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The focus in protein folding has been very much on the protein
backbone and sidechains. However, hydration waters make com-
parable contributions to the structure and energy of proteins. The
coupling between fast hydration dynamics and protein dynamics is
considered to play an important role in protein folding. Funda-
mental questions of protein hydration include, how far out into the
solvent does the influence of the biomolecule reach, how is the
water affected, and how are the properties of the hydration water
influenced by the separation between protein molecules in solu-
tion? We show here that Terahertz spectroscopy directly probes
such solvation dynamics around proteins, and determines the
width of the dynamical hydration layer. We also investigate the
dependence of solvation dynamics on protein concentration.
We observe an unexpected nonmonotonic trend in the measured
terahertz absorbance of the five helix bundle protein �*6–85 as a
function of the protein: water molar ratio. The trend can be
explained by overlapping solvation layers around the proteins.
Molecular dynamics simulations indicate water dynamics in the
solvation layer around one protein to be distinct from bulk water
out to �10 Å. At higher protein concentrations such that solvation
layers overlap, the calculated absorption spectrum varies non-
monotonically, qualitatively consistent with the experimental ob-
servations. The experimental data suggest an influence on the
correlated water network motion beyond 20 Å, greater than the
pure structural correlation length usually observed.

solvation dynamics � THz spectroscopy � lambda repressor �
molecular modeling

Water molecules interact with proteins on many length and
time scales. Although the dynamics of the hydration water

occurs on the picosecond time scale, ‘‘slaving’’ to fast solvent
modes profoundly affects the slower but larger-scale protein
motions (1). In return the protein influences the structure and
dynamics of surrounding water molecules (2). X-ray crystallog-
raphy has revealed ordered water structure around polar and
charged sidechains (3), as well as cooperative insertion of water
into hydrophobic cavities (4). Dielectric spectroscopy extends
the time scale from microseconds down to 0.1 ns (5). Experi-
ments have been extended to the THz range in films and crystals,
probing motions on the picosecond time scale (6, 7). Hydrated
protein powders probed by inelastic neutron scattering (0.1–100
ps) or solid-state NMR (nanoseconds) reveal that slower protein
time scales and faster solvent time scales indeed show correlated
dynamics (8). On the fastest time scales, 2D infrared spectros-
copy and fluorescence of surface residues provide local probes
of the dynamics in the femtosecond to picosecond range (9, 10).
Coupling of modeling with experiments has revealed complex
solvation structure around small biomolecules (11, 12), bridging
our microscopic structural and thermodynamic understanding of
biosolvation.

Terahertz absorption spectroscopy of biomolecules fully sol-
vated in water yields direct information on the global dynamical
correlations among solvent water molecules. Yet, THz spectros-

copy is experimentally challenging (13) because of the strong
THz absorption of water. With the advent of powerful table-top
sources capable of penetrating the bulk of aqueous solutions (14),
a new window between microwaves and the infrared is opening up
onto the interaction of water molecules with proteins. At high
protein concentrations, terahertz absorption decreases linearly
when large concentrations of protein are added to the solution (15).
Such behavior indicates that the solute molecule replacing the water
has fewer low frequency modes than the solvent it replaces, leaving
a hole in the spectral density. However, our precise measurements
of terahertz absorbance of lactose solvation showed that the ab-
sorption coefficient levels off at low concentrations (11). This
deviation from linearity is caused by competing contributions from
hydration and bulk water to the total THz absorption spectrum and
allows direct extraction of the size of the hydration layer. Here we
report a more dramatic turnover behavior at low to moderate
concentrations (0 to 2.3 mM) of the engineered five helix bundle
protein �*6–85, which has been investigated in respect of its folding
before (16).

Experimental Results
We have determined the absorption of solvated �*6–85 from 2.25
to 2.55 THz with our table-top THz spectrometer (14). This
frequency range probes the intermolecular collective modes of
the hydrogen bonding network and some collective modes of the
protein, such as skeletal and breathing modes. The experimental
setup is described in ref. 14. The transmitted intensity was
measured as a function of the layer thickness d (which was varied
in steps of 5 �m) and fit to an exponential function according to
Beer’s law: The data were fit to the following expression: I(d) �
I0 exp(�� d) � C, with I0, �, d, and C corresponding to the
intensity before the probe, the absorption coefficient of the
probe, the layer thickness of the probe, and the detector offset,
respectively.

Within our measurement uncertainty, the absorption of the
solvated protein increased linearly with frequency in this rather
narrow frequency range (see Fig. 1 Inset). Therefore, we used a
linear fit in the measured frequency range between THz ab-
sorption and frequency to obtain accurate absorption coeffi-
cients at a given frequency. This procedure, together with
averaging over multiple measurements, minimizes noise and
allows a reliable comparison between the different THz absorp-
tion spectra for different protein concentrations. Fig. 1 displays
the absorption coefficient relative to bulk water as a function of
the concentration of �*6–85. The absorption coefficient increases
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before dropping. At higher concentrations, it will decrease
quasilinearly as discussed below (see Fig. 2) and in ref. 15.

We have measured the concentration dependence of the THz
absorption at three different temperatures. Although the abso-
lute differences relative to the bulk value differ for the three
temperatures, the overall variation in the absorbance with
concentration is the same at each temperature. When we com-
pare the three curves one has to keep in mind that the zero point
(the bulk water value at the given temperature) decreases with
decreasing temperature (19). This partially explains the offset
between the three curves. Whereas the absolute THz absorption
coefficient of water (c � 0) is increased by approximately a factor
of two for a temperature increase of 20°C at 2 THz (19), a less
pronounced change of the THz absorption of the protein is

expected. In this case �� � �(c) � �(0), where �(c), the THz
absorption coefficient for a given concentration, c, is expected to
deviate at higher concentrations for different temperatures. The
offset reflects the difference between the decrease for bulk water
and protein � hydration water.

The nonmonotonic behavior observed in Fig. 1 cannot be
explained by an effective two-component model: �*6–85 displaces
�7,400 Å3 of buffer, based on the solvation-free radius of
gyration of 12.1 Å estimated from small angle x-ray scattering
(17). If the protein itself were completely transparent at 2.4 THz,
we would expect a linear decrease of the THz absorption
coefficient � with increasing protein concentration cProtein in a
solvent volume V according to

� � �ProteinVProtein/V � �Buffer�1 � VProtein/V�

� �Buffer�1 � �ProteincProtein� , [1]

(�Protein is the protein density, � 1.4–1.5 g/cm3) (20). The 0.5–0.1
mM concentration at the turnaround in Fig. 1 corresponds to a
water volume decrease of 1%. The measured THz absorption
deviates strongly from a linear decrease as predicted according
to Eq. 1. Thus, the hydration water around the protein must
contribute in a nontrivial way to the total THz absorption. For
solvated lactose, the total absorption could be decomposed into
three components: the volume weighted average of the absorp-
tion of the solute, the solvation water, and the bulk water

� � �ProteinVProtein/V � � shellV shell/V

� �Buffer�1 � �VProtein � V shell	 /V� . [2]

However, even this model is unable to describe adequately the
experimentally observed concentration dependence in the THz
absorption coefficient, unless the absorbance of the hydration
water depends on the distance between protein molecules. To
come to a microscopic understanding of the observed results, we
carried out accompanying molecular modeling calculations,
which reveal and quantify the protein distance dependence of
the absorbance of the hydration layer.

Molecular Modeling Results
It has been known for some time that in effective media
consisting of binary mixtures a linear variation of the measured
changes of a specific property of the mixture with concentration
does not necessarily hold (21). However, our goal here is to
provide a direct microscopic picture in terms of solvation water
structure and dynamics. To obtain such a picture, we studied the
approximate dynamics of the protein and explicit solvent water
by molecular dynamics (MD) simulations. We computed THz
spectra (Fig. 2) from the dipole autocorrelation function from
the simulation data for bulk water and for �*6–85 with a layer of
hydration water. Because we are interested in how the absor-
bance of �*6–85 and hydration water changes as a function of the
distance between proteins, we have carried out MD simulations
for solvated �*6–85 over a range of protein–protein distances.

Fig. 2 shows the computed absorbance of the protein and first
hydration layer at 2.5 THz as a function of the distance between
protein surfaces. In accord with experiment, we find that the
distance between the proteins significantly influences the ab-
sorbance of the protein and its first hydration layer (and layers
beyond, see below). First, the absorbance decreases as the
proteins are brought closer together from 24 to 18 Å. Then the
absorbance turns over and flattens for the shortest distances,
changing little with interprotein distance, mimicking the con-
centration-dependent turnover observed experimentally. This
trend is especially strongly pronounced in the calculation be-
cause the bulk water, which contributes most at the measured
protein concentration, is not included. The trend is less evident

Fig. 1. Difference in the THz absorption coefficient at 2.25 THz relative to
bulk water plotted against concentration to 3 mM at 15°C, 20°C, and 22°C
(more extensive averaging was done at 22°C because of the slightly smaller
effect). The absorbance depends nonlinearly on concentration in this region.
Note that the THz absorption for bulk water (zero point) increases with
increasing temperature. (Inset) The frequency dependence of the absorption
coefficient is linear between 2.25 and 2.55 THz (22°C: comparison of buffer
and at a protein concentration of 860 �M).

Fig. 2. THz absorbance of protein and first hydration layer plotted against
distance between the protein surfaces is nonmonotonic. (Upper Right Inset)
Frequency dependence of the protein-hydration layer absorbance at low (6 Å)
and high (18 Å) protein–protein separation, together with the absorbance
computed for the same volume of bulk water. (Lower Left Inset) Total
computed THz absorption against effective concentration of protein. The
quasi-linear region at large protein concentration (
15 mM) reproduces the
known behavior, and the nonlinearity at small protein concentration matches
the experimental trend measured here (the dashed line is the linear fit to the
low concentration trend).
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if we include the bulk water in the predicted total absorption
because the simulation predicts water to have a higher absor-
bance than low concentrations of protein in water.

The nonmonotonic trend is seen over a broad range of
frequencies in the THz region. Fig 2 Upper Right Inset displays
the absorbance of the protein and first layer of water molecules
for proteins separated by 6 Å and 18 Å. The increase in the
absorbance with frequency resembles the corresponding in-
crease observed in the experiments (Fig. 1 Inset). We note that
we have also computed the absorbance in the harmonic approx-
imation using normal modes, where we also find a significant
dependence of the absorbance on protein–protein separation,
and a trend similar to the trend we find here using the dipole
autocorrelation function to compute the THz spectrum, which
shows that the trend is robust.

We can computationally estimate the dependence of the
absorption coefficient on protein concentration by using the
surface-to-surface distances in Fig. 2. A given concentration c
corresponds to a distribution of surface-to-surface distances,
although in the simulated solution all protein molecules are
oriented the same way due to the periodic boundary conditions.
We have reached an approximation to the distribution of protein
molecules for a given concentration by Monte Carlo sampling of
hard-sphere 12.1 Å radius proteins, a good approximation to the
radius of the globular �*6–85. In this approximation, we assume
that the proteins interact only as hard spheres. Sampling this
distribution with the calculated absorbances, which were each
used to represent a range of protein–protein separation distances
�3 Å of the distance given in the figure, yields the absorption of
the protein and hydration shell. Combining this result for the
concentration dependence of the absorbance of protein and
hydration layer with the bulk water contribution yields an
estimate for the total absorption as a function of effective
concentration, i.e., the concentration is effective because the
molecular dynamics periodic boundary conditions do not cor-
respond to a bulk distance and orientation distribution of the
protein.

Fig. 2 Lower Left Inset shows the result, which qualitatively
matches the trend in the experimental data at moderate protein
concentrations: the absorbance drops (in the simulation up to 2.5
mM, in the experiment between 0.5 and 1.5 mM), then changes
to a less steep slope. At high concentrations (
15 mM), the
absolute value of the slope increases slightly again, and absor-
bance drops off linearly with increasing concentration. If one
looks at a broad range of concentrations and neglects the change
in curvature below �15 mM, the absorbance decreases approx-
imately linearly with concentration, as observed in earlier mea-
surements over a wide range of concentrations (15). Only by
precise measurements of changes at low concentrations does the
nonlinear variation, which is a direct probe of the dynamical
hydration water, become apparent. As discussed below, the
appearance of a change in the slope of the absorbance vs.
concentration at low concentration implies a broad hydration
water shell around each protein, despite the a priori assumption
of a single hydration layer made in the preceding computational
analysis.

Discussion
Whereas the existence of hydration layers of over 10 Å has not
been reported experimentally, such large layers containing water
dynamically distinct from water in the bulk have been found in
earlier molecular dynamics simulations (22, 23). In addition to
the dipole autocorrelation function and terahertz spectra dis-
cussed above, a hydration layer corresponding to water dynamics
distinct from bulk water can be quantified by the hydrogen bond
correlation function, C(t), which yields the probability that a
hydrogen bond that exists between two water molecules at a
given time, t � 0, is present at a later time, t, regardless whether

the bond has been broken between 0 and t. MD simulations of
solvated globular �*6–85 at 27°C reveals that the hydrogen bond
correlation function for water molecules in 2-Å-thick layers of
water up to 10 Å from globular �6–85

* is distinct from the
hydrogen bond correlation function computed for bulk water
(23), as we show in Fig. 3. Whereas hydrogen bonds between
water molecules generally rearrange on the picosecond time
scale, hydrogen bonds between water molecules out to �10 Å
from a protein molecule survive longer than those between bulk
water molecules. Thus, the THz dynamics of water molecules out
to several layers around the protein are noticeably different from
the THz dynamics of water in the bulk, consistent with the THz
spectra, which reveal the influence of the protein on the water
also out to several layers. Such a distinction between the
hydration layer and bulk water seen upon examining THz
dynamics of water molecules is not observed for structural
parameters of the hydration water, e.g., orientational correla-
tions or local density (24, 25), which is distinct from that of bulk
water only out to �3 Å.

The unexpected nonlinear absorbance vs. concentration is a
collective dynamical property of the protein-hydration water
system. Protein–protein distance-dependent changes in the col-
lective dipole moment with time are evident upon examining the
dipole autocorrelation function, which compares the dipole
moment at time t � 0 with the dipole moment at later times. The
absorbance obtained with the dipole autocorrelation function at
27°C decreases when the protein separation decreases from 24
to 18 Å by �15%, then increases by �40% when the distance
between protein surfaces shrinks to 12 Å; there is still a modest
increase in the absorbance when the protein–protein separation
is reduced further still to 6 Å. The variation in the absorbance
beyond a protein–protein separation of 18 Å indicates that the
hydration shell around each protein extends to at least 9 Å,
consistent with the differences observed between the hydrogen
bond correlation function for water molecules out to 10 Å from
the protein and the hydrogen bond correlation function com-
puted for water in the bulk. The experimental THz spectra
indicate a dynamical hydration layer that is even larger than the
hydration layer of �10 Å that can be deduced from the MD
simulations: the crossover to the plateau in the experiments
occurs at 0.5–1 mM for measurements at 15, 20, and 22°C,
respectively.

In the model, a noticeable change in slope occurs at an
effective concentration between 2.5 and 8 mM, which has to be
compared with the 5 times lower concentration where we have

Fig. 3. The hydrogen bond correlation function for the water molecules
around �*6–85 shown, from top to bottom, within 2 Å of the protein, between
2 and 4 Å, etc., up to between 8 and 10 Å, which appears very close to the bulk
water value. (Inset) The hydrogen bond lifetimes for water as a function of
distance (Å) from the surface of the protein, which is simply defined as the
time at which C(t) is 1/e.
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recorded a nonlinearity. Assuming ‘‘hard sphere’’ proteins, the
experimental concentration range corresponds to an average
separation of 
20 Å (surface to surface distance) between
proteins. Although lambda repressor shows no signs of irrevers-
ible aggregation at concentrations below 20 mM, a nonzero
attractive interaction potential between proteins (transient ag-
gregation) can shift the peak in absorbance toward smaller
concentrations, because the actual distance is then smaller than
expected for the assumed random distribution. However, any
long-range interaction cannot explain the observed maximum in
the THz absorption because it would only cause a ‘‘rescaling’’
of the concentration axis. The nonlinearity has to be attributed
to the onset of overlaping dynamical hydration layers, which
show an increased THz absorption compared with the buffer.

In summary, both experiment and simulations indicate a
long-range dynamical hydration shell and reveal the dynamics of
the hydration water to be sensitive to the distance between
proteins.

Methods
Experiment. The lambda repressor fragment 6–85 Tyr22Trp mutant gene, a
gift from Terry Oas, was expressed in Escherichia coli BL-21 cells and purified,
as described in ref. 16. The resulting �*6–85 protein was buffered in 50 mM
magnesium acetate at concentrations up to 2.3 mM, where data could be
taken without signs of precipitation in the 15–22°C range. Small-angle x-ray
scattering data have shown that the protein does not cluster up to twice this
concentration in aqueous ethylene glycol solvents, as described in Ref (17). A
tabletop p-Ge laser system described in ref. 14 provided tunable light in the
2.2–2.6 THz region and transmission was detected with a liquid helium-cooled
p-Ge detector (14). The THz absorption coefficient is obtained by scanning a
variable-pathlength (d) cell and fitting the transmitted THz power I according
to Beer’s law for the absorption coefficient �, after subtracting a constant
baseline

I�v, d� � I�v, 0�exp����v�d� . [3]

Molecular Modeling. The absorption coefficient is computed from the dipole
autocorrelation obtained from MD simulations as

��v� � 16�4 v�1 � e�hv/kBT	I�v�/3hcn�v�, [4]

where

I�v� � 1/2� �
�

��

dte�i2�vIM�0� �M� t�� . [5]

M is total dipole of system; n is index of refraction (taken as constant over the
frequency range of the experiment); c is the speed of light, kB is Boltzmann’s
constant, and h is Planck’s constant. MD simulations for the calculations of
these quantities have been carried out using the GROMACS 3.2 package with
the GROMOS96 force field where the protein is embedded in a box containing
simple point charge (SPC) model water (18). Charges on both the protein
atoms and the water molecules are fixed. MD simulations were run at 300 K
using the NVT ensemble with periodic boundary conditions for 50 ns for
proteins in cells that allowed for 3, 6, 9, and 12 Å water extending beyond the
surface of the protein, thereby separating pairs of proteins by at least twice
these distances. The absorption coefficients were calculated with the dipole
correlation time averaged over 2,000, 25-ps segments of each MD trajectory,
as longer times within the limits of the simulation did not change the results
appreciably. Absorption coefficients reported for protein and a hydration
layer correspond to the protein and the nearest 3 Å of water molecules. The
absorption coefficient was also computed for the same volume of SPC water.
The absorption coefficient computed for the water was not sensitive to box
size. We computed hydrogen bond dynamics for water molecules around the
protein by using a geometrical criterion for the hydrogen bonds, where bonds
are taken to be formed when the distance between D and A is �3.5 Å and the
angle between D, hydrogen, and A (D–H–A) is 
120°. The results for the
predicted distance-dependent autocorrelation function are shown in sup-
porting information (SI) Fig. 4.
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