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’ INTRODUCTION

Although computational methods suggest that harmonic
molecular motions play a vital role in the function of many
proteins,1�10 these motions remain poorly explored by experi-
ment. For example, while protein motion is thought to play
critical roles in substrate binding, catalysis, and sensory transduc-
tion cycling,1�3 experimental methods of monitoring these
structural fluctuations, such as nuclear magnetic resonance
(NMR), electron paramagnetic resonance (EPR), and fluores-
cence spectroscopy, are limited to large amplitude, typically
barrier-limited dynamics.11,12 In response, recent years have seen
significant effort to develop new experimental approaches by
which the collective, low amplitude harmonic motions of pro-
teins can be investigated in their native, aqueous environ-
ments.6,13,14 One approach to this end, gigahertz to terahertz
spectroscopy, is predicated on the observation that the relevant
global and subglobal harmonicmotions occur on the nanosecond
to picosecond time scale6,15�19 defined by these frequencies.
Because proteins are invariably “decorated” with a large number
of charges, these collective vibrational modes thus interact
strongly with gigahertz to terahertz radiation, suggesting that
spectroscopy in this regime can provide insights into the nature
of these functionally relevant motions.

Although the above arguments suggest that, in theory,
gigahertz to terahertz spectroscopy can provide direct experi-
mental insights into the harmonic motions of biomolecules, in
practice several technical challenges render the approach diffi-
cult. First among these is the very strong absorption of water over
this frequency range,20 a hurdle that limited the earliest studies in
this field to dry powders or moist solids.6,21,22 Only recently have
studies emerged of proteins in their more relevant, solvated
states.16�19 Even in these experiments, however, the absorbance
of the protein was extracted from themeasured spectra of protein
solutions and the relevant buffer blanks by assuming that the
absorbance of the mixture is the weighted average absorbance of
its components, an assumption that appears unfounded. Speci-
fically, the true dielectric response (equivalently the absorbance
and refractive index) of a mixture is not the weighted sum of the
dielectric responses of its components.23 Moreover, this problem
is particularly acute when the response of the solvent changes
very rapidly with frequency, as it does for aqueous solutions
below 1 THz. This second problem, however, has not yet been
addressed in the literature over the frequency range of interest.
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ABSTRACT: Decades of molecular dynamics and normal
mode calculations suggest that the largest-scale collective
vibrational modes of proteins span the picosecond to nanose-
cond time scale. Experimental investigation of these harmonic,
low-amplitude motions, however, has proven challenging. In
response, we have developed a vector network analyzer-based
spectrometer that supports the accurate measurement of both
the absorbance and refractive index of solvated biomolecules
over the corresponding gigahertz to terahertz frequency regime,
thus providing experimental information regarding their largest-
scale, lowest frequency harmonic motions. We have used this spectrometer to measure the complex dielectric response of lysozyme
solutions over the range 65 to 700 GHz and an effective medium model to separate the dielectric response of the solvated protein
from that of its buffer. In doing so, we find that each lysozyme is surrounded by a tightly bound layer of 165( 15 water molecules
that, in terms of their picosecond dynamics, behave as if they are an integral part of the protein. We also find that existing
computational descriptions of the protein’s dynamics compare poorly with the results of our experiment. Specifically, published
normal mode and molecular dynamics simulations do not explain the measured dielectric response unless we introduce a cutoff
frequency of 250 GHz below which the density of vibrational modes drops to zero. This cutoff is physically plausible, given the
known size of the protein and the known speed of sound in proteins, raising questions as to why it is not apparent in computational
models of the protein’s motions.
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In order to provide a better description of the dielectric
response of mixtures, Maxwell Garnet, Wagner, Bruggeman,
and Hanai have developed approximations that, for components
orders of magnitude smaller than the wavelengths of the incom-
ing radiation, treat the material as a homogeneous substance with
a single, effective-dielectric function.24�27 To use these “effective
medium approximations” to characterize the dielectric response
of protein solutions, however, one must accurately measure both
the absorbance and the refractive index of the solution and the
equivalent protein-free buffer. Several groups28�30 have performed
such studies on protein-containing solutions below 20GHz. This
frequency regime, however, corresponds to the rotational relaxa-
tion of macromolecules and not their internal dynamics. Here we
employ a custom-built frequency domain spectrometer to mea-
sure the absorbance and refractive index of a protein solution
from 65 to 700 GHz, which instead captures the protein’s
collective internal dynamics. We then use these data to directly
test computational models of the protein’s lowest frequency
harmonic motions.

’RESULTS AND DISCUSSION

Here we have studied the gigahertz to terahertz spectroscopy
of hen egg white lysozyme, a monomeric protein of molecular
weight of 14.3 kDa. We employed this protein because it is of
known structure and has been the subject of extensive molecular
dynamics simulations and normal-mode calculations aimed at
elucidating its picosecond-scale motions. We have measured the
gigahertz to terahertz dielectric response of lysozyme-containing
solutions using a spectrometer based on a vector network
analyzer system built by Virginia Diode Inc. This new spectro-
meter achieves orders of magnitude improved signal-to-noise
over previous studies and sub-100Hz spectral resolution over the
spectral range from 65 to 700 GHz (0.43 to 4.3 mm or 2.3 to
23.3 cm�1). Over this spectral range, the instrument achieves a
detection dynamic range spanning more than 11 orders of
magnitude, allowing it to accurately measure even very strongly
absorbing materials, such as the aqueous samples employed here.
Given these attributes, our spectrometer can measure the
absorbance of proteins in aqueous solution over concentrations
ranging from below 1% (w/w) to saturation. Finally, the device
can monitor both themagnitude and the phase of the transmitted
radiation, thus defining both the absorption and refractive index
of the sample.

Using this spectrometer and a variable-thickness cell,18,19,31

we have measured the absorbance and phase shift of lysozyme
solutions and a matched buffer blank as functions of path length,
d. Fitting absorbance as a function of path length to Beer’s law,
I(d) = I0 exp(�Rsold), with I0 corresponding to the incident
intensity, gives us a measurement of the absorption coefficient of
the sample, Rsol. In parallel we also fit the observed phase shift as
a linear function of path length to define nsol, the refractive index
of the solution (Figure S1, Supporting Information). Taken
together, these data define the absorbance (Figure 1) and
refractive index (Figure 1, inset) of lysozyme solutions, both of
which are particularly strong functions of frequency in this range,
monotonically increasing and decreasing, respectively, with ris-
ing frequency. From these observations we also see that, as has
been reported for this protein and others at somewhat higher
frequencies (e.g., ref 19), solvated lysozyme absorbs less strongly
than the water that it displaces. The effect of the solute is thus to
reduce the absorbance relative to that of the pure solvent.

To compare our results with previous work, we first analyze
the results using the assumption that the absorbance of the
protein solution can be treated as a weighted average of the
absorption of the solvent and of the protein. That is, the total
absorption of the solvent, Rsol is given by Rsol = σlyz.Mlyzþ
σwatMwat, where Mlys and Mwat are the molarities, and σlyz and
σwat are the “apparent” molar absorptions of the lysozyme and
the solvent, respectively. In order to extract σlyz from the
experimentally observed Rsol, we determined the molarity of the
solvent in our samples volumetrically (see methods in Supporting
Information). Using this value to determine the water’s contribu-
tion to the overall absorbance of our sample, we can thus determine
the apparent absorbance due to the protein alone. That is, by
subtracting the “molarity-scaled” water baseline from the total
solution absorption, we obtain σlyzMlyz and, in turn, the apparent
molar extinction of the solvated protein, σlys.

19

Using the above approach to determine the apparent absor-
bance of solvated lysozyme, we obtain a striking result: over the
entire frequency range, we have found that the absorption of the
solvated protein is negative (Figure 2, left). This result, which
appears quite “unphysical”, has previously been rationalized as
arising due to a hydration shell that is so tightly bound to the
protein that it does not contribute to the absorption in this
frequency range.18,19,32 If we assume that the absorbance of the
protein is zero (realizing, of course, that in actual fact it may be
greater than zero) at 220 GHz, the frequency at which the
protein’s absorbance is minimal, this “lost” solvent corresponds
to 153 ( 15 water molecules in the hydration shell of each
lysozyme molecule (equivalent to 0.19 ( 0.02 g of water per
gram of protein).Wemust note again, however, that although the
assumption that the absorbance of lysozyme is never negative is
clearly valid, the further assumption that the protein’s minimum
absorbance is precisely zero may also be incorrect, and thus the
terahertz-defined hydration shell may contain more than this
estimate of 153 water molecules.

Using the above analysis, we have measured the absorption
spectrum of lysozyme in water at concentrations ranging from

Figure 1. The gigahertz to terahertz absorption of both lysozyme
solutions and a matched buffer blank increase monotonically with rising
frequency. The refractive indices (inset) of lysozyme and buffer solu-
tions, in contrast, decrease with increasing frequency. Both the absor-
bance and refractive index depend particularly strongly on frequency
below ∼200 GHz. The data described here and in the following figures
were collected at 25 �C in 50 mM sodium phosphate, pH 1.9.
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1.5% (w/w), corresponding to 1.02 mM, to saturating, 26%
(w/w) solutions corresponding to 15.34 mM. (Of note, the
highest concentration spectrum is in good agreement with
previous observations obtained using a free-electron laser
source,18,19 albeit with much improved signal-to-noise and far
higher spectral resolution, Figure S2, top, Supporting Infor-
mation). These absorption spectra, which are characterized by
a minimum at ∼220 GHz, retain quite similar shapes across this
broad range of concentrations (Figure 2, right). Indeed, when
these spectra are scaled by the concentration of lysozyme to
produce molar absorbance spectra, we again observe “Beer’s law”
behavior in that the measured absorbance is proportional to the
concentration of the protein (Figure S2, Supporting Information).
This, in turn, suggests that the lysozyme’s hydration shell is
independent of protein concentration over the entire concentra-
tion range we have investigated. Given that only 5.0% of the
water in even our highest concentration sample resides in this
spectroscopically defined hydration shell, it is perhaps not
surprising that the hydration shells on adjacent proteinmolecules
do not interact significantly. This result contrasts with the non-
Beer’s law behavior reported previously for the protein lambda
repressor by Havenith and co-workers, who attribute this behavior
to interactions between the hydration shells of adjacent protein
molecules.16,17 The report on non-Beer’s law behavior, however, is
only observed at protein concentrations well below the lowest
concentrations that we can investigate with our spectrometer.
Perhaps surprisingly given the above arguments, Havenith and co-
workers do observe the Beer’s law behavior at the higher protein
concentrations employed here. Still, as lamda repressor is struc-
turally distinct from lysozyme, and Havenith and co-workers
performed their measurements at significantly higher frequencies
than those employed here, direct comparison of the results of the
two studies is difficult.

The above analysis assumes that the absorbance of a solution is
a linear sum of the absorbance of the solvent and its solutes,
an assumption that, as we have noted, may fail significantly in

spectral regions for which the absorbance of the solvent changes
very rapidly with frequency. With simultaneous measures of the
absorbance and refractive index in hand, however, we can use
effective medium models to extract the dielectric response of our
solute, lysozyme, uncomplicated by this effect. Specifically, from
knowledge of the absorbance and refractive index of lysozyme
solutions we can compute the complex refractive index:

n
�
solðνÞ ¼ nðνÞ þ iKðνÞ ð1Þ

where ν is frequency, n is the refractive index of the solution, and
K is the extinction coefficient of the solution, which is related to
the absorption coefficient, R, by K = cR/(4πν) with c being the
speed of light. From this we can calculate the complex dielectric
function, εsol* , of the protein solution, which, in turn provides a
complete description of the interaction of the solute with the
incoming electromagnetic wave using the relationships:

ε
0
solðνÞ ¼ n2ðνÞ �K2ðνÞ ¼ n2ðνÞ � ðcRðνÞ=4πνÞ2

ε
00
solðνÞ ¼ 2nðνÞKðνÞ ð2Þ

Taking these together, we obtain the complex dielectric response
of the solution in which the real, ε0(ν), and imaginary, ε00(ν),
components represent the energy stored and energy dissipated
per unit volume of the solution, respectively. Thus, from the
above-described experimental measurements of R and n, we can
determine the complete complex dielectric response of our
protein solutions.

Protein solutions are, obviously, a mixture of water and
protein, each of which exhibits its own complex dielectric
constant, εwat* and εlyz* . These combine to define the complex
dielectric constant of the solution, εsol* , which is the value deter-
mined from the experimental observables, n and R. Because the
protein is orders of magnitude smaller than the wavelengths of the
incoming electromagnetic radiation, thematerial can be treated as a
homogeneous substance with an effective-dielectric function using
the effective medium approximation of Bruggeman,26 which effec-
tively treats both low and high concentration mixtures. (Note: the
Maxwell Garnet and Wagner approximations24,25 are the low
concentration limit of the Bruggeman approximation, which, in
turn, is equivalent to the Hanai approximation).27 For a two-
componentmixture of a protein in water, and considering again the
small sphere limit, we obtain the Bruggeman approximation for the
complex dielectric constant of the solution as:23,25

fp
ε
�
lyz � ε

�
sol

ε
�
lyz þ 2ε�sol

þ ð1� fpÞ ε
�
wat � ε

�
sol

ε�wat þ 2ε�sol
¼ 0 ð3Þ

with fp being the volume fraction of the protein in the solution.
When we perform a Bruggeman effective-medium analysis, we

find again the same striking result produced by the above, more
naïve assumption of additive absorbances: εlys00, the imaginary
(lossy) component of the complex dielectric constant of the
protein, which is related to its absorption, is negative over the
entire frequency range we have investigated. We correct for this
by again assuming the protein entraps a hydration shell com-
posed of 165( 15 water molecules per lysozyme (0.21( 0.02 g
of water per gram of protein). This brings the imaginary
component above zero such that, as expected for a noncon-
ductor, εlys00 extrapolates linearly to zero at zero frequency.
Unlike the naïve absorbance-based method used above and in
prior literature,16�19 however, which estimate the size of the

Figure 2. The absorption of solvated lysozyme provides a measure of
the protein’s low-frequency vibrational dynamics. (left) Absorbance of
lysozyme (minus the absorbance of the relevant buffer blank) without
any correction for the protein’s hydration shell. This leads to negative
absorption, which is unphysical. (right) Scaling of these spectra such that
their absorbance minima reach zero suggests that 153 ( 15 water
molecules in a hydration shell around each lysozyme no longer behave as
if they were bulk solvent in terms of their gigahertz absorption.
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gigahertz-defined hydration shell by assuming that the protein’s
absorption falls to zero at its minima, this method of estimating
the size of the hydration shell requires only the well-founded
assumption that the protein’s absorption falls to zero at zero
frequency.

The value of 165 water molecules for the gigahertz-defined
hydration shell corresponds to a submonolayer on the surface of
the protein. Specifically, if we approximate lysozyme as a∼2 nm
diameter sphere, a solvent layer one molecule deep will contain
350 water molecules. Our value is also consistent with previous
measurements made in the terahertz that suggest a (minimum)
hydration shell of∼173( 40 water molecules,19 and <215 water
molecules as determined by a hydration measurement of the
local relative humidity with a terahertz time-domain spectros-
copy.32 This estimate differs, however, from earlier estimates of
259 ( 51 water molecules as defined by neutron and X-ray
scattering33,34 and 270 ( 27 from NMR measurements of the
mobile, unfrozen water in frozen lysozyme solutions.35 These
methods, however, employ definitions of the hydration shell that
are physically distinct from that employed here. That is, our value
of 165 water molecules corresponds to the number of waters that
are bound strongly enough to the protein to act, in terms of their
gigahertz absorption, as if they are protein and not bulk water.
Crystallographic and NMR methods, in contrast, define the
hydration shell in terms of fixed water density and the shell of
water whose structure is so disrupted by the solute protein that it
does not freeze. Given the significantly different structural and
temporal physics underlying these distinct definitions of the
hydration shell, this degree of matching is perhaps intriguing.

Seemingly in contrast with our results, molecular dynamics
simulations and17O NMR relaxation dynamics suggest that, on
average, the picosecond motions of the first hydration shell are
only slowed down by a factor of ∼2 (at room temperature)
relative to the dynamics of bulk water.36 Again, however,
gigahertz absorption spectroscopy and NMR relaxation spectro-
scopy use very different operational guidelines to define the hydra-
tion shell. Specifically, three significant differences likely con-
tribute to this discrepancy. First, even the gigahertz-defined
hydration shell is not “frozen” but instead consists of water
molecules that are moving with the protein and not with the bulk
solvent. That is, while they move more slowly than bulk water
(i.e., they absorb less gigahertz radiation than bulk water does),
they do still absorb in this frequency regime, thus suggesting that
their picosecond motions are reduced but not eliminated.
Second, as defined by gigahertz absorption, the hydration shell
is less than one monolayer, and thus, if we were to average the
dynamics over the entire first hydration shell, the mean change in
water dynamics would be less than the change we observe. Third,
NMR relaxation requires that the nuclear spin move through
order of π radians, motions that are much larger in magnitude
than the likely subtle, small-magnitude harmonic motions that our
approach is sensitive to. That is, NMR and gigahertz absorption are
sensitive to motions occurring over very different “rotational” scales,
which could easily account for the observed discrepancy.

To account for the hydration shell, which, again, behaves as if it
is protein and not water at these frequencies, in the Bruggman
approximation, we simply increase the excluded volume asso-
ciated with the protein. Specifically, we scaled the volume-filling
factor, fp, by 1.29 so that εlys00 extrapolates linearly to zero at zero
frequency. Using this scaled filling factor and the measured
εwat* and εsol* , we can employ eq 3 to obtain the dielectric func-
tion of solvated lysozyme at each protein concentration we have

investigated (Figure 3). Upon doing so, we find these spectra are
characterized by a rising imaginary component and a broad
maximumof the real component. Thus, once again, themeasured
dielectric response extracted using the effective medium approx-
imation does not depend on protein concentration, suggesting
that the hydration shell is likewise independent of protein con-
centration.

As we have argued above, the complex dielectric response of
solvated lysozyme over the gigahertz to terahertz spectral region
should inform on the protein’s collective, low-amplitude harmo-
nic motions. The experimental results reported here thus provide
an unprecedented opportunity to directly test computational
models of the dynamics of this well-studied protein. To do so, we
model the complex dielectric response of the protein as the
summed response of a set of harmonic oscillators given by

ε
�
lyzðνÞ ¼ ε¥ þ

Z ¥

0

Af ðv0Þ
ðν20 � ν2Þ � ikFðv0Þνdν0 ð4Þ

Figure 3. Integration of previously published, computational models of
lysozyme’s harmonic motions does not accurately recover the protein’s
experimentally observed complex dielectric spectra unless the modes are
shifted to higher frequencies to introduce a low-frequency cutoff. Shown
are the real (top panel) and imaginary (middle panel) components of the
experimental dielectric spectra of lysozyme. Attempts to fit these spectra
using calculatedmode densities (bottom panel) taken from the literature
(they are smoothed, and the inset to the bottom panel is the whole
normal mode density for our simulation)6 fail (dotted lines) unless we
shift these calculated densities upward by 250 GHz (red lines), produ-
cing a cutoff below which the mode density drops to zero. These fits
involve two fitted parameters, the amplitude and the damping rate (see
eq 4). The best fit damping rate, 594 GHz, indicates that the collective
harmonic motions probed at these frequencies are overdamped, which
presumably reflects strong coupling between these motions and the
viscous solvent surrounding each protein molecule. The color scheme
employed to denote the three data sets in each of the above panels is the
same as that employed in Figure 2.
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where ε¥ is the dielectric constant of lysozyme at frequencies far
above those investigated here and kF(ν0) is a frequency-depen-
dent damping rate constant. In this equation the vibrational
density of states, f(v0), weighted by the oscillator strength, A,
provides a means of connecting our experimental results with
theoretical models of lysozyme’s harmonic motions. Specifically,
we have extracted this function from a previous computational
model of lysozyme’s dynamics6 in order to ascertain whether the
vibrational mode descriptions provided by this model are con-
sistent with our observations.

To test these computational models against our experimental
observations, we employ a frequency-independent damping rate,
kF, and integrate all of the dielectric responses with resonance
oscillation frequencies between zero and a high-frequency limit
at several terahertz. In doing so, however, we find that these
models fit our experimental data rather poorly (Figure 3, dashed
line). For example, the best fit of the imaginary component of the
experimentally observed dielectric response does not fall to zero
at zero frequency (Figure 3, dashed curve). This would imply that
the absorbance is not zero at zero frequency, which is physically
impossible for a nonconductor such as lysozyme. In contrast,
however, our experimental observations are reasonably well fit if
we invoke a cutoff frequency, ν*, below which the vibrational
mode density falls to zero (Figure 3, solid curves). Specifically, we
find that by shifting the calculated mode density 250 GHz
toward higher frequencies (Figure 3, inset) and employing a
damping rate, kF, of 594 GHz, we recapture both the real and
imaginary components of the complex dielectric response of
solvated lysozyme. Moreover, both this cutoff and this damping
constant are physically reasonable. Specifically, the large value
of the damping constant suggests that the large-scale motions
probed in our studies are strongly coupled to the viscous
solvent surrounding each lysozyme, which would lead to over-
damping and a damping rate similar to or greater than the
resonant frequency of the modes in question. The 250 GHz
cutoff likewise appears physically reasonable: given the
protein’s ∼2 nm diameter and the known speed of sound in a
protein of 1960 m/s,37 we calculate that the slowest harmonic
motion would have a period of ∼0.8 ps, corresponding to a
frequency cutoff of ∼200 GHz.19 We note, however, that all
of the previous computational descriptions of the harmonic
motions of lysozyme fail to observe cutoff; in all three the
vibrational mode density drops off approximately linearly to
zero.6�8 It is unclear why this physically reasonable, herein
experimentally verified cutoff is not apparent in these computa-
tional models. In contrast, simulations of the protein myogro-
bin suggest that there is a sharp cutoff at∼150 GHz (5 cm�1);38

given that this protein is quite close in size to lysozyme, the
similarity in the predicted myoglobin cutoff and the cutoff we
observe experimentally appears compelling.

The experimentally observed cutoff that we report should not
be taken to imply that proteins are motionless at time scales
longer than ∼250 GHz (∼0.6 ps). Indeed, abundant crystal-
lographic and NMR studies have demonstrated that proteins are
rife with conformational changes that contribute to their dy-
namic properties on time scales much longer than those probed
in our experiments.11 Instead, our experimental results argue
that, unlike these barrier-limited motions, the smaller-scale
harmonicmotions of proteins are characterized by a sharp cutoff,
above which anharmonic, barrier-limited processes dominate the
dynamics of biomolecules.

’CONCLUSION

We have developed a frequency-domain terahertz spectros-
copy with phase-sensitive detection and high dynamic range. The
spectrometer with orders of magnitude improved signal-to-noise
allows us to accurately measure strong absorption materials, such
as the aqueous samples employed here. We have measured the
gigahertz to terahertz complex dielectric response of solvated
lysozyme and used the Bruggeman effective-medium approxima-
tion to define the size of the protein’s hydration shell and connect
our experimental observations to previous computational models
of the protein’s collective, low-amplitude harmonic motions. We
find that, independent of the protein’s concentration, the di-
electric-defined hydration shell of lysozyme contains 165 ( 15
water molecules, a value closely consistent with previous esti-
mates based on other experimental approaches. Our experiments
also raise questions regarding the validity of computational
models of the low-frequency harmonic motions of this protein.
That is, modeling the complex dielectric response as the
summed response of a set of damped harmonic oscillators in
order to directly connect our experimental observations with
previous computational models of lysozyme dynamics, we find
relatively poor agreement. This agreement can be improved,
however, by introducing a low-frequency cutoff at 250 GHz
below which our experiments suggest the density of vibrational
modes drops to zero. The absence of such a cutoff in the
equivalent computational models of lysozyme would, in turn,
suggest that more refined computational tools may be needed
in order to accurately model the low-frequency collective
vibrational modes of proteins.
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