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Abstract

Biological polymers are expected to exhibit functionally relevant, global, and subglobal collective
modes in the terahertz (THz) frequency range (i.e., picosecond timescale). In an effort to monitor these
collective motions, we have experimentally determined the absorption spectrum of solvated bovine
serum albumin (BSA) from 0.3 to 3.72 THz (10-124 cm_l). We successfully extract the terahertz molar
absorption of the solvated BSA from the much stronger attenuation of water and observe in the solvated
protein a dense, overlapping spectrum of vibrational modes that increases monotonically with increasing
frequency. We see no evidence of distinct, strong, spectral features, suggesting that no specific
collective vibrations dominate the protein’s spectrum of motions, consistent with the predictions of
molecular dynamics simulations and normal mode analyses of a range of small proteins. The shape of
the observed spectrum resembles the ideal quadratic spectral density expected for a disordered ionic
solid, indicating that the terahertz normal mode density of the solvated BSA may be modeled, to first
order, as that of a three-dimensional elastic nanoparticle with an aperiodic charge distribution.
Nevertheless, there are important detailed departures from that of a disordered inorganic solid or the
normal mode densities predicted for several smaller proteins. These departures are presumably the
spectral features arising from the unique molecular details of the solvated BSA. The techniques used
here and measurements have the potential to experimentally confront theoretical calculations on
a frequency scale that is important for macromolecular motions in a biologically relevant water
environment.

Keywords: other spectroscopies; biopolymers; collective vibrational modes; far infrared; free electron laser;
submillimeter wave; terahertz

Biological polymers are expected to exhibit broad vibrational
spectral features in the terahertz regime corresponding to
functionally relevant, global and subglobal collective
modes with periods on the picosecond timescale. This
hypothesis is supported by theoretical molecular dynamics
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studies and normal mode calculations that paint a picture
consistent with the biological relevance of low-frequency
biopolymer dynamics and suggest the existence of a large
number of terahertz collective modes in biomaterials
(Brooks and Karplus 1983, 1985; Go et al. 1983; Chen and
Prohofsky 1995; Hinsen 1998; Dauber-Osguthorpe et al.
1999; van Vlijmen and Karplus 1999; Tama et al. 2000).
Terahertz absorption spectroscopy directly probes such
collective modes and provides valuable experimental data
to test the validity of these theoretical calculations. While
mostly limited to frequencies <2 THz, previous investigations
confirm the postulated broad terahertz absorption of various
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proteins (Markelz et al. 2000, 2002; Whitmire et al. 2003;
Zhang et al. 2004), nucleic acids (DNA and RNA) (Markelz
et al. 2000; Fisher et al. 2002; Globus et al. 2003), and whole
tissues (Han et al. 2000; Fitzgerald et al. 2003; Woodward
et al. 2003; Walker et al. 2004). Unfortunately, however,
due to the strong frequency-dependent terahertz attenuation
of water, these studies have been limited to dry, or at best,
partially hydrated samples. While partial hydration with
water vapor may approximate aqueous biopolymer dynamics,
such solid samples may not faithfully reproduce the bio-
logically relevant, fully solvated condition. Here we report,
in contrast, the terahertz absorption and low-frequency
collective dynamics of a protein in aqueous solution at room
temperatures from 0.3 to 3.72 THz.

Results

For this study we have chosen bovine serum albumin
(BSA) as a representative biomolecule. BSA is a mono-
meric protein of molecular weight 66.4 kDa and shares
76% sequence homology with human serum albumin
(PDB code 1A06) (Huang et al. 2004).

Effect of concentration and Beer’s Law behavior

Consistent with Beer’s Law, the 1.56-THz absorption of
BSA solutions varies linearly with concentration (Fig. 1).
Of note, because the terahertz absorption of BSA is not as
large as that of the solvent it displaces, the net solution
absorption reduces with increasing concentration of the
solute (Fig. 1). Upon subtraction of the strong background
from water, we find that the molar absorption of solvated
BSA does not vary significantly with solution concentration
(Fig. 2). This is consistent with the assumption of Beer’s
Law that molar absorption is a concentration-independent
optical property unique for each frequency. For the studies
outlined below, we focus on the more concentrated solu-
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Figure 1. The terahertz absorption of BSA solutions at 1.56 THz varies
linearly with solute concentration, consistent with Beer’s Law. Of note, the
observed extinction decreases with increasing solution concentration,
indicating that the terahertz absorption of BSA is not as great as that of
the water it displaces.
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Figure 2. The extracted molar absorption of solvated BSA at 1.56 THz
does not vary significantly with concentration. This allows us to focus on
more concentrated, more readily measured solutions (~27% BSA [w/w])
in this study.

tions (~27% BSA [w/w]) to achieve higher measurement
accuracy (Fig. 2).

Terahertz absorption spectrum of solvated BSA

We have measured the terahertz absorption spectrum of
both our buffer blank and buffered BSA solutions (Fig. 3).
By calculating the amount of buffered water displaced
by the BSA solute and neglecting potentially important
issues related to the hydration shell, we estimated the
solvent baseline arising from the remaining bulk water.
This baseline is consistently lower than the measured
solution extinction, indicating that BSA solute does not
simply displace solvent but also contributes to the absorp-
tion of terahertz radiation. We then extracted this contri-
bution and obtained a measure of the corresponding molar
absorption of the solvated BSA (Fig. 4). We observe a
broad spectrum with strong monotonic frequency-dependent
increase up to at least 3.72 THz without any distinct reso-
nances apparent at the resolution of our spectra.
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Figure 3. We measure the absorptions of both buffer blanks (@) and BSA
solutions (O), and estimate the solvent baseline arising from the bulk water
remaining in solution (). This baseline is consistently lower than the
measured solution extinction, indicating that the BSA solute does not
simply displace water but also contributes to the absorption of terahertz
radiation. Correction to account for hydration would further reduce the
solvent baseline (data not shown).
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Figure 4. We examine the hydration effect of the solvated protein via two
assumptions—with (O) and without (@) correction to account for
hydration layer surrounding each BSA molecule in solution. Uncertainty
in the actual hydration suggests that we should use the region between
these two extremes, with (O) and without (@) hydration-shell correction,
as the absorption spectrum of solvated BSA. The monotonic frequency-
dependent increase previously reported below 2 THz in dry samples (solid
line) (Markelz et al. 2000) continues to at least 3.72 THz in solution phase
(this study). (The apparent sharp resonances in dry BSA measurements are
artifacts arising from the large noise-to-signal ration at the higher
frequencies, as pointed out by Markelz et al. [2000].) Whereas below
~1 THz the spectrum of solvated BSA is within error of that reported for
the dry protein pellets (solid line) (Markelz et al. 2000), significant
deviations are observed at higher frequencies where solvation may have
served to enhance the terahertz dynamics of BSA. It is perhaps worth
noting that the correspondence observed below 1 THz is quantitative; that
is, the absolute absorbance of dry and solvated BSA are within error of one
another, and no scaling was required in order to produce these effectively
overlapping spectra.

Effect of bound water on terahertz vibrational
dynamics: Hydration shell

The above analysis assumes that the solvent behaves as if
it were in a BSA-free environment, but some of the water
in solution will interact strongly with the protein and is
perhaps best described as part of the protein dynamics
(Garcia de la Torre 2001; Perkins 2001; Peon et al. 2002).
(Even as solid, lyophilized powders, proteins retain ~1%-—
2% [w/w] residual water [Kim and Kim 1996; El Moznine
et al. 2003].) If we treat this bound water as an integral
component of the solvated protein, the absorption back-
ground arising from the remaining bulk water would reduce
accordingly (Fig. 3).

In an effort to account for the effect of hydration, we
assume a strongly adsorbed, dynamically linked water
layer surrounding each BSA molecule in solution. Fol-
lowing previous serum albumin modeling efforts (Garcia
de la Torre 2001) and using 10 nm as the diameter of
a native BSA molecule (Mattison and Kaszuba 2004), we
estimate that this hydration layer contains ~300 water
molecules. The resulting terahertz molar absorption of the
solvated BSA increases accordingly with additional con-
tribution from the bound water, but the overall spectrum
is not largely altered (Fig. 4). Uncertainty in the actual
hydration suggests that we should consider the region

between these two extremes, with and without hydration-
shell correction, as the terahertz absorption spectrum of
solvated BSA.

Solvated versus dry BSA

The monotonic frequency-dependent increase previously
reported below 2 THz for dry samples of BSA (Markelz
et al. 2000) continues to at least 3.72 THz in solution phase
(this study). We do not observe any discrete spectral fea-
tures in either dry or solvated BSA. (The apparent sharp
resonances in dry BSA measurements are artifacts arising
from the large noise-to-signal ratio at higher frequencies, as
pointed out by Markelz et al. [2000].) We observe effec-
tively quantitative agreement (without any scaling) between
the spectra of dry and solvated BSA below ~1 THz. In
contrast, we observe significant discrepancies at higher
frequencies where solvation may serve to enhance the
terahertz dynamics of the BSA protein (Fig. 4).

Validity of measurement protocol: Solvated BSA
versus water

The solvated BSA spectrum does not simply reproduce
the spectral shape observed in water (Kindt and Schmut-
tenmaer et al. 1996; Xu et al. 2006) (Fig. 5), suggesting
that even though the terahertz absorption of BSA solu-
tions is dominated by that of water, careful background
subtraction recovers the true spectrum of the solute.
Furthermore, the observed Beer’s Law behavior (Figs.
1,2) indicates that the extracted molar extinctions of the
solvated BSA are proportional to their true values, and
the quantitative agreement between our spectrum and
that obtained for dry BSA (Markelz et al. 2000) (Fig. 4)
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Figure 5. The terahertz absorption spectrum of the solvated protein
(shaded area) is very distinct from that of water (¥ [Kindt and
Schmuttenmaer 1996] and @ [Xu et al. 2006]). Taken together with the
demonstrated Beer’s law behavior (Figs. 1,2) and the quantitative agree-
ment between the extinction coefficients of solvated (this study) and dry
(Markelz et al. 2000) BSA, this supports the validity of the spectroscopic
measurement protocol that we developed and used in this work to extract
low-frequency dynamics of a protein against the significantly larger
background absorption by liquid water.
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indicates that the proportionality constant is effectively
unity. It thus appears that our spectroscopic approach suc-
cessfully extracts the low-frequency dynamics of a protein
in liquid water even against the enormously larger back-
ground caused by the terahertz absorbance of the solvent.

Discussion

We have successfully characterized the terahertz absorp-
tion of a representative protein, BSA, in water. We observe
a broad, monotonic increase with frequency without any
discrete spectral features apparent at the used spectral
resolution. Remarkably, without any scaling, the spectrum
of solvated BSA is within error of that reported for the dry
protein below ~1 THz. Above this frequency, however,
solvation-dependent deviations are apparent (Fig. 4).

The relatively featureless spectrum of solvated BSA
is also in excellent agreement with previously published
measurements in dry samples of BSA (Markelz et al.
2000), hen egg white lysozyme (HEWL), myoglobin, and
bacteriorhodopsin (BR) (Markelz et al. 2002). As pointed
out by Markelz and colleagues, the apparent sharp reso-
nances in dry BSA measurements are artifacts arising from
the large noise-to-signal ratio at higher frequencies
(Markelz et al. 2000), and the regularly spaced peaks
overlaying the smooth broad spectra of dry HEWL and
myoglobin are due to interference effects in experimental
setup (Markelz et al. 2002). Even though interference
effects are minimized for measurements in dry BR, the
three available spectra for wild-type BR at room temper-
ature reproduce each other only in their broad linear fre-
quency dependence and not in terms of their potential
resonant peaks (Figs. 6 and 7 in Markelz et al. 2002).
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Figure 6. The shape of the BSA spectrum closely resembles that of the
previously published terahertz spectrum of fused quartz (O) (Parker et al.
1977) and an ideal quadratic spectral density expected for a disordered
ionic solid (Kittle 1996). The spectrum of the low-lying vibrational modes
of the native BSA protein may be modeled, to first order, as a three-
dimensional, elastic nanoparticle with aperiodic charge distribution. Small
but significant departures from the simple quadratic behavior of a disor-
dered solid are, however, observed for the solvated protein. These
deviations are presumably the spectral signatures arising from the unique
molecular details of the solvated BSA.
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Figure 7. Solution density increases linearly with BSA concentration up
to ~30% BSA weight per solution weight. For this work, we used fairly
large concentrations of BSA (27% BSA [w/w]), approaching the protein
solubility limit. The error bars (O) are standard deviations of approxi-
mately eight measurements. Some data are derived from only one
measurement (@) and thus lack uncertainty estimation.

(Absolute molar extinction for these dry proteins is avail-
able only for BSA; hence, quantitative comparison is only
carried out between the solvated [this study] and the dry
[Markelz et al. 2000] BSA).

Similarly, the largely featureless spectrum observed for
solvated BSA is consistent with prior studies of damp
myoglobin (42% water [w/w]) (Zhang et al. 2004) that
also reports a lack of identifiable sharp features between
0.2 and 2 THz, even at a spectral resolution of 15 GHz.
In contrast to these studies of dry and damp proteins,
however, Globus et al. (T. Globus, D. Woolard, T.W. Crowe,
T. Khromova, B.L. Gelmont, and J. Helser, pers. comm.)
recently reported that aqueous DNA exhibits multiple,
narrow resonances over the 0.3-0.75 THz frequency range.
Whether this discrepancy represents fundamental differ-
ences between the collective vibrational modes of DNA
and proteins will require further study, but, given the
periodic distribution of charges on DNA, it is perhaps not
surprising that, unlike proteins, DNA may exhibit sig-
nificant deviations from the simple, quadratic spectral
density of vibrational modes expected for a disordered solid
(see below).

The relatively featureless, monotonically increasing
terahertz absorption observed for solvated BSA largely
resembles the quadratic spectral density expected for a
simple disordered ionic solid (Kittle 1996), as observed
for fused quartz (Randall and Rawcliffe 1967; Bagdade
and Stolen 1968; Parker et al. 1977; Grischkowsky et al.
1990) (Fig. 6). Such a dependency is understood as fol-
lows: The density of the available low-lying vibrational
modes increases quadratically with frequency for a three-
dimensional solid (Kittle 1996). The aperiodic charge
distribution present in disordered material allows the
nearly uniform terahertz electric field to couple to all of
these available modes, and the vibrational spectral shape
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thus reflects this underlying quadratic mode density.
While there are important departures from simple qua-
dratic behavior expected for a homogeneously disordered
solid, there are no sharp, strong features dominating the
protein’s spectrum of motions over the observed fre-
quency range, which suggests that the low-lying vibra-
tional mode density of the solvated BSA protein may also
be modeled, to first order, as that of a three-dimensional
elastic nanoparticle with aperiodic charge distribution.
On the other hand, these small but statistically significant
departures from the quadratic behavior (Fig. 6) presum-
ably arise from the unique molecular details of the sol-
vated protein and may be the spectral signature of the
solvated BSA. This is consistent with the assessment by
Markelz et al. (2002) that protein identification by THz
absorption spectroscopy will be difficult.

We should note, however, that the lack of sharp reso-
nances does not imply the lack of observable collective
vibrational modes in the solvated BSA. On the contrary,
rather than a few distinct resonances, the observed mono-
tonic increase in absorption with increasing frequency is
consistent with the postulated densely populated, largely
overlapping vibrational modes of biopolymers in the
terahertz frequency range (Brooks and Karplus 1983,
1985; Go et al. 1983; Chen and Prohofsky 1995; Hinsen
1998; Dauber-Osguthorpe et al. 1999; van Vlijmen and
Karplus 1999; Tama et al. 2000; Markelz et al. 2002;
Whitmire et al. 2003). Specifically, molecular dynamics
simulation and normal mode analysis have been performed
for several small proteins, including bovine pancreatic trypsin
inhibitor (Brooks and Karplus 1983; Go et al. 1983; Hinsen
1998), lysozyme (Hinsen 1998; Markelz et al. 2002), myo-
globin (Markelz et al. 2002), and bacteriorhodopsin (Whit-
mire et al. 2003). They suggest a common trend: a rapid rise
with frequency in the density of vibrational modes, followed
by a plateau or saturation at higher frequencies. In contrast,
the absorption of solvated BSA continues to increase strongly
to at least 3.72 Thz, indicating that, if it occurs at all, the high-
frequency saturation, or “roll over,” of the macromolecular
vibrations may be at much higher frequencies in BSA than
is predicted for the aforementioned proteins.

The ability to measure terahertz absorbance of bio-
molecules in solution has the potential to experimentally
confront molecular dynamics calculations on the fre-
quency scale of biologically relevant macromolecular
motions. Experiments are underway to document other
proteins, the effect of solvent pH, and the effect of
denaturing agents. Further, if we consider the folded
protein as a nanoparticle with aperiodic charge distribu-
tion, the vibrational mode density will experience a low-
frequency cutoff as the effective mode wavelength exceeds
the protein size. Experiments that explore the solvated pro-
tein absorption in this limit (0.075-0.3 THz) are compelling
and are being pursued.

Materials and methods

Materials and solution preparation

BSA (Cohn Fraction V, lyophilized powder without further
purification from Sigma-Aldrich) was taken up in pH 8 buffer
(50 mM phosphate in distilled deionized water) with 0.05%
azide (added to prevent bacterial growth). A buffer blank was
used as the reference. Precise knowledge of the BSA density,
hence molarity, is required to reliably extract the molar extinc-
tion. For this work, we have used fairly large concentrations
of BSA, approaching the solubility limit, with solution being
~27% BSA (w/w). Uniform and successful solvation of BSA in
water was verified by examining the linearity of solution density
versus concentration (Fig. 7).

Absorption measurements

We have developed a terahertz absorption spectrometer appro-
priate for strongly absorbing liquid medium, such as water, with
frequency-dependent absorption lengths on the order of tens of
micrometers (Xu et al. 2006). Our spectrometer combines
kilowatt-power terahertz radiation from the UCSB free-electron
lasers with an ultrasensitive cryogenic detector (noise equivalent
power ~ 107'% watts/Hz"?) and is able to recover transmitted
radiation after strong attenuation (transmittance ~ 107°-1072).
We incorporated into our spectrometer a reference pyroelectric
detector to monitor the fluctuations in incident laser power, and
a precision variable path-length cell (Kindt and Schmuttenmaer
1996; Fitzgerald et al. 2003) to reproducibly control the sample
thickness, accurate to ~0.5 pm.

The variable path-length cell consisted of two parallel windows,
one immobile, while the other moved via a translation stage. Both
cell windows were made of high-density polyethylene that is
transparent to terahertz radiation (Smith and Loewenstein 1975),
and were individually held in opaque walls in order to prevent any
leakage of stray light. Liquid samples were sealed in polyethylene
bags and squeezed between the two polyethylene windows. Fine
adjustment of the distance between the two cell windows allows
precise changes in sample path length.

At each terahertz frequency, we measured the change in
sample absorbance with changing path length (Fig. 8). To

3
1.98 THz
1.83
1.53
2r 1.29
03
[
2
N
=)
<
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ol Buffered Water
0 80 160 240

A Pathlength (um)

Figure 8. Change in absorbance of liquid sample varies linearly with
changing path length. The terahertz absorption of water (shown here) and
BSA solutions can be precisely determined from linear fits of the
absorbance vs. path length data without precise (and difficult to obtain)
absolute path length or absorbance information.
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mitigate any multiple reflections (standing waves, etalon effect)
between the cell windows, we carefully choose paths that insure
strong attenuation of the incident radiation (transmittance <
107%) at even the smallest sample thickness. We determined the
extinction coefficients, a, of our samples from linear fits of the
change in absorbance, AA, with changing path length, A/,

M:A(—ln{L}>:a~Al (1)
Ireference

where I, is the transmitted intensity, and I efeence removes
fluctuations in the incident radiation. Typical path length incre-
ments were 20 wm, and we examined 5-11 distinct path lengths,
depending on the sample absorption strength. Scatter about
linear fits allows us to estimate the confidence levels. In this
manner, we are able to determine extinction coefficients without
precise (and difficult to obtain) information regarding the
absolute path length and the intrinsic optical properties of the
sample cell. Assured of strong sample attenuation (transmittance <
107°) and the closely matched indexes of refraction of cell
window and liquid water (Smith and Loewenstein 1975), we have
eliminated any standing wave artifacts that may contribute to
uncertainties in the terahertz absorption.

Terahertz molar absorption of solvated protein

To ensure successful solvent subtraction, we measured the
absorption spectra of both buffer blanks and buffer—-BSA
solutions, and assumed that extinction is additive,

Asolution — OBSA * MBSA + T yater * Mwater (2)

where a0, 1S the measured solution extinction coefficient;
Mpsa and M., are the respective molarities; and opgsy and
Taer the respective molar extinctions of the BSA and the
buffered water. We obtained the molar extinction of buffered
water using the measured extinction of the BSA-free buffer
blank. We calculated the amount of buffered water displaced by
the BSA solute, and estimated the solvent baseline, represented
by Gyarer © Myarer The remaining term opggy - Mpsa allows us
to estimate the absorption contribution from the BSA molecules
in aqueous solutions and to obtain a measure of the molar
extinction of the protein. This analysis is extended to include
possible change in protein hydration level before and after
solvation. The additional hydration layers are estimated and
considered to be an integral part of the solvated BSA molecules,
and the remaining amount of bulk water, M,,.,, is effectively
reduced. This leads to a reduction in solvent baseline absorption,
Trater - Myyarer, and we obtain a somewhat higher estimate of the
molar extinction for the solvated BSA with additional hydration
shell (Fig. 4).
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