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Aims

 

The F1S and A genetic variants of 

 

a

 

1

 

-acid glycoprotein (AAG) change under
various physiological and pathological conditions. They also vary in their drug
binding abilities. We have studied the stereoselective binding ability of each of the
AAG variants using enantiomers of disopyramide (DP) and warfarin (WR).

 

Methods

 

The AAG variants were separated by hydroxyapatite chromatography.
Binding of drug enantiomers to the AAG variants was studied by the Hummel–
Dreyer method. The characteristics of the binding activities were examined by
Scatchard plot analysis. The first five amino-terminal amino acids (residues 112–116)
of the cyanogen bromide (CNBr) fragment (residues 112–181) of each of the
separated AAG fractions were elucidated by Edman degradation.

 

Results

 

Commercial AAG was separated into two main fractions. Residues 112–116
of fraction 2 were identical to the amino acid sequences predicted from the AAG
A gene, LAFDV, and encode the F1S variant. In fraction 3, the deduced amino
acid sequence of the AAG B gene, FGSYL, was established, and encodes the A
variant. The binding affinities of both DP enantiomers in fraction 3 were signifi-
cantly higher than those in fraction 2. The differences between dissociation constants
(Kd) in fractions 2 and 3 were 5.2-fold for (S)-DP (

 

P

 

 

 

<

 

 0.05) and 3.7-fold for (R)-
DP (

 

P

 

 

 

<

 

 0.001). The dissociation constant of (S)-DP (0.39 

 

±

 

 0.08 

 

m

 

M

 

) was lower
than that of (R)-DP (0.53 

 

±

 

 0.10 

 

m

 

M

 

) in fraction 3 [95% confidence interval (CI)

 

-

 

0.282, 

 

-

 

0.010; 

 

P

 

 

 

<

 

 0.05], although the binding activities of the DP enantiomers
were almost the same in fraction 2. By contrast WR enantiomers had a higher
binding affinity in fraction 2 than in fraction 3, the differences in dissociation
constants between fractions 2 and 3 being 12.6-fold for (S)-WR (

 

P

 

 

 

<

 

 0.001) and
8.3-fold for (R)-WR (

 

P

 

 

 

<

 

 0.001). The dissociation constant of (S)-WR
(0.28 

 

±

 

 0.10 

 

m

 

M

 

) was significantly lower than that of (R)-WR (0.48 

 

±

 

 0.08 

 

m

 

M

 

) in
fraction 2 (95% CI 

 

-

 

0.369, 

 

-

 

0.028; 

 

P

 

 

 

<

 

 0.05), but there were no significant
differences between the binding activities of WR enantiomers in fraction 3.

 

Conclusions

 

DP and WR enantiomers bind preferentially to fraction 3 and fraction
2, respectively. Fractions 2 and 3 are encoded by the AAG A and the AAG B genes,
respectively.
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Introduction

 

a

 

1

 

-Acid glycoprotein (AAG) is an acute-phase reactant
that increases under various physiological and patholog-
ical conditions. AAG is a major binding protein for basic

drugs and binds a variety of other ligands, including
acidic drugs such as warfarin (WR) [1].

There are AAG genetic variants that differ in several
amino acid substitutions. The polymorphism is generated
by the presence of two different genes, the AAG A and
B (B/B

 

¢

 

) genes. The amino acid sequences deduced from
the AAG A gene differ in 22 positions from those
deduced from the AAG B gene [2]. These variants can
be observed when the desialylated form of AAG is anal-
ysed by isoelectrofocusing. The three main AAG variants
are designated F1, S and A, depending on their electro-
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phoretic migration [3]. F1 and S variants are encoded by
the AAG A gene, and the A variant is encoded by the
AAG B gene [4]. Several attempts have been made to
elucidate the structure–function relationships, such as
drug binding differences, between the genetic variants,
i.e. the A variant and a mixture of the F1 and S variants
(F1S variant) [5–8]. There are few reports, however, of
the effect of the AAG variants on the binding activities
of drug enantiomers. Many drugs have chiral centres and
are available commercially as racemic mixtures. Such
drugs may show stereoselective pharmacokinetics and
pharmacodynamics [9, 10]. Many of these stereospecific
characteristics may be due to stereoselective protein bind-
ing in plasma and tissues. Although the binding activities
of many racemic drugs to AAG are known to be stere-
oselective, the mechanism of chiral recognition by AAG
has not been elucidated.

In the present study, we have investigated the stereo-
selective binding abilities of the enantiomers of disopy-
ramide (DP) and WR, which bind selectively to the A
and F1S variants, respectively [6, 7], to AAG fractions
separated by modified hydroxyapatite chromatography.
Ikenaka 

 

et al.

 

 reported that AAG was separated into four
fragments (I–IV) by fragmentation of AAG with cyano-
gen bromide (CNBr) [13]. The newly formed first six
amino-terminal amino acids (residues 112–117) of the
CNBr fragment (residues 112–181) are the alternative
amino acids [2]. In order to determine the relationship
between the fractions separated in this study and the A
and F1S variants, we also examined the first five amino-
terminal amino acids of CNBr fragment II of each of
the separated fractions. The aim of this study therefore
was to elucidate the stereoselective binding ability of each
of the separated AAG fractions.

 

Methods

 

Materials

 

Human AAG (Cohn fraction VI, lot 118H7613) and
racemic-WR were purchased from Sigma (St Louis, MO,
USA). The aqueous insoluble WR was converted to the
soluble sodium salt by reaction with 50% aqueous solu-
tion of 1 mol l

 

-

 

1

 

 sodium hydroxide solution (Wako Pure
Chemicals, Osaka, Japan). DP enantiomers were donated
by Nippon Roussel K.K., Japan. All other reagents were
of the highest grade available commercially.

 

Resolution of WR enantiomers

 

Each WR enantiomer was prepared by the resolution of
rac-WR on a Chiralcel AD column with a chiral station-
ary phase. High-performance liquid chromatography
(HPLC) was performed using the following conditions

for chromatography: apparatus, Hitachi L-7100 (Hitachi,
Tokyo, Japan); column, Chiralcel AD, 250 

 

¥

 

 4.6 mm
internal diameter (i.d.) (Daicel Chemical Industries, Ltd,
Tokyo, Japan); mobile phase, 

 

n

 

-hexane/2-propanol, 8 : 2
(v/v) containing 0.5% acetic acid; flow rate, 0.5 ml
min

 

-

 

1

 

; detection, UV 254 nm; temperature, 40 

 

∞

 

C. Their
stereochemical purities were ascertained under the same
conditions, and the stereochemical purities of (R)-WR
and (S)-WR were found to be 97.67% and 97.03%,
respectively. Each WR enantiomer was also converted to
the sodium salt under the same conditions as those used
for rac-WR.

 

Separation of the AAG fractions

 

AAG fractions were separated by a modification of a
method developed in this laboratory [11, 12]. AAG
(approximately 15–20 mg) was dissolved in 0.5 ml of
distilled water, and the whole volume was applied into
an HPLC system (Hitachi L-7100; Hitachi) equipped
with a detector (Hitachi L-7420) set at 280 nm. The
separation of the AAG fractions was achieved using a
500 

 

¥

 

 30 mm i.d. column packed with hydroxyapatite
(Wako Pure Chemicals, Osaka, Japan) with a gradient
elution program at a flow rate of 9.5 ml min

 

-

 

1

 

 and at
room temperature. A typical chromatogram is shown in
Figure 1. Four fractions could be obtained by the gradi-
ent elution program. The relative proportions of sepa-
rated fractions 1–4 were 2.44 

 

± 

 

0.96%, 72.78 

 

±

 

 4.36%,
23.03 

 

±

 

 3.65%, 0.52 

 

±

 

 0.13% (means 

 

±

 

 SD, 

 

n

 

 

 

=

 

 10),
respectively. The sum of the relative proportions of frac-
tions 2 and 3 in the four fractions was larger than 95%.
Therefore, only fractions 2 and 3 were analysed in the
following study.

 

Determination of bound drug concentration by the 
Hummel–Dreyer method

 

The binding of DP and WR enantiomers to AAG was
examined by the Hummel–Dreyer method modified by
Pinkerton and Koeplinger [14]. All solutions were pre-
pared in 10 m

 

M

 

 citrate phosphate buffer pH 7.0. The mea-
surements were performed on a 50 

 

¥

 

 4.0 mm i.d. column
and a 100 

 

¥

 

 4.0 mm i.d. column packed with 5 

 

m

 

m
LiChrosorb DIOL (Merck, Darmstadt, Germany) with a
gradient program for DP and WR, respectively. A flow rate
of 2.0 ml min

 

-

 

1

 

 was used throughout the binding experi-
ments, which were carried out at 37 

 

∞

 

C. Detection was at
254 nm using a UV detector (Hitachi L-7420). The coef-
ficients of variation for replicate assays of (S) (R)-DP
(2.5 mg ml

 

-

 

1

 

) and (S) (R)-WR (2.0 mg ml

 

-

 

1

 

) were 18.0%
(

 

n

 

 

 

=

 

 8), 17.6% (

 

n

 

 

 

=

 

 9), 5.8% (

 

n

 

 

 

=

 

 6) and 3.8% (

 

n

 

 

 

=

 

 4),
respectively. The limits of determination of DP and WR
enantiomers were 0.1 and 0.05 

 

m

 

g ml

 

-

 

1

 

, respectively.
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Analysis of partial amino acid sequences of AAG fractions

 

Preparation of the CNBr fragments was carried out
according to the method of Ikenaka 

 

et al.

 

 [13]. AAG
(approximately 2.0 mg) was dissolved in 20 

 

m

 

l of 70%
formic acid. CNBr (Wako Pure Chemicals) (2.5 or
10 mg) was added, and the resulting solution was shaken
gently at room temperature for 20 h, diluted with 200 

 

m

 

l
of distilled water, and evaporated to dryness in vacuum
at 60 

 

∞

 

C. The residue was reconstituted with distilled
water and subjected to 22% SDS–PAGE. After the elec-
trophoresis, the gels were blotted onto a PVDF mem-
brane (Daiichi Pure Chemicals, Tokyo, Japan) and
detected by staining with Coomassie Brilliant Blue R-
250 (Figure 2). Peptide bands of approximately 7 kDa of
each of the fractions, probably corresponding to CNBr
fragment II, were subjected to Edman degradation pro-
cedures, and the first five amino-terminal amino acids
were elucidated.

 

Data analysis

 

The characteristics of the binding of DP and WR enan-
tiomers to the separate fractions and to total (unfraction-
ated) AAG were examined by Scatchard plot analysis at
drug concentrations ranging from 2.5 to 10 

 

m

 

g ml

 

-

 

1

 

,
eight different concentrations, for DP and 2.0–10 

 

m

 

g
ml

 

-1, nine different concentrations, for WR and at pro-
tein concentrations from 0.1 to 0.7 mg ml-1. Binding
parameters were then obtained by nonlinear regression
analysis using ‘MULTI’ [15] and the following equation:

Cb = N ¥ Pt ¥ Cu/(Kd + Cu) + NSB ¥ Cu, where N
and Kd are the number of binding sites and the dissoci-
ation constant, respectively, Cb and Cu are the concen-
trations of bound and unbound drugs, respectively, Pt is

Figure 1 Typical chromatogram of the fractionation of commercial AAG by high-performance liquid chromatography with a 
hydroxyapatite column (500 ¥ 30 mm i.d.).

Figure 2 SDS–PAGE (22% acrylamide gel) analysis of the 
fragmentation of each of the AAG fractions with cyanogen 
bromide (CNBr). Lane 1, Fraction 2 (2.5 mg of CNBr); lane 2, 
fraction 3 (2.5 mg of CNBr); lane 3, fraction 3 (10 mg of CNBr).
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the protein concentration (the molecular mass being
taken as 40 kDa), and NSB is the nonspecific binding
component. Statistical significance (P < 0.05) was deter-
mined using Student’s t-test.

Results

The binding parameters for the DP and WR enantiomers
to the separate fractions and to total (unfractionated)
AAG are shown in Tables 1 and 2, respectively. The
binding of DP and WR enantiomers to fractions 2 and
3 showed large differences. The dissociation constants
(Kd) of both DP enantiomers in fraction 3 were signif-
icantly smaller than those in fraction 2, although no
significant differences were observed in the number of
binding sites (N). The differences between dissociation
constants in fractions 2 and 3 were 5.2-fold for (S)-DP
[95% confidence interval (CI) 0.141, 3.157; P < 0.05]
and 3.7-fold for (R)-DP (95% CI 0.723, 2.149;
P < 0.001) (Table 1). There were also differences between
the stereoselective binding abilities of DP enantiomers to
the separate fractions. In fraction 3 (S)-DP had a smaller
dissociation constant than (R)-DP (95% CI -0.282,
-0.010; P < 0.05), although no significant difference was
observed in the number of binding sites (Table 1). How-
ever, no significant differences between the DP enanti-
omers were observed for either the dissociation constant,
or the number of binding sites in fraction 2.

By contrast, completely different results were obtained
for the WR enantiomers. Fraction 2 had a higher binding
affinity than fraction 3 for both WR enantiomers,
although the numbers of binding sites in fractions 2 and
3 were the same. There were differences of 12.6-fold for
(S)-WR (95% CI -5.260, -1.228; P < 0.001) and 8.3-
fold for (R)-WR (95% CI -4.614, -2.351; P < 0.001)
between the dissociation constants in fractions 2 and 3
(Table 1). In fraction 2, the dissociation constant of (S)-
WR was lower than that of (R)-WR (95% CI -0.369,
-0.028; P < 0.05), although there were no significant
differences between the WR enantiomers in either the
dissociation constant, or the number of binding sites, in
fraction 3. By contrast, only small differences were found
between the respective dissociation constants of total
(unfractionated) AAG and fraction 3 for each DP enan-
tiomer and fraction 2 for each WR enantiomer (Tables 1
and 2).

SDS–PAGE analysis of the fragmentation of fractions
2 and 3 with 2.5 mg of CNBr showed the presence of
four peptide bands of approximately 44, 34, 7 and
5.5 kDa and two peptide bands of approximately 34 and
7 kDa, respectively (Figure 2, lanes 1, 2). SDS–PAGE
analysis of fraction 3 also showed the presence of two
faint peptide bands of approximately 44 and 41 kDa.
Peptide bands smaller than 5 kDa, corresponding to

CNBr fragments III and IV, could not be detected. The
first five amino-terminal amino acids (residues 112–116)
of a peptide band of approximately 7 kDa, probably cor-
responding to CNBr fragment II (residues 112–181)
[13], of each of the fractions was elucidated. Fraction 2
showed the same amino acid sequences as those pre-
dicted from the AAG A gene, LAFDV. Fraction
3, however, showed a mixture of deduced amino acid
sequences from the AAG A gene and AAG B gene, i.e.
a mixture of LAFDV and FGSYL [2]. Furthermore,
SDS–PAGE analysis of the fragmentation of fraction 3
with 10 mg of CNBr showed the presence of only two
major peptide bands of approximately 34 and 29 kDa,
and the 7-kDa peptide could not be detected as a band
(Figure 2, lane 3).

Discussion

We previously reported the fractionation of the six AAG
glycoforms by chromatography on a hydroxyapatite col-
umn (250 ¥ 21.4 mm i.d.), and suggested that the differ-
ence between the binding activities of the DP
enantiomers was due to differences in association of DP
to variants 3–6, while the role of variants 1 and 2 in the
binding of DP to AAG was minor [11, 12]. Herve et al.
reported that two separate drug-binding sites were
present on AAG, the A variant and the F1S variant, and
that DP bound specifically to the A variant [7]. In this
study therefore we modified the method of separation of
AAG so that it was resolved into two main fractions, on
a hydroxyapatite column (500 ¥ 30 mm i.d.).We studied
the characteristics of the binding of DP enantiomers,
which bind selectively to the A variant [7], and WR
enantiomers, which bind selectively to the F1S variant
[6], the two main fractions of AAG. Fraction 2 exhibited
a high binding affinity for WR enantiomers, and fraction
3 strongly bound the DP enantiomers. Only small dif-
ferences were found between the respective dissociation
constants of total (unfractionated) AAG and fraction 3 for
each DP enantiomer and fraction 2 for each WR enan-
tiomer (Tables 1 and 2). These results show that DP and
WR enantiomers bind selectively to fractions 3 and 2,
respectively, and suggest that fraction 2 is the F1S variant
and fraction 3 is the A variant.

In order to determine the relationship between the
separate fractions and the genetic variants, we studied the
amino acid sequences of each of the AAG fractions.
SDS–PAGE analysis of the fragmentation products after
treatment with 2.5 mg of CNBr showed the presence of
peptide bands of 7 kDa, probably corresponding to
CNBr fragment II, in both fractions 2 and 3 (Figure 2,
lanes 1, 2). The first five amino-terminal amino acids of
the 7-kDa peptide of fraction 2 showed amino acid
sequences identical to those predicted from the AAG A
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gene. By contrast, a peptide band of approximately
5.5 kDa of fraction 2 also showed amino acid sequences
identical to those predicted from the AAG A gene
(Figure 2, lane 1). This band was also detected in the
fragmentation of total (unfractionated) AAG (data not
shown). The presence of this band can not be explained
by the presence of the methionine variant because the
product of the AAG A gene does not possess a methion-
ine in position 112–181. No product of the AAG B gene
was observed in fraction 2. These results show that frac-
tion 2 is the product of AAG A gene. On the other hand,
a peptide of 7 kDa of fraction 3 showed a mixture of the
amino acid sequences from the AAG A and B genes.
Fragmentation of the product of the AAG B gene with
CNBr was expected to lead to the formation of 1 mol
of CNBr fragment I and 0.5 mol of CNBr fragments III
and IV, because the gene possesses a methionine in posi-
tion 156 [2]. Therefore, the presence of the product of
the AAG B gene in the peptide band of 7 kDa shows
that the CNBr cleavage was incomplete, and the presence
of a 41-kDa peptide, probably corresponding to CNBr
fragments I and III (residues 1–156), also suggests that
CNBr cleavage was incomplete. In order to cleave the
product of the AAG B gene completely, 10 mg of CNBr
was added to 2.0 mg of fraction 3. As a result, the 7-
and 41-kDa peptides in fraction 3 could not be detected
as a band (Figure 2, lane 3). These results show that
fraction 3 is almost identical to the AAG B gene, con-
taining a trace amount of the AAG A gene. The above
results suggest that fraction 2 is identical to the F1S
variant and that fraction 3 is almost identical to the A
variant. On the other hand, the peptide band of approx-
imately 29 kDa appeared to be inaccessible (Figure 2,
lane 3). This suggested that the amino-terminal amino
acid residue of the 29-kDa peptide might be pyro-
glutamic acid, as observed in native AAG [16]. Therefore,
the peptide band of 29 kDa is thought to be the partially
deglycosylated peptide of approximately 34 kDa, corre-
sponding to CNBr fragment I (residues 1–111).

In this study, we also found that there were differences
between the stereoselective binding abilities of the sepa-
rate fractions. In fraction 2, the dissociation constant of
(S)-WR was smaller than that of (R)-WR, although no
significant differences between DP enantiomers were
observed in either the dissociation constant or the num-
ber of binding sites. In fraction 3 (S)-DP had a smaller
dissociation constant than did (R)-DP, whereas there
were no significant differences between the binding
parameters of WR enantiomers. These results show that
only fraction 3 and fraction 2 had stereoselective binding
ability to DP and WR enantiomers, respectively. Herve
et al. recently reported that the ligand binding site of the
A variant seemed to be of smaller size and of greater
ligand specificity. However, they also reported that the

ligand binding site of the F1S variant could be a relatively
large hydrophobic pocket with no obvious structural req-
uisites for binding [8]. It seems therefore that the differ-
ence between the binding behaviours of DP enantiomers
to fraction 3, almost identical to the A variant, is probably
due to the ligand binding site of smaller size and of
greater ligand specificity. By contrast, the ligand binding
site of the F1S variant does not have greater ligand
specificity. Therefore, it is interesting that fraction 2,
almost identical to the F1S variant, had stereoselective
binding ability in relation to the WR enantiomers. Sev-
eral investigators have recently reported stereoselective
binding ability of AAG. Hanada et al. reported that enan-
tiomer pairs of DP, propranolol (PL) and verapamil (VP),
bound to AAG at the same site but with different affin-
ities [17]. However, the binding parameters of each
genetic variant were not determined. It is known that
the relative concentrations of the genetic variants of AAG
change under various physiological and pathological con-
ditions [18, 19]. Therefore, an understanding of the ste-
reoselective binding ability on each variant could be of
interest in clinical pharmacology.

Furthermore, Haginaka and Matsunaga reported that
WR enantiomers are not resolved on a pd-AAG (partially
deglycosylated AAG) column. On the basis of this finding,
they suggested that a sugar chain (s) of AAG cleaved by
N-glycosidase might be involved in the stereoselective
binding of the WR enantiomers [20]. Shiono et al.
reported that sialic acid groups of AAG were responsible
for chiral recognition of the enantiomers of PL [21].
These findings suggest that not only the peptide chain
but also the carbohydrate chains play an important role
in the stereoselective binding ability of AAG. Conversely,
Kuroda et al. have reported that the branching type of
glycan chains of AAG do not play a significant role in
the chiral recognition between enantiomers of PL and
VP [22]. However, these studies did not investigate the
stereoselective binding ability of each of the variants but
of total (unfractionated) AAG. Further study is therefore
required to elucidate the effect of the carbohydrate moiety
on the stereoselective binding abilities of AAG and its
variants.

We thank Mr Yukichi Abe (Centre for Instrumental Analysis, Hok-
kaido University) for his technical assistance with analysis of amino
acid sequences.
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