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INTRODUCTION 

Brillouin scattering results from the interaction of light with sound waves. 
The Doppler shift of the scattered light is proportional to the speed of sound. 
Although Brillouin spectroscopy has been applied to biopolymers, collagen, 
and DNA fibers,lJ such studies are rare and restricted to dry and slightly 
hydrated samples. It is desirable, however, to measure elastic properties of 
biomolecules in solution, since drying may lead to structural changes and 
hydration is essential for functional integrity. Such data can be obtained from 
ultrasound methods3-'j at megahertz frequencies. Light scattering, however, 
probes gigahertz phonons and thus bridges the gap between Raman scattering 
and ultrasound. Conventional Brillouin spectroscopy is not accurate enough 
to extract the properties of macromolecules in solution, since the Brillouin 
shift is dominated by the solvent. The frequency shift of a 10% protein solution 
relative to the solvent is about 200 MHz. We developed a method that directly 
measures this difference in frequency using optical heterodyne detection. Bril- 
louin light scattered simultanously from the solvent and a protein solution is 
superimposed on a fast photodiode. The signal then oscillates with the differ- 
ence frequency. Enough photons for time-resolved measurements were pro- 
duced with a pulse laser leading to stimulated scattering. The laser generates 
Stokes phonons in the sample above a threshold of about 1 MW/cm2 by non- 
linear optoacoustic coupling. The result is exponential amplification of the 
initially weak Brillouin light. Stimulated Brillouin scattering has been studied 
extensively (for a review, see Ref. 7). The difference method was used to mea- 
sure the speed of sound in quartz for differently oriented crystals! 

We tested the method by measuring the sound velocity of several liquids 
relative to water. The results were in agreement with data obtained with 
spontaneous scattering. We also determined the apparent compressibility of 
lysozyme in solution at 2 GHz. The speed of sound, the adiabatic compressi- 
bility bad, and the density of a solution p are related by 

* This paper is dedicated to Dr. E. Liischer on the occasion of his 60th birthday. 
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The apparent compressibility of the protein p”,”” is calculated from the differ- 
ence in sound velocity and density between the solvent and the protein so- 
lutiong: 

where Po and po are the compressibility and density of the solvent, p p  and u 
are the apparent density and the volume fraction of the solute, respectively. 
The relative excess sound velocity (c  - co)/cou is determined to an accuracy 
of comparable with ultrasound.6 P;Pp is composed of two parts: the in- 
trinsic protein compressibility, P p ,  and a negative contribution due to bound 
water in the hydration shell3? 

where k is the volume ratio of bound water to protein. The compressibility of 
bound water Pbw is much smaller than P0.336 P, is a measure of volume fluc- 
tuations of the proteingJO: 

P, = m / K B T V  - a2T/c, (4) 

The second term arises from the conversion of adiabatic to isothermal pro- 
perties. It contains the coefficient of thermal expansion a and the volumetric 
specific heat. Changes of &PP can thus result from changes of dynamic prop- 
erties (h) or changes of hydration ( k ) .  

EXPERIMENTAL 

Lysozyme (chicken egg, Boehringer and Sigma, Grade II), 100 mg, was dis- 
solved in 1 mL of 0.1M phosphate or acetate buffer a t  the desired pH without 
further purification. Most of the protein was in a monomeric state, as judged 
from its diffusion coefficient by quasielastic light scattering. The density of 
the solvent and the solution were determined with a vibrating densitometer 
(accuracy, The apparent density of lysozyme p p  = 1.36 g/cm3 a t  20°C 
and the thermal expansion du,/dT = 3.10-4 cm3/K are close to literature 
values.6J2 Figure 1 shows a scheme of the Brillouin difference spectrometer. 
The single-mode pulse (30 ns) of a 2-MW ruby laser is split and focused on a 
thermostated double chamber containing the solvent and the protein solution. 
The light scattered from both samples travels back (0 = 180”) and interferes 
on a photodiode. The beat is registered by photographing the trace on a fast 
oscilloscope. The signal is digitized and Fourier-transformed. The difference 
frequency can be determined to an accuracy of 8 MHz. This is roughly a factor 
of 10 better than can be achieved with conventional interferometry. It is 
essential that  the frequency drift of the laser cancels exactly. 

RESULTS and DISCUSSION 

Figure 2 shows the interferogram and the real part of its Fourier transform. 
The Brillouin pulse follows the laser pulse (quasistationary conditions) but is 
modulated by the difference frequency. The linewidth of the difference spec- 
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E&l osc 

Fig. 1. Brillouin difference spectrometer: M, mirrors; BS, beam splitter; PD, pho- 
todiode (rise time, 0.2 ns); L, lens; OSC, oscilloscope. 
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Fig. 2. (a) Digitized interferogram: reference, water; sample, a 10% (w/w) lysozyme 

solution. (b) Fourier transform of the interferogram. 
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trum is determined by the length of the Brillouin pulse. The line at  zero 
frequency arises because the signal is positive everywhere. Figure 3 gives the 
difference Brillouin shift of a 10% lysozyme solution relative to water as a 
function of temperature. The difference frequency decreases with temperature 
but sharply increases again a t  the denaturation temperature of lysozyme. This 
temperature depends on the pH of the solution.13 The data indicate that our 
method is sensitive to structural changes of the protein. Figure 4 displays the 
temperature dependence of p ;PP relative to p, (= 4.55 x m2 N,-I water, 
20°C). The compressibility at  2 GHz near 20°C is smaller than that found at 
1 MHz, although there is a slight overlap of the error bars! We suggest as a 
tentative explanation that some volume fluctuations of the protein are frozen 
out a t  the higher frequency. The temperature effect resembles the pH den- 
aturation curve determined with ultrasound: an increase of ;pp with increas- 
ing pH and a drop at  the denaturation point.@ The increase was attributed 
to release of bound water due to neutralization of charges. Thermal release 
of bound water is more likely in our case, since the pH changes less than 0.1 
units in this temperature range. The contribution of the solvent to ~ ; P P  was 
estimated to be between 0.3 and 0.4 p,.3 The nonlinear change with temper- 
ature suggests a cooperative release of water with a large enthalpic and en- 
tropic contribution from the protein. A second possibility is an increase of 
volume fluctuations near the transition point. The thermal expansion coef- 
ficient of lysozyme exhibits a minimum in this temperature range.I2 The au- 
thors suggest a loosening of the protein structure. The drop of p ; p p  at the 
denaturation temperature is a measure of the intrinsic compressibility p, if 
the compressibility of the denatured form is small. The drop of 0.15 p, probably 
resulting from the loss of voids between elements of the secondary structure 
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Fig. 3. Brillouin difference shift A v  of a 10% lysozyme solution relative to water as 
a function of temperature: pH 3.5; 0, pH 4.2. 
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Fig. 4. Apparent compressibility of lysozyme (0) at 5 GHz, pH 3.5, relative to water 

at 20°C and data from Ref. 6 obtained at  1 MHz under similar conditions a). 

is close to the estimates obtained from pH denaturation of myoglobin with 
ultrasound. One has to keep in mind, however, that thermal denaturation of 
lysozyme does not yield completely disordered prod~cts. '~ 

CONCLUSION 

We have shown that time-resolved Brillouin scattering can be applied to 
macromolecules in solution. Frequency differences between 50 MHz and 2 
GHz can be determined to an accuracy of 8 MHz. The concentration of polymer 
needed (10%) is still quite high for biochemical applications. Improvement by 
a factor of 10 seems technically feasible. Application of the method to other 
problems, where small Brillouin shifts are invoived, is possible. The laser 
power has to be increased with increasing viscosity of the liquid, since the 
gain factor for stimulated scattering is proportional to the phonon lifetime. 

We are grateful to Dr. E. Liischer, Dr. P. Korpiun and D. Miiller for helpful discussions 
and technical advice. 
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