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Abstract The dissociation constants for the carboxyl group of
a series of glycine (N-acyl)-conjugated and unconjugated bile
acids were determined by potentiometric titration using dime-
thylsulfoxide-water and methanol-water mixtures of varying
proportions. The pK, values in water were calculated by extra-
polating the experimental values determined in different mole
fractions of the organic solvent mixtures. The following values
were obtained: 3.9 + 0.1 for glycine-conjugated bile acids and
5.0 £ 0.1 for unconjugated bile acids, as general pK, values for
the two classes of bile acids, respectively. The amidation of bile
acids with glycine lowers the pKa value because of the proximity
of the amide bond to the terminal carboxyl group. Bile acid dis-
sociation constants are independent of the substituents in the
steroid nucleus, since inductive effects of the hydroxyl groups on
the steroid nucleus are too distant from the acidic group at the
end of the side chain to influence its ionization.— Fini, A., and
A. Roda. Chemical properties of bile acids. IV. Acidity con-
stants of glycine-conjugated bile acids. J. Lipid Res. 1987. 28:
755—1759.
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The ionization constant of acidic endo- and xenobiotics
is a physicochemical constant of recognized utility in
clinical, analytical, and pharmaceutical research. This
value, which is usually converted to a pK, value, can be
used to predict the relationship between solubility and pH
in aqueous solution and also influences the bioavailability
of a drug (1, 2).

Because of their physiological importance, bile acids
have been studied extensively, but to date only a few data
are reported in the literature on their physicochemical
properties in water (3). This scarcity of physicochemical
characterization of bile acids is in part related to their
properties in aqueous solution. Thus, the protonated
forms of bile acids (HA) are generally rather insoluble,
whereas the fully ionized forms (A”) self-associate over a
narrow concentration range to form multimers or micelles.
As a consequence of the formation of this self-association,
the pK, values of bile acids have been found to vary
markedly as a function of the concentration of the ionized
species (4).

Furthermore, the micelles formed by A™ can solubilize
the sparingly soluble HA and a simple acid-base equili-
brium is not achieved (5). The pKa values determined in
these experimental conditions have no thermodynamic
meaning, although they have empirical value since they
are related to the pH value at which precipitation of the
protonated form occurs (6).

To circumvent the solubility problems and micelle-
forming properties of bile acids, a potentiometric method
in aqueous methanol has been used (7) to provide thermo-
dynamic pK,* values in the mixed solvent and reliable
pK. in water for a series of unconjugated bile acids (UC-
BA) (8).

The determination of pKa‘ values of a series of
glycine-conjugated bile acids (GCBA) is presented in this
report by means of the above mentioned method, both in
aqueous DMSO and MeOH. The pK, values in water,
which were determined by extrapolation, were compared
with those obtained by a simpler method based on poten-
tiometric measurement in mixed solvent of a single com-
position.

EXPERIMENTAL

Materials

Bile acids were gifts or commercial samples of extreme-
ly high purity; GCBA in particular were purchased from
Calbiochem (La Jolla, CA). Bile acids were further pu-
rified by preparative thin-layer chromatography and used
as sodium salts. The final purity was assessed by thin-
layer chromatography (9) or high-pressure liquid chroma-
tography (10). DMSO and MeOH were of analytical
grade and were used without further purification. Solu-

Abbreviations: BA, bile acid; UCBA, unconjugated bile acid; GCBA,
glycine-conjugated bile acid; DMSO, dimethylsulfoxide; MeOH, meth-
anol; LR, linear relationship.
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tions were prepared by weight, diluting the solvents with
twice-distilled water as appropriate.

METHODS

For potentiometric titration in aqueous DMSO, a
Beckman pH 140 potentiometer, equipped with a com-
bined electrode was used. For measurements in aqueous
MeOH, a potentiometer Radiometer pHM26 with a
saturated calomel and a glass electrode was used. The
titration vessel was thermostated at 25.0 + 0.1°C. Per-
chloric acid was used as titrant since it is known to be
completely ionized and dissociated in these solvent
systems (11).

For determination of the ionization constants in the
mixed solvent, thermodynamic ionization constant K,*
for the equilibrium:

HA = H'+A" Eq 1)

of a general uncharged acid HA in pure organic solvent

or in water organic solvent mixture can be represented by

equation 2:

(Cus y'1s) * (Ca- ¥7a)
(Cua Y*HA)

Ka* = Eq 2)
where the asterisk means that the activity coefficients y
refer to infinite dilution in the solvent selected for the de-
terminations and C is molar concentration (12). The ac-
tivity coefficient of the ionic species can be estimated (13)
from the equation 3 (or from similar expressions):

AZIII2

1.0z ¢t 0.3Az1 Eq. 3)

log yu' =

where z is the charge of the ion, I is the ionic strength; the

Debye-Hiickel function A, appropriate to the solvent
system, can be calculated from the equation 4:
1.825 x (10° « d'/?)
(DT)B/Z

Eq ¢4)

where T is the absolute temperature, D and d are the
dielectric constant and the density of the solvent system,
respectively. The activity coefficient of the neutral species
can be assumed to be unity.

Cy* value to be inserted in equation 2 can be obtained
by the following equation:

pa*u*=-log a*u*=-log Cy* -log y*u* Eg 5)

where -log a*y*, a term related to the hydrogen ion ac-
tivity, corresponds to the reading of a pH meter, pH",
provided that the apparatus was standardized against
buffer of known pa*n* in the solvent used for measure-
ments. In water system pa*y* equals the pH meter
reading, pH, in dilute solutions, when the electrodes are
adjusted with appropriate aqueous buffer, e. g., phosphate
or phthalate buffers, according to Robinson and Stokes
(14).

In case of measurements in the water-MeOH system,
the potentiometer was standardized with the buffer oxalic
acid~ammoniumhydrogen oxalate 0.01 M of known
pa*u* (15). As a similar buffer for water-DMSO mix-
tures is not available, the electrodes were calibrated with
solutions of HC1O, of known molarity, Cu*, in each of
the mixtures used for measurements and the pH meter
readings, pH*, were plotted against calculated pa*n*
values (see equation 5). Under these experimental condi-
tions the glass electrode is known to be responsive (16).

During each titration the pH meter readings could be
related to thermodynamic pa*y* values by means of the
calibration plot obtained for each composition. The buf-

TABLE 1. pK,* Values in aqueous MeOH and aqueous DMSO at different compositions for two
unconjugated (UC) and two glycine-conjugated (GC) bile acids at 25°C

Weight Percent®

Solvent

Steroid Substituent System 10 20 30 40 50 70 80
3a,78-Dihydroxy UC MeOH* 5.24 5.56 5.68 6.00 6.28

3a,78-Dihydroxy UC DMSO 5.70 6.51 7.92 8.68
3a,7a-Dihydroxy UC MeOH* 5.25 5.52 5.63 6.04 6.34

3a,7a-Dihydroxy UC DMSO 5.69 6.53 7.92 8.62
3a,12a-Dihydroxy GC MeOH 4.28 4.63 4.08 5.08

3a,12a-Dihydroxy GC DMSO 4.26 5.31 6.28 6.98
3o, 7a,12a-Trihydroxy GC MeOH 4.11 4.30 4.60 4.78 5.08
3a,7a,12a-Trihydroxy GC DMSO 4.25 5.25 6.38 6.98

“Mole fraction values (X) were obtained from the weight percent values (%) by the following equation (MW,

molecular weight):

% x MW of organic solvent

X =

% x MW of organic solvent + (100 - %) x MW of water

*From ref. 8.
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Fig. 1. Plot of pKa® values in aqueous DMSO (——) and aqueous
MeOH (——) for ursodeoxycholic (3at, 78-dihydroxy) (O), chenode-
oxycholic (3a,7a-dihydroxy)(*), glycodeoxycholic (3a,12a-dihydroxy)
{®), and glycocholic (3a,7¢,12a-trihydroxy) (O) acids versus mole frac-
tion (X) of the organic solvent in the mixture.

fer ratio Co/CHa was calculated from the stoichiometric
composition of the solutions during the titration with
standard HCI1O, solution in the mixed solvent under in-
vestigation.

The initial concentration of the bile salt and the con-
centration of titrant were 2 + 1073 M in each case. These
values are below the critical micellar concentration of the
bile salt in pure water (17). Ionic strength of the solution
was calculated at any point during the titration.

In these experimental conditions thermodynamic K,*
values can be obtained for both mixed solvent systems.

K.* are converted to pK,* values
Ca-
HA

pK,' = pH* - - log y*a- Eq. 6)

and pK,* values are listed in Tables 1 and 2 with an
observed mean standard deviation of +0.02 for ex-
perimental determinations and +0.05 pK, units for the
extrapolated or estimated values.

RESULTS

Table 1 reports the pK.* values determined in
aqueous MeOH and DMSO at different concentrations
of aqueous solvent. These values fitted in a linear relation-
ship against the mole fraction (x) of the organic solvent in
the mixture (Fig. 1). Regression analysis of the pKa.*
values gives the following common equations.

For UCBA:

pK.* =5.07 + 7.70x (r=0.996; n =8) (DMSO) Eg 7)

pKa* =5.05 + 3.47x (r=0.992; n = 10) (MeOH) Eg. 8)

For GCBA:
pKa* =3.81 +6.85x (r=0.989; n=9) (DMSO) Eq 9)

pK.* =3.93+3.23x (r=0.994; n=9) (MeOH) Egq. 10)

These equations were obtained by fitting together all the
pKa* values available in Table 1 for each single class of
bile acid. A similar equation was previously reported (8),
using pK,* values in aqueous MeOH of six UCBA. This
was possible since it has been shown that pKa.* values are
the same for all Cy, bile acids bearing substituents in the
steroid nucleus (7). Table 1 and Table 2 confirm that this
is true when pK,* values of different UCBA and GCBA
are compared in the two different solvent mixtures used
in this work.

Alternatively, it has been recently reported (18) by our
group that a reliable value for the pK, in water can also
be determined by a potentiometric determination of pKa* in
a mixed solvent at a single composition. Thus, a sys-
tematic study carried out on over 100 acids has allowed
assessment of a linear relationship between pK,* values
obtained in DMSO-water (80% w/w) and the experimen-
tally determined pK, in water for the same acids. Using
such a linear relationship it has been possible to obtain
reasonably accurate pK, values in water for a series of
sparingly soluble acids (19). Standard deviations were
within 3 0.05 pK. units. The following linear relation-
ship was found:
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pK. = - 0.80 + 0.67 pK, (DMSO, 80% wiw) Eq. 11)

By applying this equation to present systems, the pK,
values reported in Table 2 were obtained (LR column).

The mean pKa values obtained by means of this linear
relationship were 5.01 for UCBA and 3.83 for GCBA,
respectively. The agreement between the values obtained
by the two methods can be summarized thus: differences
among single values are below 0.1 pK, unit, and because
of uncertainties present in any type of extrapolation or es-
timation, this value can be taken as very satisfactory.
Therefore the following values, 5.0+0.1 and 3.0+01],
can be confidently accepted as general pK, values in
water for UCBA and GCBA, respectively. These values
agree satisfactorily in some cases with those obtained
from precipitation curves of some UCBA and GCBA,
respectively (6).

The bile acids studied show the same susceptibility of
the acidity to the change in the composition of the mixed
solvent; the two lines in Fig. 1 relative to UCBA and
GCBA have about the same slope when the solvent is the
same. On the other hand, a different behavior was observed
toward the two mixed solvents by both acid systems, as
shown by the different values of the slopes. Table 2 reports
pKa values determined in aqueous DMSO (80% w/w)
and in aqueous MeOH (50% w/w) for six UCBA and
GCBA,; the pK, (w) (LR) values estimated in water were
calculated by means of equation 11. pKai (w) Values
quoted as extrapolated (extr.) were obtained by means of
the linear relationship between pK.* and the mole frac-
tion of the organic solvent in the mixture (see equations

7-10).

DISCUSSION

The estimation of the pK, values in water from poten-
tiometric measurements in mixed solvent has been the ob-
ject of many studies (20). The mixed solvent offers a
suitable tool to obtain pK., values of acids sparingly solu-
ble in water and, under clearly assessed experimental con-
ditions, they may have a thermodynamic meaning.

In the case of bile acids, use of a mixed solvent removes
not only the problems duec to solubility but also those
deriving from micelle formation. From Tables 1 and 2 it
is clear that hydroxy substituents do not affect the ioniza-
tion constant for either of the mixed solvents or any of the
bile acids which were studied. Small differences observed
are less than the experimental error and even less in some
cases.

The pKa values extrapolated to x =0, i.e., pure water,
for both solvent systems are given in Table 2 as pKa(w)
extr. together with pK, values obtained by the linear
relationship (equation 11). The agreement between the
two sets of mixed solvents obtained by the two methods
was satisfactory.

It is well known that steroidal hydroxyls influence many
chemical and physical properties of bile acids, such as
UCBA solubility (21-23), critical micellar concentration
values, (17), and interaction with human serum protein
(24) or calcium ions (25-27). In general, steroidal hydrox-
yls affect the hydrophilic-hydrophobic balance on the bile

TABLE 2. pK,* Values for six unconjugated (UC) and glycine-conjugated (GC) bile acids determined in
80% w/w aqueous DMSO and 50% w/w aqueous MeOH, and pK, values in water determined by two differ-
ent means at 25°C

pK,” PK,(w)
Bile

Steroid Substituent Acid  DMSO McOH LR Extr.? Extr.®
3a,-Hydroxy ucC 8.70 6.30 5.03

3a,-Hydroxy GC 6.92 4.99 3.84

3a,78-Dihydroxy uc 8.68 6.28 5.02 5.05 5.08

3a,78-Dihydroxy GC 6.95 4.99 3.86

3a,7a-Dihydroxy ucC 8.62 6.34 4.98 5.08 5.03

3a,7a-Dihydroxy GC 6.97 5.10 3.87

3a,12a-Dihydroxy ucC 8.68 6.26 5.02

3a,12a-Dihydroxy GC 6.98 5.08 3.88 3.81 3.93

3a-Hydroxy 7 keto ucC 8.65 6.34 5.00

3o-Hydroxy 7 keto GC 7.00 5.06 3.89

30, 7c¢,12-Trihydroxy ucC 8.66 6.30 5.00

3,70, 12c-Trihydroxy GC 6.98 5.08 3.88 3.81 3.93

Pentanoic acid 8.44 6.02 4.85 (experimental 4.83)
Acetylglicine 6.85 3.79 (experimental 3.79)

“Values obtained by equation 11.
#Values obtained by means of the pK,* versus DMSO mole fraction linear relationship (see equations 7 and 9).
‘Values obtained by means of the pK,* versus MeOH mole fraction linear relationship (see equations 8 and 10).

758 Journal of Lipid Research Volume 28, 1987

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1) mmm wouy papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

acid molecules and ions and therefore all the related pro-
perties. It has already been observed that steroidal substi-
tuents do not affect the ionization constants of bile acids
(7, 8). In fact, inductive effects operating along saturated
alkyl chains decline rapidly at a distance from the reac-
tion center; therefore only functional groups close to the
carboxyl group can significantly affect acidity. Thus, the
UCBA behavior resembles that of pentanoic acid, bearing
an alkyl sterol group in the vy position. Hence, a pKa for
UCBA that differs by only about 0.1 unit from the pKa of
pentanoic acid is not astonishing.

For the bile acid with glycine (GCBA), the insertion of
an acid-strengthening peptide group in the side chain of
a bile acid increases the ionization constant, as would be
expected. Thus, amidation of a GCBA lowers the pKa
value by about 1.1 units, because of the inductive effect of
the carbonyl group of the amide bond. The effect of the
substituent agrees well with the reported acid strength-
ening effect of the CONH group in terms of ApK,, ie.,
1.12(28). oA

We thank Dr. A. F. Hofmann for encouragement and helpful
comments. This work was supported by an MPI grant.
Manuscript received 14 April 1986, in revised form 19 December 1986, and in
re-revised form 9 March 1987.

REFERENCES

1. Newton, D. W,, and R. B. Kluza. 1978. pKa Values of
medicinal compounds in pharmacy practice. Drug Intell.
Clin. Pharm. 12: 546-554.

2. Martin, A., J. Swarbrick, and A. Cammarata. 1983. Solu-
bility and distribution phenomena. fn Physical Pharmacy.
Lea and Febiger, Philadelphia. 272-313.

3. Small, D. M. 1971. The physical chemistry of cholanic
acids. In The Bile Acids. Vol. I. P. P. Nair and D. Kritchev-
sky, editors. Plenum Press, New York. 249-356.

4. Ekwall, P, P. T. Rosendahl, and N. Lofman. 1957. Studies
on bile salt solutions. I. The dissociation constants of cholic
and deoxycholic acid. Acta. Chem. Scand. 11: 590-598.

5. Ekwall, P, P. T. Rosendahl, and A. Sten. 1958. Studies on
bile acid salt solutions. II. The solubility of cholic acid in
sodium cholate solutions and that of deoxycholic acid in
sodium deoxycholate solutions. Acta Chem. Scand. 12:
1622-1633.

6. Igimi, H., and M. C. Carey. 1980. pH-Solubility relations
of chenodeoxycholic and ursodeoxycholic acids: phys-
ical-chemical basis for dissimilar solution and membrane
phenomena. J. Lipid Res. 21: 72-90.

7. De Maria, P, A. Fini, and A. Roda. 1981. Chemical prop-
erties of bile acids. I. Thermodynamic dissociation con-
stants of some cholanic derivatives in 50 weight percent
aqueous methanol. Gazz. Chim. Ital. 111: 95-97.

8. Fini, A., A. Roda, and P. De Maria. 1982. Chemical pro-
perties of bile acids. II. pKa values in water and aqueous
methanol of some hydroxy bile acids. Eur. J. Med. Chem. 17:
467-470.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hofmann, A. F. 1964. Thin-layer chromatographic mo-
bilities of bile acids. In New Biochemical Separations. L. J.
Morris and A. T. James, editors. Van Nostrand, London.
261-282.

Ruben, A. T., and G. P. van Berge Henegouwen. 1982. A
simple reverse-phase high pressure lipid chromatographic
determination of conjugated bile acid in serum and bile us-
ing a novel system. Clin. Chem. Acta. 41-50.

Kolthoff, I. M., and T. B. Reddy. 1962. Acidity in
dimethylsulphoxide. Inorg. Chem. 1: 189-194.

Cox, B. G., P. De Maria, and A. Fini. 1976. Dissociation
constants of benzenethiols in mixtures of water and
dimethylsulphoxide. Gazz. Chim. Ital. 106: 817-821.

Davies, C. H. 1962. Ion Association. Butterworths, Lon-
don.

Robinson, R. A, and R. H. Stokes. 1965. Electrolyte Solu-
tions. Butterworths, London.

Perrin, D. D., and B. Dempsey. 1974. Buffers for pH and
Metal Ion Control. Chapman and Hall, London. 85-87.
Baughman, E. H., and M. M. Kreevoy. 1974. Determina-
tion of acidity in 80% dimethylsulphoxide-20% water. J.
Phys. Chem. 78: 421-423.

Roda, A., A. F. Hofmann, and K. J. Mysels. 1983. The in-
fluence of bile salt structure on self-association in aqueous
solutions. J. Biol. Chem. 258: 6362-6370.

De Maria, P, A. Fini, A. Guarnieri, and L. Varoli. 1983.
Non-steroidal antiinflammatory drugs. XI. Thermody-
namic dissociation constants of 3-substituted, 3-(4-bi-
phenylyl)-3-hydroxypropionic acids in aqueous DMSO.
Arch. Pharm. (Weinherm) 316: 559-563.

Fini, A., P. De Maria, A. Guarnieri, and L. Varoli. 1987.
Acidity constant of sparingly soluble drugs in water from
potentiometric determination in aqueous dimethylsulphox-
ide. J. Pharm. Sci. 76: 48~52.

King, E. J. 1965. Acid base equilibria. In. The Interna-
tional Encyclopedia of Physical Chemistry and Chemical
Physics. Vol. 4. MacMillan, New York. 280-303.

Carey, M. C. 1985. Physical-chemical properties of bile
acids and their salts. In Sterols and Bile Acids.
H. Danielsonn and J. Sjévall, editors. Elsevier Science Pub-
lishers, Amsterdam. 13: 345-403.

Roda, A., and A. Fini. 1985. Effect of nuclear hydroxy
substituents on aqueous solubility and acidic strength of
bile acids. Hepatology. 4: 72S-768.

Fini, A, A. Roda, R. Fugazza, and B. Grigolo. 1985.
Chemical properties of bile acids. III. Bile acid structure
and solubility in water. J. Solution Chem. 14: 595-603.
Scagnolari, F., A. Roda., A. Fini, and B. Grigolo. 1984.
Thermodynamic features of bile salt-human serum
albumin interaction. Biochim. Biophys. Acta. 791: 274-277.
Williamson, B. W. A, and J. W. Percy-Robb. 1979. The in-
teraction of calcium ions with glycocholate micelles in
aqueous solutions. Biochem. J. 181: 61-66.

Rajagopalan, N., and S. Lindenbaum. 1982. The binding
of Ca®" to taurine- and glycine-conjugated bile salt micelles.
Biochim. Biophys. Acta. 711: 66-74.

Rajagopalan, N., and S. Lindenbaum. 1984. Counter-ion
binding by bile acid solutions. Hepatology. 4: 110S-114S,
Perrin, D. D,, B. Dempsey, and E. P. Serjeant. 1981. pKa
Prediction for Organic Acids and Bases. Chapman and
Hall, New York. 20-43.

Fini and Roda Acidity constants of glycine-conjugated bile acids 759

2T0Z ‘6T aunr uo ‘1sanb Aq Bio 1) mmm woiy papeojumoq


http://www.jlr.org/

