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Abstract : Ultrasonic absorption in bovine serum albumin(BSA) aqueous solutions(50 g/¢) has been
measured at 20C over the frequency range 0.1~100 MHz in the pH range 1.5~13.2. Three different
techniques were used : the plano-concave resonator, plano-plano resonator, and Bragg reflection
methods. At acid pH’s, excess absorption over that at pH 7 was explained by double relaxation. The
pH dependences of the relaxation frequency and maximum absorption per wavelength showed that
the relaxation at about 200 kHz was related to the expansion of molecules and that at 2 MHz resulted
from the proton transfer reaction of carboxyl group. At alkaline pH’s, the excess absorption was
explained by triple relaxation. The relaxation at about 200 kHz was associated with a helix-coil transi-
tion. and the two relaxations at 2 and 15 MHz were attributed to the proton transfer reactions of phe-
nolic and amino groups, respectively. The rate constants and volume changes associated with these

processes were estimated.

INTRODUCTION and therapeutic medicine presents a need for a
thorough understanding of the mechanisms of in-
The widespread use of ultrasound in diagnostic teraction of ultrasound and biological tissues. Nu-
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merous studies have been directed toward the
bulk ultrasonic properties of intact tissues.}?
These, and others, reveal the importance of pro-
teins in the determination of ultrasonic absorption.
34 In the case of bovine serum albumin(BSA)
specimens, for example, a number of ultrasonic
works have been made on BSA to understand the
mechanism of ultrasonic absorption in protein
solutions.? 1% Kessler and Dunn® first measured
the absorption spectra up to 163 MHz over the pH
range 2.3~11.8. The excess absorption below pH
4.3 and above pH 10 was attributed to conforma-
tional changes. Lang et al.® however, showed that
proton transfer reactions at the acidic and alkaline
side chains were responsible for the excess ab-
sorption peaks. It appears to be established that
significant contribution to the absorption peak is
attributable to the proton transfer reactions. How-
ever, the additional absorption below pH 2 sug-
gests the contribution of conformational changes.
Barnes et al.8 1 measured the absorption in the
frequency range 60 kHz to 1 MHz using a spherical
ultrasonic resonator. They showed that a max-
imum absorption per wavelength existed at 400
kHz in the acid region and at 3 MHz in the alkaline
region, and ascribed those to the proton trans-
fer reactions at carboxyl and amino groups, respec-
tively. Further they reported that another maxi-
mum at 70kHz for pH 4.2 could be ascribed to
structural relaxation such as that arising from a
helix-coil equilibrium. Their results are important
to investigate the mechanism, but lack quantitative
analysis. The absorption peaks they observed seem
to be too narrow to be fitted to the theoretical re-
laxation curves.

The greatest difficulty to be encountered in
measuring ultrasonic properties of protein solu-
tions lies in the fact that the relaxation region ex-
tends to a very wide frequency range. The fre-
quency range of previous experiments has been
confined to two orders of magnitude at the widest,
for example 1 to 100 MHz, because of experimen-
tal difficulties. In this situation, more extensive
and precise ultrasonic study is needed as functions
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of frequency and pH to gain clearer insight into
the relaxation mechanisms. This paper describes
ultrasonic  absorption measurement in BSA
aqueous solutions over the frequency range 0.1~
100 MHz in the pH range 1.5~13.2. The two ex-
cess relaxation peaks centered at about 200 kHz
and 2 MHz observed in the acid pH region were
attributed to conformational changes and to the
proton transfer reaction of carboxyl group at the
glutamic acid and aspartic acid residues, respecti-
vely. The three relaxation peaks at about 200 kHz,
2MHz, and 15 MHz observed in the alkaline re-
gion were attributed to a helix-coil equilibrium, to
the proton transfer reaction of the phenolic group
at the lysyl residue and to that of the amino group
at the tyrosyl residue.

EXPERIMENT

The crystallized and lyopillized sample of bovine
serum albumin(Sigma Chemical Co., A7638) was
dissolved in distilled water of chromatography
grade to make solutions with the concentration of
50 g/l. The pH after the dissolution was 7.0 and
was adjusted to the desired values using 1IN solu-
tions of either HCI or NaOH. The final concentra-
tion was, therefore, a little lower than 50 g/, but
the uncertainty did not exceed 3%. The measure-
ments were carried out at the pH’s of 1.5, 2.1, 2.7,
3.5, 4.2, 5.0, 7.0, 10.6, 10.9, 11.3, 11.6, 12.3, and 13.2
at the temperature of 20C. The temperature was
controlled to within 0.1C.

We used three experimental techniques for
measuring ultrasonic absorption to cover the wide
frequency range 0.1~100 MHz : a plano-concave
resonator in the range 0.1~2 MHz,!! conventional
plano-plano resonator in the range 3~10MHz,2
Bragg reflection method in the range 12~100
MHz.1?

The key apparatus of the present work is the
plano-concave resonator that covers the lowest
frequency range where the data have been scarce.
The method is briefly described here. A block dia-
gram of the new resonator method is shown in Fig.
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Fig. 1. Block diagram of the plano-concave resonator.

1. Standing waves are established in a cylindrical
cavity that is composed of 2 MHz quartz transduc-
er and a concave reflector. The diameter of the
cavity is 56 mm and the sample volume required
is 50 cm®. Using the Raman-Nath light diffraction,
a resonance spectrum is obtained with an optical
heterodyne detection system. The bandwidth of
one resonance curve gives absorption coefficient of
the sample liquid. The high-quality factor attained
with this resonator allowed the reliable absorption
measurements in the frequency range below
1 MHz, where the conventional plano-plano reso-
nator has poor accuracy. In the frequency range
3~10 MHz, we used the resonator of 28-mm dia-
meter with a flat reflactor instead of the concave
one.

RESULTS AND DISCUSSION

Analysis of the Absorption Spectra. Titration
curves of ultrasonic absorption(a/f2) obtained for
various frequencies are shown in Fig. 2. In the
acid region a peak is seen around 10 MHz, which
can be attributed to proton transfer reaction. At
frequencies below 1MHz, another peak appears
suggesting that another relaxation mechanism
operates. In the alkaline region, the peak due to
proton transfer reaction is prominent around 10
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Fig. 2. Three-dimensional representation of absorp-
tion as functions of pH and frequency.

MHz, and this peak broadens at lower frequencies.
Here, we asssume that the titration curves are re-
presented by the addition of pH-dependent excess
absorption to pH-independent absorption. We cal-
culated the excess absorption by subtracting the
experimental values at pH 7. The excess absorp-
tion per wavelength,

p= (o) g — ()7

is shown in Figs. 3 and 4 as a function of frequen-
cy for different pH’s. At pH’s in the acid region,
double relaxation curves, represented by the solid
lines, well fitted the excess absorption. The arrows
indicate relaxation frequencies for the curve at pH
2.7. We designate the lower and higher frequency
relaxations to be relaxation A; and A,, respectively.
At pH's in the alkaline region, triple relaxation
curves, represented by the solid lines in Fig. 4, well
fitted the excess absorption. The arrows indicate re-
laxation frequencies for the curve at pH 1L6.
We designate the three relaxations to be the rela-
xation By, B,, and B; in order of increasing fre-
quency.

Kinetic of the Proton Transfer Reactions. The
two relaxations at acid pH have different pH de-
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Fig. 3. Excess absorption per wavelength u versus
frequency at acid pHs. The solid lines represent dou-
ble relaxation curves fitted to the data. The arrows
indicate relaxation frequencies for the curve at
pH 2.7.
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Fig. 4. Excess absorption per wavelength y versus
frequency at alkaline pHs. The solid lines represent
triple-relaxation curves fitted to the data. The arrows
indicate relaxation frequencies for the curve at
pH 116.
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pendence as can be seen in Fig. 3. The maximum
absorption per wavelength .. of the relaxation
A, increases with decreasing pH, while that of the
relaxation A, has a maximum at about pH 2.7. It
is theoretically predicted that the relaxation caus-
ed by a proton transfer reaction should exhibit a
maximum in p.. vs pH curve and minimum in
relaxation frequency f, vs pH curve.!* We there-
fore assume that the mechanism of the relaxation
A, is the proton transfer reaction of carboxyl
groups that are involved in glutamic acid and as-
partic acid residues. The quantity of these two re-
sidues that can participate in the proton transfer
reaction is 99 mole per mole of BSA.'> BSA mole-
cules have been recognized to expand under acid
conditions and finally to be denatured at extre-
mely low pH.'® This and the pH dependence of the
maximum absorption per wavelength in Fig. 3 sug-
gest that the relaxation A, is associated with some
conformational changes. In the alkaline region, the
relaxations B, and B; show pH dependences simi-
lar to that of the relaxation A, Thus the relaxa-
tions B, and Bj are assumed to be due to proton
transfer reactions. The relaxation B; may be re-
lated with conformational changes.
If a proton transfer reaction is express as

k
A+X =B ey
ky

where X represents H* or OH™, the relaxation
frequency f, and maximum absorption per wave-
length u.., are given by

2nf, =y —— 1€, +K) @

K+C,

- KCC

npV§ 2
(4 KCy+ (K+C,)?

umax: 2RT (3)

Here, k; and &, are the forward and backward
rate constants, respectively, K(=ky/k) is the
equilibrium constant, C, the concentration of the
relevant residue, C, the concentration of H* or
OH ™, AV the volume change associated with the
reaction, V|, the velocity at low-frequency limit, p
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the density. Equations (2) and (3) predict that f;
takes a minimum and y, takes a maximum at
acid pH given by

1 .
pHa:E(pK~log Co), (4)
or at alkaline pH given by
1
pr:E(14+pK+10g Co). (5)

where pK= —log K. Figs. 5 and 6 show the pH
dependences of the relaxation frequency and max-
imum absorption per wavelength, respectively, for
the relaxations Ay, B, and Bj. The solid curves in-
dicate the theoretical values calculated from Eqgs.
(2) and (3) with kb, K, and AV as fitting parame-
ters. The experimental values are in good agree-
ment with the theoretical prediction. In the proc-
ess of the fit, the assignment of relaxation B, and
B, were made as follows. Possible groups at which
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Fig. 5. The pH dependences of relaxation frequency
for the proton transfer relaxations A,, B, and Bs. The
solid lines represent the theoretical curves calculated
from Eq.(2).
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proton transfer reactions would occur in the alka-
line region are the amino group in lysine(pKa=
10.0~10.4), the phenolic hydroxyl in tyrosine
(pK,=9.6~10.0), and the guanidinium group in
arginine(pK,>12.5). Since the expected pK of the
guanidinium group is out of the range that is in-
teresting here, the contribution of the guanidinium
group should be ruled out. Proton-transfer relaxa-
tions in amino acid solutions have been observed
in lysine!”!® and tyrosine.!” The relaxation fre-
quency of the e-amino group in lysine is higher
than that of the phenolic group in tyrosine by a
factor of about three. It is, therefore, resonable
that the lower-frequency relaxation B, is assigned
to the phenolic group and the higher-frequency
relaxation B, to the g-amino group.

Barnes et al.® reported that the absorption peak
arising from the proton transfer reaction of carbo-
xyl group was observed at pH 3.2 around 400 kHz
that is one order of magnitude lower than the re-
laxation frequency in the present investigation.
The absorption peak they observed seems to be
too narrow to be fitted to the theoretical relaxation
curve. Since their measurements were limited up
to 1 MHz, they might have overlooked the relaxa-
tion in the MHz region.
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Fig. 6. The pH dependences of maximum absorption
per wavelength for the proton-transfer relaxation A,
B. and B,. The solid lines represent the theoretical
curves calculated from Eq.(3).
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Table 1. The Obtained Values of pK’s, Rate Constants, and Volume Changes for the Proton Transfer Reactions
in BSA Solutions. Here, n Represents the Quantity of Titratable Residue Per 1 Mol of BSA. The Values in Poly-
peptide and Amino Acid Solutions are Listed for Comparison

oK ky, AV n
M1shH (sH (cm®/mol)  (mol/mol BSA)
BSA
ASP/GLU(w-carboxyl) 4.7 49X 10° 10X 10 275 99
LYS(&-amino) 11.0 57X10° 51X 108 19 57
TYR(phenolic) 11.0 1.0x10° 1.1x10° 18 19
Polypeptide
Poly-lysine®*(g-amino) 10.2 74%10° 1.3 10° 24
Amino acid
L-lysine®(&-amino) 10.6 1.310* 4.7X10° 22
lysine* 24X10" 20
L-tyrosine®(phenolic) 104 1210 3.2X10°

4 Reference 19
b Reference 17
¢ Reference 18

The rate constants, pK’s and the volume
changes obtained from the fit are summarized in
Table 1. The titratable quantity of the amino acid
residues is also listed in Table 1. The rate con-
stants k; obtained are about one order of magni-
tude smaller than those in amino acid solutions.
The & for lysine in BSA is comparable with &=
7.35x10°Ms? in polylysine measured by Zana
and Tondre!® They dicussed the comparison of
the rate constant between amino acid and poly-
peptide. The difference in the diffusion coefficient
of the reacting species and steric effects may ex-
plain the smaller rate constant in polypeptide and
protein. It should be noted that the proton transfer
reactions of amino and phenolic groups in BSA
may interact with each other since the time ranges
of both reactions are close. This interaction may
result in some modification of the rate constants.
Dilatometric measurements have shown that the
volume changes accompanying the proton transfer
reactions of carboxyl group and amino group in
protein are about 11 cm®/mol and 18 cm®/mol, res-
pectively.?® The agreement with the present re-
sults is good for the amino group, though poor for
the carboxyl group. The present result of AV for
the amino group is in agreement with that in

Z2|0f A1778 A3%E 1993 5¢

amino acid and polypeptide by ultrasonic studies.
1719 There have been no ultrasonic studies on the
volume change for the w-carboxyl group at the
glutamic(or aspartic) acid residue and for the
phenolic group. The present value of AV=27.5cm
3/mol for the carboxyl group seems to be reasona-
ble compared with AV determined ultrasonically
to be 8~50 cm®/mol in some carboxylic acids.2+?

The Relaxations Due to Conformational
Changes. We have suggested in the preceding sec-
tion that the relaxations A; and B, were associated
with some conformational changes. Fig. 7 shows
the pH dependences of the relaxation frequency
and maximum absorption per wavelength for the
relaxations A; and B;,. The relaxation fre-
quency for the relaxation A; is almost constant,
while that for the relaxation B; exhibits a mini-
mum at about pH 11.6. The maximum absorption
per wavelength for the relaxation A; increases
with decreasing pH, while that for the relaxation
B, exhibits a maximum at about pH 11.6. Thus the
pH dependences of f, and u,, are rather different
between the relaxations A, and B, though the re-
laxation frequencies lie in the 200~300kHz for
both the relaxations. Tanford et al.® showes that
BSA molecules expand in the ranges pH<4.3 and
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Fig. 7. The pH dependences of relaxation frequency
(O) and maximum absorption per wavelength(@)
for the relaxations A; and B;. The solid lines are
drawn for a visual guide.

pH>105. As the pH is reduced below 3.6, the
molecules take the F form, which is proposed by
Aoki and Foster,?* as a result of further expansion
and unfolding. These observations and the present
results in Fig. 7 indicate that the relaxation A; is
closely related to the expansion of molecules.
Aggregation of BSA molecules has been observed
at extreme pH of both acid and alkaline regions.?®
It is unlikely, however, that the aggregation is
responsible for the relaxation A; and B,. If the ag-
gregation was responsible, the pH dependences of
f, and y,, in the alkaline region should show
similar behavior as those in the acid region.

As for the relaxation B;, a probable mechanism
is the perturbation of an equilibrium of helix-coil
transition. Schwartz?® developed the kinetics of a
helix-coil transition and predicted that the relaxa-
tion time and relaxation amplitude should exhibit
a maximum at a certain pH that is the midpoint
of the transition. On the basis of the Schwartz
theory, Inoue?’ attributed the relaxation observed
around 200 kHz in sodium poly-a D-glutamate so-
lutions to the helix-coil transition, and obtained
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the rate constant for helical growth to be kp=4.4X
10°s! and the volume change associated with the
transition to be AV=12-cm%/mol residue. Barkes-
dale and Stuehr® also reported kp= (8 5) X 107s’]
and AV=09~14 cm*/mol residue for the helix-
coil transition in poly-L-glutamic acid solutions.
Assuming that the helix-coil transition is responsi-
ble for the relaxation B,, we can estimate the
values of £ and AV from the peak values of £, and
Umax Using the equiations given by Schwartz and
0=0.5%103, a measure of the degree of difficulty
of nucleation. Thus we obtained kp=6.3X10"s"
and AV=0.39-cm®*/mol residue. The value of kg
agrees well with those obtained by Inoue and Bar-
kesdale et al. The value of the volume difference
per mole of residue is about one third comparad
with those by Inoue and Barkesdale e/ al This
disagreement is explainable if one considers that
not all residues suffer the helix-coil transition in
BSA though all residues suffer the transition in
poly-L-glutamic acid. In calculating AV, we used
the number of all the residues of BSA as the con-
centration of participating residues. This concent-
ration should be smaller in reality.

CONCLUSION

We have demonstrated that broadband absorp-
tion measurements over three orders of magnitude
are essential to understanding relaxation pheno-
mena occuring at various time scales in biomole-
cular solutions. However, these measurements are
not enough to clarify the whole relaxation mecha-
nisms. Especially the accurate technique for
measuring absorption lower than 100 kHz with
small sample volume should be explored. A prob-
lem underlying the present analysis may be the
assumption that the absorption at acid and alkaline
pH’s is represented as a simple summation of the
value at neutral pH and its excess value. Confor-
mational changes induced by pH change may vary
the degree of hydration, which negates this as-
sumption. We believe, however, that this does not
significantly change our conclusions though some
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minute corrections should be needed in the rate

Cco

nstants and volume changes estimated.
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