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ABSTRACT Deconvolution of ultrasonic
data into single relaxations is rarely
feasible when only the absorption or
the velocity of the waves is measured.

Here we use both series of data to
construct a Cole-Cole diagram for a
solution. When applied to a-chymotryp-
sin, this method shows two relaxations

that are well separated on the time
scale, a result that will help simplify
analyses of the ultrasonic data for this
enzyme.

INTRODUCTION

The simultaneous exploitation of ultrasonic absorption
and velocity data described here was stimulated by recent
work with biological molecules and supramolecular
assemblies. Among the results of interest are: (a) the
observation in viruses and viral capsids of relaxation
effects that are specific to the assembled system (1-4);
(b) the observation in a-chymotrypsin of an ultrasonic
absorption that is large at neutral pH (5), contrary to
most known absorption effects in proteins, whose peak
values occur at acidic or basic pH.

In the experiments with viruses, the ultrasonic absorp-
tion was larger in the tobacco mosaic virus protein helical
aggregate than in smaller aggregates by a factor of 4
throughout the frequency range investigated (3,4); this
result, and the fact that no dependence of the ultrasonic
absorption on pH was found, were interpreted in terms of
enhanced volume fluctuations taking place in the helical
protein aggregate (4). In the experiments with a-chymo-
trypsin the ultrasonic absorption was larger in the enzyme
than in the zymogen and in the inhibited enzyme, by
factors of 8 and 3 respectively. These results led to the
conclusion that a proton-transfer reaction involving the
histidine at the catalytic site is the primary source for the
ultrasonic relaxation in a-chymotrypsin at neutral pH
(5).

Deconvolution of a spectrum into single relaxation
processes was not a primary objective here, since different
states of assembly, or different conformations of a mole-
cule, were compared with each other. It would, neverthe-
less, be valuable in these experiments to be able to
determine the relaxation frequencies and amplitudes.
This is obviously not feasible in ultrasonic experiments
when only the absorption or only the velocity of the waves
is measured over little more than a decade in frequency,
except possibly in particular instances when strong argu-

ments exist for postulating a single relaxation process in
the frequency range investigated.

Clearly, it is advantageous to measure both the velocity
of the ultrasonic waves and their absorption. However,
the advantage to be gained is more than just that two
quantities are measured instead of only one. This follows
because velocity measurements gain in sensitivity relative
to absorption measurements as the frequency is increased,
whereas the opposite is true when the frequency is
decreased. For a single relaxation process, using the
symbol 8, for the change of a measurable over a given
frequency interval, the change in velocity, dy¢, and the
change in absorption divided by the square of the frequen-
cy, 8y(a/N*?), are related by this equation (reference 6):

dy¢ N, o
‘71‘*(?)’ W

where N, is the relaxation frequency. For a dilute solu-
tion, the velocity ¢ in the denominator of the left hand side
of Eq. 1 is practically equal to the value ¢, of ¢ in the
solvent. It is seen that dyc¢ increases in absolute value
relative to 8y(a/N?) when the relaxation frequency is
increased.

High frequency relaxation effects were, indeed, char-
acterized using velocity measurements under conditions
in which no relaxation can even be observed using absorp-
tion measurements. An example is provided by solutions
of polystyrene (7) for which the velocity was found to be
molecular-weight-dependent above 30 MHz, ie., in a
frequency-range where the excess absorption due to the
solute is too small to be measured.

The object here is to show, using both ultrasonic
absorption and velocity measurements, that in a-chymo-
trypsin at neutral pH the ultrasonic relaxation observed in
the megahertz range is well separated from other pro-
cesses, and can therefore be characterized using absorp-
tion measurements only.
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SIMULTANEOUS EXPLOITATION OF
ULTRASONIC ABSORPTION AND VELOCITY
DATA FOR SOLUTIONS

Either spectrum (the velocity or the absorption) can in
principle be obtained from the other by using the Kram-
ers-Kronig relationships. In practice, however, this opera-
tion requires data extending from nearly zero to nearly
infinite frequency. If data are available only in a
restricted frequency range, the transformation of one
spectrum into the other is not model-independent. To
operate the transformation, one must know the relaxation
characteristics, i.e., the actual relaxation frequencies and
amplitudes one is looking for.

On the contrary, by using the Cole-Cole representation
(8), in which the absorption is plotted against the velocity,
both series of data are combined together in a single
diagram, the only requirement being that the velocity and
the absorption at infinite frequency have been either
measured or determined by extrapolation.

The principle of plotting the imaginary part of a
measurable quantity against its real part was first used by
Cole and Cole in studies of dielectric relaxation, and by
Casimir, et al. (9) in studies of paramagnetic relaxation.
In each case, including ultrasonic spectroscopy, the relax-
ation equations provide a parametric representation of the
Cole-Cole curve. The parametric variable is w7, in which
w is the circular frequency and 7 is a relaxation time.
When the process consists of a series of discrete relaxa-
tions, 7 may be one of the relaxation times; when the
process consists of a continuous distribution of relaxa-
tions, r may be some mean relaxation time.

The parametric variable wr may be varied by changing
the frequency w, and, in principle, also by changing the
relaxation time 7, e.g., by varying the temperature. There
is, however, in the latter procedure an obvious risk that
the relaxation spectrum may be affected by the change of
temperature.

Ultrasonic Cole-Cole diagrams were obtained by
Kneser for gaseous oxygen, from measurements at dif-
ferent frequencies and pressures P, using the reduced
variable N/P (10,11). Ultrasonic Cole-Cole diagrams for
liquids were obtained by Sette and Litovitz for glycerol
(12) and by Labbardt and Schwarz (13) for an aqueous
solution of imidazole and maleic acid. In the work on
glycerol, the small number of ultrasonic data available as
a function of frequency did not allow for analysis based on
variation of w, and only the temperature variation was
used. In Labbardt and Schwarz’s work, the variable
plotted on the abscissa is twofold too small (compare with
Egs. 10 and 11), so that either paper (13) contains a
printing error, or the occurrence of a half-circle in the
Cole-Cole plot must be spurious.

In preparation for the study of an enzyme in the next
section, the Cole-Cole procedure is here adapted to the
analysis of data for solutions. In order to take advantage
of the sensitivity of differential measurements of the
velocity at high-frequency, we used the excess compressi-
bility 8 over its high-frequency value §.:

1 2w |a
5I3=!3—!3m=5(;c5)——5(—2)s 2

pc \w

rather than the excess of 8 over its zero-frequency value
B, In Eq. 2, p is the density of the liquid and i = v—1.
With the exception of AV'in Eq. 5, 6 and A are used for the
excess of a measurable quantity over its high-frequency
value and over its value in the pure solvent, respectively.
For a single-relaxation process, the excess compressi-
bility at the frequency w is:
Bo — B.
¥ T er ®
where 7 is the relaxation time. By virtue of the fluctua-
tion-dissipation theorem, ultrasonic relaxation experi-
ments provide a measurement of the fluctuations of the
system (14). For the excess compressibility produced by
the solute we thus set:
S
ABy — AB. = T O]
where ¢y is the number of molecules per unit volume, k is
Boltzmann’s constant, 7 is the absolute temperature, and
S is related to the chemical fluctuations. For example, for
a unimolecular process, if there are u identical indepen-
dent two-state relaxing systems per molecule, in an aque-
ous medium, S is the sum of volume fluctuations per
molecule (14):

S = u(AV)? (5)

(1+K)?

and is proportional to the square of the reaction volume
AV K is the equilibrium constant.
When the solvent is nonrelaxing we have:

6c=c—c.=Ac — Ac, (6)

A A
b5 o

and the dispersion equations are:

é¢ pcey S
—— 8
A  2kT (1+?7) &)
o pccyST
- 9
8 (wz) 2kT (1 +w’r?) ®)
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Eqgs. 8 and 9 may be rewritten:

2kT dc S
'~ R = = 10
R = R(x) P Pl W (10)
2kT w (/) Swr
= 2.2 aan
pC Cyy 1 + w7

R’ = R"(x) _

and they provide a parametric representation in terms of
the variable x = w7 of the Cole-Cole curve R”(R’). The
quantities R' and R” are proportional to —dc/c* and
w 8(a/w?), respectively, with the proportionality factor
y = 2KT/(pc cu).

For n nonidentical relaxation processes we write Eqs.
12 and 13, instead of Eqgs. 10 and 11:

- S

- — 12

R jé—{ 1 + w¥rf? (12)
2 Swr

R" = e Redid 8 13

and any of the wr’s may be chosen as the parametric
variable x.

For a single relaxation process, the Cole-Cole diagram,
as is known, is a half-circle (R” > 0) of equation:

S\ s?
( - 5) + R = (14)

The circle is centered on the R’-axis and its diameter is
equal to S. This diagram is represented in Fig. 1, where
the points wr = 0, 1 and « are shown.

When several relaxation processes are present, if the
highest and lowest relaxation times are each well sepa-

-1
cm s

10

2

w8/ ) x10

-1 »
‘R=

Y

1 1 Il 1
0 1 2 3 4 5 6 7

v'R'=- (8c/c?) x 100 cm’s

FIGURE1 Acoustic Cole-Cole diagram for a single-relaxation process.
The proportionality factor vy is defined in the text.

rated from all other times, i.e., if:
Ty Ty> . ..> Ty DT,

the Cole-Cole curve approaches half-circles at both ends
of the frequency-scale. When wr, « 1, Egs. 12 and 13
indeed reduce to Eqs. 15 and 16:

S

R - gs, g (15)
R = f;—?ﬁ (16)
so that:
(R’ - is, - %)2 + R? = S{. a7
j=2

Similarly, for wr,_, » 1, the sums in Egs. 12 and 13
reduce to their nth term, and:

Sll 2 2 S'z‘
(R'—7)+R -3 (18)
The zero-frequency point:
R=Y S-S (19)
j=1

here gives the sum S of the normal-mode factors S}, and
for a unimolecular process, in an aqueous medium, S is
again the sum of volume fluctuations per molecule (14).
Theoretical curves are shown for two relaxations in Fig.
2. The slowest relaxation is numbered 1, and the theoreti-
cal curves are drawn for the values of S}, shown in Table
1, that give the best fit to the experimental data for
chymotrypsin (see the following section). The parametric
variable is x = wr|, where 7, is the slowest relaxation time.
Each curve in Fig. 2 corresponds to a value of p = 7,/7,.

1 10 -1
Y »R:—(Ec/cz)x 10 cm s

FIGURE 2 Acoustic Cole-Cole diagram for two relaxation processes.
The values of S, and S, are those given in Table I, last row, for a solution
of a-chymotrypsin. The values of p = 7,/7, are shown in the Figure.
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APPLICATION TO a-CHYMOTRYPSIN

Ultrasonic absorption-values « of solutions, and o, of
solvents were measured using an Eggers resonator (15)
between 0.5 and 5.5 MHz, and a pulse technique between
25 and 95 MHz. Ultrasonic velocities were measured
between 0.5 and 70.2 MHz using a phase comparison
method (16).

All solutions were degassed before measurement, chy-
motryptic activity was checked after each ultrasonic
measurement by following the course of N-succinyl-
L-phenylalanine p-nitroanilide hydrolysis, according to
Bieth et al. (17).

In Fig. 3 a/N? is shown for a 2 x 10~* M solution of
a-chymotrypsinin a 1/15 M phosphate solvent, pH = 7.3,
at 25°C (filled circles) and for the solvent (open circles).
Fig. 4 shows the velocity of the waves ¢ to within an
additive constant for the same solution (filled circles) and
for the solvent (open circles). The following estimates
were made for the high-frequency values of a/ N?* and of
Ac:

(1%) —25510""scm™

(Ac). = 21.5cms™".

In Fig. 3 the best fit of two relaxations to the a/ N? values
(continuous line) is also shown. The relaxation times 7,
and 7, and the amplitude factors S, and S, are given in the
first row of Table 1. Similarly, in Fig. 4 the best fit of two
relaxations to the velocity data (continuous line) is shown.
The corresponding parameter values are given in the
second row of Table 1.

FREQUENCY MHz

TABLE 1 Parameters derived by deconvolution of
ultrasonic data in chymotrypsin solutions

T T, S, S,
MS cc/mol’
Absorption only 0.15 0.008-0.016 725 1,250-626
Velocity only 0.053 0.016 873 393
Cole-Cole 0.13 0.010 824 660

Parameters are derived by using: (@) the ultrasonic absorption data only;
(b) the ultrasonic velocity data only; (c) the Cole-Cole representation of
both sets of data. In the third row, 7, represents the average value 7,,,
defined in the text.

From these parameter values, that stem from the
velocity data, an absorption curve was calculated, using
Egs. 8 and 9, but written with two relaxation terms. The
result is shown in Fig. 3 as a broken line. Similarly, in Fig.
4 the broken line shows the velocity curve transformed
from the absorption data of Fig. 3, using the parameter
values given in the first row of Table 1.

Clearly, the fitting of two relaxations to either only the
absorption or only the velocity data leads to errors in the
parameter values.

In Fig. 5, each experimental point corresponds to a
measured value of «, at a frequency N. When the velocity
dc was not available at the same frequency, the value of 5¢
at this frequency N was determined by interpolation
between values of dc, measured for two values of the
frequency near to V.

The Cole-Cole curve of Fig. 5 was obtained using the
following procedure. Two relaxations were assumed, and
approximate values of S, S,, and of p = 7,/7, were
estimated from the experimental plot, remembering that
S| + S, is equal to the total length of the Cole-Cole curve
and that the maxima of the curve are obtained for w close
tor,”' and 7,7, respectively.

~1

cms

VELOCITY

0. 1
s SerequencY CmH: 30 Too

FIGURE3 Values of a/ N* for a 2 x 10~* M solution of a-chymotrypsin
ina 1/15 M phosphate solvent, pH = 7.3 at 25°C (filled circles) and for
the solvent (open circles). The continuous line is theoretical for two
relaxations. The broken line is transformed from the velocity data of Fig.
4 (see text). The dotted line is hand-drawn for the buffer.

FIGURE 4 Velocity of propagation of ultrasonic waves ¢ to within an
additive constant. Conditions are the same as in Fig. 3. The filled circles
are for the solution of a-chymotrypsin; the open circles are for the
solvent. The continuous line is theoretical for two relaxations. The
broken line is transformed from the absorption data of Fig. 3 (see text).

652 Biophysical Journal

Volume 55 April 1989



-1

cm 8
»

w~6(a/w’)xxo

-1 A

¥

vLR==(8c/ct) x 10" cm’s

FIGURE 5 Experimental ultrasonic Cole-Cole diagram for a-chymo-
trypsin solution under the same conditions as in Figs. 3 and 4. Theoreti-
cal curve is for two relaxations and for the parameter values of Table I,
last row.

Equating the experimental and calculated values of
—dc/c? then resulted in a value of x = wr,, thus of 7, for
each experimental point in Fig. 5. The mean value 7, of
1, and the normalized standard deviation ¢, of 7, were
determined; 7, was obtained from the values of =, and p.
The normalized standard deviation o, of w &(a/w®) was
also calculated, and so the parameter values could be
improved by optimization. Consideration of o, alone
would lead to a value of p closer to 0.05 than to 0.08
(compare Figs. 2 and 5). The consideration of ¢, and o,
however, leads to the results shown in Fig. 5 and in Table
1, last row, in which the value of 7, is the average value 7,
of the slow relaxation time.

The parameter values determined from the Cole-Cole
diagram are seen to represent well both the data for the
absorption (Fig. 6) and for the velocity (Fig. 7). The
remaining discrepancies that are observed between the

(x/N2 x 10" sZcm™!

0.5 1 3 10 30 100
FREQUENCY MHz

FIGURE6 Same a/N? values as in Fig. 3. The continuous line is
theoretical for the parameter values of the last row of Table I (Cole-Cole
values).

cms

VELOCITY

0.5 1 3 10 30 100
FREQUENCY MHz

FIGURE7 Same values of the velocity as in Fig. 4. The continuous line
is theoretical for the parameter values of the last row of Table I
(Cole-Cole values).

calculated and experimental values of the velocity in Fig.
7 cannot be removed by the consideration of additional
relaxations. Adding relaxations, indeed, would result in
increasing the discrepancy between calculated and exper-
imental values in the Cole-Cole diagram of Fig. 5.

Rather, those discrepancies are likely to manifest sys-
tematic measurement errors. Thus, at frequencies
between 1 and 3 MHz the measured velocity seems too
low by ~2 cm s' in Fig. 7. One can then notice that a
higher value of the velocity in this range of frequencies is
also required to improve the agreement between the
measured and calculated values in the Cole-Cole diagram
of Fig. 5.

CONCLUSIONS

The parameters for the high frequency relaxation, 7, and
S,, are poorly determined from absorption measurements
only, as shown by the first row of Table 1. Moreover, the
preceding discussion has shown that the accuracy of
velocity measurements still needs to be improved.

Nevertheless, in combining both the absorption and
velocity data in a Cole-Cole diagram, improved parame-
ter values were obtained, as shown by the fits in Figs. 6
and 7.

In view of further studies of a-chymotrypsin in solu-
tion, two conclusions are worth noting. (@) Only two
relaxations are in evidence in the frequency range that
was investigated. These relaxations are well separated on
the time scale (r,/7, > 10). (b) In the example considered

'Between 6 and 20 MHz the measured velocity is in excess compared
with the calculated value in Fig. 7. These frequencies, however, are
between the ranges of our Eggers and pulse devices; therefore no
experimental point is available for those frequencies in the Cole-Cole
diagram of Fig. 5.
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here, the errors on 7, and S, from absorption measure-
ments are <15%, as shown by comparison of the first and
last rows of Table 1. The low frequency relaxation can in
this case be fairly well characterized by absorption mea-
surements only.

Received for publication 25 july 1988 and in final form 29
november 1988.
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