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Low-frequency four-wave mixing spectroscopy
of biomolecules in aqueous solutions

A.F. Bunkin, S.M. Pershin

Abstract. Four-wave mixing (FWM) spectroscopy is used to
detect the rotational resonances of H,O and H,0O, molecules
in DNA and denatured DNA aqueous solutions in the range
+10 em ™! with a spectral resolution of 3 GHz. It is found
that the resonance contribution of the rotational transitions of
these molecules increases significantly in solutions rather than
in distilled water. This fact is interpreted as a manifestation
of specific properties of a hydration layer at DNA —water and
denatured DNA —water interfaces. Analysis of the FWM
spectra shows that the concentration of H,O, molecules in
the hydration layer of the DNA solution increases by a factor
of 3 after denaturation. The FWM spectra of aqueous
solutions of a-chymotrypsin protein are obtained in the range
+7 em™! at the protein concentrations between (0 and
20 mg em 3. It is found that the hypersound velocity in
the protein aqueous solution, measured by the shift of
Brillouin components in the scattering spectrum, obeys a
cubic dependence on the protein concentration and reaches a
value of about 3000 m s ! at 20 mg cm .
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1. Introduction

It is well known that water plays a key role in the behaviour
of protein molecules and deoxyribonucleic acid (DNA)
under native conditions. One of the main goals of this
paper is to study the interaction of a biopolymer surface
with water, which is significant for understanding the
mechanisms of protein folding [1—3], fluid flowing through
capillaries and cellular membrane permeability [4], stability
of biological structures in aqueous solutions [5]. It has been
established [6—9] that the properties of water surrounding
biopolymers differ considerably from those of bulk water
without biomolecules. However, the reason of this differ-
ence is still unclear. Simulations of the molecular dynamics
have shown that there exist rather rigid water structures
around some proteins [6, 7] and carbohydrates [8] in the
contact (hydration) layer. For example, the hydration layer
prevents erythrocytes from approaching each other in an
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aqueous suspension as well as interferes with reaching the
ultimate concentration of the erythrocytes which is
determined by their geometrical dimensions. In this case,
the hydration layer thickness can be several microns with
the human red blood cell being ~ 7 um in diameter [10].
Such structures were studied by different methods, includ-
ing the microwave absorption spectroscopy [9]. However,
serious problems arise here because of strong absorption of
water in the far-IR spectral range, which necessitates
measurements in thin liquid layers (typically between 25
and 450 ym) under conditions of uncontrolled local
heating, i.e., under unnatural conditions.

Research on hydration layers of biomolecules and
nanoparticles with the help of optical spectroscopy is mainly
hampered by the fact that the hydration layer contains few
molecules whose signal should be extracted against the
background of the signal of water molecules residing outside
the hydration layer. Therefore, the applied method should
be nondestructive, rather sensitive (i.e., to have a high
signal-to-noise ratio), and produce minimal perturbations
(for example, heating). Such an approach should enable one
to perform measurements in the region where the optical
spectrum maximally depends on the intermolecular inter-
action. For water this region lies in the range from units to
approximately 200 cm ™', where intermolecular translational
(~ 180 cm™') and transverse (~ 60 cm™') vibrations are
located.

A promising approach to the solution of such problems
is four-wave mixing (FWM) spectroscopy [11, 12], which
employs two laser fields with the frequencies w; and w, in
the visible spectral region, i.e., in the transparency window
of the biological sample. In this case, the difference of these
frequencies (w; — w,) is scanned in the low-frequency range.
In our experiments the available spectral range was

—1200 em ™! < (w; — w,)/27me < 300 cm ™,

where ¢ is speed of light in vacuum. In this case, two laser
beams with the frequencies w; and w, intersect in a liquid
at an angle of ~170°. The physics of four-photon
interaction in this region of frequency detunings (w;—
w, =0—36 THz) allows a wide set of phase-matching
angles; therefore, we used the given intersection angle of the
beams to ensure the maximal length of the region of their
intersection under spatial separation conditions. The optical
path length of laser pulses was selected so that the pulses
met inside the sample. The parameter to be measured is the
intensity [at a frequency ws = w; — (w; — w,)] of signal
radiation propagated through a polarisation analyser with



Low-frequency four-wave mixing spectroscopy

1099

the wave polarisation E @ whose nonlinear polarisability is
given by [11, 12]

P = 61431 (5 s 03— E{VECE] (M
Here, X(3> is the cubic susceptibility of the medium,
proportional to the correlation function of optical aniso-
tropy fluctuations; E M) and E® are the amplitudes of the
interacting fields; and I |X<3)|211212 is the four-wave
mixing signal intensity. In this approach, alignment of
the frequency difference w; — w, to a frequency of some
vibrational or rotational molecular resonance on this
transition in the medium under study results in the
emergence of an ensemble of coherent states described by
collective quantum-mechanical variables.

Using the FWM technique, we observed earlier [13—16]
the rotational Raman lines of H,O molecules in distilled
water and aqueous solutions, as well as well-resolved
rotational lines of H,O, H,0,, and OH molecules in
FWM spectra of distilled water. The spectral resolution
of the spectrometer (~ 0.12 cm™!, i.e., ~ 3.6 GHz) made it
possible to attribute the rotational lines of H,O molecules to
transitions of ortho- and para-isomers. Here, ortho-isomers
are the H,O molecules in which the spins of protons are
parallel and the total nuclear spin is equal to unity, and
para-isomers are the H,O molecules in which the proton
spins are directed oppositely and the total spin is zero. The
appearance of rotational spectra of H,O is interpreted as the
result of free rotation of water molecules in the low-density
layers near the nanoparticles of hydrophobic impurities that
exist in any kind of distilled water [17, 18]. Recently, this
conclusion about the presence of free H,O molecules in
liquid water has been confirmed in another experiment using
small-angle X-ray spectroscopy with the synchrotron of the
fiftth generation in Stanford (USA) [19].

In this paper, we will concentrate on studying FWM
spectra of aqueous solutions of DNA and denatured DNA
in the spectral range £10 cm ™. In addition, we will analyse
the FWM spectra of a-chymotrypsin protein at the different
concentrations in aqueous solutions. We will show that the
shift of Brillouin resonances of the aqueous protein solution
depends on the protein concentration and monotonically
increases with increasing concentration. This behaviour of
the solution elasticity can be explained by a noticeable
change in the properties of the interface layer between bulk
water molecules and the protein.

2. Experimental

We performed the experiments using the setup described in
detail in [20]. Two counterpropagating waves E M) and E®
with frequencies ®; and @, propagated in a cell
(20 x 30 x 50 mm) filled with aqueous solutions of biopol-
ymers at room temperature. The cell input and output
windows were made of fused quartz so that the depolarisa-
tion of transmitted laser radiation did not exceed 10~°. The
wave EU (the second harmonic of a 532-nm single-
longitudinal-mode Nd:YAG laser; the spectral width,
less than 0.01 cm™') was circularly polarised with the
intensity ~60 MW cm 2 inside the cell with a liquid. The
wavelength tunable (500— 545 nm) radiation E @ of the dye
laser was linearly polarised and had the intensity of no
more than 10 MW cm 2. The laser pulse repetition rate was
1 Hz and the pulse duration was ~ 10 ns.

With such polarisations of interacting laser waves in the
signal that is determined by nonlinearity (1), the non-
resonant contribution from the electronic subsystem of
the medium is absent [l1, 12]. This circumstance is
explained by the fact that when one of the pump waves
is circularly polarised, the effective cubic susceptibility of
centrosymmetric medium has the form [11, 12]

3
1O (@5 015005 —01) = 1150 (06 01 03 —y)

3
— 1 (04 01 0y ). ()

When Kleinman relations [12] are fulfilled for the
components of the nonresonant (electronic) susceptibility
tensor Xij(.,gm(ws; ;;w; —;) , the nonresonant (nondisper-
si\ge) pedestal in the F\;VM spectra vanishes because
L1122 (Og; 013025 —01) = 11315 (0g; 013003 —y). This s
invalid, in the general case, for resonant tensor components

3)r . .
ikl (wg; 015 0,; —mp) related to the molecular vibrations
and rotations as well as fluctuations of the medium density
and entropy.

Because the polarisation vectors of the coherent signal
wave E; generated at the frequency wg and of the wave E @
are noncollinear, while their propagation directions coin-
cide, these waves can be separated from each other by a
Glan prism. The width of the instrumental function of the
spectrometer (~ 0.12 cm_l) and the possible spectral meas-
urement range (—1200...300 cm™') were determined by the
parameters of the dye laser, which was pumped by the third
harmonic of the Nd: YAG laser and provided computer-
programmable tuning of the radiation wavelength E®. For
each value of the wavelength w, we performed averaging of
the signal over 10—30 readings. Then, the frequency of the
dye laser was tuned automatically with a step 0.119 cm ™.
The zero frequency was detuned with respect to Brillouin
resonances, while further wavelength tuning was controlled
by the modes of the Fabry —Perot interferometer with a base
of 7 mm. The error in measuring the FWM signal amplitude
was programmed and did not exceed 10 %. The accuracy in
measuring the FWM signal amplitude was determined by
the width of the instrumental function of the spectrometer;
therefore, when fitting the envelopes with the tabulated
data, we could observe a discrepancy with the measured
contour within this quantity.

We performed measurements in twice-distilled Milli-Q
(MQ) water, aqueous solutions of commercially available
a-chymotrypsin protein (with a concentration up to
20 mg cm °), native DNA (15 mgcm™>), denatured
DNA (with the same concentration), and in a 1-% hydrogen
peroxide solution (H,O,). The FWM signal appeared in the
region (of length ~ 5 mm) of intersection of laser beams in
the sample. No additional degassing of the liquids under
study was performed. The DNA molecules were extracted
using the procedure described in [21]. DNA was denaturated
by heating the solution up to 90 °C followed by cooling to
room temperature.

3. Results

Figure I shows the FWM spectra of H,O, (with a
concentration of 1%) and DNA (15 mg cm ™) aqueous
solutions in the range from —1 to 5 cm™'. The hydrogen
peroxide solution was used as a reference sample with the
known rotational spectrum of the H,O, molecule. The
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dashed arrows in Fig. 1 indicate the rotational resonances
of the H202 molecule: (211 — 101) (125 Cmil), (827 — 919)
(1.47 ecm™), (73— 717) (2.75 ecm™"), (999 — 919) (3.06 cm ™),
(10910 — 10130) (3.24 Cm_l), (14014 — 14114) (412 Cm_l),
(16916 — 16116) (4.65 cm™'); the thin arrow shows the
ortho-isomer transition (6;5 — 5»;) (0.74 cm™') of the
H,O molecule, respectively. It follows from this figure
that the strongest rotational lines of H,O and H,O,
molecules in DNA and H,0, aqueous solutions coincide
with the accuracy up to the width of the instrumental
function of the spectrometer.
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Figure 1. FWM spectra of laser radiation in aqueous solutions of

hydrogen peroxide and DNA. Each experimental point is the result of
accumulation over 30 laser shots with spectral step of ~ 0.12 cm™". Bold
arrows show Brillouin resonances (BR) in the DNA aqueous solution.
Dashed and thin (above) arrows indicate different rotational Raman
lines of H,O, and H,O molecules, respectively, according to [22]; the
thin arrow (below) shows the Rayleigh resonance (RR).

Figure 2 shows the FWM spectra of DNA (15 mg cm ™)
and MQ water in the range from 1 to —7 cm™', where the
thick and thin arrows indicate Brillouin and Rayleigh
resonances, respectively. For analysis convenience, the
spectra are normalised to the amplitude of the Brillouin
component. One can see from Fig. 2 that the contribution to
the FWM signal from the rotational resonances of the H,O
and H,0O, molecules increases markedly in the DNA
solution spectrum compared to the MQ water spectrum.

Figure 3 presents the experimental and calculated FWM
spectra of the DNA (15 mg cm™~?) aqueous solution as well
as experimental and calculated FWM spectra of the
denatured DNA (with the same concentration) aqueous
solution. To calculate the FWM spectra, we used standard
expressions [12]:

B R
X(3):an+ i 4 + .X
—1+(A:tQB)/de _1+A/FR
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where 2I',, is the spectral resolution of the FWM
spectrometer (0.12 cm™'); I'y is the half bandwidth of
the Rayleigh wing spectrum (fitting parameter); y,°* and Q,
are the resonant nonlinear susceptibility and central
frequency (in cm™!) of the rotational resonances for
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Figure 2. FWM spectra of the DNA aqueous solution and MQ water.
Thick and thin arrows show Brillouin and Rayleigh resonances, res-
pectively. Dashed arrows show different rotational Raman lines of H,O,
molecules; the dash-and-dot arrow shows the Raman (65 — 553)
(£0.74 cm™") ortho-isomer line of the H,O molecule.

H,0, and H,O molecules; Qp is the Brillouin resonant
frequency for DNA and denatured DNA aqueous sol-
utions, which was measured experimentally; A4 = (w;—
®,)/2mc is the frequency detuning (in em'); %8, 4R and
%" are nonlinear susceptibilities of Brillouin and Rayleigh
resonances, as well as nonresonant nonlinear susceptibility
of the solution, respectively. The spectroscopic data for
H,0, and H,O molecules were taken from [22]. The relative
concentration of H,O, and H,O molecules was used in
calculations as a fitting parameter. The increase in the
hydrogen peroxide concentration in the denatured DNA
solution can be estimated by comparing the fitting
parameters of DNA [curve (2), Fig. 3] and denatured
DNA [curve (4)] FWM spectra. One can see from Fig. 3
that the calculated and experimental spectra agree well.
Comparison of the spectroscopic parameters "'/ 72 in the
755 — 87 line (1.93 cm™") of H,0, for the calculated FWM

Intensity (arb. units)

Wavenumber / cm™!

Figure 3. Experimental (/) and calculated (2) FWM spectra of the
DNA aqueous solution (15 mg cm™) and experimental (3) and calcu-
lated (4) FWM spectra of denatured DNA aqueous solution with the
same concentration. Dashed and thin arrows show rotational Raman
lines of H,0O, and H,O molecules; thick arrows show Brillouin resonan-
ces.
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spectra of native DNA (0.4) and denaturated DNA (1.3)
shows that the H,0, concentration near the DNA
molecules increases by a factor of ~ 3 during denaturation.

Figure 4a presents the FWM spectra of a-chymotrypsine
protein aqueous solutions with the concentrations of
20 mg cm ™ and 10 mg em™> at room temperature. The
positions of the Brillouin resonances are shown by bold
arrows. One can see that the increase in the protein
concentration is accompanied by the shift of the Brillouin
resonances towards larger frequency detunings. We found
experimentally that the shift of the Brillouin resonance
frequency Avg in the aqueous solution as a function of
the relative protein concentration can be approximated by
the dependence:

Avg = 0.25 4 (5 x 10'0) P?, (4)

where P is the relative concentration of protein molecules in
the aqueous solution. In Fig. 4, the solid curve is the
calculation by (4) and points are the experiment.
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Figure 4. FWM spectra of the protein aqueous solutions with the

concentrations of 20 (/) and 10 mg cm ™ (2) (a) and dependence of the
Brillouin resonance shift in aqueous solutions on the protein concentra-
tions in the range from 0 to 1.5 ppm (b).

The Brillouin resonant frequency shift is found from the
expression [23]:

Avg = V(2nsing/2)/c2, ®)

where n is the refractive index; A is the wavelength of
incident light; ¢ is the angle between incident and scattered
waves; ¢ is the speed of light; and ¥ is the longitudinal

speed of sound in the sample under study. For the
parameters of MQ water at the room temperature, we
have n=1.33, ¥V, =1490m s ' and 2 =532 nmand ¢ ==
for our experiments conditions. Then, according to (5),
Avg = 0.25 cm™'. It is known that the speed of sound V,

depends on the adiabatic compressibility K, of the
substance [23]:
(Vs)2 = (sz)ila (6)

where p is the mean mass density in the investigated
volume. The noticeable increase in the speed of sound with
increasing protein concentration in the aqueous solution
(Fig. 4b) shows the corresponding decrease in the compres-
sibility (increase in the elasticity) of water after introducing
a-chymotrypsin protein molecules in the solution.

4. Discussion

Water is known to be a strongly associated liquid. Each
molecule of water can form up to four hydrogen bonds with
its neighbours. The average coordination number of
hydrogen bonds at room temperature is equal to 3.5 [24].
Our experiments show that four-wave mixing spectra of
water and aqueous solutions of biopolymers exhibit narrow
resonances whose frequencies (within the accuracy of the
instrumental function of the spectrometer) coincides with
the frequencies of rotational transitions in the ground
electronic and vibrational states of H,O and H,O0,
molecules. The increase in the resonance contribution of
the rotational transitions of H,O and H,O, molecules when
dissolving DNA molecules in water and denaturating DNA
in an aqueous solution reflects the fact that at the water—
biopolymer interface, there forms a layer of water, which
has properties different from those of water in the bulk, and
these properties experience further changes in the DNA
denaturation [2, 17, 18].

It is also well known [25, 26] that hydration of biological
molecules can lead to structurisation of water molecules of
the hydration shell into assembles similar to the crystal
lattice of hexagonal ice. This fact is qualitatively confirmed
in our experiments by an increase in the Brillouin resonance
shift and the corresponding increase in the solution com-
pressibility with increasing protein concentration in an
aqueous solution (Fig. 4). A similar increase in the Brillouin
resonance shift was observed in DNA after denaturation
(Fig. 3). Note that an increase in the erythrocyte concen-
tration in an aqueous suspension [10] is accompanied by a
decrease in the refractive index of water although the
refractive index of an erythrocyte is larger than that of
water. Zakharov et al. [10] interpreted this fact as the
formation of a hydration layer with an ice-like structure
because the refractive index of ice (n, = 1.309) is smaller
than that of water (1.333).

The FWM spectra of the aqueous solutions of biopol-
ymers exhibit an essential growth of the resonance
contribution in the FWM signal from the rotational lines
of the H,O and H,O, molecules compared to the corre-
sponding lines in FWM spectrum of water (Fig. 2). This fact
allows us to conclude that the molecules of biopolymers are
capable of increasing significantly the effective concentra-
tion of free H,O and H,0O, molecules in the hydration shell.
Note that a similar effect has been recently observed in
aqueous suspensions of single-wall carbon nanotubes [16]
with a hydrophobic surface.
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The cubic dependence of the shift of the Brillouin
components on the protein concentration in an aqueous
solution (Fig. 4b) shows indirectly that the hydration layer
is formed in the bulk around the protein molecule as in the
case of an erythrocyte [10]. Otherwise, if the layer were
formed along the given direction or the plane, the concen-
tration dependence of the shift would have a smaller
refractive index. Possibly, it is this fact (the thickness of
the hydration layer) that limits the solvability of proteins in
water and determines the saturation concentration at this
temperature. Obviously, the temperature rise will be accom-
panied by a ‘melt’ of the hydration layer, a decrease in its
thickness, which will lead to an increase in the saturation
concentration.

5. Conclusions

Thus, the four-wave mixing spectroscopy of proteins and
DNA in water and aqueous solutions has shown that
formation of the hydration shell of biomolecules is
accompanied by a noticeable restructurisation of hydrogen
bonds of water molecules. Some H,O molecules in the
vicinity of, obviously, hydrophilic residues of biomolecules
form an ice-like structure, which manifests itself in an
increase in the shift of the Brillouin components. In this
case, other H,O molecules upon rapture and formation of
new hydrogen bonds rotate freely, obviously, in the vicinity
of hydrophobic residues of biomolecules because an
increase in the intensities of rotational lines of H,O
molecules is observed in the hydrophobic carbon nanotube
suspension [16].

These conclusions agree with data on bulk water
obtained by small-angle X-ray scattering spectroscopy
[19], which simultaneously exhibits a characteristic peak
of tetragonal clusters and free molecules. In addition,
Pershin et al. [27] have recently observed the characteristic
components of (3320 cm™') hexameric (ice-like) and tetra-
meric (3450 cm™') clusters in bulk water in the envelope of
the OH band of stretching vibrations in the Raman spectra
of the second harmonic radiation of an Nd:YAG laser. It is
essential that when heating water to 99 °C the position of
these frequencies was preserved, while the amplitudes varied
out of phase: the contribution of hexameric clusters
decreased, while that of small clusters increased (as in [19]).
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