics of a model peptide23−25 in aqueous
solution under MW irradiation. While this is a β-peptide whose
structure was resolved with NMR in methanol, we chose it
because it is one of the smallest model systems that shows
reversible folding on easily accessible time scales, faster than
biological peptides of similar length.26−29 We can consider
continuous MW irradiation, a non-equilibrium situation where
the excess rotational energy of polar molecules cannot dissipate
into remaining degrees of freedom quickly enough. The
resulting non-equilibrium state can therefore be described by a
rotational temperature that is higher than the translational and
vibrational temperature of the system.22 Such rotationally hot
polar molecules were indeed observed to experience altered
collision statistics under the influence of MW irradiation in an
experimental setting18 and could in principle induce conforma-
tional changes of proteins.1 Due to the omnipresence of MW
irradiation emitted as electromagnetic smog from mobile
telephony, radars, satellites, wireless networks, microwave
ovens, and GPS appliances, discerning their potential
interactions with the molecules of life is of utmost importance.

■ COMPUTATIONAL METHODS
Nine 200 ns MD simulations of the β-heptapeptide with the
sequence23−25 β-HVal-β-HAla-β-HLeu(S,S)-β-HAla(αMe)-β-
HVal-β-HAla-β-HLeu in a solution of 2355 water molecules
were performed in a (N,V,T) ensemble at different temper-
atures. These simulations were carried out using the
GROMOS package of programs30 in conjunction with the
GROMOS 43A1 united-atom force field31 and a GROMOS-
compatible SPC water model.32 The equations of motion were
integrated using the leapfrog scheme with a time step of 2 fs.
The solute bond lengths were constrained by the application of
the SHAKE algorithm33 using a relative geometric tolerance of
10−4, while the solvent bond lengths and angle were
constrained using the SETTLE algorithm.34 The system was
propagated under periodic boundary conditions based on a
cubic simulation box. The volume of the box was adjusted so
that the density of water molecules corresponded to 1 g/cm3.
The GROMOS software allowed us to couple the translational
degrees of freedom (dof) separately from the internal-
rotational dof.35 The system employed three different heat
baths: one for the solute’s dof and one for each of the
rotational and translational dofs of the solvent. The SPC model
water is a rigid molecule and therefore possesses no vibrational

dofs. Using the weak-coupling thermostat36 the temperatures
of all three baths were kept at 300, 400, 500, 600, or 700 K in
the case of equilibrium simulations of conventional heating. In
the case of non-equilibrium simulations of MW heating, only
the temperature of the rotational dof of the solvent molecules
was raised to 400, 500, 600, or 700 K, while the other two
baths were kept at 300 K. To justify the applied temperature
range, we refer to a previous study11 where the MW power of
361, 795, 1230, and 1730 W required to maintain 1 mol of
water at a given elevated rotational temperature above its
translational temperature of 300 K was estimated. Our
selection therefore coincides well with the power of typical
microwave reactors of around 1000 W.
To counter the natural phenomenon of energy dissipation in

non-equilibrium simulations of condensed matter, two
approaches can be taken: either the initial non-equilibrium
temperature gradient is set to a somewhat higher value and the
system is then pre-equilibrated to the final desired temper-
atures, or the simulations need to be performed with a
relatively short relaxation time, τ. In our preliminary work, we
found no significant differences in the peptide folding
dynamics between simulations with a shorter τ and simulations
with an increased rotational temperature to compensate the
energy dissipation effects. Moreover, in our previous studies we
have also shown that the short coupling time constants do not
affect structural properties such as radial distribution
functions,15 spectral properties such as calculated IR spectra,11

thermodynamic properties such as interaction energies or
energy fluctuations being proportional to the square root of
N,11,37 and dynamic properties such as hydrogen bond
exchange.38 Therefore, to avoid the need for a complex
adjusting of initial rotational temperature for each simulation,
we chose to employ the approach with a shorter τ, which was
set to 0.01 ps in all simulations. This albeit artificial separation
of the degrees of freedom is one of the strengths of
computational chemistry, which allows us the study of non-
equilibrium systems at a molecular level.
Nonbonding interactions were calculated using a triple range

scheme. Interactions within a short-range cutoff of 0.8 nm were
calculated every step from a pair list that was updated every
fifth step. At these points, interactions between 0.8 and 1.4 nm
were also calculated and kept constant between the updates. A
reaction field contribution was added to the electrostatic
interactions, and it forces one to account for a homogeneous
medium outside the long-range cutoff. System coordinates and
energies were stored every 0.5 ps for further analysis.
Clustering analysis was performed using the procedure
previously described by Daura et al.39 Backbone (N, Cα, Cβ,
C) atom positions from amino-acid residues 2−6 were
compared every 5 ps and clustered using a cutoff root mean
square deviation (RMSD) value of 0.1 nm. For each sampled
trajectory structure, the number of structures (neighbors) with
an RMSD below the cutoff value was determined. The
structure with the highest number of structural neighbors was
then taken as the central member of the cluster of similar
structures forming a conformation. After removing the
structures belonging to this first, most populated cluster from
the pool of structures, the procedure was repeated to populate
the second, third, and subsequent clusters. To ensure a
statistically meaningful analysis of reversible peptide folding
dynamics, we inspected the plots of backbone atom-positional
RMSD values as a function of time and confirmed multiple
transitions between the folded and unfolded states that
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occurred during the simulation time frame. A RMSD value of
0.1 nm from the reference structure was chosen as a cutoff
between the folded and unfolded structures. Backbone atom-
positional RMSD plots as a function of time for the simulations
of the system at 300 K, thermal heating to 700 K, and MW
heating to 700 K are included in Supporting Information
Figures S1−S3.

■ RESULTS AND DISCUSSION

To assess the effect of increased rotational temperature of the
solvent on the properties of the peptide, we analyzed and
compared the MD trajectories for the conventional and MW
heating. Namely, we calculated the RMSD and RMSF values
using the reference peptide structure obtained from NMR
experiments,24,25 the intra- and intermolecular hydrogen bond
statistics, head-to-tail distances, and radii of gyration and
performed cluster analysis. These results are summarized in
Table 1.
We can observe a clear correlation between conventional

heating and the loss of secondary structure of the peptide.
With increased equilibrium temperature, the RMSD value rises
from 0.21 nm at room temperature (r.t.) to 0.29 nm at 700 K,
indicating a gradual shift toward a more relaxed and flexible
peptide backbone resembling the random-coil behavior. The
fluctuations of individual peptide fragments also start to
increase correspondingly, from 0.23 nm at r.t. to 0.29 nm at
700 K. Finally, due to the freely moving peptide, its radius of
gyration increases as well, from 0.53 nm at r.t. to 0.60 nm at
700 K. The most likely molecular mechanism underlying the
observed structural changes appears to be the increased kinetic
energy of the peptide and solvent molecules, which gives rise
to a decreased hydrogen bonding capacity under higher
equilibrium temperatures. In fact, the network of intra-
molecular hydrogen bonds responsible for maintaining the
native helical structure of the peptide dramatically weakens
under conventional heating, from 0.71 hydrogen bond on
average at r.t. to 0.07 hydrogen bond at 700 K, indicating an
almost complete breakdown of the native structure. A
hydrogen bond is throughout this work considered to be
formed on a strictly geometric basis: if the distance between
the hydrogen and acceptor atoms is less than 0.25 nm and the
donor−hydrogen−acceptor angle is larger than 135°. The
average number of intermolecular hydrogen bonds between
the peptide and solvent molecules also decreases, from 12.38 at

r.t. to 9.43 at 700 K. Furthermore, the hydrogen bond network
between the solvent molecules is itself weakened under
increased temperatures. On average, each water molecule
forms 1.72 HB with the surrounding water molecules during
the equilibrium simulation at 300 K. When the system is
heated, this number gradually decreases and is just 1.17 in the
system at 700 K. The cluster population analysis further
confirms the random-coil nature of the peptide at higher
equilibrium temperatures. At room temperature, we observe 4
stable structural clusters, surviving more than 5% of the total
simulation time of 200 ns, and we can assign 95% of structures
from the entire trajectory to just 80 different clusters. The
number of stable clusters surviving more than 5% of the entire
trajectory decreases to just 2 upon conventional heating of the
system to 400 K, and at higher equilibrium temperatures we
observe no such stable clusters. Moreover, at 700 K the
number of clusters that represent 95% of all structures blows
up to 2855.
The rotationally excited polar solvent molecules obtained

under MW irradiation alter the structural properties of the
peptide as well. Since the temperature of the peptide is kept at
300 K during these simulations and only the rotational
temperature of the solvent is increased, the structural changes
must be a consequence of the interactions between the peptide
and solvent molecules. As was the case with conventional
heating, the hydrogen bond network between the peptide and
solvent indeed gets destabilized, although to a somewhat lesser
extent. At an average of 10.09 hydrogen bonds at 700 K it is
around 7% more stable than with equilibrium heating. On the
other hand, the structure-stabilizing intramolecular hydrogen
bond network of the peptide becomes significantly stronger at
higher rotational temperatures, rising to an average of 1.54
hydrogen bond at 700 K. This is more than a 2-fold increase in
stability over the peptide at r.t. and a 20-fold increase
compared to conventional heating at the same temperature.
As was the case with the thermal heating, the HB network
inside the solvent is again destabilized at higher rotational
temperatures. However, the average number of hydrogen
bonds for a single water molecule at 700 K is now 1.24, which
indicates around 6% weaker destabilization of the solvent
structure than in comparison with equilibrium heating at
identical temperature. This is also apparent from the analysis of
the rotational correlation times of water molecules in the bulk
solvent and in the first shell of solvent molecules surrounding

Table 1. Structural Parameters of the Peptide

Tt/Tr
a (K/K) RMSDb (nm) RMSFc (nm) nHB

PP d nHB
PWe nHB

WWf rgyr
g (nm) H2Th (nm) ncl.

5%i ncl.
95%j

700/700 0.287 ± 0.001 0.29 ± 0.15 0.07 ± 0.03 9.43 ± 0.01 1.17 ± 0.04 0.599 ± 0.001 1.33 ± 0.01 0 2855
600/600 0.279 ± 0.002 0.28 ± 0.15 0.10 ± 0.04 9.90 ± 0.02 1.26 ± 0.05 0.599 ± 0.002 1.28 ± 0.01 0 1850
500/500 0.261 ± 0.002 0.28 ± 0.15 0.20 ± 0.07 10.40 ± 0.03 1.37 ± 0.05 0.561 ± 0.002 1.21 ± 0.01 0 742
400/400 0.243 ± 0.004 0.27 ± 0.14 0.36 ± 0.11 11.31 ± 0.04 1.52 ± 0.05 0.548 ± 0.002 1.16 ± 0.01 2 380
300/300 0.209 ± 0.008 0.24 ± 0.14 0.71 ± 0.14 12.38 ± 0.09 1.72 ± 0.06 0.526 ± 0.002 1.13 ± 0.02 4 80
300/400 0.203 ± 0.009 0.23 ± 0.13 0.84 ± 0.14 12.13 ± 0.10 1.61 ± 0.06 0.520 ± 0.002 1.11 ± 0.02 4 69
300/500 0.215 ± 0.010 0.25 ± 0.13 0.85 ± 0.16 11.85 ± 0.12 1.48 ± 0.08 0.520 ± 0.003 1.10 ± 0.02 5 72
300/600 0.186 ± 0.010 0.22 ± 0.12 1.25 ± 0.20 10.70 ± 0.11 1.35 ± 0.07 0.501 ± 0.002 1.04 ± 0.01 5 26
300/700 0.184 ± 0.012 0.22 ± 0.12 1.54 ± 0.22 10.09 ± 0.10 1.24 ± 0.07 0.493 ± 0.002 1.00 ± 0.02 5 26

aTranslational (Tt) and rotational (Tr) temperatures of the solvent during MD simulation. bAverage trajectory root mean square deviation
(RMSD) value compared to the experimentally determined peptide reference structure.24,25 cAverage trajectory root mean square fluctuations
(RMSF) of the peptide backbone. dAverage number of native structure-forming intrapeptide hydrogen bonds. eAverage number of intermolecular
hydrogen bonds between the peptide and water molecules. fAverage number of intermolecular hydrogen bonds between the water molecules per
molecule. gAverage peptide radius of gyration. hAverage head-to-tail distance of the peptide. iNumber of peptide structural clusters that are stable
for at least 5% of the simulation time. jNumber of structural clusters that encompass 95% of the trajectory.
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the peptide. Panel A of Figure S4 compares the rotational
relaxation times of bulk water, with conventional heating and
under microwave irradiation. It can be seen that the
conventional heating leads to shorter correlation times than
microwave irradiation, which can be understood in the light of
the additional disorder caused by the enhanced diffusion of
water molecules at elevated translational temperatures. This
pattern is maintained for the waters in the first solvation shell,
where the rotational relaxation of water molecules is further
delayed due to the presence of the peptide. This holds true for
both conventional heating (panel B of Figure S4) and
microwave irradiation (panel C of Figure S4).
The reinforced intramolecular hydrogen bond network of

the peptide causes it to form a more rigid and compact
structure. The superposition of peptide atoms over the entire
time span of MD trajectories is displayed in Figure 1. For
clarity, only the backbone atoms of amino-acid residues 2−6
are presented.
It can be clearly observed that the structure of the peptide is

indeed more compact in the case of MW heating. At 700 K, its
average RMSD value is 0.18 nm, a 14% decrease compared to
r.t. and a 38% decrease compared to conventional heating. The
peptide backbone fluctuations are also suppressed, to 0.22 nm
at 700 K. This is an 8% decrease in comparison with r.t. and a
24% decrease in comparison with thermal heating. Similarly,
due to the more compact peptide structure the radius of
gyration decreases to 0.49 nm at 700 K, an 8% decrease
compared with r.t. and an 18% decrease compared with
equilibrium heating. In contrast to conventional heating, the
cluster analysis shows a completely different picture with very
few structural clusters even at the highest rotational temper-
atures. The central member structures of the most stable
cluster for each simulation are provided in Supporting
Information Figure S5 along with the relative lifetimes of the
corresponding clusters in Supporting Information Table S1. In
rotationally heated systems the most populated cluster
represented between 17.7% (system at 500 K) and 32.0%
(system at 600 K) of all structures in the trajectory. This is
similar to the system at r.t., where the most populated cluster
represented 20.6% of the trajectory, but in great contrast with
the simulations of equilibrium heating, where the largest

cluster’s population quickly drops from 9.6% at 400 K to just
1.1% of the trajectory at 700 K. In the system rotationally
heated to 700 K only 26 clusters contain 95% of all structures.
Moreover, from 500 K onward we observe a new stable cluster
surviving more than 5% of the entire trajectory in addition to
the original 4 at 300 K. This gives rise to the possibility of
misfolding of peptides and proteins under the influence of MW
irradiation. To confirm the misfolded nature of the structures
at higher temperatures, we performed a combined clustering
analysis40 of the trajectories at 300 K and MW heating to 700
K and evaluated the obtained central member structures and
cluster population counts for the systems at the lower and
higher rotational temperature. The population counts for the
10 most populated clusters are shown in Figure 2. The central
member structures for the 5 most populated clusters are shown
in Figure 3.
We observed no significantly populated clusters that were

present exclusively during the room-temperature simulation or
the simulation of MW heating to 700 K. However, there were
some notable population shifts between the two trajectories.

Figure 1. Superpositions of peptide atoms over the entire time span of the trajectory (200 ns). Displayed are structures for simulations at 300 K
(middle), conventional heating to 700 K (left), and microwave heating to 700 K (right). Tt/Tr are the translational (Tt) and rotational (Tr)
temperatures during MD simulations.

Figure 2. Clustering of the combined trajectories of the system at 300
K and rotationally heated to 700 K. The plot shows the population
counts per cluster and the relative portion of structures per cluster
that belong to the trajectory at lower (blue) or higher temperature
(orange).
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The most populated cluster, which encompasses almost a
quarter of all structures throughout the simulation, closely
resembles the experimentally determined β-helical structure. It
is almost equally populated at both the lower and higher
temperatures. On the contrary, the subsequent central member
structures all represent either an unfolded random coil or
several variants of misfolded structures. Of particular interest
are clusters 2 and 4, which are mostly populated at the higher
rotational temperature. Cluster 2 represents a partially folded
hairpin structure, which is generally associated with fibrillation
and formation of insoluble aggregates. This could have
implications on the role of MWs in the etiology as well as in
the design of alternative treatments of amyloid diseases.41

Clusters 3 and 5, which are somewhat less common at higher
temperature, represent differently unfolded structures. In

contrast, cluster 4 resembles an even more organized β-sheet
structure, which is a lot less common at room temperature.
We can gain additional insight in the secondary structure of

the obtained clusters by analyzing the peptide’s intramolecular
hydrogen bonds. Of the 5 clusters presented in Figure 3, only
cluster 1 exhibits a significant occupancy of all 5 helix-forming
hydrogen bonds. In this cluster the weakest helix-forming
hydrogen bond (HB1−3) was present in 6.9% of the trajectory
snapshots, while the strongest was present in 86.1% of the
snapshots (HB3−5). Already in cluster 2 we see a shift toward a
different secondary structure, where the only helix-forming
hydrogen bonds present in a significant amount of snapshots
were HB1−3, HB4−6, and HB5−7. Clusters 3−5 exhibit a
completely different hydrogen bond occupancy where a single
helix-forming bond is present. Cluster 4 is particularly
interesting because it shows a relatively strong network of

Figure 3. Central members of the 5 most populated structural clusters obtained from the combined cluster analysis of the trajectories of the system
at room temperature and rotationally heated to 700 K.

Figure 4. Principal component analysis of the combined clustering of systems at equilibrium temperature of 300 K, conventionally heated to 700 K
and MW heated to 700 K. The first and second principal components form the x and y axes of the scatter plots, respectively. On each plot, the
trajectory at equilibrium 300 K is depicted with blue dots and the trajectory at an elevated temperature is depicted with orange dots.
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hydrogen bonds, indicating a fairly stable secondary structure.
Detailed results of the hydrogen bond analysis are summarized
in Supporting Information Table S2.
To corroborate on our findings about the newly found

misfolded structural clusters, we have also performed a
principal component analysis (PCA) of the combined
trajectories of all 9 simulations. The comparison of the PCA
results for the systems at 700 K with the simulation at 300 K as
a reference is presented in Figure 4 as 2D scatter plots with the
two principal components of the peptide backbone coordinates
(identical atoms were considered as in the RMSD analysis; see
Computational Methods). Analogous plots for the systems at
400, 500, and 600 K are also provided in Supporting
Information Figure S6.
The PCA shows that with conventional heating an

increasing amount of unstructured conformations is observed
from 400 K onward, which can be seen in the plots as a gradual
and ultimately complete loss of correlation between the two
principal components and the data points assuming a uniform
cloud distribution. In the system conventionally heated to 700
K it is clear that there is virtually no correlation between the
two components, indicating a completely disorganized
structure of the peptide. In contrast, for the microwave heating
the conformational distribution in the PCA plots remains
largely unchanged with increasing rotational temperature,
albeit with certain shifts in the conformational preferences.
Even the plots for the systems at the equilibrium 300 K and
rotationally heated to 700 K remain quite similar to several
overlapping regions. However, there are some distinct regions
where we see no population at 300 K but a significant
population in the MW-irradiated system, indeed indicating
newly formed misfolded structures. The cluster analysis thus
confirmed the possibility of peptide misfolding under the
influence of MWs.
To obtain a clearer picture of the solvent behavior in the

vicinity of the β-peptide, we also analyzed the radial
distributions of water molecules in the first hydration shell
and compared them to the data of the bulk solvent. The
corresponding radial distribution functions are provided in the
Supporting Information Figure S7. We observe that the local
density of water molecules in the hydration shell is reduced
when compared to bulk, which follows from the simple fact
that a part of the space surrounding these water molecules is
occupied by the peptide. Furthermore, we observe an
interesting behavior that with increasing temperatures the
second solvation shell gets converted into a region of lower

water density, while the subsequent region of lower water
density becomes more densely occupied. This is seen for both
thermal and microwave heating, but seems to be a more
gradual process in the case of microwave irradiation. Similar
behavior was previously reported for simulations of pure
water.11

To shed light on the driving forces of the observed structural
changes, we have analyzed the individual contributions to the
intramolecular nonbonding energy of the peptide and also to
the interactions between the peptide and solvent molecules.
Resulting interaction energies are summarized in Table 2.
The nonbonding energy analysis coincides with the findings

of other similar studies of small designed proteins such as
chignolin,42−44 which concluded that intramolecular inter-
actions predominantly stabilize compact conformations,
whereas solvent-induced interactions destabilize them. Under
conventional heating, the total intramolecular nonbonding
energy of the peptide increases by 71 kJ/mol when the
equilibrium temperature is raised from 300 to 700 K, signifying
weakened interactions within the molecule. The largest
contribution to this change is due to weakened van der
Waals interactions (63 kJ/mol), while the electrostatic
interactions (predominantly responsible for the formation of
hydrogen bonds) diminish only slightly (8 kJ/mol). At the
same time, the interactions between the peptide and solvent
are also weakened with an energy difference of 125 kJ/mol.
Here both van der Waals and electrostatic interactions
contribute significantly with 41 and 84 kJ/mol, respectively.
This suggests that the change in the structural arrangement of
the solvent around a peptide plays a significant role in
determining the stability, rigidity, and mobility of the peptide.
When the rotational temperature of the solvent was increased
to 700 K under MW heating, the effect on total interaction
energy between the peptide and solvent is roughly the same as
with conventional heating, increasing it for 116 kJ/mol,
indicating that the interactions with the solvent are
significantly weakened. However, in this case almost the entire
change is due to the weakened electrostatic interactions (118
kJ/mol), signifying a pronounced breakdown of the hydrogen
bond network between the peptide and the surrounding
solvent molecules. On the contrary, the intramolecular
nonbonding interactions within the peptide have strengthened,
yielding a 50 kJ/mol lower energy. This change originates
almost exclusively from electrostatic interactions through the
reinforcement of the intramolecular hydrogen bonds.

Table 2. Peptide−Peptide and Peptide−Water Interaction Energies

Tt/Tr
a (K/K) EvdW

PP b (kcal/mol) Ees
PPc (kcal/mol) Etot

PPd (kcal/mol) EvdW
PW e (kcal/mol) Ees

PWf (kcal/mol) Etot
PWg (kcal/mol)

700/700 −51 ± 1 −510 ± 2 −561 ± 1 −151 ± 1 −572 ± 2 −723 ± 2
600/600 −62 ± 1 −513 ± 2 −575 ± 1 −165 ± 1 −589 ± 2 −753 ± 2
500/500 −80 ± 1 −517 ± 3 −597 ± 3 −175 ± 1 −600 ± 4 −775 ± 5
400/400 −97 ± 1 −508 ± 1 −605 ± 1 −184 ± 1 −640 ± 2 −824 ± 2
300/300 −114 ± 1 −518 ± 3 −632 ± 3 −192 ± 1 −656 ± 5 −848 ± 5
300/400 −114 ± 1 −528 ± 3 −642 ± 3 −194 ± 1 −639 ± 5 −833 ± 5
300/500 −114 ± 1 −529 ± 4 −642 ± 4 −194 ± 1 −632 ± 8 −826 ± 8
300/600 −114 ± 1 −555 ± 4 −669 ± 4 −194 ± 1 −574 ± 7 −768 ± 7
300/700 −114 ± 1 −568 ± 4 −682 ± 4 −195 ± 1 −538 ± 7 −732 ± 7

aTranslational (Tt) and rotational (Tr) temperatures of the solvent during simulation. bIntramolecular peptide interaction energyvan der Waals
contribution. cIntramolecular peptide interaction energyelectrostatic contribution. dTotal intramolecular peptide interaction energy. ePeptide−
water interaction energyvan der Waals contribution. fPeptide−water interaction energyelectrostatic contribution. gTotal peptide−water
interaction energy.
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■ CONCLUSIONS
Our MD study reveals that continuous microwave irradiation
through rotationally hot polar water molecules affects the
conformational preferences of a small helical β-peptide. Where
conventional heating leads to a complete loss of structure, the
effects of microwave heating are more subtle and can be
identified as a shift in conformational preferences. The
rotationally heated water molecules form fewer hydrogen
bonds with the peptide, consequently allowing it to maintain
the intramolecular interactions leading to stable compact
conformations. These changes result not only in a decreased
mobility and increased compactness of natively folded
structures but also lead to the formation of new, misfolded
structures not present when the solution is heated conven-
tionally. This suggests that MW irradiation could act as a
promoter of peptide and protein misfolding, which is tied to
the onset of several neurodegenerative disorders such as
Alzheimer’s disease,4−7 Parkinson’s disease,4,5 and Hunting-
ton’s chorea,5 but also Type 2 diabetes.6 Preliminary results of
a recent large-scale study have also linked MWs to several
types of cancer in male rats.45 Albeit we have studied the
structural dynamics of a single helical β-peptide in solution, the
findings shed some light also on the general nature of peptide
and protein folding. The natural next step of our research
would be increasing the simulation scale to several differently
folded peptides to investigate the effect of MWs on their
association and aggregation.
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Hünenberger, P. H.; Krüger, P.; Mark, A. E.; Scott, W. R. P.;
Tironi, I. G. Biomolecular Simulation: The GROMOS96 Manual and
User Guide; Vdf Hochschulverlag AG, 1996; pp 1−1042.
(32) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
Hermans, J. In Intermol. Forces; Pullman, B., Ed.; D. Reidel, 1981; pp
331−342.
(33) Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H. J. Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 1977,
23, 327−341.
(34) Miyamoto, S.; Kollman, P. A. Settle: An analytical version of
the SHAKE and RATTLE algorithm for rigid water models. J.
Comput. Chem. 1992, 13, 952−962.
(35) Christen, M.; Hünenberger, P. H.; Bakowies, D.; Baron, R.;
Bürgi, R.; Geerke, D. P.; Heinz, T. N.; Kastenholz, M. A.; Kraütler, V.;
Oostenbrink, C.; Peter, C.; Trzesniak, D.; van Gunsteren, W. F. The
GROMOS software for biomolecular simulation: GROMOS05. J.
Comput. Chem. 2005, 26, 1719−1751.
(36) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular dynamics with coupling to an
external bath. J. Chem. Phys. 1984, 81, 3684−3690.
(37) Mohoric ̌, T.; Hribar-Lee, B.; Vlachy, V. Effects of the
translational and rotational degrees of freedom on the hydration of
simple solutes. J. Chem. Phys. 2014, 140, 184510.
(38) Mohoric,̌ T.; Bren, U. How does microwave irradiation affect
the mechanism of water reorientation? J. Mol. Liq. 2020, 302, 112522.

(39) Daura, X.; van Gunsteren, W. F.; Mark, A. E. Foldingunfolding
thermodynamics of a β-heptapeptide from equilibrium simulations.
Proteins: Struct., Funct., Genet. 1999, 34, 269−280.
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