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Abstract 0 â-1-O- (NAG) and 2-O-glucuronides (2-isomer) of (S)-
naproxen (NA) were prepared to determine which positional isomer-
(s) of the acyl glucuronide of NA is responsible for forming covalent
adducts with human serum albumin (HSA). Their comparative stability
and covalent binding adduct formation with HSA were investigated at
pH 7.4 and at 37 °C. NA and its acyl glucuronides were
simultaneously determined by HPLC. Three positional isomers were
formed successively after incubation of NAG in the buffer only.
However, when NAG was incubated with HSA (30 mg/mL), isomers
other than the 2-isomer were formed in little or negligible quantities.
In HSA solution, NAG (kd ) 2.08 ± 0.08 h-1) was four times less
stable than 2-isomer (kd ) 0.51 ± 0.02 h-1). NAG was degraded by
hydrolysis (khyd ) 1.01 ± 0.10 h-1) and isomerization (kiso ) 1.07 ±
0.07 h-1) to the same extent; however, hydrolysis was predominant
for the 2-isomer (kd ) 0.51 ± 0.02 h-1). The incubation of both
NAG and 2-isomer with HSA led to the formation of a covalent adduct;
however, the adduct formation from the 2-isomer proceeded more
slowly than that from NAG. The present results suggest that the
covalent binding of NA to HSA via its acyl glucuronides proceeds
through both transacylation (direct nucleophilic displacement) and
glycation mechanisms; NAG rapidly forms an adduct that may be
unstable, and the protein adduct from the 2-O-acyl glucuronide is as
important for the covalent binding as those from the 1-O-acyl
glucuronides.

Many acidic drugs with carboxylic acid functions are
metabolized to reactive acyl glucuronides, which are sus-
ceptible to hydrolysis, isomerization (intramolecular acyl
migration), and irreversible (covalent) binding to proteins
under physiological conditions.1,2 These reactions are
considered to proceed through transacylations to the hy-
droxyl ion, to a different OH-group of the glucuronic acid
moiety and to a nucleophilic group on the protein molecule,
respectively, as suggested in an oxaprozin glucuronide
study.3 Formation of irreversible binding of carboxylic acid-
containing drugs, such as nonsteroidal antiinflammatory
drugs (NSAIDs), via their acyl glucuronide metabolites, is
now well recognized and is a potential cause of hypersen-
sitivity.2,4,5 The exact mechanism underlying irreversible
binding to proteins, however, has not yet been clarified due
to the instability of acyl glucuronides. Two possible mech-
anisms can be considered: transacylation and glycation
mechanisms.6,7 Based on these proposed mechanisms, two
different types of adduct can be formed: one is a transa-
cylation adduct, where aglycon binds, via displacement of
the glucuronic acid moiety from acyl glucuronide, directly
to the protein NH2, SH, or OH groups to yield an irrevers-
ibly bound adduct of aglycon linked to the protein by an
amide, thioester, or ester linkage; the other is a rearrange-

ment/glycation adduct, where acyl migration of the glucu-
ronide has occurred, allowing the open chain form of the
glucuronic acid moiety to react with an amino group to form
an imine (Schiff’s base). Subsequent Amadori rearrange-
ment can then yield a more stable ketamine derivative.

The extent of covalent adduct formation via the acyl
glucuronides varies from their parent NSAIDs. Benet et
al.6,8 showed that a striking correlation was observed
between the extent of irreversible binding to protein and
the degradation rate constant of acyl glucuronides. This
strongly suggests that covalent adduct formation may
reflect the reactivity of the corresponding acyl glucuronide.
Although the degradation and covalent binding have been
simultaneously investigated for some â-1-O-acyl glucu-
ronides of NSAIDs,9-11 it is not clear which ester(s)
contributes to the formation of covalent binding to proteins.
If the transacylation mechanism is predominant for the
formation of irreversible binding to proteins, â-1-O-acyl
glucuronide should relate mainly to the formation; if the
Schiff’s base mechanism is predominant, positional isomer-
(s) of â-1-O-glucuronide should contribute to the formation
of covalent binding. In vitro stereoselective stability and
binding properties of â-1-O-acyl glucuronides of (S)- and
(R)-naproxen (NA) and in vivo stereoselective disposition
of naproxen â-1-O-acyl glucuronide (NAG), using rats, have
been reported by Benet et al.8,12 However, the individual
contributions of both hydrolysis and transacylation to the
overall degradation of NAG, and the stability of positional
isomers of NAG and their contribution to covalent protein
binding, remain unclear.

In this study, we isolated the 2-O-acyl positional isomer
(2-isomer) of (S)-NAG, in which the acyl-containing aglycon
migrates from the glycosidic linkage at C-1 to a new ester
linkage with a hydroxyl group at C-2 of the glucuronic acid
moiety, and investigated its reactivity with human serum
albumin (HSA) comparing it with that of (S)-NAG to test
which possible mechanism is dominant for the formation
of covalent binding. Our results show that (1) in the
presence of HSA, NAG is subjected to both hydrolysis to
NA and isomerization to the 2-isomer to the same extent,
while further isomerization to the 3- and 4-O-acyl positional
isomers is negligible, and (2) the covalent adduct of NA is
formed mainly from 1-O-acyl- and 2-O-acyl glucuronides,
not 3-O-acyl and 4-O-acyl glucuronides; the former may be
unstable and act as an intermediate for HSA-catalyzed
hydrolysis while the latter may be a stable adduct, which
will be important for immunoreactive side-effects.

Experimental Section

Materialss(S)-NA (enantiomeric excess > 0.98), phenylmeth-
ylsulfonyl fluoride, and fatty acid free-HSA (fraction V) were
purchased from Sigma Chemical Co. (St. Louis, MO). The molec-
ular weight of HSA was assumed to be 69000.13 Tryptophol [2-(3-
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indolyl)ethanol] was obtained from Tokyo Kasei Co. (Tokyo,
Japan). Other chemicals used were of analytical or HPLC grade.

Preparation of Glucuronides of NAs(S)-NAG was extracted
from human urine, which was collected following a 600 mg oral
administration of (S)-NA (Naixan, Tanabe Pharmaceutical Co.,
Tokyo, Japan). Urine was collected over 24 h into a vessel
containing phosphoric acid to stabilize the NAG by lowering the
pH to 3-4. The urine was treated as described by Smith et al.,14

with minor modifications. The extract was then separated by
liquid-chromatography with a Cosmosil 75C18-OPN column (Na-
calai Tesque Inc., Kyoto, Japan). NAG was eluted from the column
with the stepwise gradient of acetonitrile/0.05 M acetic acid, 10:
90, 20:80, and 30:70 (v/v). After the fractions containing NAG were
evaporated with a rotary evaporator at 30 °C, the remaining
aqueous solution was lyophilized. The 2-O-acyl positional isomer
(2-isomer) of (S)-NAG was prepared after 6-h incubation of (S)-
NAG in 0.1 M phosphate buffer at pH 7.4 and at 37 °C. 2-Isomer
extracted from the solution was purified by Sephadex LH-20 using
50% methanol as an eluting solvent. The purity of the glucu-
ronides obtained was determined by analytical HPLC and exhib-
ited homogeneous properties (>98%) at a UV wavelength of 254
nm, with the remaining fraction represented by polar impurities
that did not yield NA when treated with 1 M NaOH for 1 h. The
structures of the glucuronides were confirmed by 1H NMR and
1H-1H shift correlation NMR. NMR spectra were obtained on a
JEOL GX-500 at 500 MHz using deuterated methanol, with
tetramethylsilane as an external reference.

Analysis of NA and Its Glucuronides Using HPLCs
Analyses of NA and NAGs were performed according to the method
described by Bischer et al.8 using a Shimadzu LC6AD solvent
delivery system (Shimadzu Co., Kyoto, Japan), a Shimadzu RF-
535 fluorescence monitor, a Shimadzu C-R4A Chromatopac
integrator, and a Cosmosil 5C18-AR column (5 µm particle size,
4.6 × 250 mm, Nacalai Tesque Inc., Kyoto, Japan).

Stability StudiessNAG (35-40 µM) was incubated at 37 °C
in 0.1 M sodium phosphate buffer (pH 7.4), and 50 µL aliquots
were collected at timed intervals for analysis. Similar incubations
using (S)-NAG (ca 35 and 135 µM) and S-2-isomer (ca. 30 µM)
were also run in the presence of 30 mg/mL (435 µM) HSA.
Aliquots were immediately mixed with 10 µL of 17% phosphoric
acid and 50 µL of acetonitrile containing 4 µg/mL of tryptophol as
an internal standard. The precipitated protein was removed by
centrifugation, and a 3 µL-portion of the supernatant was analyzed
by HPLC.

Determination of in Vitro Covalent Binding to HSAsNAG
or 2-isomer was incubated at 37 °C for 30 h in 0.1 M phosphate
buffer containing 30 mg/mL HSA, as described above. Aliquots
(300 µL) of each reaction mixture were taken at different time
points to assay the covalently bound drug. The binding yield for
irreversible binding of the glucuronides was quantified using the
method of Bischer et al.8

Data AnalysissThe rate constants for hydrolysis and isomer-
ization of the glucuronides were estimated using the model shown
in Figure 1. The calculation for the kinetic parameters was
performed with a nonlinear least-squares fitting program, Win-
Nonlin (Scientific Consulting, Inc., Apex, NC).

Results
NMR Spectra of NAG and Its 2-O-Regioisomers

Identification of the purified acyl glucuronides was achieved

using proton NMR analysis. Spectral features of NAG
were similar to those reported by Wilson and Nicholson,16

although confirmation of each proton signal was not
performed. The results are summarized in Table 1, in
which 1H signals observed for GlcA in deuterated water
and NA in deuterated methanol are also included as the
reference compounds. A one-proton signal observed at
5.522 ppm as a doublet was easily assigned to H-1′ of the
GlcA residue. The large coupling constant (J ) 8.2 Hz)
suggested that D-GlcA was bound to NA through a â-link-
age. Due to lack of protons at the C-6 position, the proton
signal (H-5′) attached to C-5 was also clearly observed as
a doublet at a lower field (3.730 ppm). Starting from these
characteristic signals of H-1′ and H-5′ of GlcA, all the
proton signals were easily assigned by using the 1H-1H
shift correlation spectra (data not shown).

The most abundant compound, 2-isomer, after 6-h incu-
bation of NAG at pH 7.4 and at 37 °C was obtained in an
almost pure state (>97% by HPLC). The 1H-1H shift
correlation spectra of the 2-isomer is shown in Figure 2,
which indicates the presence of a small amount of other
isomers. Signals of GlcA moiety were assigned in Figure
2. The H-1′ signal of GlcA was observed at 5.345 ppm as
a doublet with a small coupling constant (J ) 3.4 Hz),
indicating that the isomer was an R-isomer. The H-1′
signal of the corresponding â-isomer was not observed,
probably due to overlap with a signal of HOD.17 However,
we were able to assign all of the signals from the 1H-1H
shift correlation spectra. The H-2′ signal was observed at
4.652 ppm, which is 1.22 ppm lower than that of NAG. This

Table 1sList of the H-1 Chemical Shift of Naproxen Glucuronide and Their Related Compounds

compound H-1 H-3 H-4 H-5 H-7 H-8 -CH3 -CH- -OCH3 H-1′ H-2′ H-3′ H-4′ H-5′

(S)-NA 7.69 7.425 7.69 7.13 7.13 7.69 1.583 3.866 3.905
(m) (dd, 2.0, 9.0) (m) (m) (m) (m) (d, 6.7) (q, 7.2) (s)

GlcA 5.315 3.63 3.784 3.63 4.060a

(R-isomer) (d, 3.4) (m) (dd, 9.1) (m) (d, 9.9)
GlcA 4.741 3.343 3.578 3.63 4.383a

(â-isomer) (d, 8.2) (dd, 8.5) (dd, 9.6) (m) (d, 10.0)
(S)-NAG 7.715 7.425 7.76 7.253 7.140 7.76 1.560 4.036 3.900 5.522 3.432 3.451 3.520 3.730

(d, 1.3) (dd, 1.9, 8.0) (bd, 8.9) (d, 2.6) (dd, 2.0, 9.0) (bd, 8.9) (d, 7.4) (q, 6.9) (s) (d, 8.2) (dd, 8.0, 9.4) (dd, 9.4, 11.6) (d, 8.8) (d, 8.9)
S-2-Isomer 7.740 7.456 7.757 7.246 7.133 7.757 1.570 4.003 3.905 5.345 4.652 3.878 3.556 4.088

(d, 1.9) (dd, 1.9, 8.5) (d, 9.0) (d, 2.4) (dd, 2.4, 9.2) (d, 9.0) (d, 6.8) (q, 7.0) (s) (d, 3.4) (dd, 3.4, 9.9) (d, 9.5) (d, 9.6) (d, 9.6)

a Signals are interchangeable.

Figure 1sKinetic model employed for the estimation of rate constants of
hydrolysis and isomerization of NAG in HSA solution: k1,hyd and k1,iso are the
first-order rate constants of hydrolysis to NA and isomerization to the 2-isomer
from NAG, respectively. k2,hyd is the first-order rate constant of hydrolysis to
NA from the 2-isomer.
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shift obviously indicated that the hydroxyl group attached
at C-2 of GlcA was substituted with NA.

Degradation of NAG and Its Regioisomers(S)-NAG
was incubated at pH 7.4 and at 37 °C in 0.1 M phosphate
buffer for 72 h. The HPLC chromatograms of the incuba-
tion medium of NAG are shown in Figure 3. The time
dependence of the degradation of (S)-NAG and the appear-
ance of its isomers and hydrolyzed NA is shown in Figure
4. As has been reported for several other 1-O-acyl glucu-
ronides, (S)-NAG underwent nonenzymatic isomerization
(acyl migration) and hydrolysis at pH 7.4. In HSA-free
buffer, (S)-NAG was subjected predominantly to acyl
migration resulting in a rapid appearance of the 2-O-acyl
isomer (2-isomer) and then gradual formation of other
isomers (at least three peaks detected by HPLC). Hydroly-
sis of 1-O-glucuronide and/or its isomers to NA was slow
when compared with isomerization. After 72-h incubation,
three regioisomers, including the 2-isomer, equilibrated to
almost the same concentration; about half of the initial
amount of NAG was hydrolyzed to NA. The apparent
degradation rate constant (k1,deg) for (S)-NAG was 0.343 (
0.010 h-1 in HSA-free buffer.

The time dependence of degradation of the â-1-O- and
2-O-glucuronides of (S)-NA was investigated in the pres-
ence of 30 mg/mL of HSA. The results are shown in Figure
5, parts A and B, respectively. For comparison, the
logarithmic plots for degradation of the glucuronides of NA
in HSA solution are presented in Figure 6 as well as the
result obtained in HSA-free buffer. As shown in Figure 6,
the incubation of NAG with HSA at pH 7.4 resulted in a
more rapid degradation when compared with the corre-
sponding rate constant in HSA-free buffered solution,
showing that HSA plays a major role in the degradation
of NAG. In the presence of HSA, the contribution of
hydrolysis to total degradation of NAG increased when
compared with that in HSA-free buffer, as seen by the rapid

appearance of NA. NAG was rapidly hydrolyzed to NA and
isomerized to the 2-isomer, but no significant further acyl
migration was observed in the buffer containing HSA
(Figure 5A). This confirmed that further acyl migration
of the 2-isomer to form the 3- and 4-isomers was negligible
in the presence of HSA. The degradation rate constant
(k2,deg ) 0.514 ( 0.015 h-1) was extremely slow for 2-isomer
when compared with that for its â-1-O-acyl conjugates
(k1,deg ) 2.08 ( 0.08 h-1), as shown in Figure 6. The
2-isomer was almost entirely hydrolyzed before further
rearrangement, although only a small amount of the
isomers was detected (Figure 5B). A higher initial con-
centration of (S)-NAG (mean 134 µM) resulted in a similar
degradation pattern to the lower concentration experiments
(data not shown).

The kinetic parameters of degradation reflecting both
rearrangement and hydrolysis of each glucuronide were
estimated based on the model shown in Figure 1. The

Figure 2s1H−1H shift correlation spectra of the S-2-isomer.

Figure 3sHPLC chromatograms of product mixtures from incubation of NAG
after incubation in 0.1 M phosphate buffer (pH 7.4) at 37 °C for 30 s (A) and
6 h (B). Isomer X is an unidentified minor isomer which was hydrolyzed by 1
M NaOH but not â-glucuronidase. I.S. is tryptophol and was used as an internal
standard. Retention times of NAG, 2-, 3-, 4-isomers, isomer X, and NA are
9.2, 11.6, 10.8, 7.0, 8.8 and 22.2 min, respectively.

Figure 4sTime courses of rearrangement and hydrolysis of (S)-NAG in 0.1
M phosphate buffer (pH 7.4) at 37 °C. Only mean values (n ) 3) are shown
for the sake of visual clarity. Coefficients of variation for the data points ranged
from 1 to 25%. Isomer X is an unidentified minor isomer which was hydrolyzed
by 1 M NaOH but not â-glucuronidase.
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parameters are shown in Table 2. The parameters were
almost the same for the lower and higher initial concentra-
tions, showing the linear kinetics in the degradation of â-1-
glucuronides and its isomers under the conditions used.
The contribution of hydrolysis of (S)-NAG to its total
elimination was almost identical to the isomerization. The
hydrolysis of the purified 2-isomer (k2,hyd ) 0.514 ( 0.015
h-1) occurred at approximately the same rate as for the
2-isomer formed in the (S)-NAG incubation experiment
(k2,hyd ) 0.446 ( 0.043 h-1). The isomerization rate
constant of (S)-NAG in the presence of HSA was also
greater than its overall degradation rate constant in HSA-
free solution, suggesting that HSA accelerated transacy-
lation of (S)-NAG as well as its hydrolysis.

Irreversible Binding to HSAsThe time dependence
for irreversible binding formation of NA was investigated
after incubation of NAG and 2-isomer at pH 7.4 and at 37
°C over 30 h. As shown in Figure 7, NAG rapidly produced
a covalent adduct with HSA; the maximum yield was
achieved after 1 h of incubation. The isomeric conjugate
(2-isomer) also produced an irreversible binding adduct,
although the maximum yield was achieved after ca. 8-10
h. The extent of irreversible binding yield from each of
the glucuronides tested reached almost the same level,
regardless of the differences in their stability. We calcu-
lated empirically the apparent first-order formation rate

constant of covalent binding using the following exponen-
tial equation: BY ) A(e-k

et - e-k
ft), where BY is the

covalent binding yield, ke and kf being the apparent
elimination and formation rate constants of the covalent
adduct, respectively. The apparent formation rate constant
(kf ) 0.684 ( 0.086 h-1) for irreversible binding from the

Figure 5sTime courses of rearrangement and hydrolysis of (S)-NAG (A) and
S-2-Isomer (B) in 0.1 M phosphate buffer including 30 mg/mL of HSA (pH
7.4) at 37 °C. Only mean values (n ) 3) are shown for the sake of visual
clarity. Coefficients of variation for the data points ranged from 1 to 13%.
Isomer X is an unidentified minor isomer which was hydrolyzed by 1 M NaOH
but not â-glucuronidase.

Figure 6sLogarithmic plots for degradation of NAG and 2-isomer without or
with HSA. Each point and vertical bar represent the mean ± SD of three
independent series. Error bar lines of NAG without HSA are within the outline
of the symbol.

Table 2sKinetic Parametersa for Hydrolysis and Isomerization of
Glucuronides of NA in HSA Solution

(S)-NAG

parameter
lower

(35 µM)b
higher

(135 µM)
S-2-isomer

(30 µM)

initial concentration
(µM)

34.9 ± 0.3 134 ± 10 31.3 ± 6.4

k1,hyd (h-1) 1.01 ± 0.10 0.860 ± 0.199
k1,iso (h-1) 1.07 ± 0.07 1.09 ± 0.02
k1,deg (h-1)c 2.08 ± 0.08 2.05 ± 0.06
k2,hyd (h-1) 0.446 ± 0.043 0.473 ± 0.012 0.514 ± 0.015

a Data are expressed as mean ± SD of three experiments. b Initial
concentration. c k1,deg ) k1,hyd + k1,iso.

Figure 7sTime courses of irreversible binding of NA to HSA from
acylglucuronides of NA in 0.1 M phosphate buffer (pH 7.4) at 37 °C. Each
point and vertical bar represent the mean ± SD of three independent series.
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S-2-isomer was considerably smaller than that (kf ) 3.55
( 0.39 h-1) from â-1-glucuronide, indicating that protein
adduct formation from the 2-isomer occurred at a slower
rate than that from NAG.

To test whether the extent of irreversible binding
depended on the NAG concentration, a higher concentra-
tion of NAG was incubated under the same conditions. The
increase in initial concentration of NAG to 134 µM from
35 µM for (S)-NAG produced a proportional increase in
maximum adduct formation. However, interestingly, a
secondary increase in adduct formation followed by a
plateau level was observed. This phenomenon was not
observed in the lower NAG concentration experiment.

Discussion
The stability and irreversible binding to protein of â-1-

O-acyl glucuronides of many other carboxylic acid drugs
have been reported. In this study, we compared the
reactivities of a model acyl glucuronide, NAG, and its 2-O-
positional isomer (2-isomer) in the presence of HSA, to gain
an insight into the favored mechanism for irreversible
binding. The present study clearly showed the regioselec-
tive differences of acyl glucuronides of NA in their stability
and the formation of covalent binding to HSA.

To perform the study, we initially isolated a positional
isomer (2-O-acyl derivative) of (S)-NAG and recorded its
one-dimensional and two-dimensional proton NMR spectra
when compared with (S)-NAG. The NMR data of some
1-O-acyl glucuronides17,18 and the positional isomers of 1-O-
acyl glucuronides16,19,20 have been reported. In this study,
all the proton signals of the positional isomer of NAG were
confirmed. The regioisomers of â-1-acyl glucuronide can
exist as R- and â-anomers. From a comparison with the
NMR spectrum of GlcA, the 2-isomer exists mainly as
R-anomer. The NMR spectrum of the mixture of isomers,
which was obtained 6 h after incubation of (S)-NAG, was
also analyzed (data not shown). Although other positional
isomers (3- and 4-isomers), unfortunately, could not be
obtained in a pure state, signals due to the H-1′ protons of
the isomers were isolated from other ring protons of the
GlcA residue. Hence, these signals in the anomeric region
(around 5 ppm) may be good markers for determining the
relative abundance of each isomer.

In the HSA-free buffer solution, at least four isomers of
NAG were detected after incubation of NAG (Figure 3).
Like diflunisal acyl glucuronide,11,21 the 2-isomer was
formed first followed by formation of other positional
isomers. Finally, three abundant isomers reached an
almost equivalent concentration. Since the 2-isomer was
generally subject to further acyl migration,11,21 these
isomers, which appeared later, were probably 3- and
4-isomers. Acyl migration in the glucuronic acid residue
is considered to proceed through an ortho ester-like inter-
mediate.22 Thus, we conclude that acyl migration occurs
through the sequence â-1-glucuronide f 2-isomer, 2-isomer
f 3-isomer and 3-isomer f 4-isomer. Therefore, the peaks
of the isomers on the HPLC chromatogram are assigned
here based on their order of appearance, as reported by
Faed.1 A similar result was reported for flufenamic acid
and benoxaprofen.18 The unidentified small amount of
esters is probably their anomeric isomers.

In the buffer including HSA, the 2-isomer as well as NA
was predominantly formed after incubation of NAG, and
the formed 2-isomer was sequentially hydrolyzed before
further rearrangement. Unlike the case in HSA-free
buffer, the levels of regioisomers other than 2-isomer were
near or below the detection limit. Additionally, the stabil-
ity experiment of the purified 2-isomer (Figure 5B) in HSA
solution showed that the rearrangement from the 2-isomer

to the 3-isomer or 4-isomer was hardly observed. Although
we cannot account clearly for the observation of no further
acyl migration of the 2-isomer to form a 3- or 4-isomer in
HSA solution, HSA may retard the formation of the ortho
ester-like intermediate between the C-2 and C-3 positions
of GlcA, resulting in predominant hydrolysis of the 2-iso-
mer in its degradation pathway. In the case of â-1-acyl
glucuronides of diflunisal,11 tolmetin,9 and salicylic acid,26

it has been reported that HSA seems to stabilize the
glucuronides.

On the basis of the calculation of the individual rate
constants using the model shown in Figure 1, (S)-NAG was
decomposed by hydrolysis and intramolecular rearrange-
ment almost to the same extent (Table 2). Our preliminary
experiment using R-NAG showed that R-NAG was pref-
erentially isomerized (unpublished data), suggesting that
the HSA-mediated hydrolysis was predominant for (S)-
NAG. In many other acyl glucuronides,3,23-25 including
NAG,8 the catalytic role of HSA in the degradation (hy-
drolysis and intramolecular rearrangement) has been
reported. Our calculations of the individual rate constants
of NAG in HSA solution clarified that both the hydrolysis
and acyl transformation rate constants of NAG were
greater than the overall degradation rate constant (kd )
0.343 ( 0.010 h-1) in HSA-free solution, which should
reflect acyl transformation and hydrolysis rate constants.
This suggests the catalytic role of HSA not only in the
hydrolysis of NAG but also in the isomerization of NAG.
This may be due to the lowered free energy of ortho ester
formation between the hydroxyl group at C-2 of the GlcA
residue and the carboxyl group of NA by reversible binding
to HSA, although we cannot explain exactly the enhance-
ment effects of HSA on the isomerization of NAG.

We compared the stability and covalent binding forma-
tion of the 1-O- and 2-O-acyl glucuronides of (S)-NA. The
2-isomer, which was more stable than NAG, formed a
protein adduct more slowly when compared with NAG.
NAG, which forms the protein adduct most easily, achieved
a maximum binding within 1 h of incubation. Although
evidence exists for the two major mechanisms of covalent
binding, it has not been clarified as to which of these is
principally responsible.28-32 If a covalent adduct is formed
predominantly from the regioisomers of NAG, the forma-
tion rate of the adduct should be faster for the 2-isomer
than for NAG, since no acyl migration time is required.
Consequently, our results suggest that NAG can directly
bind to the protein. Interestingly, the protein adduct
formation temporarily declined, and a secondary increase
in the formation was observed after incubation at a higher
concentration of NAG. On the basis of comparison of the
time dependence of degradation of NAG with the pattern
of adduct formation, the covalent adduct in the earlier stage
could be formed by â-1-acyl glucuronide, and the secondary
peak of binding formation may arise from the formed
2-isomer. Additionally, in the case of NAG, 3-O- and 4-O-
acyl glucuronides contribute little to the adduct formation
under the conditions used. Finally, the covalent binding
of NA to HSA seems to proceed via its acyl glucuronides
in both the transacylation and glycation mechanisms. In
the case of tolmetin, not only the â-1-isomer of tolmetin
glucuronide but also other isomers can react with protein
to give irreversibly linked products.9 In this study, â-1-O-
and 2-O-acyl glucuronides of NA clearly contribute the
formation of protein adduct of NA. We quantified the
regioselective difference in stability and covalent binding
of acyl glucuronides of (S)-NA, although the stereoselective
difference of R- and S-â-1-O-acyl glucuronides of NA in the
protein adduct formation have been reported.8

Smith et al.19 have reported that isomeric conjugates of
zomepirac glucuronide occur via imine formation between
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the free aldehyde of the open-chain GlcA and protein,
followed by an Amadori rearrangement to the more stable
adduct. The data suggest that although NAG can directly
and rapidly form an adduct that is unstable and hydrolyzed
almost as quickly as it is formed, intramolecular transa-
cylation may well be a prerequisite for formation of a stable
adduct. Presumably, the rapid complex formation of â-1-
O-acyl glucuronide with HSA may assist in the HSA-
mediated hydrolysis of NAG. We speculate that hydrolysis
of acyl glucuronides may proceed through an acylated
intermediate (acyl-HSA intermediate) such as an ester with
a serin residue, thioester with a cysteine residue and/or
acylimidazole with a histidine residue in HSA.33 In the
second step, the acyl-HSA intermediate is deacylated by
hydrolysis. Thus, this transient adduct may be less
important than the persistent one that arises from the 2-O-
acyl glucuronide.

In conclusion, the present results indicate that covalent
adduct formation proceeds via the proposed two kinds of
mechanisms, transacylation and imine formation, accord-
ing to the degree of formation of isomeric forms of the acyl
glucuronide of NA.
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