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Abstract

Ultrasonic absorption and velocity spectra in bovine serum albumin (BSA) aqueous solutions have been measured at
20C over the frequency range 0.2-3 MHz in the pH range 1.5-13.2. The high-Q ultrasonic resonator and pulse-echo
overlap methods were used. At acid pH's, excess absorption over that of 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 about 3 MHz resulted from the proton transfer

reaction of carboxyl group. At alkaline pH's, the excess absorption was explained by double relaxation. The relaxation
at about 300 kHz was associated with a helix-coil transition, and that about 3 MHz was attributed to the proton
transfer reaction of phenolic group. The rate constants and volume changes associated with these processes were

estimated.
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|. Introduction

The mechanism of ultrasonic absorption in protein solutions
has attracted considerable interest{14]). Because most protein
solutions reveal broadband absorption spectra which cannot be
described in terms of a single relaxation, the absorption
measurement should be made over a very wide frequency range
for quantitative discussion. To extend the frequency range below
1 MHz is especially desirable for this purpose.

Bovine serum albumin (BSA) is one of the typical and popular
proteins, and a number of ultrasonic works have been made on
BSA to understand the mechanism of ultrasonic absorption in
protein solutions[5-6] Kessler and Dunn[5] first measured the
absorption spectra up to 163 MHz over the pH range 2.3-11.8
The excess absorption below pH 43 and above pH 10 was
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attributed to conformational changes. Lang et al.[6], however,

showed that proton transfer reactions at the acidic and alkaline
side chains were responsible for the excess absorption peaks.
Hussey and Edmonds[7] calculated the contribution of proton
transfer reactions to absorption and obtained qualitative agreement
with the experimental data. Tt appears to be established that
significant contribution to the absorption peaks is attributable fo
the proton transfer reactions. However, the additional absorption
below pH 2 and the velocity minimum at pH 4.1[5] suggest the
contribution of conformational changes. Barnes et al measured
the absorption in the frequency range 200 kHz to 1 MHz using
a spherical ulirasonic resonator[8]. They showed that a maximum
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 transfer reaction at carboxyl
respectively. 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

and amino groups,
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theoretical relaxation curves.

This paper describes ultrasonic absorption in BSA aqueous
solutions over the frequency range 0.2-3 MHz in the pH range
1.5-13.2. The two excess relaxation peaks centered at about 200
kHz and 3 MHz observed in the actd pH region were attributed
to conformational changes and to the proton transfer reaction of
carboxyl group at the glutamic acid and aspartic acid residues,
respectively. The two relaxation peaks at about 300 kHz and 3
MHz observed in the alkaline region were attributed to a
helix-coil equilibrium, to the proton transfer reaction of the
phenolic group at the lysine residue.

{l. Experiments

Detail of the experimental apparatus have been described
elsewherg[2]. A standing wave established in the high-Q
ultrasonic resonator method with cylindrical side walls is probed
using the Raman-Nath light diffraction with an optical heterodyne
detection. The bandwidth of the resonance spectrum gives the
absorption coefficient of a sample liquid in the resonator. The
high quality factor attained with this resonator made possible the
reliable absorption measurements in the frequency range from
0.2-2 MHz. A pulse echo method was also used to measure
absorption at 3 MHz with careful correction for diffraction.

The crystallized and lyophillized sample of bovine serum
albumin (Sigma Chemical Co., A7906) was dissolved in distilled
water of chromatography grade to make solutions with the
concentration of 50 g/ {. The pH after the dissolution was 7.0 and
was adjusted to the desired values using IN solution of either
HCi or NaOH. The measurements were carried out at the pH's of
15, 2.1, 2.7, 3.5, 42, 7.0, 106, 10.9, 11.3, 11.6, 12.3, and 13.2
at the temperature of 20°C. The temperature was controlled
within 0.1°C.

Il. Results and Discussion

3.1. Analysis of the absorption spectra

Fig. 1 shows titration curves of ultrasonic absorption(affc)
obtained for 0.3 and 2 MHz. At 2 MHz, the peaks are seen,
which can be attributed to proton transfer reaction[6]. In the
alkaline region, the peak due to proton transfer reaction is
prominent. At 300 kHz, in the acid region, ultrasonic absorption

increases with decreasing pH, which suggest that another
relaxation mechanism operates. In the alkaline region, the width
of the peak is wider than that at 2 MHz. Here, we assume that
the titration curves are represented by the addition of
pH-dependent excess absorption to pH-independent absorption.
We calculated the excess absorption by subtracting the
experimental values at pH 7. The excess absoiption per
wavelength,

p= {a?) M (G’A}?_o,

is shown in Figs. 2 and 3 as a function of frequency for different
pH's. The excess absorption per wavelength can be represented
by the equation of double relaxation as follows[9];
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Fig. 1. zUltrasonic absorption titration of the boving serum albumin
solution at 200°C. The dash and dot lines represent the
absorption of 2 and 03 MHz, respectively,
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Fig. 2, Excess absorption per wavelength u versus frequency at acid
pH's, The solid lines represent double relaxation curves fitted
to the data, The arrows indicate relaxation frequencies for the
curve at pH 35 The symbols &, @, x, O and [_] represent
pH 15, 21, 27, 35 and 42, respectively,
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Here . ,, denotes maximum absorption per wavelength at the
relaxation frequency £, , f the sound frequency. The solid lines
in the figures represent the calculated ultrasonic relaxation spectra
from Eq (1). At pH's in the acid region, double relaxation curves,
represented by the solids lines, well fitted the excess absomption.
The arrows indicate relaxation frequencies for the curve at pH
L.5. We designate the lower and higher frequency relaxations to
be relaxation Al and A2, respectively. At pH's in the alkaline
region, double curves, represented by the solid lines in Fig. 3,
well fitted the excess absorption. The amows indicate relaxation
frequencies for the curve at pH 11.6. We designate the double
relaxations to be the relaxation Bl and B2, respectively.
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Fig, 3, Excess absorption per wavelength p versus frequency at alkaline
pH's. The solid lines represent double relaxation curves fitted to
the data. The arows indicate relaxation frequencies for the
curve at pH 116, The symbols O, @, x, &, ], and A
represent pH 106, 109, 113, 116, 123 and 13.2, respectively,
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Fig. 4. Titration curve of ultrasonic velocity at 1 MHz in the boving
serum albumin solution with the concentration of 50g/¢, The
solid line is drawn for a visual guide,
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Figure 4 shows the titration curve of ultrasonic velocity
measwred at | MHz with the high-Q ultrasonic resonator
method[9]. A minimum observed near pH 4 was also found by
Kesster and Dunn[5]. They related this minimum to the
conformational transformation between a compact rigid form of
the molecule and an expandable form. The velocity measurements
in HC! and NaOH solutions by Marks[10] indicate that the
increase in wvelocity at lower pH's and the large increase at
alkaline pH's are due to the effect of HCl or NaOH added to
adjust pH.

3.2. Kinetics of the proton transfer reactions.

The two relaxations at an acid pH have different pH
dependence as can be seen in Fig. 2. The maximum absorption
per wavelength 4 ... of the relaxation Al increases with
decreasing pH, while the relaxation A2 has a maximum at about
pH 2.7. 1t is theoretically predicted that the relaxation caused by
a proton transfer reaction should exhibit a maximum in g ., Vs
pH curve and a minimum in relaxation frequency f, vs pH curve.
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Fig. 5, The pH dependences of relaxation frequency for the proton
transfer relaxations A2 and B2, The solid lines represent the
theoretical curves calculated from Eq(3),
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Fig. 6, The pH dependences of maximum absorption per wavelength for
the proton transfer relaxations A2 and B2 The soiid fines
represent the theoretical curves calculated from Eq(4),



Table 1, The obtained values of pK's, rate constants, and volume
changes for the proton transfer reactions in BSA solutions,

pK  kiM's") Ko AV(em®/mol)
BSA
ASP/GLU 47  6,0x10° 1.3x10° 275
{w-carboxyl)
TYR 106  16x10° 6.0x10° 16.2
{phenolic)
Amino acid
L-lysine" 106  13x10" 47x10° 22
(e-amino)
L-tyrosine”™ 104  12x10" 3.2x10° -
(phenolic)

We therefore assume that the mechanism of the relaxation A2 is
the proton transfer reaction of carboxyl groups that are involved
in glutamic acid and aspartic acid residues. The quantity of these
two residues that can participate in the proton transfer reaction is
99 mole per mole of BSA[11]. BSA molecules have been
recognized to expand under acid conditions and finally to be
denatured at an extremely low pH[12). This and pH dependence
of the maximum absorption per wavelength in Fig. 2 suggest that
the relaxation Al is associated with some conformational
changes. In the alkaline region the relaxations B2 shows pH
dependences similar to that of the relaxation A2. Thus the
relaxations B2 is assumed to be due to proton transfer reactions.
The relaxation Bl may be related with conformational changes.

If proton transfer reaction is expressed as
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Fig. 7. The pH dspendences of relaxation frequency(C) and maximum
absorption per wavelength(@) for the relaxations A1 and B1, The
solid lines are drawn for a visual guide,

where X represents H' or OH|, the relaxation frequency f; and
maximum absorption per wavelength g .. are given by

22f, = kil ng + CtK), 3
ap Vil » KCy C,
#me= gy (4V) (KCO+ (K+ Co @

Here, ks and ks are the forward and backward rate constants,
respectively, K{(=kyki) is the equilibrium constant, Cp the
concentration of the relevant residue, C, the concentration of H
or OH, AV the volume change associated with the reaction, Vi
the velocity at low-frequency limit, and pthe density. Equations
(3) and (4) predict that fr takes a minimum and y . takes a

maximum at acid pH given by
pHa= -é— (PK-logCy), )
or at alkaline pH given by

pHb= —é (14 + pK + logCy), ®)

where pK = - logK. Figurcs 5 and 6 show the pH dependences
of the relaxation frequency and maximum absorption per
wavelength, for the relaxations A2, and B2, respectively. The
solid curves indicate the theoretical values calculated from
Egs.(3) and (4) with ks, K, and AV as fitting parameters. The
experimental values are in good agreement with the theoretical
prediction. Possible groups at which proton transfer reactions
would occur in the alkaline region are the amino group in lysine
(pKa = 10.0-10.4), the phenolic hydroxyl group in tyrosine (pKa
= 9.6-100), and the guanidinium group in arginine (pKa)
12.5)[13}. Since the expected pK of the guanidinium group is out
of the range that is interesting here, the contribution of the
guanidinium group should therefore be ruled oul. Proton-transfer
relaxations in amino acid solutions have been observed in lysing
and tyrosine[14). The relaxation frequency of the g-amino group
in lysine is higher than that of the phenolic group in tyrosine by
a factor of about three. It is, therefore, reasonable that the
relaxation B2 is assigned to the phenolic group. Bames et al(8]
reported that the absorption peak arising from the proton transfer
reaction of carboxyl group was observed at pH 3.2 around 400
kHz. This is one order of magnitude lower than the relaxation
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frequency in the present investigation. The absorption peak they
observed seems to be too nammow to be fitted to the theoretical
relaxation curve. The rate constants, pK's and the volume change
obtained from the fit are summarized in Table I. The titratable
quantity of the amino acid residues is also listed in Table [ . The
rate constants kr obtained are about one order of magnitude
smaller than those in the amino acid solutions. The ke for lysine
in BSA is comparable with ke=7.35x10°M's" in polylysine
measured in ref.{6]. The present result of AV for the amino group
is in agreement with that in amino acid by ultrasonic study[14].
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
V=27.5cm’/mol for the carboxyl group seems to be reasonable
compared with AV determined ultrasonically to be 8-50cm’/mol
i some catboxylic acids[15].

value of A

We have suggested in the preceding section that the relaxations
Al and Bl were associated with some conformational changes.
Figure 7 shows the pH dependences of the relaxation frequency
and maximum absorption per wavelength for the relaxation Al
and Bl. The relaxation frequencies for the relaxation Al is
almost constant, while that for the relaxation Bl exhibits a
minimum at about pH 11.6. The maximum absorption per
wavelength for the relaxation Al increases with decreasing pH,
while that for the relaxation B1 exhibits a maximum at about pH
11.6. Thus the pH dependences of 7, and g, are rather
different between (he relaxations Al and BI, though the
relaxation frequencies lic  in the 200400 kHz for both the
relaxations. Tanford et al showed that BSA molecules expand in
the ranges pH<4.3 and pH>10.5{16]. The present results in Fig 7
indicate that the relaxation Al is closely related to the expansion
of molecules. The velocity minimum found around pH 4 in Fig.
4 may be explained by the velocity decrease due to the expansion
and the following increase duc to the addition of HCI
Aggregation of BSA molecules has been observed at extreme pH
of both acid and atkaline regions[17]. It is unlikely, however, that
the aggregation is responsible for the relaxations Al and BI. If
the aggregatim was responsible, the pH dependences of £, and

# max I the alkaline region should show similar behavior as
those in the acid region. As for the relaxation Bl, a probable
mechanism is the perturbation of an equilibrium of helix-coil
transition. Schwartz[18] developed the kinetics of a helix-coil
transition and predicted that the relaxation time and relaxation
amplitude should exhibit a maximum at a certain pH, that is the
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midpoint of the transition.

TV. Conclusion

Broadband are essential to

understanding  relaxation phenomena occurring at various time

absorption  measurements
scales in biomolecular solutions. However, measurements are not
enough to clarify the whole relaxation mechanism. Especially the
accurate technique for measuring absorption higher than 10-100
MHz should be explored. A problem 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 cxcess value. We believe, however, that this
does not significantly change our conclusions though some
minute corrections would be needed in the rate constants and
volume changes estimated.

Acknowledgment

This work was supported by the Daegu University Research
Grant, 2005,

References

1, S, Nishikawa, T. Ghno, and H, Huang, "Ultrasonic absorption in
aqueous solutions of amino acids at neutral pH," J. Acoust. Soc,
Am, 113, 2884-2888, 2003,

2. J-R, Bae, J-K Kim, and M-H. Yi, “Ultrasonic velocity and
absorption measurements for polyethylene glycol and water
solutions,” Jpn_ J. Appli, Phys,, 39, 2946-2947 2000,

3. J-R Bae, “Uttrasonic velocity and absorption measurements in an
aqueous solution of poly {sodiumd-styrenesulfonate),” Macromoleculas
Research, 12, 559-563, 2004,

4, J-R Bae, "Ultrasonic velocity and absorption studies on gelation in
gelatin," Sea Mull KThe Korean Physical Socity), 51, 228-232, 2005,

5, W, Kessler and F. Dunn, "Ultrasonic investigation of the conformal
changes of bavine serum albumin in aqueous solution,” J. Phys,
Chem_ 73, 4256-4263, 1969,

6. J. Lang, C. Tondre, and R, Zana, "Effect of urea and other organic
substances on the ulirasonic absorption of protein solutions,” J.
Phys, Chem,_ 75, 374-379, 1971,

7. M, Hussey and P. D, Edmonds, "Proton transfer reactions: A
mechanism for the absorption of ultrasound in agueous solutions of
proteins,: J, Phys. Chem_ 75, 4012-4019, 1971,

8. C. Barnes, J. A Evans, and T_J Lewis, "Ultrasonic absorption of
bovine serum albumin solutions in the frequency range 60 kHz-160
kHz," J}. Acoust, Soc, Am_ 80, 1291-1296, 1986,

9. K. Takagi, Ultrasonic Handbook, Maruzen, Tokyo, 1999, Chap 6,



10, G. W, Marks, "Dependence of acoustic velocity in some aqueous
hydroxide solutions on temperature and concentration,”J, Acoust,
Soc. Am_ 32, 327-335, 1960,

11, W, D, O'brien, Jr, and F, Dunn, “Ultrasonic absorption mechanism in
agqueous solutions of bovine hemoglobin,” J, Phys, Chem. 76,
528-533, 1972,

12, C. Tanford, J. B, Buzzell, D, G, Rands, and S. A, Swanson, "The
reversible expansion of bovine serum albumin in acid solutions,” J,
Am_Chem, Soc, 77, 6421-6428, 1955,

13, C. R, Cantor and P, R, Schimmel, Biophysical Chemistry, W. H,
Freeman and Company, San Francisco, 1980, Chap 1.

14 H, Inoue, "Ultrasonic absorption in biopolymer solutions," J. Sci.
Hiroshima Univ, A-i1 34, 17-47, 1970,

15 T, Sano, T, Miyazaki, N, Tatsumoto, and T  Yasunaga, "Kinetic
studies of the dissociation and the recombination reaction in
aqueous solutions of monocarboxylic acids by means of ultrasonic
absorption measurements,” Bull. Chem. Soc. Jpn, 46, 43-47, 1973,

16, C. Tanford, S. A, Swanson, and W. S, Shore, "Hydrogen ion
equilibria of bovine serum albumin," J. Am_ Chem_ Soc. 77,
6414-6421, 1955,

17. E. J. Wiliams and J. F, Foster, “The aggregation of bovine plasma
albumin at low pH," J. Am_ Chem_ Soc. 82, 3741-3745, 1960,

18, G, Schwarz, “On the kinetics of the helix-coil transition of
polypeptides in solution,"J. Mol. Biol, 11, 64-77, 1965,

[Profile]
® Jong-Rim Bae
The Joumnal of the Acoustical Socity of Korea, vol 19, No, 4,

Ultrasonic Absorption Measwrements of Bovine Serum Albumin Solutions in the Frequency Range 200 kHz to 3 MHz 19



