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Abstract. The acoustic absorption of protein solu- 
tions in the presence of phosphate and other buffer- 
ing ions has been studied in the physiological pH 
range. Buffers containing hydroxyl residues as titrat- 
able groups cause a pronounced increase of protein 
sound absorption, which is attributed to relaxation 
processes of proton transfer reactions between buffer 
ions and accessible imidazole and ~-amino groups of 
the protein surface. Amino group based buffers like 
Good's buffers do not induce additional sound 
absorption. Measurement of the ultrasonic absorp- 
tion as a function of pH and of buffer concentration, 
and corresponding parameter fitting of the equation 
describing proton transfer relaxation processes has 
been used to evaluate equilibrium parameters. For 
the imidazole group of the amino acid histidine a 
pK value of 6.22 and for the imidazole group of the 
protein lysozyme a pK value of 5.71 have been 
determined. In hemoglobin the ligand-linked pK 
changes have been monitored by recording ultra- 
sonic titration curves. 
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Introduction 

In a previous investigation of the ligand-linked 
ultrasonic absorption of hemoglobin it was observed 
that the absorption coefficient of hemoglobin solu- 
tions in the neutral pH range was altered drastically 
in the presence of inorganic phosphates (Jfirgens 
et al. 1980). Excess sound absorption of a protein 
solution caused by inorganic phosphate has also 
been observed by Slutsky et al. (1984), who studied 
ribonuclease. Sound absorbing mechanisms arising 
from interactions between proteins and phosphate 
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ions are of considerable interest since inorganic 
phosphates are widely used as buffers in protein 
chemistry and organic phosphates play a dominant 
rQle in the regulation of protein function as well as 
being substrates for enzymes. In the MHz frequency 
range, chemical relaxation processes are major con- 
tributors to the measured sound absorption (Lang 
et al. 1973). Of particular interest are proton-transfer 
relaxation processes since sound absorption caused 
by these processes can be used to determine the 
equilibrium parameters of titratable groups. A gen- 
eral description of dynamic titration methods has 
been outlined by Winkler-Oswatitsch and Eigen 
(1979). In the present study we have developed a 
model for proton transfer processes involving pro- 
tein side chains and buffer anions, which allows the 
calculation of the pK values, reaction rate constants, 
and reaction volumes from the pH and concentra- 
tion dependence of the ultrasonic absorption. The 
method has been applied to evaluate the systems 
histidine-phosphate and lysozyme-phosphate, and to 
show oxygen-linked pK changes of hemoglobin side 
chains. 

Experimental 

Preparation of hemoglobin solutions, deoxygenation, 
and determination of protein concentration and 
oxygen content was performed as described pre- 
viously (Jfirgens et al. 1980). Aqueous solutions of 
egg white lysozyme (Serva), bovine milk fl-lactalbu- 
rain (Sigma), equine skeletal muscle myoglobin 
(Sigma), bovine serum albumin (Merck), and hemo- 
globin were prepared with a chloride concentration 
of 0.1 M. All buffer solutions were adjusted to the 
initial pH value of the protein solutions before 
being added. This was done for secondary phos- 
phate by mixing appropriate amounts of di-sodium 
hydrogen phosphate and potassium dihydrogen 
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phosphate (Merck). Pyrophosphate and phosphite 
were prepared by titrating diphosphoric acid or 
phosphorous acid (Riedel de Haen), respectively, 
with 0.1 M NaOH. Bis tris buffer (Sigma) and the 
zwitterionic buffers Tes (N-tris(hydroxymethyl)- 
methyl-2-aminoethanesulfonic acid) and Tricine 
(N- (2-hydroxy- 1,1-bis(hydroxymethyl) ethyl)glycine) 
(Promochem) were titrated with 0.1 M HC1 or 0.1 M 
NaOH, respectively. After adding the buffer solu- 
tions, the ultrasonic titration curves were recorded 
by an ultrasonic absorption measuring apparatus 
described previously (Jfirgens et al. 1980). 

Results and discussion 

As has been shown by Jfirgens etal. (1980) the 
specific ultrasonic absorption coefficient, Odmnb 
( m H b - - m o l a l  concentration of hemoglobin tetramer 
Hb4), of hemoglobin solutions increases at 1.88 MHz 
in the presence of inorganic phosphate (Pi) at a 
molar ratio of 10 : 1 (Pi: Hb) up to twice the value 
of phosphate-free hemoglobin solution of the same 
protein concentration. Ultrasonic absorption arising 
from phosphate-phosphate interactions can be ne- 
glected since we found that protein-free solutions of 
inorganic phosphate of comparable concentration 
exhibit only a very small sound absorption. 

The sound absorption of intact and urea-dena- 
tured proteins has been investigated by Lang et al. 
(1971), who studied lysozyme, fl-lactoglobulin, and 
bovine serum albumin. They found absorption 
peaks in the native as well as in the denatured state 
and concluded that the sound absorbing relaxation 
processes are caused by dissociative proton transfer 
reactions, in the lower pH range occurring between 
hydrogen ions and acid amino acids, and in the 
upper pH range between hydroxyl ions and alkaline 
amino acids. In the neutral pH range, where the 
phosphate-induced sound absorption occurs, direct 
proton transfer reactions between proton donating 
and proton accepting molecules can be the reason 
for considerable sound absorption. The buffering 
phosphate ions can interact with appropriate amino 
acid residues such as the imidazole groups of histi- 
dines and free a-amino groups on the surface of the 
protein (Slutsky et al. 1980, 1984). The proton trans- 
fer reactions would proceed according to the follow- 
ing reaction scheme: 

H + + HPO42- + = N -  + H 2 0  

kr 
H2PO~ + = N -  + H20 ~-- HPO~- + =~+ + H20 

ka2~x.~ k23 kb k2a,/'~ k~,~ 

H2POi + =N+ + OH- 

In the neutral pH range the concentration of hydro- 
gen and hydroxyl ions (cn, COH) is very small com- 
pared to the concentration of phosphate and imida- 
zole or e-amino groups (CHPO~- , CH~PO;, CN, CNH+ ). 
Therefore, only the direct transfer between phos- 
phate and protein contributes significantly to the 
sound absorption (Eigen 1964). At a pH around 7 
the reciprocal relaxation time for this bimolecular 
process is 

1/r = k f  (ffH~eO; q- CN) q- kb (CHPO4 2- q- CNH+) • 

Inserting the expressions for the equilibrium con- 
stant of the dissociation reaction of phosphate (Kp) 
and of the corresponding reaction partner (KN) as 
well as the expressions for the total concentrations of 
phosphate (Cph) and the reaction partner (Cpr), leads 
to the equation for the relaxation frequency 

_ k /  aH q- KN _i_ Cp r . (1)  
fR - ~ Cph an + ~  KN + gH 

The reaction rate constants, kf or kb, respectively, are 
expected to be determined mainly by the diffusion 
coefficient of the buffer molecule, which in general 
is much larger than the diffusion coefficient of the 
protein. 

The effect on sound absorption due to reaction 
enthalpies is negligible compared to the effect due 
to reaction volumes (A V) (Eigen and de Maeyer 
1963). Then the specific absorption coefficient is 
given by, 

U Q A V 2 k f  cEh f 2  

C~/Cpr-- 2RT  (I + K#aH) (I+aH/KN) f i + f 2 '  (2) 

where Q is the density and v the sound velocity of 
the solution, T is the temperature, R the gas con- 
stant, f t h e  measuring frequency. 

If the reaction partner is a protein containing 
more than one group which can participate in 
proton transfer with the buffer molecules, the reac- 
tions are coupled by the common buffer and a sys- 
tem of coupled equations results. In this case the 
relaxation frequency spectrum has to be calculated 
from the corresponding matrix. Only if all n groups 
have identical pK values and are sterically equally 
accessible (i.e. they have equal kf values) the spec- 
trum degenerates to one relaxation frequency. Then 
Cpr has to be replaced by n Cpr in Eq. (1) and the 
specific absorption coefficient of the protein is n 
times the value given by Eq. (2). 

Calculations of the ultrasonic absorption of 
single proton transfer relaxation processes, based on 
this model, have been performed with different 
donor pK values and a constant acceptor pK of 6.88 
for the secondary phosphate at a ionic strength of 
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0.1 (Fig. 1). They lead to the result that only amino 
acid side chains with pK values between 5 and 9 1c 
contribute significantly to the sound absorption in 
the neutral pH range. This means, in terms of I 0~ 
protein composition, that imidazole groups of histi- ~ 0~ 
dines and a-amino groups of the terminal valines ,2 t~ o4 

and to a lesser extent e-amino, 7-carboxyl, and thiol 0.~ 
groups with abnormal pK values are proper  part- 
ners of the phosphate ions for acoustically relevant 
proton transfer. Reactions of this type have also 
been proposed by Slutsky et al. (1980, 1984) as the 
basis for the excess sound absorption observed in 
aqueous solutions of  the antibiotic bacitracin and of 
ribonuclease buffered with inorganic phosphate. 

To prove the validity of this model, several 
experiments were carried out varying some parame- 
ters affecting the sound absorption. The number  of 
titratable amino acid side chains of the protein 
molecule (n) should have an influence on the ab- 
sorption coefficient. In fact proteins, which differ in 
their histidine content show a clear relation between I 6 
the number  of histidines and the magnitude of the 
sound absorption coefficient. Figure 2 shows the 

" q 4  
results for lysozyme (1 His), /~-lactalbumin (3 His), 
myoglobin (11 His), serum albumin (17 His), and 
human hemoglobin A (38 His). All solutions con- 2 
tained inorganic phosphate in a molar ratio of  10 : 1 
(P, : protein) and had the same molar protein con- 
centration. These results indicate that many imida- 
zole and ~-amino groups are probably accessible to 
phosphate ions and therefore must be regarded as 
potential contributors to the total phosphate-induced 
absorption. In the case of hemoglobin up to 22 histi- 
dine groups per tetramer are reported to be un- 
masked (Greenfield and Williams 1972; Ohe and 
Kajita 1980; Matthew et al. 1979; Russu et al. 1982). 

To check the influence of the pK value of  the 
buffer ion on the sound absorption, phosphate and 10 
other phosphorous containing compounds were 
added to solutions of  oxy and deoxyhemoglobin. 
Phosphite, the salt of phosphorous acid, has a pK "~ 
value of 6.4 (20°C,  I = 0 . 1 ,  Smith and Martell 
1976), which is about  0.5 pH units (A pK) lower q 6 
than that of phosphate. As shown in Fig. 3, the 
maximum of the ultrasonic titration curve of the 4 
hemoglobin-phosphite system is shifted about 0.3 pH "~ 
units to the acid range compared to the hemoglobin- 
phosphate curves. This is in good agreement with 2 
the theory of proton transfer relaxation processes, 
predicting a shift of  the absorption peak of  A pK/2. 
This shift holds for each single process and, provid- 
ed that all pK values of  the protein groups involved 
are in a narrow range, holds also for the superimpo- 
sition of multiple processes. Pyrophosphate,  the salt 
of diphosphoric acid, has pK values at 6.0 and 8.3 
(20 °C, I = 0.1), (Smith and Martell 1976). The cor- 
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Fig. l. Relative sound absorption of proton-transfer relaxation 
processes as a function of pH. The pK value of the acceptor 
group is chosen as 6.88, donor pK values are 5 (1), 6 (2), 
6.88 (3), 8 (4), and 9 (5) 
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Fig. 2. The phosphate-induced specific absorption of proteins 
with different histidine content as a function of pH. ([protein] : 
[phosphate] = 1 : 10). Egg white lysozyme (zx), bovine /?-lact- 
albumin (©); horse skeletel muscle myoglobin (v), bovine 
serum albumin (O), human oxyhemoglobin (e). Cpr = 1.5 mM, 
f =  1.88 MHz, t = 20 °C, [C1-] = 0.1M 

Fig. 3. The additional ultrasonic absorption of oxygenated and 
deox~ygenated human hemoglobin caused by a tenfold molar 
excess of phosphate (A, zx), phosphite (e, ©), and pyrophos- 
phate (m, []), as a function of pH. mHb = 1.7 mmol/kg, t = 
20 °C, [C1-] = 0.1M,f= 1.88 MHz 



220 

2o 

~E 

16 

u 

1o 

8 

6 

5 6 7 8 9 
pH .--*. 

Fig. 4. The ultrasonic absorption of oxyhemoglobin as a 
function of pH in the presence of a tenfold excess of the 
buffers Bis-tris (11), Tes (A), and Tricine (T). For comparison 
the results without buffer ions (e) and in the presence of 
phosphate (40 are shown, m~b= 1.7mmol/kg, t = 2 0 ° C ,  
f =  1.88 MHz, [C1-] = 0.1 M 

responding absorption peak of the hemoglobin- 
pyrophosphate solution (Fig. 3) is much broader 
than the one caused by phosphate or phosphite. 
Obviously, the superimposition of proton transfer 
processes involving two dissociation steps is reflect- 
ed here in the sound absorption. 

Other buffers with pK values in the neutral 
range which cause considerable sound absorption 
due to proton exchange with proteins are hydrogen 
sulfite (pK--7.1) and, less pronounced, cacodylate 
(pK= 6.1). At 1.88 MHz a tenfold excess of buffer 
ions over hemoglobin (cub = 1.3 mM), hydrogen sul- 
fite causes an absorption increase of similar magni- 
tude to that caused by phosphate, whereas the effect 
of cacodylate is only 12% that of phosphate. In addi- 
tion, we tested buffer solutions used in the physio- 
logical pH range, such as Tris or Bis-tris (pK8.2 
and 6.57, 20°C), (Bates 1973) and the buffers 
recommended by Good et al. (1966) such as Tes or 
Tricine (pK7.5 and 8.15, 20°C). As can be seen 
from Fig. 4, in comparison to phosphate these ions 
do not induce a significant increase in absorption 
upon addition to oxyhemoglobin solutions in the 
frequency range investigated. In contrast to the 
negatively charged ions, where a hydroxyl group is 
protonated or deprotonated, the buffering properties 
of these substances are based on the dissociation of 
a hydrogen ion from an amino or imino group. 
Since the latter is also true for the buffering residues 
of the protein in the physiological range, probably 
only a small reaction volume (A V) results for a 
proton transfer between donating and accepting 

groups, whereas the transfer between hydroxyl and 
imidazole or a-amino groups is associated with a 
large A V (Millero 1971; Kauzmann etal. 1962). 
These results also imply that not all buffers are 
suitable for investigations of the intrinsic sound 
absorption of proteins, non-absorbing buffers must 
be chosen. 

After having given convincing evidence for the 
validity of the model, it was used to determine 
equilibrium parameters of some biological sub- 
stances. Before being applied to protein-phosphate 
interactions, the model has been used to describe a 
simpler reaction system, the transfer interaction 
between phosphate and an aqueous solution of the 
amino acid histidine. In Fig. 5a, b, the pH and 
concentration dependence of the specific absorption 
of this system are shown. Assuming a pK of 6.88 for 
secondary phosphate at 20 °C and I =  0.1 (Smith 
and Martell 1976), a parameter optimization based 
on evolution strategy (Schwefel 1977) was carried 
out. The best fit gained from several runs with dif- 
ferent starting values led to the results shown in 
Table 1. All values are in good agreement with data 
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Fig. 5. pH and concentration dependence of the phosphate in- 
duced specific absorption of histidine (a, b) and lysozyme 
( c , d )  solutions (measured values and best fits), t = 2 0 ° C ,  
f =  1.88 MHz, [C1-] = 0.1 M. (b) pH = 7.1, cn,s = 10 raM', (a) 
molar ratio 1:1, cms = 10raM; (d) pH=6.3 ,  % y s = 2 . 5 m M ;  
(c) molar ratio 10: 1, CLy S = 2.5 mM 

Table 1. Means and standard deviations of reaction rate con- 
stants, reaction volumes, and equilibrium constants of some 
imidazole groups calculated from ultrasonic titration curves 

Substance kt A V pK 
- 1 S -  1 ml/mol 

Histidine (2.3 __. 0.2) 108 24.7_+ 0.5 6.22 ± 0.08 
Lysozyme (2.1 +_ 0.4) 1'07 38.7 +_ 3.5 5.71 ± 0.09 
Oxyhemoglobin (0.9 ± 0.6) 108 19.5 + 2.5 6.30--- 0.25 
Deoxyhemoglobin (1.2 ± 0.5) 108 17.3 ± 3.0 6.50 ± 0.25 
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obtained by other methods (Eigen 1964; Kauzmann 
et al. 1962; Martell and Smith 1976) and with the 
ultrasonic results of Slutsky et al. (1980) for imida- 
zole-phosphate and bacitracin-phosphate interac- 
tions. 

The results shown in Fig. 5c, d have been ob- 
tained from the pH and concentration dependence 
of the ultrasonic absorption of the protein-buffer 
system lysozyme-phosphate. In hen egg white lyso- 
zyme only one histidine is present (Dayhoff 1975). 
For the imidazole group of this histidine the pK 
value and the other equilibrium parameters derived 
from the curve fitting procedure are also shown in 
Table 1. The reaction rate constant and the reaction 
volume are in the range expected for proton-transfer 
reactions (Eigen 1964; Kauzmann et al. 1962). The 
pK value of 5.71 is in excellent agreement with the 
value of 5.8 obtained from NMR-studies by Mea- 
dows et al. (1967), performed at 28 °C and a higher 
protein concentration as well as with the NMR 
result of Shindo etal. (1977), who found, at a 
protein concentration similar to ours, a value of 5.35 
at 40 °C, leading to 5.66 at 20 °C corrected with a 
4 H  of 27 kJ/mol (Tanokura et al. 1978). Since the 
NMR studies are done in D20 and the ultrasonic 
investigations are carried out in H20, our result 
supports the assumption of Roberts et al. (1969) that 
isotope effects do not fundamentally influence the 
determination of pK values by NMR. 

As shown in Fig. 3, a pronounced difference ob- 
viously exists between the ultrasonic titration curves 
of oxygenated and deoxygenated human hemoglo- 
bin A. The phosphate induced sound absorption of 
oxyhemoglobin has its maximum at around pH 6.75 
compared to 6.85 in deoxyhemoglobin. Moreover, 
the maximal absorption of oxyhemoglobin solutions 
is 20% larger than that of deoxyhemoglobin. That 
means that the acoustic signal caused by buffer- 
protein proton-transfer in this case is an indicator 
for ligand-linked pK changes of the participating 
protein residues, namely a-amino and imidazole 
groups (Perutz 1970), which in the physiological pH 
range cause the alkaline Bohr effect. 

As mentioned before, in human hemoglobin A 
there are 9 to 11 histidines and 2e-amino groups 
per hemoglobin dimer, which are not masked and 
are probably free to interact with phosphate ions in 
the physiological pH range. Because an exact treat- 
ment of the hemoglobin-phosphate interactions 
would lead to a very complex system of coupled 
equations, a simplified approach was made by 
calculating averaged pK values for oxy and deoxy- 
hemoglobin, assuming 13 identical groups per 
hemoglobin dimer. The results of the curve fitting 
procedure are given in Table 1. The quoted values 
are means and standard deviations of the best fits 

gained from measurements done at three different 
frequencies, 1.88, 5, and 18 MHz. 

The optimized reaction volumes and reaction 
rate constants are in the same range as calculated for 
histidine and are very similar to the values obtained 
by Slutsky et al. (1984) from ultrasonic studies of 
interactions between inorganic phosphate and histi- 
dine residues of bovine pancreatic ribonuclease A. 
The average pK values reflect the ligand-linked pK 
changes, but are about 0.6 pH units lower than those 
determined by Brown and Campbell (1976) for 
hemoglobin with an NMR method. Since the actual 
pK spectrum may vary between 4.6 and 8.5 (Green- 
field and Williams 1972; Matthew et al. 1980; Ohe 
and Kajita 1980; van Beek and de Bruin 1980; Russu 
et al. 1982) and also considerable variations of kf 
and AV are probable, here the simplified model 
leads only to qualitatively but not quantitatively 
satisfying results. 

Concluding, we have shown that the additional 
sound absorption resulting from protein-phosphate 
interactions can be described theoretically by proton- 
transfer relaxation processes. The model can be used 
to calculate equilibrium parameters including pK 
values of titratable protein side chains from the 
measurement of the ultrasonic absorption as a func- 
tion of pH. By choosing a proper pK value of the 
buffer, the pK range and therefore the type of side 
chain to be investigated can be selected. In proteins 
containing more than one titratable group, the 
determination of properties of single side chains 
would require additional blocking or masking 
procedures. Beside the fact that a relatively inexpen- 
sive experimental apparatus is needed for this kind 
of investigation, other advantages are the possibility 
of avoiding the use of any isotopes or labels and to 
simulate the physiological composition of the sol- 
vent. Our investigations also show that not all 
commonly used buffers are appropriate if the intrin- 
sic sound absorption of proteins is to be measured, 
as they can cause acoustically relevant protein- 
buffer interactions. 

Acknowledgements. We want to thank Mrs. H. R6bbel for her 
outstanding technical assistance and the Deutsche Forschungs- 
gemeinschaft for financial support of this work. 

References 

Bates RG (1973) Determination of pH. John Wiley and Sons, 
New York, p 131 

Brown FF, Campbell ID (1976) Cross correlation of titrating 
histidines in oxy- and deoxyhemoglobin; an NMR study. 
FEBS Lett 65: 322- 326 

Dayhoff MO (1975) Atlas of protein sequence and structure. 
National Biomedical Research Foundation, Washing- 
tion DC 



222 

Eigen M (1964) Proton transfer, acid-base catalysis, and 
enzymatic hydrolysis. Part I: Elementary processes. Angew. 
Chem (Int ed) 3:1 - 19 

Eigen M, De Maeyer L (1963) Relaxation methods. Tech Org 
Chem VIIIb, pp 895-1054 

Good NE, Winget GD, Winter TN, Conolly S, Izawa S, Singh 
RMM (1966) Hydrogen ion buffers for biological research. 
Biochemistry 5:467 -477 

Greenfield NJ, Williams MN (1972) Proton magnetic reso- 
nance studies of human hemoglobin histidine titrations. 
Biochem Biophys Acta 257: 187-197 

Jfirgens KD, Baumann R, R6bbel H (1980) Ligand-linked 
changes of ultrasound absorption of hemoglobin. Eur J 
Biochem 103:331 - 338 

Kauzmann W, Bodansky A, Rasper J (1962) Volume changes 
in protein reactions. II. Comparison of ionization reactions 
in proteins and small molecules. J Am Chem Soc 84:1777 
- 1789 

Lang J, Tondre C, Zana R (1971) Effect of urea and other 
organic substances on the ultrasonic absorption of protein 
solutions. J Phys Chem 75:374-379 

Lang L Sturm J, Zana R (1973) Ultrasonic absorption in 
aqueous solutions of nucleotides and nucleosides. I. Effect 
of pH and concentration. J Phys Chem 77:2329-2335 

Martell AE, Smith RM (1976) Critical stability constants. 
Vol I: Amino acids. Plenum Press, New York London, p 61 

Matthew JB, Hanania GIH, Gurd FRN (1979) Electrostatic 
effects in hemoglobin: Hydrogen ion equilibria in human 
deoxy- and oxyhemoglobin A. Biochemistry 18: 1919-1936 

Meadows DH, Markley JL, Cohen JS, Jardetzky O (1967) 
Nuclear magnetic resonance studies of the structure and 
binding sites of enzymes. I. Histidine residues. Proc Natl 
Acad Sci USA 58: 1307-1313 

Millero FJ (1971) The molal volumes of electrolytes. Chem 
Rev 71:147-176 

Ohe M, Kajita A (1980) Changes in pK a values of individual 
histidine residues of human hemoglobin upon reaction 
with carbon monoxide. Biochemistry 19: 4443- 4450 

Perutz MF (1970) Stereochemistry of cooperative effects in 
haemoglobin. Nature 228: 726- 739 

Roberts GCK, Meadows DH, Jardetzky O (1969) Nuclear 
magnetic resonance studies of the structure and binding 
sites of enzymes. VII. Solvent and temperature effects on 
the ionization of histidine residues of ribonuclease. Bio- 
chemistry 8: 2053- 2056 

Russu IM, Ho NT, Ho C (19'82) A proton nuclear resonance 
investigation of histidyl residues in human normal adult 
hemoglobin. Biochemistry 21 : 5031 - 5043 

Schwefel HP (1977) Numerische Optimierung yon Computer- 
modellen mittels der Evolutionsstrategie. Birkh~iuser, Basel 
Stuttgart Boston 

Shindo H, Cohen JS, Rupley JA (1977) Self-association of hen 
egg-white lysozyme as studied by nuclear magnetic reso- 
nance. Biochemistry 16: 3879-3882 

Slutsky LJ, Madsen L, White RD, Harkness J (1980) Kinetics 
of the e.xchange of protons between hydrogen phosphate 
ions and a histidyl residue. J Phys Chem 84: 1325-1329 

Slutsky LJ, Madsen L, White RD (1984) Acoustic absorption 
and proton-exchange kinetics in aqueous bovine pancreatic 
ribonuclease A. J Phys Che.m 88:5679-5683 

Smith RM, Martell AE (1976) Critical stability constants. 
Vo14: Inorganic complexes. Plenum Press, New York 
London, pp 55 - 59 

Tanokura M, Tasumi M, Miyazawa T (1978) NMR-study on 
the protonation of imidazole ring of N-acetyl-L-histidine 
methylamide, a model for histidine residues exposed to 
aqueous solvent. Chem Lett 7: 739-742 

Van Beek GM, De Bruin SH (1980) Identification of the resi- 
dues involved in the oxygen-linked chloride-ion binding 
sites in human deoxyhemoglobin and oxyhemoglobin. Eur 
J Biochem 105:353-360 

Winkler-Oswatitsch R, Eigen M (1979) Die Kunst zu Titrie- 
ren. Vom klassischen Endpunktverfahren zur modernen 
differentiellen und dynamischen Analyse. Angew Chem 
91:20-51 


