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THz spectroscopy is used to investigate the dynamics of the globular protein hen egg white lysozyme under
varying hydration and temperature conditions. An analysis of the experimental spectra has revealed that the
amount of solvent in the hydration shell has a strong influence on the low-frequency protein conformational
dynamics and also the arrangement of hydrogen bonds in the protein secondary structure. Furthermore at a
hydration level �0.2 we identify collective backbone fluctuations in the protein secondary structure that are not
present at low hydration. It is possible that these solvent induced modes are important for the biological
function of the protein.
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I. INTRODUCTION

Proteins perform many of the biological functions in liv-
ing cells. A long history of both experimental and theoretical
investigations on protein dynamics has established that con-
formational changes are essential for protein function �1–5�.
To this end, protein functionality is dependent on conforma-
tional rearrangement and flexibility. The internal dynamics in
proteins have been found to fall into two main categories �6�.
There are the fast motions that fluctuate within the minima of
the energy landscape that defines the protein configuration
space possibilities. And second, there are the slower large-
scale thermally activated motions that represent the transi-
tions between the valleys separating distinct protein confor-
mations �7�. It has been suggested that fast thermal
fluctuations are important for protein activity because they
act as the “lubricant” that enables conformational changes in
physiological time scales �8�. The results from both experi-
mental and theoretical studies have suggested that picosec-
ond time scale fluctuations taking place in the secondary
structure in proteins have a strong influence in determining
the reaction rates of those proteins �9–11�. While more recent
numerical and computational studies examining fast protein
fluctuations have illustrated that proteins are capable of lo-
calizing, storing, and transporting energy in the presence of
spatial disorder on a subnanosecond time scale �12�. In light
of these findings, the aim of the work presented in this article
is to explore the picosecond time scale fluctuations taking
place in the well-studied protein lysozyme, as a function of
hydration and temperature. The expectation is that a detailed
analysis of the THz detected vibrational modes in lysozyme
may aid in the characterization and interpretation of the pro-
tein internal motions, occurring in the picosecond time scale
regime, that have been conjectured to play a fundamental
role in determining enzymatic activity �13,14�.

II. MATERIALS AND METHODS

A. Sample preparation

Hen egg white lysozyme was purchased from Sigma-
Aldrich �St. Louis, MO�. To remove excess salt and other

particles from the sample prior to the experiment, the
lysozyme sample was dissolved in water and run through a
desalting spin column with a buffer consisting of 10 mM
NaH2PO4 and 0.01 mM ethylenediaminetetraacetic acid at
pH 7.0. The concentration of the sample protein was deter-
mined by UV absorbance using a standard curve derived
from a series of dilutions at 280 nm. The lysozyme solution
sample used in the infrared experiments was prepared by
diluting the stock protein sample to a concentration of 1
mg/ml. The unoriented film sample was prepared by placing
20 �l of the dilute protein solution sample �1 �g /�l� onto
a high-resistivity silicon substrate for the THz spectroscopy
experiment. The protein sample on the substrate was subse-
quently placed in a sealed sample chamber for approximately
seven days while in the presence of a saturated salt solution
to achieve the desired sample relative humidity �RH�. From
these film samples, the hydration content of the protein was
determined by weighing. N-methylacetamide �NMA� was
also purchased from Sigma and the experimental infrared
sample was prepared in an analogous manner to the
lysozyme sample.

B. THz spectroscopy experiments

The THz spectroscopy experiments were carried out on a
Jasco FTIR—6000 series spectrometer. The lysozyme film
samples were collected with a liquid helium cooled bolom-
eter in the 15–250 cm−1 spectral range. The sample cell
used in the experiments contained a 0.006 mm thickness
polytetrafluoroethylene spacer �Specac Ltd., U.K.� and for
each transmission measurement a 25-mm-diameter region of
the protein film sample was illuminated with the THz beam
to determine the absorbance.

To maintain the hydration level of the protein film during
the experiment, the sample was placed in a sealed transmis-
sion cell consisting of two silicon windows. Reversibility of
the temperature response of the protein sample, in terms of
absorption features and intensity, was one criterion used to
verify that the seal was maintained throughout the experi-
ment. Comparison of the weight of the protein sample before
and after the experimental measurement was also used to
confirm that there was no significant water loss during the*Corresponding author; knwoods@cmu.edu
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duration of the experiment. In the spectral measurements
presented each scan consists of 16 averaged scans and the
infrared data was collected with a spectral resolution of
4 cm−1. The 15–120 cm−1 THz spectra were collected with
a 25 micron beam splitter while the data in the
100–250 cm−1 spectral region was collected with a 12 mi-
cron beam splitter. The temperature of the samples was var-
ied using a SPECAC variable temperature cell. Using a com-
bination of refrigerant and the control from the built-in
temperature cell block heaters, the temperature of the sample
could be adjusted from −190 °C to 30 °C.

C. Molecular dynamics simulation

1. Equilibrium molecular dynamics simulations

The molecular dynamics �MD� simulations were carried
with the Gromacs package �15� version 3.2 using the
Gromacs-96 force field. A starting structure of the hen egg
white lysozyme configuration was initially downloaded from
the protein databank. For the low hydration sample the pro-
tein was initially hydrated with solvent molecules in a 3 Å
shell surrounding the protein surface, which corresponds to
515 water molecules and 8 Cl ions. After an initial 1 ns
equilibration period, the number of water molecules was re-
duced to the closest 145 water molecules to the protein sur-
face for the full simulation period. This is equivalent to a
hydration level of approximately 0.18 g water per g protein
�0.18 g/g�. The sample with higher hydration content consists
of 650 water molecules and 8 Cl ions and is equivalent to a
hydration level of 0.81 g/g. In the simulations the SPC model
of water was used. Energy minimization of the hydrated pro-
tein system was carried out by using a steepest descent
method to a convergence tolerance of 0.001 kJ mol−1. The
energy minimization was followed by a MD run with con-
straints for 200 ps in which an isotropic force constant of
100 kJ mol−1 nm−1 was used on the protein atoms. During
the restrained dynamics simulation the temperature and pres-
sure of the system were kept constant by weak coupling to
Berendsen temperature and pressure baths �16� and in all
cases the protein, water, and ions have been coupled to the
temperature and pressure baths separately. The final output
configuration from the MD simulation with constraints was
used as the starting configuration for the sample with high
hydration content for the full 10 ns MD simulation. The final
simulation was carried out with a 1 fs time step where the
bonds between the hydrogen and the other heavier atoms
were restrained to their equilibrium values with the linear
constraints �LINCS� algorithm �17�. Particle mesh Ewald
�PME� method �18,19� was used to calculate the electrostatic
interactions in the simulation and was used with a real-space
cutoff of 1.0 nm, a fourth order B-spline interpolation and a
Fourier spacing of 0.12 nm. The molecular modeling soft-
ware program VMD �20� was used to visualize the simula-
tion final configurations.

We have used a rigid water model in our MD simulations
of hydrated lysozyme. Previous computational studies have
shown that simple three-site models of water �such as SPC�
do not adequately reproduce some of the higher-frequency
components of the experimental IR spectrum of liquid water

�21,22�. To accurately reproduce these high frequency vibra-
tional peaks in the spectrum, particularly the OH stretching
vibration and the vibrational mode, the classical approxima-
tion of water used in the MD simulation is generally ex-
panded with quantum corrections �23,24�. For instance, flex-
ible water models constructed from a combination of rigid
water models augmented by anharmonic terms for intramo-
lecular interactions have successfully yielded the correct OH
vibrational frequencies of liquid water �25,26�. Despite these
shortcomings, recent experimental investigations have dem-
onstrated that the empirical potentials of rigid water models
utilized in MD simulations for observing water-protein inter-
actions are capable of realistically capturing the fundamental
IR transitions in the THz region ��200 cm−1� of the spec-
trum �27,28�. The close correlation between experiment and
simulation suggests that a rigid water model provides a rea-
sonable depiction of the fast, cooperative hydrogen bonding
dynamics of water molecules that form the protein hydration
shell. It is unlikely that the use of a flexible water model in
our MD simulations of lysozyme would dramatically alter
the observed protein dynamics that have been used to aid in
our interpretation of the experimental THz data on the
protein.

The velocity autocorrelation function �VACF� of both at-
oms and molecules from the MD simulations were computed
with the extended analysis tools that are included as part of
the Gromacs software package. The VACF is defined by

Cv��� =
�vi��� · vi�0��

�vi�0�2�
, �1�

where v refers to velocity and i denotes an atom or molecule
in the simulation system. Fourier transform of the VACF is
used to project out the underlying frequencies of the molecu-
lar processes associated with the correlated motions detected
in the simulation. The dipole autocorrelation function from
the MD simulations has also been calculated in an effort to
interpret the infrared active dipole dynamics in the experi-
mental investigation. The dipole autocorrelation function,
given by

C���� =
��i��� · �i�0��

��i�0�2�
, �2�

where � refers to the electron dipole moment, has been com-
puted for the dipole moments of the protein. The correspond-
ing THz dipole spectrum of the protein simulation trajecto-
ries were calculated by computing the Fourier Transform.
Midinfrared spectra from the MD trajectories were computed
using the VMD infrared density calculator plug-in.

Similarly, dynamical fluctuations within the hydrogen
bond network within the protein or between the protein and
the solvent molecules have been characterized by use of a
correlation function �Chb����, which averages over hydrogen
bond pairs,

Chb��� =
�hbi��� · hbi�0��

�hbi�0�2�
, �3�

and has an existence function of either 0 or 1 �hb���
= �0,1�� for a particular hydrogen bond i at time t. In this
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analysis, a hydrogen bond is defined by using a geometrical
criterion, where the center of mass distance is less than
3.5 Å, the �O¯H� distance is smaller than 2.6 Å, and the
�HO¯O angle is smaller than 30°. Other weak interactions
�Van der waal, electrostatic, etc…� in the protein system are
identified as contacts within an appropriate cut-off distance.

Principal component analyses �PCAs� were carried out by
diagonalzing the covariance matrix Cij = ��xi− �xi���xj − �xj���,
where x denotes protein atomic positions in the
3N-dimensional configurational space and the angular brack-
ets represent the averages over the MD trajectory. Transla-
tional and rotational motions were removed by a least-
squares fitting to a reference structure. The eigenvectors of C
were determined by diagonalization with an orthonormal
transformation matrix. The resulting eigenvectors from the
transformation were used to determine the PCA modes with
eigenvalues ��� equivalent to the variance in the direction of
the corresponding eigenvector. The MD trajectory was pro-
jected onto the principal modes to determine the principal
components. The eigenvalues �i of the principal components
denote the mean square fluctuation of the principal compo-
nent i and are arranged so that �1��2� . . . ��3N. Using this
arrangement, the trajectories were filtered along the first
principal component to analyze the collective dynamics tak-
ing place within the protein. For the analysis, the first 2 ns of
the simulation have been used for equilibration and the re-
maining 8 ns of the simulation of have been divided into two
parts �each 4 ns in duration� for comparison. It should be
noted that the simulations used for the correlation analyses in
this work are rather short when compared with the MD tra-
jectories that are generally used �hundreds of nanoseconds�
to elucidate the large scale correlated motions in proteins. In
this sense, it is also important for us to outline our experi-
mental aim for this investigation. Our goal in this investiga-
tion is to provide further insight into the role that fast, pico-
second time scale fluctuations in lysozyme may have in
influencing the longer time structural changes in the protein.
It has been suggested that the internal dynamics of proteins
can be modeled as a mixture of fast and slow modes. In this
model, the faster regime has a characteristic relaxation time
of a few picoseconds and corresponds to diffusion within a
single well of the high-dimensional configuration landscape
of the protein. The longer diffusion regime, on the other
hand, is characteristic of motion between wells. Conse-
quently, it is unclear if the protein is in more than one con-
figuration during the time duration of the MD simulations
utilized for this investigation. But based on the cosine con-
tent of PC’s analyzed, there is a convergence of sampling
around at least one conformation and in this view is useful
for our aims for this investigation.

Full correlation analyses �FCA� on the MD trajectories
were carried out by using the algorithm developed by Lange
and Grubmüller �29�. In short, FCA relies on mutual infor-
mation �MI� to identify correlations of residues from the MD
trajectory. Fluctuations in the coordinates of the protein are
considered to be uncorrelated if

p�x� = �
i=1

3N

pi�xi� , �4�

where p�x� signifies the canonical ensemble given by p�x�
=e−Ei� /Z, in which Z refers to the partition function, E the

energy, � the inverse temperature, and pi�xi�=�p�x�dxi�j the
marginal density. If there are correlations in the system then
they can be identified by MI,

I�x1,x2,x3, . . . . . x3N� = 	
i=1

3N

H�xi� − H�x� , �5�

where H�x�=−�p�x�log p�x�dx designates the information
entropy. MI measures any correlation in the system, both
linear and higher order. FCA minimizes the mutual informa-
tion between the collective coordinates in the protein system,
of which the coordinates from the PCA are used as an initial
guess. The generalized correlation coefficient, defined by

rMI�xi,xj� = �1 − e−2I�xi,xj�/d�1/2, �6�

is used to visualize and interpret the correlations detected
with FCA.

2. Nonequlibrium molecular dynamics simulations

Nonequilibrium molecular dynamics simulations on both
the low and high hydration protein systems were carried out
with the simulated annealing algorithm as implemented in
Gromacs. The initial configuration and velocities for the non-
equilibrium simulations were taken from the final configura-
tion of the 10 ns equilibrium MD simulations. The reference
temperature of both the protein and the solvent molecules in
the protein system were dynamically changed after the initial
2 ps of the simulation from 310 to 298 K. The initial tem-
perature drop was followed by a 1.8 ns simulation at 298 K.
The temperature change employed in the nonequilibrium
MD simulation is equivalent to an energy of approximately
300 kJ/mol.

III. RESULTS AND DISCUSSION

A. THz spectrum of hen egg white lysozyme

In the experimental measurements carried out in this
work, hen egg white lysozyme �HEWL� has been measured
at three different hydration levels. The samples have been
prepared as unoriented, solid films maintained at different
relative humidity. As a film, the protein samples have been
measured at low hydration with a RH of 75%, which is
equivalent to a hydration level �h� of 0.18 g/g; at an inter-
mediate hydration level at 85% RH �h=0.32 g /g�; and also
at full hydration at 97% RH �h=0.81 g /g� �30�. In the dis-
cussion of the experimental data, we will refer to the hydra-
tion levels of the protein sample as low hydration
�h=0.18 g /g�, intermediate hydration �h=0.32 g /g�, and
high hydration �h=0.81 g /g�. Previous experimental mea-
surements and computational investigations have determined
that there is a correlation between hydration level and protein
enzymatic activity �31–34�. At low hydration the enzyme in
not catalytically active; while at the intermediate hydration
level the enzyme has been found to be functional but has
very low activity �35�. The sample at the highest hydration
level studied in this experimental investigation has been
shown to possess all of the functionality of the active protein
�36�. Although, the smaller number of free water molecules
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in the hydration shell when compared to a solution sample is
believed to affect the rate of the motions taking place in the
protein.

In our experimental measurements we find that the THz
spectrum of lysozyme displays a markedly different spec-
trum at low hydration when compared with that at high hy-
dration �Fig. 1�a��. The low hydration room-temperature
sample of lysozyme exhibits prominent peaks at approxi-
mately 28, 68, and 75 cm−1. As the hydration level is in-
creased from low to intermediate hydration, the peaks at 68
and 75 cm−1 disappear and there is a peak that emerges at
approximately 36 cm−1. At the highest hydration level stud-
ied, the room temperature sample of lysozyme possesses a
broad peak centered at around 45 cm−1. One topic that we
would like to try to address in the discussion regarding the
experimental results detected in the THz spectra of lysozyme
is the relationship between the collective vibrational modes
detected in the protein and their possible relationship with
enzymatic activity.

B. Equilibrium moleculard dynamics simulation results

The lowest-frequency large amplitude mode at approxi-
mately 30 cm−1 in the lysozyme sample at both low and
intermediate hydration in Fig. 1 appear at a similar frequency
as the peak observed in previous inelastic neutron scattering
�INS� experiments on lysozyme �37,38�. This low-frequency

band has also been observed in subsequent Raman �39� and
OHD-RIKES experiments �40� on lysozyme. In these earlier
experimental studies, the presence of the 
30 cm−1 peak in
the low-frequency spectrum of the protein has been ascribed
to collective librational dynamics of polar exposed side
chains. In an effort to understand the origin of the peak at

30 cm−1, as well as the other infrared bands detected in
our experiments, we have carried out MD simulations on
lysozyme at hydration levels equivalent to the lowest and
highest hydrated samples measured in our experimental in-
vestigation. An analysis of the Fourier transform of the
VACF of side chain residues in the MD simulation on
lysozyme at both hydration levels has uncovered bands at
approximately 18, 33, 66, 110 �shoulder�, and 135 cm−1 in
the 	200 cm−1 spectral region. Hence, the identification of
the 
30 cm−1 peak as a side chain fluctuation from earlier
investigations is consistent with the analysis from the MD
simulations carried out in this work. A peak centered at
75 cm−1 in the low hydration experimental spectrum in Fig.
1 has only been detected in low-frequency Raman experi-
ments �39,41� as well as other simulation �42� and vibra-
tional spectroscopy measurements �40� on globular proteins,
including lysozyme. Its absence from INS spectra suggests
that it is not highly influenced by hydrogen bonding dynam-
ics. As a consequence, it has been hypothesized that this
mode arises from torsional motions occurring in the protein
backbone.

The aim of our investigation on the low-frequency dy-
namics taking place in lysozyme is to gain further insight
about the role that the observed differences in the experimen-
tally detected THz fluctuations of the protein, at different
hydration levels, may play in determining the protein’s func-
tion. To this end, we have conducted a PCA on the lysozyme
trajectories to aid in the identification of the functionally
relevant correlated motions that take place in the protein at
the two different hydration levels. In these analyses, the PCA
modes with the largest fluctuation amplitude are selected to
both identify and quantify the correlated motions taking
place in the lysozyme secondary structure. The expectation is
that identification of both the positive �in phase� and nega-
tive �out of phase� atomic correlations from the simulation
may provide valuable insight into the fast fluctuations taking
place in the protein that are important for establishing enzy-
matic activity on a much longer time scale. In the low hy-
dration simulation of lysozyme, PCA of the largest amplitude
mode reveals that the in phase correlated motion with the
largest magnitude takes place between valine 2 �or VAL 2,
where the numeral 2 denotes that it is the second amino acide
in the protein sequence� and phenylalanine 3 �PHE 3� with
phenylalanine 38 �PHE 38�. A structural analysis of the pro-
tein trajectory at low hydration has uncovered that PHE 38 is
in direct contact with both VAL 2 and PHE 3. The largest
magnitude out of phase correlation in the low hydration pro-
tein occurs between arginine 5 �ARG 5� and glycine 117
�GLY 117�. ARG 5 is the first residue of Helix A, one of the
well defined 
 helices in the 
 lobe of the lysozyme second-
ary structure �Fig. 1�b��. GLY 117, also in the 
 lobe of the
protein, resides in a solvent exposed turn region. An NMR
solution structure of hen egg white lysozyme has established
that GLY 117 has the highest main chain solvent accessibility

FIG. 1. �Color� �a� Experimental THz spectrum of room tem-
perature lysozyme in the 20–100 cm−1 spectral region at 97% RH
�black solid line�, 85% RH �blue dotted line�, and 75% RH �green
dashed line�. �b� Secondary structure of HEWL with regions labeled
as they are referred to in the text of the manuscript. The 
—helices
in the protein are purple; 310 helices are blue; turns and loops are
cyan; and �—sheets are yellow.
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in the protein �43�. As a consequence, it is likely that inter-
action with the solvent plays an important role in modulating
the out of phase correlation between ARG 5 and GLY 117.
Perhaps for this reason it is not entirely surprising that the
addition of a greater number of water molecules into the
protein hydration shell has a strong influence on the types
and number of correlated motions taking place in the protein.
The in phase correlation of residues 2 and 3 with that of
residue 38 is still present in the high hydration simulation of
lysozyme. But the magnitude of this correlation is greatly
reduced when compared with the low hydration system.
Analysis of the largest amplitude PCA mode in the high hy-
dration simulation of lysozyme reveals a sharp increase in
the number of large amplitude out of phase correlations. We
find evidence of strong correlations of residues in Helix A
with residues in the 310 helix in the same �
−� lobe. Large
magnitude out of phase correlations are also evident in resi-
dues in the solvent accessible loop region �residues 101–104�
of the protein with residues in the same �
 lobe� 310 helix.
Specifically, the out of phase residue correlations occur be-
tween ALA 10 and ALA 11 in Helix A with ALA 122 in the
310 helix. In the solvent accessible loop region GLY 102 and
ASN 103 are correlated with TRP 123 in the 310 helix.

In our analyses of the concerted motions taking place in
the lysozyme secondary structure, we have also carried out a
full correlation analysis �FCA� to assess the nonlinear con-
tributions to the correlations taking place within the second-
ary structure of the protein. Our motivation is to identify
anharmonic fluctuations that may be constructive in formu-
lating an appreciation about the relationship between energy
transport pathways and conformational fluctuations taking
place within the protein secondary structure. FCA optimizes
MI rather than fluctuation amplitude from the trajectories
obtained by MD simulation. In contrast to the Pearson cor-
relation coefficients used in the PCA analysis, the canonical
correlations used in the FCA do not differentiate between
correlated and anticorrelated motions. However, FCA is ca-
pable of quantifying both linear and higher-order correlations
from the simulation trajectories. In our analysis we have se-
lected FCA modes with the highest anharmonicity and col-
lectivity. Modes that fit these criteria are characteristic of the
motions that are most likely to be detected in our experimen-
tal spectrum �44�. They are also the motions that have a
greater likelihood of revealing connections in the protein
structure that are essential for biological activity �45�. The
FCA modes with the highest anharmonicity in the low hy-
dration simulation of lysozyme reveal highly correlated mo-
tion within the turn and loop regions of the molecule �Fig.
2�a��. Specifically there are large magnitude correlations
among the residues in the long loop region in the � lobe of
the protein �residues 61–78�. Residues in the long loop are
also strongly linked with SER 86, a residue that is located in
a turn region in the 
 lobe of the protein. Additionally, the
residues in the long loop of the protein are correlated with
residues 100–102 in the solvent accessible loop region and
the dynamical motion of GLY 102 is also linked with resi-
dues 122–125 located in the 310 helix of the 
 lobe. These
same residues in the 310 helix �122–125� are also correlated
with SER 86. The strongest nonlinear contributions of the
correlations from the FCA modes analyzed arise specifically

from GLY 102 with SER 86 and SER 86 with ALA 122 in
the low hydration simulation of lysozyme. Both the nonlin-
ear and linear correlations taking place in the molecule cul-
minate into a motion that can be described as an out of plane
twisting motion mostly affecting the lower ��−� lobe.

In the high hydration simulation of lysozyme, the FCA of
the modes with the appropriate characteristics reveals strong
intrahelical correlations between the residues in helix A �Fig.
2�b��. The residues in helix A are also correlated with resi-
dues in the turn regions in the 
 lobe along with residues that
are part of the solvent accessible loop region �residues 86–
102� and with residues that form helix C. Motion of the
residues in helix A are also linked dynamically with the resi-
dues in the turn region preceding the 310 helix as well as with
residues within the 310 helix itself. Additionally, from these
analyses we have detected prominent correlations of residues
102 and 103 in the solvent accessible loop region with resi-
dues in the 310 helix �118–122�. Nonlinear associations in
the highly hydrated protein system take place between GLY
102 with ALA 122. There are also large magnitude nonlinear
contributions arising from interactions of VAL 120 with the
residues in helix A. In addition, VAL 120 has nonlinear as-
sociations with both GLY 102 and ALA 122. The dynamics
of the highest anharmonic mode in the high hydration protein
is dominated by fluctuations within the helical regions of the
protein. Particularly, the 310 helix in the 
 lobe and helices A

FIG. 2. �Color� Generalized correlation coefficient �rMI� for
lysozyme C
 atoms at �a� low hydration and �c� high hydration. The
strength of the correlation between residues is represented by a
color mapping scheme. Secondary structural regions of the protein
�b� and �d� are superimposed over 10 frames of the respective tra-
jectories in an effort to indicate the amplitude of the motion.
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and C have the largest amplitude motion. Interestingly, we
have detected that there is also a noticeable reduction in the
amplitude of the oscillations taking place within the turn and
loop regions of the protein secondary structure when com-
pared with the drier protein.

C. Nonlinear associations and collective vibrational modes
detected in the THz spectra of lysozyme

The analysis of the motions contributing to the nonlinear
associations from the simulation may provide some insight
into how we may interpret the experimental measurements
carried out in this work. From the analyses of the simulation
trajectories, it has been determined that the drier protein has
a larger number of intramolecular associations, particularly
in the turn and loop regions. The Fourier transform of the
VACF of GLY 102, a residue associated with nonlinear dy-
namics in the low hydration protein, reveals a prominent
peak at approximately 75 cm−1 in the 	200 cm−1 spectral
region �Figs. 3�a� and 3�b��. Further analysis has revealed
that this peak is largely attributed to carbonyl O¯backbone

N correlations arising from protein intramolecular associa-
tions between residues within the turn and loop regions in
the protein secondary structure. On a similar note, we have
also observed that the number of protein intramolecular hy-
drogen bonds is for the most part, greater in the low hydra-
tion system when compared with the higher hydration simu-
lation of the protein. In addition to the carbonyl
O¯backbone N correlations, we have also determined that
the low-frequency oscillations in the low hydration system
are also strongly affected by the direct contact of the residues
that actively form the � bride in the protein structure. Par-
ticularly, an analysis of the simulation trajectory has revealed
that the VAL 2 C� atom is in contact with the PHE 38
carbonyl oxygen �O�. In response to the dynamical connec-
tion between VAL 2 and PHE 38, there is a bending mode at
about 63 cm-1 in the VACF spectrum highlighting the main
chain C�¯carbonyl O association �Fig. 3�c�� that develops
in response to the protein intramolecular interactions in the �
bridge. Bands at this frequency have also been detected from
other C�¯O atom associations in the low hydration system;
although, the magnitude of the peak from these other contri-
butions are less prominent in the vibrational spectrum. In our
analysis we have uncovered that the bending motion that
results from the main chain C�¯carbonyl O interactions
taking place between the turn and loop regions of the protein
has a direct affect on the other main chain and side chain
carbon fast atomic fluctuations, particularly the methyl side
chain groups. As an example, a plot of the methyl group
motion of VAL 2 from the VACF spectrum in response to the
contact between PHE 38 carbonyl O with VAL 2 C� �Fig.
3�d�� displays a small peak in the spectrum located at
63 cm−1 �attributed to the C�¯O interaction�. In addition,
there are two other noticeable bands in the spectrum located
at approximately 33 and 88 cm−1. The band at 33 cm−1 is
associated with methyl group torsional fluctuations that arise
as a result of the OuC� interactions, while the band at
88 cm−1 is due to a C
—carbonyl O atom deformation in
the protein backbone that also forms in response to the pro-
tein intramolecular interaction. The mode at 88 cm−1 has
been detected inVAL 2 as well as other residues involved in
turn and loop region protein intramolecular correlations. It is
interesting to note that the VAL 2—PHE 38 interaction spec-
tra in the highly hydrated protein simulation of lysozyme
�Figs. 3�c� and 3�d��, has a large amplitude band at a slightly
higher frequency �65 cm−1� than the band observed in the
low hydration spectrum. The shift in frequency and increase
in intensity reflects the stronger interaction of the protein
with the solvent. Although we have found no evidence of
direct contact between the VAL 2 nonpolar side chains with
the solvent, we hypothesize that the stronger interaction of
the solvent with other polar side chains in the protein sec-
ondary structure influence the fluctuations of residues remote
from the protein surface where the solvent interaction with
the protein is maximized. Experimentally, we have uncov-
ered a band in the experimental THz spectrum of pure room
temperature liquid water at approximately 70 cm−1 that we
have attributed to a water bending mode of water molecules
not arranged in a tetrahedral structural configuration �46�. An
analysis of the VACF of the oxygen atom of the water mol-
ecules from the simulations of lysozyme carried out in this

FIG. 3. VACF spectrum of protein carbonyl O¯N atom corre-
lations from �a� the high hydration and �b� the low hydration MD
simulation of lysozyme. VACF spectrum highlighting �c� C�¯O
atom interactions between VAL 2 and PHE 38 and �d� the contact
spectrum resulting from interaction of VAL 2 methyl groups with
the PHE 38 O atom from the low hydration �filled circles� and the
high hydration �open circles� MD simulation of lysozyme.
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investigation have uncovered a band at 65 cm−1 that does
not strongly involve hydrogen atoms. Therefore, we accredit
this band to an intermolecular bending mode taking place
within the hydrogen bonded network of the solvating water
molecules. The band at 33 cm−1, prominent in the spectrum
accentuating the localized methyl group torsional motion in
the low hydration simulation �Fig. 3�d��, is not present in the
high hydration simulation of lysozyme. In its place, the me-
thyl group torsional oscillation of VAL 2, along with the
methyl side chain groups of other nonpolar residues in the
protein structure, generate a peak at 
110 cm−1. The peak at
110 cm−1 reflects the shift toward a more active solvent side
chain interaction that forms in response to an increased num-
ber of water molecules in the protein hydration shell.

The VACF spectrum of ALA 122 �Fig. 4�b�� in the low
hydration protein simulation has a peak at approximately
22 cm−1 that is attributed to the carbonyl C main chain C�
atom motion of correlated residues that are strongly modu-
lated by both the solvent and methyl group fluctuations. In
the highly hydrated simulation of lysozyme, the 22 cm−1

mode has a stronger intensity reflecting the large magnitude
out of phase correlation that takes place between ALA 11
�helix A� and ALA 122 �310 helix�. Interestingly, the analysis
of the VACF of SER 86 did not uncover any prominent

bands from the simulation trajectory in the accessible THz
region.

Using the results from the MD simulation, it is now pos-
sible to re-evaluate the experimental THz spectrum of the
low hydration sample of lysozyme with greater insight. In
Fig. 5�c�, the band at 75 cm−1 is prominent at 93 K and
decreases in amplitude as the temperature of the protein
sample is increased. The temperature behavior of the
75 cm−1 band is consistent with a backbone mode �47�.
Hence, it is possible that the 75 cm−1 is related to the corre-
lated backbone motion identified at a similar frequency in the
simulation spectrum in the low hydration protein. Further-
more, the band at 75 cm−1 is close in frequency to the back-
bone mode detected in previous Raman experimental inves-
tigations �40,41�. Figure 5�c� reveals that the low hydration
sample of lysozyme also includes a peak at 68 cm−1 that is
only observed at temperatures �250 K. Based on our analy-
sis of the equivalent low hydration simulation system, we
hypothesize that this band reflects a protein intramolecular
bending mode. It is likely that the temperature dependence of
this band stems from the connection that exists between pro-
tein flexibility and temperature. The protein transition tem-
perature �Tg� for a number of different proteins has been
found to lie in the range of 200–230 K �48–50�. For this
reason, it is probable that the 68 cm−1 is only visible in the
spectrum only after the transition temperature has been
reached and the protein flexibility is increased. The peak at
28 cm−1 in the experimental spectrum �Figs. 5�c�–5�f�� ini-
tially increases in amplitude as the temperature is raised, but
begins to decrease in amplitude above 250 K. Based on our
earlier analysis of the correlated motions taking place within
the secondary structure in the low hydration simulation of
lysozyme, we deduce that the infrared peak at 28 cm−1

arises as a result of backbone main chain correlations be-
tween residues in the turn and loop regions of the protein
secondary structure. Curiously, we have also identified peaks
from the simulation, that arise from protein dynamical mo-
tions ascribed to nonlinear associations, that we do not detect
experimentally. Namely, we find prominent peaks at 85 and
88 cm−1 in the simulation spectrum that are not visible in
the experimental spectrum of lysozyme. These peaks have
been linked with backbone fluctuations involving deforma-
tion of C
¯O and C�¯O atoms that form as a result of
intramolecular correlations in the protein secondary struc-
ture. In an effort to develop a better understanding about the
nature and characteristics of the backbone motions taking
place in lysozyme, we have also carried out THz spectros-
copy experiments on NMA, a model backbone peptide. In
Fig. 6 the THz spectrum of NMA in the �100 cm−1 spectral
region uncovers peaks at 20, 57, 63, 73, 82, and 88 cm−1.
The band at 82 cm−1 encounters some temperature depen-
dence, as reflected in the experimental spectrum, while the
rest of the peaks in the spectrum appear to be somewhat
temperature independent. It is interesting to note that, ex-
cluding the lowest-frequency band at 20 cm−1, there is also
no change in the frequency of the bands when the solvent is
exchanged from H2O to D2O implying that the modes in the
spectrum have justly been labeled as backbone modes. The
temperature insensitivity of the modes at 63, 73, and
88 cm−1 is consistent with backbone modes that we have

FIG. 4. VACF spectrum of �a� ALA 11 and �b� ALA 122 from
the low hydration �filled circles� and the high hydration �open
circles� MD simulation of lysozyme. �c� Backbone dipole correla-
tion spectrum from the MD simulation of residues in helix A at low
hydration �filled circles� and at high hydration �open circles�.
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uncovered in our simulation analyses of lysozyme. The tem-
perature dependence of the 82 cm−1 mode may be explained
by its possible connection to an intramolecular protein mode
uncovered at a similar frequency �85 cm−1� in the simulation
of the low hydration protein. From our analysis of the low
hydration simulation trajectory of lyoszyme, we have deter-
mined that the 85 cm−1 mode is attributed to a protein main
chain fluctuation strongly coupled to protein intramolecular
hydrogen bonds. Further evidence to support this hypothesis
has been uncovered in the analysis of the protein main chain
dipole correlations taking place in the low hydration simula-
tion sample. Peaks in the dipole autocorrelation analysis �not
shown� appear at 12, 32, 62, and 85 cm−1 in the spectrum
with a small shoulder located at 75 cm−1. As an aside, it is

interesting to note that the backbone mode at 32 cm−1 over-
laps with the motion associated with side chain fluctuations
detected in the velocity correlation analysis �Sec. III B�. The
band at 32 cm−1 is not present in the NMA spectrum sug-
gesting that it arises from a side chain backbone correlation
that is not present in the small model peptide.

Similar to what has been observed in the spectrum of
ALA 122, the VACF spectrum of ALA 11 in the higher hy-
dration simulation of lysozyme in Fig. 4�a� has a more in-
tense band at 22 cm−1 when compared with the lower hy-
dration spectrum. The amplitude difference in the residue
correlation spectrum in the two protein systems reflects the
stronger �out of phase) correlation between residues in helix
A with residues in the 310 helix. The out of phase correlations

FIG. 5. �Color� Experimental THz spectrum of lysozyme in the 20–100 cm−1 spectral region at �a� 97% RH, �b� 85% RH, and �c� 75%
RH and at temperatures 93 K �red dotted line�, 250 K �blue dashed line�, and at 303 K �black solid line�. Overlay of the experimental THz
spectra of lysozyme in the 20–100 cm−1 spectral region at 97% RH �black solid line�, 85% RH �blue dot—dot-dashed line�, and at 75% RH
�green dashed line� at �d� 93, �e� 250, and �f� 303 K.
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taking place in the protein grow in number when additional
water molecules are added to the protein hydration shell.
Consequently, the analysis has also uncovered that in the
high hydration sample of lysozyme the number of solvent—
protein side chain hydrogen bonds are significantly enhanced
when contrasted with the low hydration system. From the
analysis of the protein dynamical correlations from the simu-
lation, we have also established that the high hydration pro-
tein possesses fast backbone fluctuations that are not present
at low hydration. For instance, we have identified a backbone
fluctuation in helix A that is initiated as a result of the intra-
helical correlations taking place within the 
 helix when the
hydration level of the protein is increased. In Fig. 4�c�, a plot
of the backbone dipole correlations that arise in response to
the intrahelical interactions taking place in helix A confirm
the presence of bands at 25 and 
40 cm−1 in the spectrum
that are not prominent in the low hydration simulation of
lysozyme. We believe the band at 40 cm−1 stems from a
backbone torsional fluctuation involving the backbone N at-
oms in helix A that are triggered as a result of the large
magnitude out of phase correlation that take place between
residues in helix A with residues in the 310 helix as the hy-
dration level in the protein is increased. An out of plane
backbone deformation has also been identified in helix A at
approximately 50 cm−1. The solvent induced backbone fluc-
tuation involves torsion of the C
, and carbonyl C atoms
with a small contribution from the N backbone atoms. Using
the knowledge gained from analyses of the dynamical mo-
tions taking place in the protein from the simulations, it is
now possible to reconsider the origin of the modes uncov-
ered in our experimental THz spectra of lysozyme at inter-
mediate and high hydration. In the intermediate hydration
experimental spectrum �Figs. 5�b� and 5�d�–5�f�� there are
peaks at 25 and 
40 cm−1, that we surmise reflect backbone
correlations taking place between residues in helix A with
those in the �
 lobe� 310 helix. We believe that the peak close
to 40 cm−1 is associated with the backbone fluctuation in
helix A that has been observed in the simulation spectrum of

lysozyme. At intermediate hydration, both the 25 cm−1 and

40 cm−1 mode are present even at the lowest temperature
studied �Figs. 5�b� and 5�d�� implying that they are both
associated with backbone fluctuations taking place in the
protein secondary structure. As the hydration level is in-
creased from intermediate to high hydration, there is a peak
that appears in the spectra at approximately 50 cm−1 �Fig.
5�a��. In the experimental high hydration sample of lysozyme
�Figs. 5�a� and 5�d�–5�f��, the peaks at 25 and 41 cm−1 are
only prominent at temperatures �250 K. The temperature
dependence of these modes in the high hydration protein
sample might reflect the proteins greater interaction with the
solvent and possibly the larger contribution of side chain
motion to the modes. All of the 	100 cm−1 modes that we
have identified in our investigation of lysozyme appear to
originate from backbone motions that are modulated by side
chain fluctuations. This becomes even more apparent in the
experimental spectrum when the solvent �H2O� is replaced
by D2O. With the exception of the lowest frequency mode,
there is a general blue shift of all of the detected modes in
lysozyme with the solvent isotope exchange. We do not ob-
serve this same shift in the 	100 cm−1 modes uncovered in
NMA, presumably because in the small peptide the backbone
motion is not as closely intertwined with the low frequency
side chain fluctuations. The 50 cm−1 mode, on other hand, is
visible at all of the temperatures investigated �Figs. 5�a� and
5�d�–5�f�� in the experimental high hydration lysozyme
sample. Its absence from the lower hydrated samples sug-
gests that its presence in the experimental spectrum is related
to a solvent influenced conformational change that occurs
within the protein structure. Our interpretation is consistent
with the results of a recent NMR investigation examining the
structure of lysozyme as a function of hydration �51�. The
NMR results have revealed that the lysozyme secondary
structure has a more open conformation when the hydration
level in the protein is increased. It is likely that the 50 cm−1

mode detected in our experimental spectrum reflects the sol-
vent induced backbone deformation uncovered in our analy-
sis on the equivalently hydrated simulation sample of
lysozyme at a similar frequency �
50 cm−1�.

It is important to point out that the peak observed at
25 cm−1 in both the intermediate and high experimental
spectrum �Figs. 5�a� and 5�b�� likely has a different origin
than the 28 cm−1 mode uncovered in the low hydration pro-
tein sample �Fig. 5�c��. The fast fluctuations taking place in
the driest sample studied have been found to be dominated
by protein intramolecular associations. In the low hydration
experimental spectrum �Figs. 5�c�–5�f�� we believe that the

30 cm−1 mode is associated with methyl group oscillations
that are amplified as a result of protein backbone—main
chain �CN¯O� correlations. Previously in this section, we
uncovered a mode at 63 cm−1 in the simulation of the low
hydration protein, reflecting the protein intramolecular inter-
action �Fig. 3�c��; which coincidentally, also had a strong
influence on the methyl group fluctuation at about 30 cm−1

�Fig. 3�d��. We have also observed that as the hydration level
in the system is increased there is a noticeable shift in the
frequency of this backbone mode from 63 to 65 cm−1. We
conjecture that this shift reflects the stronger influence of the
solvent dynamics on the protein backbone motion. Accord-

FIG. 6. �Color online� Experimental THz spectrum of NMA at
97% RH in the 20–100 cm−1 spectral region at 93 K �red dashed
line� and at 303 K �black solid line�. Prominent absorption bands
are found at approximately �1� 20, �2� 57, �3� 63, �4� 73, �5� 82, and
�6� 88 cm−1.
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ingly, this shift in backbone motion is accompanied by a
change in the consequent methyl group oscillation from 
30
to 110 cm−1 in response to the increased protein main chain
solvent interactions.

In our analyses of lysozyme dynamics as a function of
hydration we have established that the protein intramolecular
interactions are more significant at lower hydration levels.
We have also determined that as the hydration level is in-
creased there are a greater number of correlated motions tak-
ing place between residues in distant parts of the protein
secondary structure. Specifically, we have observed that ad-
ditional water molecules added to the lysozyme hydration
shell trigger large amplitude correlated motion between resi-
dues in helix A with those in the 310 helix in the lysozyme 

lobe. The correlated motion in the protein at the high hydra-
tion level is accompanied by an enhancement of solvent side
chain hydrogen bonds. Perhaps it is the combination of these
two characteristics that is significant in activating fast back-
bone fluctuations that are not visible in the lower hydration
protein systems. It is probable that at lower hydration, strong
intramolecular protein associations inhibit the formation of
anharmonic fluctuations in the protein secondary structure.

D. Energy dissipation and anharmonic fluctuations
within the protein secondary structure

To comprehend the relationship between picosecond time
scale conformational fluctuations taking place in the protein
secondary structure and energy dissipation, a nonlinear mo-
lecular dynamics �NMD� simulation has been conducted on
both the low and high hydration protein to determine the
dominate motions that are activated as thermal energy moves
through the molecule. Our interest in the nonlinear MD ex-
periment is to identify the fast relaxation processes in the
protein that may be set in motion from an excitation equiva-
lent to energy released during macromolecular substrate
binding or perhaps when a chemical bond in the protein is
broken. From this analysis we have mapped the sequence of
motions in the secondary structure that are triggered as the
excess thermal energy, introduced in the simulation, moves
through the molecule �52�. From this analysis we have deter-

mined that greater interaction with the solvent is in an im-
portant factor in determining both the rate of the thermal
energy dissipation and the pathways formed for the dissipa-
tion process. From the MD simulation we have discerned
that the general pathway of energy flow through the mol-
ecule is as follows: the initial response to the excitation in-
volves the CvO stretching of the Amide I vibration of resi-
dues in the turn and loop regions of the protein secondary
structure �1684 cm−1� along with low-frequency helical de-
formations, which include methyl group torsional fluctua-
tions in the 310 helix �in the protein 
 lobe� at 110 cm−1 and
a collective main chain bending vibration at 130 cm−1 cre-
ated by intrahelical dipole correlations in helix A �Table I�. In
the 100–200 ps time frame after excitation, the energy moves
from the Amide I vibration of residues in the turn and loop
regions of the protein secondary structure to the Amide I
vibration of 
 helices. During this time frame, the bending
mode, arising from collective intramolecular correlations
taking place within helix A �130 cm−1�, continue to grow in
amplitude and are accompanied by a localized C
uH bend-
ing vibration at 1327 cm−1 that also takes place in the 

helix. In the time range spanning 200–400 ps energy moves
from Amide I vibration into the Amide II region of the pro-
tein secondary structure. The Amide II vibrational response
at 1493 cm−1 is greater in the lower hydration simulation
protein and it is at this point that the pathway for energy
dissipation in the two systems begins to diverge. In the low
hydration sample, the vibrational energy becomes trapped in
the Amide II vibrational mode while in the highly hydrated
protein the energy moves efficiently from the backbone
modes into the side chain methyl groups of the protein. Per-
haps the underlying reason for the deviation can be attributed
to the strong intramolecular association taking place in the
protein at low hydration; and as a consequence, a weaker
interaction with the solvent when compared with the highly
hydrated protein. In the early phase of the energy dissipation
scheme we find that collective modes associated with side
chain methyl group oscillations in the 310 helix �110 cm−1�
and the intramolecular main chain hydrogen bonding taking
place within helix A �130 cm−1� are important for moving
energy out of the protein. Both mechanisms are driven by the
proteins increased interaction with the solvent. In the preced-

TABLE I. Vibrational modesa �in cm−1� detected in the nonequilibrium MD simulation of lysozyme
within 800 ps after the initial temperature change.

�100 ps 100–200 ps 200–400 ps 400–600 ps 600–800 ps

1684 1659 1493 1493�l� 1327�l�
1010 1327 1161�h� 1161�h� 1161�l�
336 1010 1010�l� 1010�l� 662�l�
130 336 167 995�l� 167

110 40�h�, 50�h� 167

63�l�, 75�l�
60�HW� 65�HW�,

116�HW�
aThe symbols h, l, and HW represent high hydration protein, low hydration protein, and solvent hydrogen
atoms, respectively, and refer to the vibrational modes with appreciable amplitude only under the described
conditions �h or l� or from specific molecules �HW�.
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ing sections we determined that these associations were char-
acteristic of dynamics only found in the highly hydrated pro-
tein. Therefore, we postulate that these anharmonic
fluctuations taking place in the protein are triggered by side
chain solvent interactions. The solvent side chain interactions
greatly increase the amplitude of the methyl group oscilla-
tions in the 310 helix. And through nonlinear coupling among
residues in the secondary structure, they are also responsible
for the intrahelical associations in helix A that are activated
when additional water molecules are included in the protein
hydration shell. 200 ps after the initial quench, low-
frequency backbone torsional fluctuations in helix A, at ap-
proximately 40 cm−1 and 50 cm−1, in the well hydrated pro-
tein, are initiated. The fast backbone fluctuations couple with
the Amide I vibration at 1659 cm−1. It is possible that these
low frequency collective modes are vital for moving the ex-
cess energy out of the protein. The collective backbone
modes do not occur in the low hydration protein sample
dynamics and as a result, beginning at t�200 ps the drier
protein begins to experience a “back up” of vibrational en-
ergy flow. Stronger intramolecular interactions in the low
hydration protein cause energy to dissipate along a different
pathway. For instance, in the low hydration protein, we have
determined that one of the main avenues for excess energy
transfer is through intramolecular ring deformations of the
protein nonpolar side chains �995 and 662 cm−1�. The
greater intensity and lifetime of the Amide II vibration in the
low hydration protein also attests to the stronger intramo-
lecular backbone interactions that ultimately inhibit efficient
transfer of the excess energy out of the protein. During the
same time frame, in the fully hydrated protein, collective
methyl group fluctuations of the protein side chains are ef-
fective in moving energy out of the protein. This process is
initiated with methyl group oscillations in the 310 helix,
where solvent side chain interactions in the protein are high-
est. The energy eventually moves through the protein via
torsional motion of side chain methyl groups of the other
residues in the protein, as illustrated by the band that appears
in the IR spectrum at 1161 cm−1 during this time period.

From the FCA of the equilibrium MD simulations de-
scribed in an earlier section, it has been determined that VAL
120 is engaged in anharmonic interatomic interactions in the
high hydration system �Table II�. The nonlinear contribution
to the protein dynamics from the residue is not present in the
low hydration system. At high hydration, VAL 120 has non-
linear associations with residues in helix A as well as with
residues in the �
 lobe� 310 helix. For this reason we would
like to use the response of this residue as a window to moni-
tor the important collective dynamics that occur in response
to the excitation and to determine the role of nonlinear pro-
cesses in the energy dissipation mechanism. In VAL 120 the
initial response to the thermal energy excitation includes
modes at 120, 50, and 40 cm−1 �Fig. 7�b��. The collective
vibrational modes at 40 and 50 cm−1 are attributed to fast
backbone fluctuations taking place in helix A; while the
mode at 120 cm−1 is ascribed to a protein backbone mode
that is highly influenced by solvent hydrogen bonding dy-
namics. We find a large peak at this frequency in the VACF
spectrum highlighting the librational motion that results from
the protein backbone-solvent hydrogen bonds �Fig. 8�a��. We
have also uncovered a mode at a similar frequency in our
experimental THz spectrum of lysozyme �Figs. 8�b�–8�e��. In
the experimental spectrum, the band at 
120 cm−1 has a
higher intensity in the high hydration sample when compared
to the lowest hydrated sample studied, suggesting a much
stronger backbone interaction with the solvent. Interestingly,
in a structural analysis of the protein simulation at both low
and high hydration we have found that in the drier protein
VAL 120 exists as a residue at the end of a turn region in the
protein secondary structure. In the high hydration simulation
of lysozyme, VAL 120 is the first residue in the 310 helix.
The transformation of VAL120 from a residue forming part
of a turn to a residue located in a helix implies that there is at
least a slight modification of the hydrogen bonding within
the protein secondary structure that is initiated when more
water molecules are introduced into the protein hydration
shell. Using VAL 120 as a guide to follow the role of collec-
tive fluctuations in the energy dissipation process in the drier

TABLE II. A list of several of the prominent vibrational frequencies and their assignments uncovered in
the MD simulations of HEWL.

Frequency
�cm−1� Assignment

Frequency
�cm−1� Assignment

1684 Amide I turns and loops 167 
 helix main chain deformation

1659 Amide I 
 helix 130 Intramolecular main chain
backbone deformation

1493 Amide II 120 Main chain solvent deformation

1327 
 helix C
uH main chain deformation 110 Methyl group torsion

1161 Side chain methyl group rocking 75 Backbone torsion

1010 Phenyl group ring breathing 63 Intramolecular backbone bending

995 Out of phase phenyl group vibration 50 
 helix out of plane
backbone deformation

662 In phase phenyl group vibration 41 
 helix backbone fluctuation

336 
 helix main chain bending 25 Out of plane backbone deformation
coupled with side chain torsion
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protein �Fig. 7�a��, we find that the early response to the
excitation is dominated by intramolecular modes. Specifi-
cally, we observe modes at 
63, 85, and 165 cm−1; all of
which are indicative of collective fluctuations that are domi-
nated by protein intramolecular main chain backbone inter-
actions. We find further confirmation of the strong protein
intramolecular correlations taking place in the low hydration
sample in the THz experimental spectrum in Figs. 8�b� and
8�e�. In the experimental spectrum only the driest protein has
a prominent band at 165 cm−1, reflecting intramolecular
backbone main chain interactions. In contrast, the high hy-
dration sample has strong solvent interactions, which are par-
ticularly evident through the side chain solvent hydrogen
bonds. It is possible that this close association with the sol-
vent dynamics is essential for choreographing other anhar-
monic correlations within the protein structure. For instance,
we have deduced that solvent interaction with the 310 helix is
the trigger for the anharmonic methyl group torsional fluc-
tuations �
110 cm−1� that are important for initiating the
energy transfer process in the molecule. Similarly, the intra-
helical associations detected in helix A �130 cm−1� and the
fast backbone fluctuations within the helix �40 and 50 cm−1�
develop as a result of the localized intrapeptide associations
that are modulated by the solvent. In the experimental spec-
trum there is a band close to 110 cm−1 in the intermediate
and highly hydrated protein that we construe is related to
methyl group fluctuations �Figs. 8�b�–8�d��. Its absence in

the low hydration sample of the protein and its temperature
dependence �Figs. 8�c�–8�e�� are characteristic of a mode
that is highly modulated by the solvent. We also observe a
shoulder in the THz spectrum at 140 cm−1 at the coldest
temperature studied that is also only present in the high and
intermediate hydrated protein sample. We believe that the
mode at 140 cm−1 is associated with the intrahelical dipole
correlations that take place in helix A when additional sol-
vent molecules are introduced into the protein hydration
shell. The presence of both the intrapeptide mode at
140 cm−1 and backbone mode at 50 cm−1 at 93 K in Fig. 8
suggests that the structure of the protein is slightly altered in
a high solvent environment when compared with the dehy-
drated protein.

From the simulation it has become evident that in the
drier protein, solvent interaction with the protein is most
prominent in the long loop region rather than with the sol-
vent accessible side chains as has been observed in the fully
hydrated protein system. From our previous analyses, we
have established that hydration is important for forming cor-
related motion among residues in distant parts of the protein.
In both the low and highly hydrated protein, motion of GLY
102, a residue in the long loop region of the protein second-
ary structure, adds a nonlinear component to the protein dy-
namics. Nonetheless, from our analysis of the energy dissi-
pation process, we have determined that although the solvent
accessible surface of the residue is similar in both protein

FIG. 7. �Color� VAL 120 VACF spectrum from the nonequilibrium MD simulation �a� at low hydration and �b� at high hydration 200 ps
after excitation �black solid line�, 400 ps after excitation �cyan dot-dot-dashed line�, and 600 ps after excitation �red dashed line�. GLY 102
VACF spectrum from the nonequilibrium MD simulation �c� at low hydration and �d� at high hydration 200 ps after excitation �black solid
line�, 400 ps after excitation �cyan dot-dot-dashed line�, and 600 ps after excitation �red dashed line�.
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systems, the rate of energy dissipation is vastly dissimilar. In
Figs. 7�c� and 7�d�, we find that within 600 ps the excess
energy has completely dissipated from the highly hydrated
protein backbone mode at 120 cm−1, but within that same
time frame energy lingers in the drier protein backbone
mode. Perhaps the progression of the energy transfer process
from the backbone mode makes more sense if one considers
the residues to which it is anharmonically coupled. In the
high hydration protein, GLY 102 is anharmonically coupled
to residues in the 310 helix in which side chain interactions
with solvent are maximized. In the drier sample, GLY 102
has the strongest correlation with a residue in a partially
buried turn region in the protein secondary structure. Hence,
in the latter case, GLY 102 does not possess strong coupling
with the solvent. This particular aspect of the protein dynam-
ics seems to be essential in promoting the other nonlinear

phenomena observed in the highly hydrated protein sample.
From our investigation we have determined that nonlinearity
in the protein is promoted by interaction of intrapeptide he-
lical vibrations, Amide I vibrations, and local displacements
such as those identified at 110, 50, and 40 cm−1. The lack of
interaction with the solvent also provides an explanation for
the “build up” of vibrational energy observed in IR spectrum
of the low hydration protein in response to the excess ther-
mal energy introduced in the protein in the nonlinear MD
simulation.

E. Protein localized rigidity and energy dissipation pathways

In the work carried out during this investigation to ex-
plore the picosecond time scale dynamics in lysozyme, we
have uncovered an unexpected connection between the root–

FIG. 8. �Color� �a� VACF spectrum of protein backbone—solvent hydrogen bonds from the MD simulation of lysozyme at low hydration
�solid circles� and at high hydration �open circles�. �b� Experimental THz spectrum of room-temperature lysozyme in the 90–180 cm−1

spectral region at 75% RH �green dashed line�, 85% RH �blue dot-dot-dashed line� and 97% RH �black solid line�. Experimental THz
spectrum of lysozyme in the 90–180 cm−1 spectral region at �c� 97% RH, �d� 85% RH, and �e� 75% RH and at temperatures 93 K �red
dotted line�, 250 K �blue dashed line�, and at 303 K �black solid line�.
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mean-square deviation �RMSD� of residues in the protein
secondary structure and energy dissipation. For instance, al-
though the main chain solvent accessible surface �SAS� of
VAL 120 is much greater in the highly hydrated protein, the
RMSD of the residue is much lower in the fully hydrated
sample when compared with that of the drier protein. In the
highly hydrated protein we find that residues 118–119 and
121–123, the amino acids preceding and succeeding VAL
120 have much higher RMSD suggesting that VAL 120 is a
rigid site in an otherwise flexible region of the protein. In the
low hydration protein sample VAL 120 remains as a flexible
residue in a highly flexible turn region of the protein. We
have also found that overall, the loop and turn regions in the
protein secondary structure are much more flexible at low
hydration when compared to the highly hydrated protein.
Furthermore, the nonlinear associations that we have uncov-
ered in the highly hydrated protein are almost entirely absent
in low hydration protein dynamics. For this reason, we
speculate that rigidity localized within certain regions of the
protein secondary structure is required for forming channels
for energy transport within the protein structure. The nonlin-
ear coupling of spatially overlapping modes in resonance
may play an important role in promoting a delocalization
mechanism that facilitates the energy transfer process across
the protein. Our results are in line with a computational study
�53� on the thermal transport coefficient of another globular
protein, myoglobin. The results of this earlier investigation
have revealed that anharmonicity enhances heat flow by
transferring energy among protein localized normal modes.
In the fully hydrated protein we have identified anharmonic
fluctuations that arise in response to the nonlinear interac-
tions between VAL 120 with residues in helix A and the 310
helix in the protein 
 lobe. GLY 102, a residue in the solvent
accessible loop region in the protein secondary structure, has
also been linked with nonlinear associations with residues in
the same 310 helix in the highly hydrated protein. The for-
mation and interaction of these nonlinear localized modes in
the protein secondary structure may provide a vibrational
energy channel that is capable of altering energy barriers on

a short time scale �picoseconds� and may have import impli-
cations for chemical reactions and/or enzymatic catalysis
taking place in the protein on a much longer time scale.

IV. CONCLUSIONS

In this work, we have used infrared spectroscopy to probe
the collective vibrations in lysozyme under varying hydra-
tion and temperature conditions. Numerous experimental and
theoretical studies have demonstrated that the solvent dy-
namics in the protein hydration shell have a strong influence
on protein function �54–58�. From the experimental and MD
simulation studies carried out during this investigation on
lysozyme, we have determined that the low hydration protein
is dominated by intramolecular interactions and in turn, the
low-frequency dynamics are mostly governed by localized
methyl group fluctuations. Our findings are consistent with
previous neutron scattering experiments �32,59� on lysozyme
and other model peptides; where under dry or low hydration
conditions the protein dynamics are found to be confined to
rotational motion of the methyl groups. At higher hydration
we report the activation of collective backbone fluctuations
in the protein secondary structure and the formation of an-
harmonic side chain fluctuations that are not present in the
low hydration protein. Both types of collective excitations
are a direct result of the increased interaction of the protein
with the solvent in the highly hydrated lysozyme sample.
Additionally, the solvent appears to play a central role in
orchestrating communication throughout the entire protein
by means of correlated fluctuations. Specifically, we have
observed that fast, nonlinear dynamical fluctuations connect
distant parts of the protein; that consequently, also provide a
pathway for the transport of energy throughout the protein.
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