
Protein−Ligand Binding Molecular Details Revealed by Terahertz
Optical Kerr Spectroscopy: A Simulation Study
Zhijun Pan, Jing Huang,* and Wei Zhuang*

Cite This: JACS Au 2021, 1, 1788−1797 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Picosecond fast motions and their involvement in the biochemical processes such as
protein−ligand binding has engaged significant attention. Terahertz optical Kerr spectroscopy (OKE) has
the superior potential to probe these fast motions directly. Application of OKE in protein−ligand binding
study is, however, limited by the difficulty of quantitative atomistic interpretation, and the calculation of
Kerr spectrum for entire solvated protein complex was considered not yet feasible, due to the lack of one
consistent polarizable model for both configuration sampling and polarizability calculation. Here, we
analyzed the biochemical relevance of OKE to the lysozyme−triacetylchitotriose binding based on the first
OKE simulation using one consistent Drude polarizable model. An analytical multipole and induced dipole
scheme was employed to calculate the off-diagonal Drude polarizability more efficiently and accurately.
Further theoretical analysis revealed how the subtle twisting and stiffening of aromatic protein residues’
spatial arrangement as well as the confinement of small water clusters between ligand and protein cavity
due to the ligand binding can be examined using Kerr spectroscopy. Comparison between the signals of
bound complex and that of uncorrelated protein/ligand demonstrated that binding action alone has
reflection in the OKE spectrum. Our study indicated OKE as a powerful terahertz probe for protein−ligand
binding chemistry and dynamics.

KEYWORDS: ultrafast phenomenon, terahertz optical Kerr spectroscopy, protein ligand binding, nonlinear vibrational spectroscopy,
confined water, terahertz collective vibration, Drude polarizable force field

1. INTRODUCTION

Protein−ligand interaction plays an important roles in life
sciences,1−6 medicine,7−11 as well as biotechnology.12−15

Besides the large-scale conformational dynamics, a binding
reaction occurring at the active site of protein also couples with
subtle protein structure fluctuations of potential biological
significance.1,16−23 Certain collective motions in the enzymes,
for instance, have time scales of hundred femtoseconds to
couple picoseconds. These motions have been suggested to be
able to guide the system along a specific path on a highly
sophisticated potential energy surface and consequently
facilitate chemical reactions and biological processes.24−26

Only sparse experimental investigations have been reported,
however, on such motions due to the lack of probing tools.
Their atomistic details and the knowledge of their involvement
in biochemical activities are also largely absent.
Terahertz optical Kerr effect (THz OKE) spectroscopy

allows the measurement of a terahertz depolarized Raman
spectrum in the time domain and provides a powerful means
for directly monitoring the concerted conformational fluctua-
tions on a picosecond time scale. OKE spectroscopy has been
widely used for the room temperature as well as supercool
water,27−31 molecular liquids,32−36 ionic liquids37−39 and ionic
solutions.40−44 Compared with other commonly used terahertz
techniques, OKE suffers from neither liquid water absorption

as in far-infrared and THz time-domain spectroscopy nor the
Rayleigh peak as in spontaneous Raman scattering.
Recent advances in OKE spectroscopy allow further

exploration of its applications to the solvated biomacromole-
cules.20,45−48 Earlier studies on the protein films with different
water contents suggested that OKE can detect the interplay of
bound and free water in protein solvation dynamics.45 OKE is
also sensitive to the differences of protein47 and DNA48

structural motifs in solution. A recent OKE experiment20

further measured the difference signals between the solvated
lysozyme and the solvated lysozyme−ligand complex.
Influence of ligand binding, and more generally of

biochemical reactions and activities on the THz OKE spectra
and the related picosecond dynamics, however, remains largely
elusive due to the challenge of quantitatively interpreting the
spectra with atomistic details. Molecular dynamic simulation-
based spectrum modeling has great potential in elucidating the
connections between the spectroscopic measurements and the
related microscopic structural dynamics. Simulating the OKE
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spectra for an entire solvated protein complex using a
consistent molecular model for both the molecular dynamic
simulation force field and the spectrum (polarizability)
calculation, however, was a difficult task not yet accom-
plished.20

Here, we carried out a quantitative theoretical analysis to
reveal the biochemical relevance of OKE spectroscopy to the
protein−ligand binding activity. To that end, we calculated the
OKE spectra of the solvated protein−ligand complexes, for the
first time, using a consistent Drude polarizable model49 both as
the underlying force field model for molecular simulation and
as the polarizability model for spectrum calculation. An
analytical multipole and induced dipole (MPID) scheme was
adopted for the more efficient and accurate evaluation of the
off-diagonal polarizability. MPID generates equivalent results
with respect to the commonly used numerical Drude model
calculations but avoids the expensive converge iterative
treatment by using a direct matrix inversion, which therefore
allows the Kerr spectrum modeling of large systems such as a
solvated protein complex. A solvated hen egg-white lysozyme
was used as the prototype of small enzymes, which is bound by
a highly affinitive triacetylchitotriose (NAG3) ligand (Figure 1,
lower left). Excellent reproduction of the experimental spectra
indicates the accuracy of our treatment.

Decomposition of difference spectra between the signals of
the samples with/without the ligand, for the wild type
lysozyme as well as a mutated lysozyme D52S-Lz,50 identified
the contributions of protein, water, and ligand to the overall
difference spectra. Further analysis indicates that the subtle
fluctuation of the aromatic residues dominates the protein
component in the difference spectra, and the water molecules
confined between the ligand and the protein cavity wall leads

to the water component. A comparison between the signals of
bound lysozyme-NAG3 complex and a hypothetical system
with uncorrelated protein and ligand further demonstrated that
the action of binding alone indeed has reflection in the OKE
spectrum.

2. RESULTS AND DISCUSSION

2.1. Simulation of the OKE Signals for the Solvated
Lysozyme with/without NAG3 Binding

The experimental spectra20 for the solvated wild type lysozyme
(PDB ID: 1LZA51) and lysozyme−NAG3 complex (PDB ID:
1LZB51) at 298 K (Ssolv−prot

WT and Ssolv−prot−lig
WT in the upper left

panel of Figure 1) possess a broad asymmetric feature, with the
maximum at 2.80 THz, a weak shoulder at 1.15 THz and a
longer tail extending to lower frequency. Binding of NAG3
generates an undulating feature in the difference spectrum
ΔSWT = Ssolv−prot

WT − Ssolv−prot−lig
WT with a negative peak at ∼1.0

THz and a positive peak ∼3.0 THz. The negative peak is
weaker comparing to the positive peak.
Previous OKE calculations for the liquids and solutions of

small molecules52,53 and ions54,55 as well as the solvated
proteins56 were usually carried out based on the configuration
ensemble generated using molecular dynamic simulation with
nonpolarizable force fields. A separate polarizability model was
then used to compute the total polarizability, in which the
induced polarizability effect was often evaluated via dipole-
induced-dipole (DID)57 or point-polarizable-dipole (PPD)58

schemes. The spectra were consequently calculated as the time
derivative of polarizability time correlation function.59 In these
treatments, however, the effect of the possible inconsistency
between the molecular dynamic simulation force field and the
polarizability model is difficult to evaluate.
OKE simulations using polarizable force field consistently

for both molecular dynamic simulation and the spectrum
calculation were reported only recently60,61 for pure or mixed
liquids, and these simulations were limited to the systems of
small molecules. On the other hand, force field development
efforts in the past decade yielded transferable and highly
accurate polarizable models for biomacromolecules.62,63 This
encouraged us to calculate the solvated lysozyme-NAG3 OKE
spectra using one consistent polarizable model.
Details of our simulations are provided in the Methods.

Briefly, molecular dynamic simulations with the Drude
polarizable model were carried out to generate the
configuration ensembles of both solvated protein and
protein−ligand complex systems. In the Drude polarizable
model, induced dipole moment μ is indirectly provided via the
relative position of the Drude particle. This allows efficient
propagation of dynamics but renders the numerical calculation
of polarizability tensor from definition α = μ/E inefficient and
a lack of accuracy. In particular, to evaluate the off-diagonal
polarizability one has to compute the dipole response with an
explicitly applied electric field E in perpendicular directions,
which could take up to 1000 self-consistent iterations to relax
the positions of Drude particles. Recently, we established the
equivalency between the Drude polarizable model and a
multipole and induced dipole model,64 which allows to
evaluate the polarizability tensor analytically using direct
matrix inversion with atomic polarizability and the Thole
screening scheme57 adopted from the Drude FF model. Thole
damping function in MPID was implemented within the quasi
internal coordinates for spherical harmonic multipoles and

Figure 1. Experimental (a) and calculated (b) OKE signals of the
solvated wildtype lysozyme with (green)/without (black) NAG3
binding, as well as their difference (red, enhanced by a factor, of 20
in the experimental and of 13 in the simulated result, for a better
presentation). The black dash lines are the fitted signals using a
Brownian Oscillator model (eq 1). (d) Calculated OKE signals for the
mutated lysozyme D52S-Lz using the same color scheme as in (a) and
(b). The difference signal (red) is enhanced by a factor of 13. (c)
Cartoon representation of the solvated lysozyme-NAG3. All the total
signal of lysozyme solution peak are normalized to 1.0.
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truncated according to third order perturbation theory with
optimized empirical coefficients.65

The time correlation functions (TCFs) of the total
polarizability were then calculated, and their time derivatives
were Fourier transformed to generate the OKE signals in a
frequency window between 0.1−10 THz. Our simulations
(Figure 1b) nicely reproduced the main features of the
experimental observations (Figure 1a), including the negative
lobe at ∼1.0 THz in ΔSWT, and a stronger (comparing to the
negative lobe) positive lobe at ∼3.0THz.
The simulated spectra ΔSWT can be fitted by a pair of

Brownian oscillators (Figure 1, dash line):
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Our Brownian oscillators fitting results are ω1 = 0.83 THz,
γ1 = 0.30 THz, ω2 = 3.59 THz, γ2 = 1.91 THz, while the
experimental results are ω1= 1.29 THz, γ1 = 0.64 THz, ω2 =
2.89 THz, γ2 = 1.38 THz. More details of Brownian oscillators
fitting are shown in Figure S5 (see Supporting Information).
The fitting parameter γ is less than the frequency ω for each
mode, suggesting that the vibrational modes involved are
underdamped, which is again consistent with the experiment.20

To estimate the sensitivity of the OKE features in ΔS to
different ligand binding conditions, we further calculated the
OKE signals for a mutated lysozyme D52S-Lz (PDB ID:
1LSZ66) (Figure 1 lower right), in which the catalytic residue
aspartic acid at position 52 was substituted with serine. This
mutation induces only negligible change in the structure of
protein cavity according to previous circular dichroism and
fluorescence experiments50 and DFT calculations.67 On the
other hand, instead of having an undulating shape as in the
wildtype lysozyme, calculated ΔSMUT of the solvated D52S-Lz
has a broad negative feature with the minimum at ∼3.0THz.
THz OKE spectra studied herein originate from the

cancellation of the contributions from protein, water, ligand,
and their cross correlations. Previous molecular dynamics
simulation studies on the solvated wildtype lysozyme−NAG3
complex20 suggested that the vibrational motions within the
1.0−3.0 THz range involve the delocalized backbone torsional
motions and the libration of the side chains. To further
disentangle this cancellation and to reveal the molecular origin
of the subtle THz OKE features in detail, and their relevance
to the ligand binding, we next decomposed the difference
signal ΔS into the contributions from different components.

2.2. Decomposing the Difference OKE Spectra

By writing the total polarizability as the sum of the
contributions from different parts of the solvated biomolecular
complex: Πtotal = Πwater + Πprotein + Πligand, the overall difference
signal ΔS can be decomposed into the contributions from
protein, water, and ligand as well as their cross correlations.
For both the wildtype and mutant complexes, Figure 2
presents the contributions to the signals ΔS from protein,
water, protein−water correlation, and ligand, respectively. The
very small contributions from the ligand−water and ligand−
protein cross correlations (Figure S1) are not presented here.
For the wildtype, the positive peak at ∼3.0 THz in ΔSWT

(purple dash) is mainly provided by the ligand component
(green), while the negative peak at ∼1.0 THz results from the
cancellation of the negative protein component (yellow) and

the positive ligand (green) component and protein−water
cross term (blue).
Protein contribution in the wildtype signal ΔSWT has a

significant negative peak at ∼1.0 THz, which shifts to higher
frequency in the mutant signal. Water contribution in the
wildtype signal is negligible, while that in the mutant has a
strong negative contribution. Protein as well as water
contributions to ΔS come from the differences between the
protein/protein−ligand spectra, while the ligand contribution
comes only from the protein−ligand spectra. Therefore,
although the ligand contribution is much smaller than those
of water and protein in the protein−ligand spectra, their
absolute magnitudes in ΔS become comparable.
In the wildtype signal (Figure S1 left), protein component

has the most important contribution because this component
has the largest absolute amplitude and the absence of it will
lead to the most significant change of the spectral line shape. In
this sense, the ligand component and the protein−water cross
correlation term also have the fairly significant contributions,
while the contributions from water as well as the protein−
ligand and water−ligand cross correlations are negligible in the
wildtype signal. In the mutant signal (Figure S1 right) the
observations are similar, but the water contribution becomes
important (comparable to the protein component, more
significant than the ligand component) as well. Since we
want to understand how the changes in protein and water
structural dynamics due to the ligand binding are reflected in
the OKE signals, in the following we focus on analyzing the
protein and water signals in ΔS, revealing their molecular
origins and establishing their connections to the ligand-binding
action. Our analysis on the ligand component did not reveal a
clear connection between the feature of this component and
the ligand molecular detail. We therefore chose not to unfold
the related discussion herein.

2.3. Contributions of Protein in the Difference OKE
Spectra

For the wildtype, the protein component in the difference
signal, ΔSprotWT, has a negative feature instead of an undulation
(Figure 2, yellow). There is therefore no significant frequency
shift between the protein component in the wildtype OKE
signals with/without ligand. The calculated protein vibrational
density of states (VDOS, Figure 3a,b) also appears to be
invariant with/without the presence of ligand (similar
observations are also reported in ref 20).

Figure 2. Contributions to ΔS (purple dash) of wildtype (left) and
mutated (right) lysozyme from protein (yellow), water (red),
protein−water cross-term (blue), and ligand (green) components,
respectively.
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OKE responses were calculated by averaging over the
independent contributions from the correlation functions of
off-diagonal polarizability elements (xy, yz, and xz):

R t
t

t t t( ) (0) ( ) (0) ( ) (0) ( )xy xy yz yz zx zx∝ ∂
∂

⟨Π Π + Π Π + Π Π ⟩ (2)

We can therefore estimate how the change of polarizability
amplitude affect the signals by calculating the distributions of
(Πprotein

xy )2 + (Πprotein
yz )2 + (Πprotein

zx )2, the summation of off-
diagonal components of the total protein polarizability (Figure
3c,d). This distribution shifts to the lower values in the
protein−ligand complex with respect to that in the protein-
only system, indicating that the negative ΔSprot in both wild
type and mutant originate from the reduced total protein
polarizability magnitudes.
To achieve a further microscopic insight, we divided the

protein signal ΔSprot into the contributions from the aromatic
residues (3 phenylalanine, 3 tyrosine, 6 tryptophan, and 1
histidine) ΔSprot‑aromatic and those from the nonaromatic
residues ΔSprot‑nonaromatic. Figure 4 shows that the aromatic
contribution (yellow dash) shapes the main feature of the
protein signal (green), while the nonaromatic contribution
(red dash) is much less significant. This is because the
reorientational motions of the aromatic residues, which have
the high polarizability anisotropy, generate the largest
contributions to the OKE spectrum. We can also divide the

protein signal into the contributions from (a) the aromatic
residues plus the adjacent nonaromatic residues (yellow solid)
and (b) other nonaromatic residues (red solid). The
contribution from the residues in group (a) dominates even
more in the overall protein signals. The difference protein
signal ΔSprot therefore mainly originates from the contributions
of aromatic groups. Figure 3e,f show the distribution of
(Πaromatic

xy )2 + (Πaromatic
yz )2 + (Πaromatic

zx )2 for the off-diagonal
components of the total polarizability of the aromatic protein
residues only. The distribution for the ligand bound complex
shifts to the lower values with respect to the corresponding
part for the solvated protein only, suggesting a significant
reduction of overall polarizability of the aromatic residues with
the binding of ligand.
This polarizability reduction is the consequence of ligand

binding on the relative spatial arrangements of these aromatic
protein residues. Parts a and b of Figure 5 present the average
dipole−dipole interaction amplitudes for each pair of aromatic
groups in the solvated proteins (upper triangle) and the
solvated protein + ligand complexes (lower triangle). For both
the wildtype (Figure 5a) and the mutant (Figure 5b) samples,
ligand binding leads to weaker interactions in a number of
pairs (e.g., TRP108-TYR111, TRP28-TYR111, TRP62-
TRP63), suggesting a more “twisted” spatial arrangements of
these aromatic groups. Furthermore, the fluctuations of these
interactions (Figure 5c,d) are smaller in the ligand bound
samples, which suggests that ligand binding makes the spatial
arrangements of aromatic residues more rigid. The distribu-
tions of distance (upper panel in Figure S2) and the relative
orientation (lower panel in Figure S2) between the dipoles of
each aromatic group pair, on the other hand, show no
significant shift to larger value with the ligand binding. The
average value of distances changes from 14.55 to14.66 Å with
ligand binding for the wildtype and from 14.65 to14.62 Å for
the mutant. The average value of cos θ between the dipole
pairs changes from 0.027 to 0.036 with ligand binding for the
wildtype and from 0.017 to 0.044 for the mutant. Therefore,
instead of significantly changing the distributions of the relative
distances and orientations between the aromatic residues, the
ligand binding twists and stiffens their spatial arrangements in a
more subtle way, which reduces the total polarizability of the
protein and generates a broad negative peak in the protein
signal ΔSprot.
The protein OKE signal (yellow line in Figure 2 right panel)

in the mutant, ΔSprotMUT, is blue-shifted with respect to the

Figure 3. (a,b) Protein vibrational density of states for lysozyme
without (blue) and with (red) ligand binding. (c,d) Distributions of
(Πprotein

xy )2 + (Πprotein
yz )2 + (Πprotein

zx )2 for the anisotropic components of
polarizability of the whole protein. Orange (red) line is for the system
with (without) ligand. Cyan line is the difference; (e,f) Similar
distributions (Πaromatic

xy )2 + (Πaromatic
yz )2 + (Πaromatic

zx )2 for the aromatic
residues only. The left panels are for the wildtype while the right
panels are for the mutant.

Figure 4. Total protein contributions ΔSprot (green) in the difference
OKE spectra of wildtype (left) and mutant (right) as well as the
contributions from aromatic protein residues (yellow dash), non-
aromatic protein residues (red dash), aromatic residue plus the
adjacent nonaromatic residues (yellow solid), and the nonaromatic
residues not adjacent to the aromatic residues (red solid).
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wildtype signal ΔSprotWT (yellow line in Figure 2 left panel).
Comparisons between the lower triangles in Figure 5a,b and
the lower triangles in Figure 5c,d indicate that in the solvated
protein + ligand complexes the average couplings as well as
their fluctuations have similar patterns between the wildtype
and the mutant. Significant differences of patterns, on the other
hand, appear for the solvated protein-only systems (upper
triangles in Figure 5a,b and the upper triangles in Figure 5c,d).
The difference between the protein signals for the wildtype and
mutant is therefore largely induced by the different spatial
arrangement patterns and their fluctuations of the aromatic
residues in the protein-only samples, which is indistinguishable
in the circular dichroism and fluorescence experiments.50

These results revealed the potential of OKE as a useful THz
vibrational probe for the subtle protein conformational
fluctuation and dynamics.
2.4. Contribution of Water in the Difference OKE Spectra

Figure 2 shows that in the wildtype signal ΔSWT the
contribution from water is negligible. In the mutant signal
ΔSMUT, on the other hand, the water component has a
significant, broad negative feature. Further, if we compute the
ΔSwater‑outside‑pocketMUT for the mutant sample, in which in every
snapshot of trajectory only the water molecules outside the
binding pocket are considered in the polarizability calculations,
the signal again becomes negligible (Figure 6). The significant
water signal of mutant therefore originates from ligand binding
effect on the pocket water molecules.
The difference in the negligible wildtype ΔSwaterWT and the

stronger mutant ΔSwaterMUT can therefore be explained in a
qualitative manner: For the wildtype lysozyme, the bound
ligand squeezes some hydration water originally inside the
cavity out to the bulk. At the same time, the part of the ligand
outside of the pocket is exposed to water and creates a new
population of hydration water. These two effects balance with

each other and lead to an almost negligible ΔSwaterWT . For the
mutant + ligand system, on the other hand, certain amount of
water molecules are trapped near protein residues 98−104 by
the ligand residue NAG-2. These confined water molecules
rotate much slower than the water molecules in the same
region without ligand as well as the hydration water molecules
near the exposed region of ligand, which leads to a significant
negative feature in the frequency window inspected.
Figure 7 demonstrates the spatial distribution of water

density >1.0 within the binding pocket for both wildtype and

mutant with/without the ligand. In the solvated mutant +
ligand complex (Figure 7c), a number of water molecules are
trapped between the ligand residue NAG-2 and the cavity wall
of protein residues 98−104 (tan area), leading to a high water
density in this region. For the mutant protein-only system
(Figure 7d), water molecules in this region have much lower
density, suggesting a much higher liquidity of these water
molecules. The confined water molecules in the solvated
mutant + ligand rotate much more slowly than those in the
same region of the solvated mutant-only system (Figure 6b), as

Figure 5. Dipole−dipole interactions between each pair of the 13
aromatic residues of the wildtype (left column) and mutant (right
column). Upper row: the average values of the interactions. Lower
row: the fluctuations of the interactions. Lower triangle regions in
each panel are for the solvated protein + ligand while upper triangles
are for the solvated protein only. The interaction difference of the two
states is plotted in Figure S4 (see the Supporting Information).

Figure 6. (a) Difference OKE signals of water in wildtype ΔSwaterWT

(cyan dash) and mutant ΔSwaterMUT (red dash) systems, as well as the
signal ΔSwater‑outside‑pocketMUT (red solid) calculated for mutant with only
the water molecules outside of the binding pocket considered. (b)
Rotational correlation functions of the water molecules adjacent to
the protein residues 98−104 in the solvated mutant-only (blue) and
mutant + ligand (yellow) systems.

Figure 7.Water profile with density >1.0 (blue wireframes) inside the
binding pocket for wildtype (a,b) and mutant (c,d). The ligand
binding pocket in the presence (a,c) and absence (b,d) of the NAG
ligand, respectively. The mutated residue is shown as a brown area in
(c,d). Tan area in (c,d) is the region of mutant in which high density
of water molecules are trapped between ligand and protein cavity. No
such region is observed in the wildtype.
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well as the water molecules in the bulk water and the external
hydration shell of the proteins (Figure S3). Furthermore, for
the wildtype protein + ligand system (Figure 7a), water
between the ligand and the protein has much lower density.
OKE has long been used to study the orientational dynamics

of confined water in the nanoporous media.68−70 We
demonstrated that carefully designed OKE experiments have
the potential to probe the effect of confined small water
clusters induced by the protein−ligand binding. This is a subtle
feature in the molecular binding mechanism. It would be of
interest to perform complementary measurements on these
confined water molecules using, for instance, the NMR
relaxation or neutron scattering techniques, and establish
more comprehensive pictures on this topic.

2.5. Direct Reflection of Protein−Ligand Binding in the
OKE Signal

An essential question relating to the chemical relevance of
OKE is whether the binding action alone has direct reflection
in the OKE spectrum. The spectra in Figure 1 provide an
informative and experimentally accessible estimation to this
question by measuring the difference between the signals of a
solvated lysozyme and a solvated lysozyme−ligand complex. In
this section, we attempted to address this issue from a different
angle by comparing the signal of a solvated bound lysozyme−
NAG3 complex to the signal of a solvated lysozyme/NAG3
system with no protein−ligand correlation. To that end, we
constructed a hypothetic system with no protein−ligand
correlation: two simulation systems with (1) one lysozyme
and 12197 water molecules and (2) one NAG3 ligand molecule
and 12197 water molecules are constructed, and their OKE
signals (Ssolv−prot and Ssolv−lig) calculated. Ssolv−prot is decom-
posed into the protein contribution Ssolv−prot

p , the water
contribution Ssolv−prot

w and the protein−water cross term
Ssolv−prot
pw . Ssolv−lig is decomposed into the ligand contribution
Ssolv−lig
l , the water contribution Ssolv−lig

w and the ligand−water
cross term Ssolv−lig

lw . We then construct the water component for
our hypothetic system (with uncorrelated protein and ligand)
as Suncorr−prot−lig

w = (Ssolv−lig
w + Ssolv−prot

w )/2 (since these two
systems have same number of water molecules). The total
signal of the hypothetic system is

S S S S

S S

w p pw

l lw

uncorr prot lig uncorr prot lig solv prot solv prot

solv lig solv lig

= + +

+ +

− − − − − −

− − (3)

Suncorr−prot−lig has the components of water, protein, ligand,
and protein−water correlation as well as ligand−water
correlation, but it does not have the protein−ligand correlation
as in the signal of solvated protein−ligand system Ssolv−prot−lig.
Furthermore, the protein and ligand contributions in
Suncorr−prot−lig originate from the molecular structure and
dynamics of isolated protein and ligand molecules, which are
different from the bound complexes (reflected in Ssolv−prot−lig).
The difference ΔSbinding = Suncorr−prot−lig − Ssolv−prot−lig (yellow
curve in Figure 8), therefore, to a certain extent, reflects the
overall effect of binding action on the OKE signal. ΔSbinding has
a significant feature peaked at ∼1THz, which indicates that the
protein−ligand binding action herein indeed has a non-
negligible reflection on the OKE spectrum. Note that ΔSbinding
is different from the previously discussed undulating difference
signal ΔS = Ssolv−prot − Ssolv−prot−lig (the red curve in Figure 1b
and the purple curve in Figure 8), since they are contributed by
different spectral components. Both of these two spectral

observables suggest the non-negligible biochemical relevance
of Kerr spectrum to the protein ligand binding activity.

3. CONCLUSIONS
In this work we revealed, with great molecular details, an
important biochemical relevance of OKE spectroscopy as a
powerful THz vibrational probe for the protein−ligand binding
chemistry and dynamics. Our discoveries are based on the first
theoretical simulation of the solvated protein−ligand complex
OKE spectra using a Drude polarizable model consistently for
the molecular dynamic simulation force field as well as the
polarizability calculations. Analysis on the simulated spectra
illustrated that OKE signals contain rich molecular details
about the binding effect on the subtle change of aromatic
protein residues’ spatial distributions and on the confined
water molecules between ligand and protein cavity. A
comparison between the signals of bound protein−ligand
complex and a hypothetical system with uncorrelated protein
and ligand further demonstrated that binding action alone has
reflection in the OKE spectrum. Our study therefore
demonstrated the great potential of OKE technique, in general,
as a powerful characterization tool for the molecular dynamics
related to the biochemical activities.

4. METHODS

4.1. Molecular Dynamic Simulations
The molecular dynamic simulations are carried out using Drude71

polarizable model with NAMD72 software. The crystal structures
(1LZA/1LZB51) of the hen egg-white lysozyme (HEWL) with/
without NAG3 are obtain from PDB databank.

Both of the nonbound and bound lysozyme complexes are solvated
using a cubic water box of 72.56 A3 with 12197 SWM4-NDP water
molecules. The Drude-2013 protein force field49 was used to model
lysozyme. For the NAG ligand, although there is a recent work of
Drude parametrization,73 there is no force field parameters when we
start our simulations so a Drude model for NAG is developed by
ourselves following the general parametrization procedure of Drude
force fields63 (parameters provided in SI). Lysozyme contains 8
positive charges, and 8 Cl− anions using the model described in ref 74
are therefore added to create a system neutral in charge. Our
simulation system has a dilute concentration (0.005 mol/L) very
similar to that used in the simulation (0.007 mol/L) and the
experiment (0.015 mol/L) of ref 20. A previous experiment75

Figure 8. Difference OKE signals between the spectra of (purple)
wildtype lysozyme with/without ligand binding and (yellow) wildtype
lysozyme with ligand binding and the hypothetical system with no
lysozyme−ligand correlation.
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suggested that the solvated lysozyme THz OKE signals are very
similar in the dilute solutions.
A 100-step energy minimization was carried out using the Adopted

Basis Newton−Raphson (ABNR)76 for the Drude particles at first,
and then the entire system was relaxed using Steepest Descent77 (SD)
for 100 steps; at last, a 100-step ABNR minimization was again used
to reach the local minima.
A 10 ns NPT ensemble equilibration was then carried out to obtain

the proper size of the simulation box. In the NPT simulation, the
equation of motion was integrated with a time step of 1 fs using an
extended Lagrangian method with dual-Langevin thermostats,78

which maintained the system pressure at 1 atm with the constant
temperature of 300 K. A 10 ns NVE simulation using the temperature
rescaling scheme was then carried out to stabilize the system
temperature at ∼300 K. A 300 ns NVE production run was then
performed to generate the conformational trajectory for the later
calculation of fluctuating polarizability.
van der Waals interactions were treated with the cutoff method

(rvdW = 12 Å), with L-J correction to maintain the system energy
conservation. Nonbond exclusion were 1−4 scaling with factor of 1.0.
Coulomb interactions were treated using the PME method (rC = 12
Å) and the Verlet potential-shift approach (rswitch = 10 Å). The
neighbor list was updated every two steps within a pair list distance of
16 Å, in which electrostatics and van der Waals interactions for all the
pairs were calculated. Water molecules were kept rigid during the
simulations using the SETTLE algorithm. The Drude hardwall79 was
used with a distance of 0.25 Å and the Drude damping parameter for
the Langevin integrator, used in NAMD, is 20.0 ps−1. An additional
quartic restraining potential is applied to a Drude oscillator if its
length exceeds 0.25 Å.

4.2. Calculations of OKE Spectra
The overall optical response Rtot(t) of the OKE signal can be
decomposed into the contributions from the electrons Rele(t) and the
nuclei R(t).80 The instantaneous contribution from electrons Rele(t) is
usually subtracted in the presented experimental data. Herein, as in
most of the theoretical works on OKE spectrum simulation, only R(t)
containing inter- and intramolecular dynamical information in the
low-frequency range is considered. For isotropic medium, R(t) can be
calculated as the time derivative of the two-point time correlation
function of the anisotropic part of the many-body polarizability tensor
Π(t)81−83

R t
kT t

t( )
1

( )aniso= − ∂
∂

Ψ
(4)

with

t
t t t

N
( )

(0) ( ) (0) ( ) (0) ( )xy xy yz yz xz xz
aniso

1
15

2γ
Ψ = ⟨Π Π ⟩ + ⟨Π Π ⟩ + ⟨Π Π ⟩

(5)

Here, N is the number density of molecules and γ is the ideal
polarizability anisotropy of the isolated molecule. Πij(t) is the sum of
total off-diagonal polarizability along the i−j directions at time t (i ≠
j), generated using the molecular dynamics simulation trajectories.54

The same Drude polarizable model used in the molecular dynamic
simulation for protein,49 water(SWM4-NDP),84 as well as ligand
parameter/structure information was used herein for the polarizability
calculations.
The MPID scheme was used to calculate the total polarizability Π

(t):
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Here, C is the unit conversion constant factor, rij is the distance
between the two polarizable atoms i and j, and d0 and d1 are the
numerators of Thole modified dipole tensor as defined in eqs S2 and
S3. Πiso and Πaniso are the diagonal polarizability and off-diagonal
polarizability, respectively. The quasi internal (QI) coordinates

transformation U(r) is applied to rotate the molecular anisotropic
polarizability into the laboratory frame. The Thole model of modified
dipole interaction57 was used to calculate molecular polarizabilities
from isotropic atomic polarizabilities to solve the polarization
catastrophe (see the Supporting Information for details).

Time correlation functions of polarizability were fitted using
function R(t):
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and the fitted parameters are given in the Supporting Information.

Here, τ1 > τ2 > τ3, the two slow terms ( )A exp t
1

1
−

τ
and ( )A exp t

2
2

−
τ

(τ1 is about 6.0−9.0 ns, τ2 is about 50.0−60.0 ps) were fitted using the
single exponential (Debye) functions while the fast term within the
THz range using a stretched exponential function (Kohlrausch−

Williams−Watts) ( )C exp t
3

3

3
Ä
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ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
−

τ

β
. The first two slow terms were

then subtracted from the correlation function since they are related to
the processes outside the time window of interest. A damping
procedure using the Standard Blackman window function85 was then
applied to smoothen the remaining components of the polarizability
correlation function. First, the derivative of the damped correlation
function was calculated using finite-difference. A 1000-point sequence
discrete Fourier transforms was then used to generate the frequency
domain OKE signal via the FFTW3 package.86
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R t
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