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Copper(II) increases bile acid binding to asparagine
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4050 Porto, Portugal

Received 13 January 1997; received in revised form 10 April 1997

Abstract

Interactions of two bile acids (cholic and glycocholic acids) with asparagine have been studied by potentiometry in
aqueous solutions under conditions similar to those observed in biological fluids (37°C and I=0.15 M NaCl), and in
the absence and presence of copper(II). To characterize the equilibria for the systems copper(II)/bile acid/asparagine,
specifically to assess cooperative binding between bile acids and asparagine, the acidity constant of asparagine and
formation constants for copper(II)/bile acid and copper(II)/asparagine were also obtained under the same conditions.
The results obtained suggest cooperativity in the binding of bile acid to asparagine in the presence of copper(II).
© 1998 Elsevier Science B.V.
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1. Introduction

Bile acids are detergent molecules which are
synthesized in the liver from cholesterol and rep-
resent the major pathway for cholesterol elimina-
tion from the body. Bile acids are stored in the
gall bladder prior to secretion, and undergo en-
terohepatic circulation several times a day via the
small intestine and the terminal ileum before be-
ing returned in the portal blood. This transport
through the enterohepatic system includes trans-
port of bile acids across the sinusoidal membrane,
for absorption from the portal blood, and across
the canalicular membrane for excretion into the

bile [1]. Three different mechanisms, at least, have
been proposed to be involved in the basolateral
uptake of bile salts into hepatocytes [2]. One of
these mechanisms is thought to involve non-ionic
diffusion followed by binding to cytosolic protein
[3]. These proteins are also believed to be respon-
sible for the intracellular transport of bile salts
from basolateral to canalicular membrane sites,
hence playing an important role in the hepatic
circulation of bile salts. Other transport mecha-
nisms have also been suggested that invoke trans-
port by membrane-bound compartments, e.g.,
vesicles [2].

Bile acid transport studies have known a recent
resurgence, not only to help understand the ac-
tion, transport and overall function of bile acids
in the enterohepatic system, but also mainly to* Corresponding author.
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evaluate the possible use of bile acids as therapeu-
tic agents [4]. A knowledge of the interactions
between bile salts and metal ions can be of impor-
tance to understand absorption and dissolution of
lipo-soluble compounds, and also in assessing
their possible role in hepatobiliary bile salts trans-
port. Cooperative effects in binding to metal ions
coordinated to proteins can provide insight into
the transport mechanisms and also into the use of
metal ions to promote bile salt transport across
biological membranes.

In the present study, a very simple model was
chosen to assess cooperative binding in aqueous
solution between asparagine and bile acids (cholic
and glycocholic) mediated by copper(II), due to
its presence in the liver, and under conditions
similar to those observed in physiological media,
namely 37°C and at the ionic strength of biologi-
cal fluids. The results obtained in this work sug-
gest that in aqueous solution and in the absence
of micelle formation, binding of bile acids to
amino acids is induced by the presence of cop-
per(II).

2. Experimental

2.1. Reagents and solutions

The bile salts (sodium cholate and sodium gly-
cocholate) and asparagine (all from Sigma) were
used without further purification. All other chem-
icals were from Merck (grade pro analysi); and all
solutions were prepared with CO2-free, double-
deionized water (conductivity less than 0.1 mS
cm−1). The concentration of stock solutions of
bile salts was established by conductimetric titra-
tions with 0.1 M HCl (Merck; Titrisol) in a
Crison Micro CM 2202 conductivity meter, and
that of stock solutions of copper(II) by potentio-
metric titrations with EDTA (Merck; Titrisol).

2.2. Potentiometric measurements

All potentiometric measurements were carried
out with a Crison 2002 pH meter and 2031 buret
controlled by a Philips TC 100 microcomputer
coupled to an IBM-compatible personal computer

for data manipulation. The electrode assembly
was made up of an Orion 900029/4 AgCl/Ag
reference electrode with a Russell SWL glass elec-
trode. System calibration was performed by the
Gran method [5] in terms of hydrogen ion concen-
tration, using strong acid/strong base titrations
[HCl (0.001 M)/NaOH (0.01 M)] with solutions
whose ionic strength was adjusted to 0.15 M with
NaCl. Titrations were always carried out under a
nitrogen atmosphere at 37°C in a double-walled
glass cell.

2.3. Potentiometric determination of acidity and
stability constants

The acidity constants of the bile salts have been
published elsewhere [6]; for asparagine, it was
reevaluated by titrating 20.00 ml of acidified (1
mM HCl) aqueous solutions of asparagine (both
1 and 2 mM). Interactions between the bile acids
salts with the asparagine was assessed by titrating
20.00 ml of aqueous solutions (4 mM HCl) of the
corresponding bile salt (1–2 mM) and of as-
paragine (1–2 mM). Stability constants of cop-
per(II) complexes with bile salts (cholate and
glycocholate) and with asparagine were deter-
mined by titrating 20.00 ml of aqueous solutions
of the appropriate bile salt or of asparagine (1–2
mM), copper nitrate(II) (0.5–2 mM) and HCl
(0.2–0.4 mM). The mixed stability constants cop-
per(II)/bile salt/asparagine were evaluated by ti-
trating 20.00 ml of aqueous solution of bile salt
(1–2 mM), asparagine (1–2 mM), copper nitrate
(II) (0.5–2 mM) and HCl (0.2–0.4 mM). Titra-
tions were performed at 37°C using approxi-
mately 0.01 M NaOH; the titrant solutions had
the ionic strength adjusted to 0.15 M with NaCl.
All determinations with bile acids salts were per-
formed at concentrations well below the critical
micelle concentration [7].

Calculations were performed with data ob-
tained from at least six independent titrations,
each with more 30 points, and the experimental
titration data were analyzed using the computer
programs Superquad [8] and Best [9]; in all mod-
els, protolysis of ligands and cations were taken in
account. The errors reported in this work were
calculated by the method of Albert and Serjeant
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Table 1
Equilibrium constants (log b) calculated for copper(II)/bile acid salts and copper(II)/asparagine in aqueous solutiona

BestSuperquadLigand p q r Possible species pH range

3.0–5.0 2.1690.05Asparagine (HL) 1 0 1 2.1290.03[HL]
−8.7290.047.0–9.0 −8.7090.04[L]−1 0 −1

[CuL]+ 3.0–5.0 −0.6290.03 −0.6990.031 1 −1
−6.9090.08−6.9690.083.5–7.0[Cu(OH)L]1 1 −2

3.0–8.0 −2.7890.022 1 −2 [CuL2] −2.8190.06
4.0–6.0 4.7590.03Cholate (B−) 1 0 1 [B]− —

2.4890.044.5–5.5 2.5490.03[CuB]+1 1 0
−4.1290.08 −4.1190.081 1 −1 [Cu(OH)B] 4.5–6.0

—3.6790.013.5–5.0Glycocholate (B−) [B]−1 0 1
3.0490.03 3.0390.031 1 0 [CuB]+ 4.0–5.5

−3.6990.08 −3.6290.081 1 −1 [Cu(OH)B] 4.0–6.0

a All constants were calculated with the programs SUPERQUAD [8] and BEST [9] from data obtained potentiometrically at 37°C
and I=0.15 M NaCl. The symbols p, q and r are used in the programs to indicate the stoichiometric coefficients associated with
the possible equilibria in solution: p, coefficient for ligand; q, for copper(II); and r, for protons (note that OH− binding in this
convention contributes −1 to the global r value).

[10] in which the errors are calculated as the
maximum difference between the logarithm of the
average of the antilogarithms of the calculated pK
values and their individual values.

3. Results and discussion

3.1. Acidity constants

The acidity constants for cholic and glycocholic
acids, under conditions identical to those used in
the present work, have been obtained previously
[6]. For asparagine (HL stands for the zwitterion),
experimental data were obtained in the pH ranges
3.0–5.0 and 7.0–9.0, the first associated with de-
protonation of the carboxylic and the second with
the amino group (Table 1). Acidity constants for
asparagine have been extensively reported in the
literature and the values recommended by IUPAC
[11] (pKa1=2.15 and pKa2=8.71; 0.10 MBIB
0.20 M NaCl and 25°C) are very similar to those
reported in this work (pKa1=2.16 and pKa2=
8.72).

The unusual combination of a carboxylic and
an amino group bound to the same carbon atom
in all amino acids decreases the pKa of the acid by
two units and that of the amine by one unit, when
compared with typical values of carboxylic acids

and amines. Also, for simple amino acids, those
without any other functional group attached to
the carbon skeleton, the average of their pKa1 and
pKa2 values is almost constant (5.9890.05), what
suggests that these different groups affect both
groups in a similar way.

The introduction of side chains with electron-
withdrawing groups (hydroxyl, carboxylic or
amide groups) decreases even further the pKa

values of the terminal carboxylic acid and amine
(thereby reducing their average). More interesting
is the observation that these electron-withdrawing
substituents are also going to affect the pKa values
of both groups in a manner similar to that of
electron-releasing groups. In fact, a plot of the
IUPAC recommended values for the lowest (or
the highest) pKa value [11,12] for several amino
acids against their difference yields a straight line
(Fig. 1). This plot can be used to judge the quality
of the acidity constants reported/determined. As
an example, we note that for the values reported
in the literature for aspartic [13–17] and glutamic
acid [13,18–21], only one set for each amino acid
set falls near the line.

3.2. Bile acid/asparagine interactions

Direct evidence for formation of a molecular
complex bile acid/asparagine in solution in the pH
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Fig. 1. Plot of IUPAC recommended values for the lowest and
highest pKa values of several amino acids [11,12] against their
difference, DpKa: (1) threonine, (2) serine, (3) methionine, (4)
asparagine, (5) glutamine, (6) glycine, (7) valine, (8) leucine,
(9) alanine, (10) isoleucine and (11) 2-aminohexanoic acid.
Literature values for (A) aspartic acid [14] and (B) glutamic
acid [19] are also included.

where B− stands for the conjugate anion of a bile
acid. This result supports formation of a bond
between the deprotonated carboxylic group of the
bile acid and the protonated amino group of the
zwitterionic form of asparagine.

3.3. Copper(II) complexes

Table 1 also presents the formation constants
(log b) for copper(II) with cholic and glycocholic
acids, and with asparagine, as well as the pH
intervals in which data were collected. For bile
acids, with the assumption that B− behaves as a
monodentate ligand, the data support the exis-
tence of only two complexes with Cu(II): [CuB]+

and [Cu(OH)B]. For the binary system Cu(II)/as-
paragine, the model that best fits the data assumes
the occurrence of three equilibria in solution that
correspond to formation of the following species:
[CuL]−, [CuL2] and [Cu(OH)L] (L− represents
fully deprotonated asparagine). The values re-
ported in the literature for the first two stability
constants, both at I=0.1 M NaCl and 25°C
(log K1=7.86 and log K2=6.56 [11], and
log K1=7.69 and log K2=6.69 [22]), and at I=
0.15 M NaCl and 37°C (log K1=7.71 and
log K2=6.50 [23]), are similar to, although sys-
tematically a little lower than, those obtained in
the present work, log K1=8.03 and log K2=6.60.

As reported previously, both asparagine and
aspartic acid [22], and glutamine and glutamic
acid [24], act probably as a bidentate ligand
bound through the amino and carboxylic moi-

range used, can be gathered by noting that a
formation constant was obtained (Table 2) for the
equilibrium

B− +HL?B(HL)

Table 2
Equilibrium constants (log b) calculated for binary systems bile acid salt asparagine and for mixed complexes copper(II)/bile acid
salt/asparagine in aqueous solutiona

Ligand 2 m p q r Possible species pH range Superquad BestLigand 1

2.6390.011 1Asparagine(HL) 0Cholate(B−) 0 [(B)HL] 5.0–7.0 2.6390.03
8.3790.061 1 1 0 [Cu(B)HL]+ 4.0–6.5 8.3890.08
2.2590.062.2590.054.0–6.5[Cu(B)L]−1111
2.9390.011 1 0 0 [(B)HL]Glycocholate(B−) 4.0–7.0 2.9690.08

0111 6.4990.086.5190.053.5–4.5[Cu(B)HL]+

1 3.0090.053.0390.043.5–4.5[Cu(B)L]−111

a All constants were calculated with the programs SUPERQUAD [8] and BEST [9] from data obtained potentiometrically at 37°C
and I=0.15 M NaCl. The symbols q and r have the meaning described in Table 1; m is the coefficient of ligand 1 and p that of
ligand 2.



B. de Castro et al. / J. Pharm. Biomed. Anal. 16 (1998) 771–776 775

Table 3
Values of Dlog K for the mixed complexes copper(II)/bile acid salt asparagine

log KCu(B)L
CuL log baLigand 1 Ligand 2 Possible species Dlog Kb

2.9490.10 +0.4690.1510.9790.06[Cu(B)L]Cholate Asparagine
[Cu(B)L] 3.7290.08 11.7590.05 +0.6890.13Glycocholate Asparagine

a Log b= log KCuL
Cu +log KCu(B)L

CuL . See Table 1 for the values of log KCuL
Cu .

b Dlog K= log KCu(B)L
CuL −log KCuB

Cu . See Table 1 for the values of log KCuB
Cu .

eties, thus forming five membered chelate rings. In
[CuL2], both anions are bound to the metal ion as
bidentate ligands, thus yielding a square-planar
copper(II) moiety, to which two water molecules
may weakly coordinate to the axial positions.
Further support for the bidentate behavior of
fully deprotonated asparagine as a bidentate lig-
and can be gained by applying the Dlog K method
[25], where:

Dlog K= log KCuL
CuL2

− logCu
CuL

to its copper complexes. The calculated value,
Dlog K = −1.43, lies in the range −1 to −2,
typical of ligands bound to copper in a bidentate
mode, whereas the limits for typical values for
monodentate ligands are −0.5 and −0.8.

For solutions of copper(II), asparagine and one
bile acid (cholic or glycocholic), the best fit of the
experimental data was obtained assuming the for-
mation of two ternary complexes in solution,
[Cu(B)L] and [Cu(B)HL]−, and the calculated
formation constants are reported in Table 2. Un-
der no circumstance could the experimental data
be fitted to any model in which formation of
[CuB(L)2] was included.

To assess cooperativity in the formation of
copper/bile acid/asparagine complexes, the value
of Dlog K was obtained from the formation con-
stants of the binary and ternary complexes deter-
mined in this work, and is given by
Dlog K= log KCu

Cu(B)L− logCu
CuB. It has been shown,

based on statistical considerations, that this value
should be about −0.30 for complexes with a
distorted octahedral geometry, and equal to about
−0.48 for four-coordinate complexes (these val-
ues presuppose that one ligand acts as a biden-
tate) [25]. As the calculated values (Table 3) are
positive for both bile acids (0.46 for cholic and

0.68 for glycocholic), a strong cooperativity is
expected in the binding of bile acids to copper
ions bound to asparagine, as was found with
other amino acids [24].
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