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Abstract

N-Glucosidation is known as a major metabolic reaction for barbiturates in humans. However, the enzyme(s) involved in this N-

glucosidation has not been clarified yet. Thus, to clarify the enzyme(s) involved in the N-glucosidation in human liver microsomes, we

investigated the N-glucosyltransferase activity in recombinant UDP-glucuronosyltransferases (UGTs) using AS-3201, an aldose reductase

inhibitor, as a substrate. AS-3201 was found to be biotransformed to both N-glucoside and N-glucuronide in human liver microsomes. The

N-glucosyltransferase activities were detectable with multiple UGT isoforms (UGT1A1, UGT1A3, UGT1A4, UGT2B4, UGT2B7, and

UGT2B15). In contrast, the N-glucuronyltransferase activities for the same substrate were seen with UGT1A (UGT1A1, UGT1A3,

UGT1A4, and UGT1A9) but not UGT2B isoforms. We then determined the relative activity factor of each recombinant UGT and

estimated the contribution of each UGT isoform to the N-glucosidation in human liver microsomes. The results showed that UGT2B

isoforms mainly contribute to AS-3201 N-glucosidation in human liver microsomes. In addition, the activity of AS-3201 N-

glucosyltransferase significantly correlated with that of amobarbital N-glucosyltransferase in microsomes from sixteen human livers

(r ¼ 0:964, P < 0:01), indicating that UGT2B isoforms were also involved in the barbiturate N-glucosidation in humans. The findings of

this study clearly show that UGT2B specifically utilizes UDP-glucose but not UDP-glucuronic acid as a sugar donor for the conjugation of

AS-3201 in human liver microsomes.
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1. Introduction

UGTs play an important role in the metabolism of

xenobiotics and endogenous compounds. UGTs have been

classified into two families, UGT1 and UGT2; the latter

being subdivided into the UGT2A and UGT2B subfamilies

[1]. In humans, the UGT1 genes are located on chromo-

some 2q37, and are encoded by at least 12 unique first

exons, which are spliced to common exons from 2 to 5 [2].

UGT2Bs are encoded by separate genes, and are clustered

on chromosome 4q13 [3,4].

The UGTs catalyze the conjugation of a variety of

substrates with a sugar using UDP-sugar as a sugar donor.

The UDP-sugar consists of UDP-GA, UDP-galactose,

UDP-glucose, or UDP-xylose. Glucuronidation is one of

the most important phase II drug-metabolizing reactions. A

number of exogenous as well as endogenous compounds

have been shown to undergo glucuronidation in humans.

The UGT1 has been reported to catalyze the glucuronida-

tion of bilirubin and various phenols and amines [5,6],

whereas the UGT2B has been reported to catalyze the

glucuronidation of opioids, bile acids, and steroids [6].

In contrast, glucosidation is known as a metabolic

reaction for a relatively limited number of compounds,

such as phenobarbital [7], amobarbital [8], sulphadimidine,

sulphamerazine and sulphamethoxazole [9]. Accordingly,
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the N-glucosides of barbiturates have been reported as the

major urinary metabolites in humans (Fig. 1A), whereas

the N-glucuronides have not been detected in human urine

[7,8,10,11]. Thus, it was theorized that the enzyme(s)

involved in barbiturate N-glucosidation might specifically

utilize UDP-glucose as a sugar donor. However, to date,

this enzyme(s) has not yet been clarified.

(R)-(�)-2-(4-bromo-2-fluorobenzyl)-1,2,3,4-tetrahy-

dropyrrolo[1,2-a]pyrazine-4-spiro-30-pyrrolidine-1,20,3,

50-tetrone (AS-3201, Fig. 1B) is a structurally novel and

potent aldose reductase inhibitor containing a succinimide

ring [12,13]. The nitrogen atom in the succinimide ring is

located between carbonyl groups, which is particularly

similar to the target nitrogen atom for the glucosidation

of barbiturates. N-Glucuronide and N-glucoside have been

isolated and identified as the major metabolites of AS-3201

in humans, and it has been clarified that these conjugates

formed through unstable intermediates [14].

In this paper, the enzyme(s) involved in the AS-3201 N-

glucosidation was investigated, and compared with the

enzyme(s) involved in the N-glucuronidation. We found

that UGT2B enzymes catalyzed the N-glucosidation but

not the N-glucuronidation of this chemical. Also, an appli-

cation of RAF for recombinant human UGTs is reported

for the first time.

2. Materials and methods

2.1. Materials

AS-3201 and [14C]AS-3201 (1.41 MBq/mg) were

synthesized at Dainippon Pharmaceutical. The radioche-

mical purity of [14C]AS-3201 was more than 98%. Amo-

barbital, bilirubin, estradiol, estradiol 3-glucuronide,

trifluoperazine, 4-methylumbelliferone, 4-nitrophenol,

hyodeoxycholic acid, and azidothymidine were obtained

from Sigma. UDP-GA and UDP-glucose were purchased

from Wako Pure Chemical, recombinant UGTs (human

UGT supersomes) and control microsomes (insect cell

control supersomes) from Gentest, and pooled human liver

microsomes (H0610) and human liver microsomes pre-

pared from 16 individual donors from Xenotech. cis-4-

Hydroxytamoxifen was kindly provided from Dr. Shinya

Shibutani of State University of New York at Stony Brook,

Stony Brook, NY. All other reagents and chemicals were of

the highest grade commercially available.

2.2. Assays for AS-3201 N-glucuronidation and

N-glucosidation

To determine enzyme activities for the AS-3201 N-glu-

cosidation and N-glucuronidation, a reaction mixture

(200 mL final volume) containing 0.1 M Tris–HCl (pH

7.1), 10 mM MgCl2, 0.5 mg/mL of human liver microsomes

or recombinant UGTs, UDP-glucose or UDP-GA, and AS-

3201 or [14C]AS-3201 was incubated at 378 for 2 hr. The

incubation was performed using native human liver micro-

somes or UGT supersomes without activation by a detergent

or alamethicin. Enzyme kinetic parameters were determined

using AS-3201 and co-factors at concentrations of 25–500

and 50–2000 mM, respectively. The reaction was terminated

by adding 50 mL of acetonitrile. After centrifugation at

15,000 g for 5 min, aliquots of the supernatant were sub-

jected to HPLC or LC/MS. HPLC separations were per-

formed using a Model 1100 liquid chromatograph system

(Agilent) equipped with an Inertsil ODS-3V column (5 mm,

4:6 mm � 250 mm; GL-Science), maintained at 408. The

mobile phase consisted of solution A (10 mM ammonium

acetate) and solution B (acetonitrile). At a constant flow rate

(1 mL/min), a linear gradient from 15 to 60% of solution B

was run over 35 min. The compounds were detected by

radioactivity or absorbance at 296 nm. Radioactivity was

counted by a flow-scintillation detector, FLO-ONE/Beta A-

515 (Packard) using Ultima Flo-M (flow late, 2 mL/min;

Packard) as a scintillation cocktail. The metabolites were

quantified from the ratio of the peak radioactivity to the

whole radioactivity eluted during the run time. LC/MS

analysis was performed using a Model 1100 LC/MSD

system (Agilent). Chromatographic separation was achieved

with a Develosil ODS-UG5 column (2:0 mm � 100 mm;

Nomura Chemical), maintained at 408, using a two-solvent

gradient system: solvent A (10 mM ammonium acetate) and

solvent B (acetonitrile). At a constant flow rate (0.2 mL/

min), a linear gradient from 15 to 55% of solvent B was run

over 20 min. The mass spectrometer, with an ESI source,

was operated in full scan mass spectrometry using the gas

temperature of 3208, capillary voltage of 3.5 kV, and frag-

mentor of 75 in negative ion mode.

Barbiturates
R = C6H5 , phenobarbital
R = CH2CH2CH(CH3)2 , amobarbital
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Fig. 1. N-Glucosidation of barbiturates (A) and AS-3201 (B) in humans.
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2.3. Amobarbital N-glucosidation assay

Amobarbital N-glucosyltransferase activity was assayed

under the following conditions. The reaction mixture

contained 0.1 M Tris–HCl (pH 7.1), 10 mM MgCl2,

0.5 mg/mL of human liver microsomes, 2 mM UDP-glu-

cose, and 50 mM amobarbital in a final volume of 200 mL.

All reactions were conducted at 378 for 2 hr, and were

terminated by adding 50 mL of acetonitrile. After centri-

fugation at 15,000 g for 5 min, aliquots of the supernatant

were subjected to HPLC. HPLC was performed according

to the method of Soine and Soine [15].

2.4. Other enzyme assays

Bilirubin glucuronyltransferase activity was determined

by the method of Raijmakers et al. [16], 4-nitrophenol O-

glucuronyltransferase and 4-methylumbelliferone O-glu-

curonyltransferase activities by the method of Hanioka et

al. [17], azidothymidine O-glucuronyltransferase activity

by the method of Sim et al. [18], and cis-4-hydroxytamox-

ifen O-glucuronyltransferase activity by the method of

Nishiyama et al. [19]. The activities of estradiol 3-glucur-

onyltransferase and trifluoperazine N-glucuronyltransfer-

ase were determined according to the manufacturer’s

instructions for human UGT1A3 and UGT1A4 supersomes

(Gentest). The concentrations of bilirubin, 4-nitrophenol, 4-

methylumbelliferone, azidothymidine, cis-4-hydroxyta-

moxifen, estradiol, and trifluoperazine were 25, 100, 25,

250, 5, 10, and 125 mM, respectively. Hyodeoxycholic acid

glucuronyltransferase activity was assayed in a reaction

mixture containing 0.1 M Tris–HCl (pH 7.4), 10 mM

MgCl2, 0.25 mg/mL of human liver microsomes, 2 mM

UDP-GA, and 15 mM hyodeoxycholic acid in a final volume

of 200 mL. The reactions were conducted at 378 for 15 min,

and were terminated by addition of acetonitrile (50 mL).

After centrifugation at 15,000 g for 5 min, aliquots of the

supernatant were subjected to LC/MS. LC/MS analysis was

performed using a Model 1100 LC/MSD system (Agilent).

Chromatographic separation was achieved with a Develosil

ODS-UG5 column (2:0 mm � 100 mm; Nomura Chemi-

cal), maintained at 408, using a two-solvent gradient system:

solvent A (10 mM ammonium acetate) and solvent B

(acetonitrile). At a constant flow rate (0.2 mL/min), a linear

gradient from 20 to 40% of solvent B was run over 15 min.

The mass spectrometer with an ESI source was operated at

the gas temperature of 3208, capillary voltage of 4 kV, and

fragmentor of 175 in negative ion mode. Hyodeoxycholic

acid glucuronide was detected at selected ion monitoring

(m/z 567). Radominska et al. [20] have clarified that 6-O-

glucuronide of hyodeoxycholic acid is formed in human

liver microsomes. Therefore, the glucuronide formed in this

condition is considered to be hyodeoxycholic acid 6-O-

glucuronide.

To determine the apparent Km values of glucuronidation

towards these substrates, several concentrations of the

substrates (10–250 mM for bilirubin, 4-methylumbellifer-

one, and hyodeoxycholic acid; 5–100 mM for estradiol and

cis-4-hydroxytamoxifen; 25–500 mM for trifluoperazine

and 4-nitrophenol; and 100–2500 mM for azidothymidine)

were incubated with pooled human liver microsomes. The

Km value was determined using least-squares nonlinear

regression analysis by plotting the metabolite formation

rates against the substrate concentrations.

2.5. Determination of RAF values

The RAF is a parameter to estimate the activity of the

enzyme in its native environment from the activity of the

cDNA expressed enzyme, and was originally suggested for

CYPs [21]. This value can be calculated by applying Eq. (1).

RAF ¼ enzyme activity in human liver microsomes

enzyme activity in cDNA expressed enzyme
(1)

The RAF of a recombinant CYP enzyme has been deter-

mined by the method of Crespi [21] using a specific

enzyme activity for the CYP isoform. The UGTs, however,

exhibit overlapping substrate specificities and the sub-

strates are generally catalyzed by multiple UGT isoforms

[6,21]. Thus, the RAF for recombinant UGT enzymes

could not be determined using the method of Crespi

[21]. In this study, the RAF for UGT was therefore

determined on the following basis. When the RAF and

the enzyme activity of a recombinant UGT isoform are

represented as RAFUGT and ACTUGT, respectively, the

enzyme activity of the UGT isoform in human liver

microsomes can be represented by Eq. (2).

RAFUGT � ACTUGT

¼ ðenzyme activity of a UGT isoform in

human liver microsomesÞ (2)

The sum of the enzyme activity of each UGT isoform

expressed in human liver microsomes is conceivable as the

total UGT activity in human liver microsomes. Therefore,

the UGT activity in human liver microsomes can be

represented by Eq. (3).
X

ðRAFUGT � ACTUGTÞ
¼ ðUGT activity in human liver microsomesÞ (3)

We employed bilirubin, estradiol, trifluoperazine, 4-

methylumbelliferone, 4-nitrophenol, hyodeoxycholic acid,

azidothymidine, and cis-4-hydroxytamoxifen as substrates

to determine the RAF of recombinant UGT1A1, UGT1A3,

UGT1A4, UGT1A6, UGT1A9, UGT2B4, UGT2B7, and

UGT2B15. The substitution of glucuronyltransferase

activities towards these substrates in each recombinant

UGT isoform to Eq. (3) lead to the use of eight equations

containing the RAF for these recombinant UGT isoforms.

The RAF values of recombinant UGT isoforms were

obtained as the solutions of the equations, by substituting

in the appropriate ACTUGT values determined in this study.
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2.6. Statistical analysis

Multiple linear regression, least-squares regression, and

least-squares nonlinear regression were performed using

the Origin 7J software (OriginLab).

3. Results

3.1. AS-3201 N-glucosidation in human liver microsomes

The formation of AS-3201 N-glucuronide and N-gluco-

side was detectable after incubation of AS-3201 with

human liver microsomes in the presence of UDP-GA or

UDP-glucose (Fig. 2A and B). The retention times of AS-

3201 N-glucuronide and N-glucoside were 13.0 and

15.8 min, respectively. Peaks of m/z 568, 570, 604, and

606 were detected in the LC/MS spectrum of the N-

glucuronide (Fig. 2C). The peaks of m/z 568 and 570,

or 604 and 606 are isotopic clusters. The peaks of m/z 568

and 570 were considered to be derived from [M � H]�, and

m/z 604 and 606 from [M þ Cl]� of the N-glucuronide. For

N-glucoside, peaks of m/z 295, 297, 554, 556, 590, and 592

were detected in the LC/MS spectrum (Fig. 2D). The peaks

of m/z 554 and 556 were considered to be derived from

[M � H], and m/z 590 and 592 from [M þ Cl]� of the N-

glucoside. The peaks of m/z 295 and 297 were considered

to be the fragment ions derived from the N-glucoside, since

they were also observed in the LC/MS spectrum of the

aglycone (data not shown).

The enzyme activities for AS-3201 N-glucosidation and

N-glucuronidation were determined with human liver

microsomes prepared from sixteen individuals, and were

compared with those for amobarbital N-glucosidation

(Fig. 3). Relative enzyme activities for amobarbital N-

glucosidation were highly correlated with those for AS-

3201 N-glucosidation (r ¼ 0:964, P < 0:01) but not with

those for AS-3201 N-glucuronidation (r ¼ 0:274). These

results probably indicate that the N-glucosidation of AS-

3201 and amobarbital are catalyzed by the same

enzyme(s).

To determine kinetic parameters with respects to the

concentration of the substrate and co-factors, various

concentrations of [14C]AS-3201 and either UDP-GA or

UDP-glucose were incubated with pooled human liver

microsomes. The enzyme activities were estimated by

determining the radioactivity of each conjugate, as

described in Section 2. The kinetic parameters for AS-

3201 and co-factors were summarized in Table 1. The Km

values for AS-3201 and co-factor in the N-glucosidation

were 75.3 and 392 mM, respectively. These values were

almost three times lower than those in N-glucuronidation,

suggesting that the affinities of the substrate and the co-

factor to UGT protein(s) for the N-glucosidation were

higher than those for N-glucuronidation.

Fig. 2. HPLC chromatograms for the formation of AS-3201 N-glucuronide

(A) and N-glucoside (B) monitored by absorbance at 296 nm. ESI-mass

spectra of AS-3201 N-glucuronide (C) and N-glucoside (D) in the negative

ionization mode. AS-3201 was incubated with pooled human liver

microsomes in the presence of UDP-GA or UDP-glucose. The [M � H]�

ions at m/z 568 and 570 or m/z 554 and 556 corresponded to AS-3201 N-

glucuronide or N-glucoside, respectively. GA, glucuronic acid; Glu,

glucose.
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Fig. 3. Relationship between amobarbital N-glucosidation activities and

activities for AS-3201 N-glucosidation (A) or N-glucuronidation (B) in

human liver microsomes prepared from 16 individuals. Each enzyme

activity was calculated from the HPLC peak area of each metabolite, and

was represented relative to those with pooled human liver microsomes.

The AS-3201 concentration was set at 37.5 mM for N-glucosidation and

125 mM for N-glucuronidation. Significant correlation between amobarbi-

tal N-glucosidation activity and AS-3201 N-glucosidation activity was

observed (r ¼ 0:964, P < 0:01).
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3.2. Determination of RAF for recombinant UGT

isoforms

The Km values of glucuronidation towards eight sub-

strates in human liver microsomes were determined

(Table 2). It was shown that the concentrations of the

substrates employed in this study were lower than the Km

towards the substrates in human liver microsomes. There-

fore, the enzyme activities observed under these conditions

are in proportion to the intrinsic clearance of the reactions.

It has been reported that the RAF calculated using the

intrinsic clearance is the most appropriate value to estimate

the activity of the enzyme in its native environment from

the activity of the cDNA expressed enzyme [23].

Relative enzyme activities in each recombinant UGT

isoform and pooled human liver microsomes are shown in

Fig. 4. The glucuronyltransferase activities towards bilir-

ubin and trifluoperazine were detectable with UGT1A1 and

UGT1A4, respectively. The glucuronyltransferase activ-

ities towards other substrates were detectable with multiple

UGT isoforms. When the activities of pooled human liver

microsomes were defined as one, the substitution of

these enzyme activities to Eq. (3) led to the following

Eqs. (4)–(11).

RAFUGT1A1 � 3:19 ¼ 1 (4)

ðRAFUGT1A1 � 3:09Þ þ ðRAFUGT1A3 � 0:33Þ ¼ 1 (5)

RAFUGT1A4 � 2:59 ¼ 1 (6)

ðRAFUGT1A1 � 0:02Þ þ ðRAFUGT1A6 � 0:99Þ
þ ðRAFUGT1A9 � 0:52Þ
þ ðRAFUGT2B15 � 0:04Þ ¼ 1 (7)

ðRAFUGT1A1 � 0:01Þ þ ðRAFUGT1A3 � 0:01Þ
þ ðRAFUGT1A6 � 2:00Þ
þ ðRAFUGT1A9 � 0:30Þ
þ ðRAFUGT2B7 � 0:06Þ ¼ 1 (8)

ðRAFUGT2B4 � 0:05Þ þ ðRAFUGT2B7 � 1:64Þ ¼ 1 (9)

ðRAFUGT2B4 � 0:08Þ þ ðRAFUGT2B7 � 1:50Þ ¼ 1 (10)

ðRAFUGT1A1 � 0:01Þ þ ðRAFUGT1A3 � 0:01Þ
þ ðRAFUGT2B7 � 0:08Þ
þ ðRAFUGT2B15 � 0:17Þ ¼ 1 (11)

The RAF values for recombinant UGT enzymes were

obtained as the solutions of these equations (Table 2).

The RAF values for UGT1A1, UGT1A3, UGT1A4,

UGT1A6, UGT1A9, and UGT2B7 were lower than one,

indicating that the activities of these recombinant UGT

enzymes are higher than the activities in their native

environment. On the other hand, the RAF values for

UGT2B4 and UGT2B15 were 2.18 and 5.60, respectively.

Table 1

Kinetic parameters for glucosidation and glucuronidation of AS-3201 by human liver microsomes

Substrate Co-factor

Km (mM) Vmax (nmol/hr/mg) Vmax/Km (mL/hr/mg) Km (mM) Vmax (nmol/hr/mg) Vmax/Km (mL/hr/mg)

Glucosidation 75.3 7.58 0.101 392 4.76 0.012

Glucuronidation 242 1.08 0.004 1320 0.84 0.001

The concentration of co-factors was fixed at 2 mM to determine the kinetic parameters towards AS-3201. The concentration of AS-3201 was fixed at

50 mM (N-glucosidation) or 200 mM (N-glucuronidation) to determine the kinetic parameters towards the UDP-GA or the UDP-glucose.

Table 2

Relative glucuronosyltransferase activities towards eight substrates and the RAF value for each recombinant UGT isoform

Substrate RAF

BIL EST TFP MU NP HDC AZT OHT

Km (mM)
48.2 14.1 247 66.6 184 26.8 1550 8.74

Substrate concentration (mM) 25 10 125 25 100 15 250 5

UGT1A1 3.19 3.09 – 0.02 0.01 – – 0.01 0.31

UGT1A3 – 0.33 – – 0.01 – – 0.01 0.09

UGT1A4 – – 2.59 – – – – – 0.39

UGT1A6 – – – 0.99 2.00 – – – 0.36

UGT1A9 – – – 0.52 0.30 – – – 0.79

UGT2B4 – – – – – 0.05 0.08 – 2.18

UGT2B7 – – – – 0.06 1.64 1.50 0.08 0.55

UGT2B15 – – – 0.04 – – – 0.17 5.60

Each enzyme activity represents relative activity to the activity obtained with pooled human liver microsomes. The definition of RAF was described in

Section 2. The Km values of glucuronidation towards these substrates with human liver microsomes are shown. BIL, bilirubin; EST, estradiol; TFP,

trifluoperazine; MU, 4-methylumbelliferone; NP, 4-nitrophenol; HDC, hyodeoxycholic acid; AZT, azidothymidine; OHT, cis-4-hydroxytamoxifen; –, not

detectable.
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3.3. UGT isoform(s) responsible for AS-3201

N-glucosidation

AS-3201 was incubated with recombinant UGT

enzymes in the presence of UDP-glucose or UDP-GA.

The substrate concentration was set at 37.5 mM for N-

glucosidation and 125 mM for N-glucuronidation, both of

which are almost a half of the Km of N-glucosidation and N-

glucuronidation in human liver microsomes. The enzyme

activities observed under these conditions, therefore, are in

proportion to the intrinsic clearance of the reactions. The

N-glucosidation was detectable with UGT1A1, UGT1A3,

UGT1A4, UGT2B4, UGT2B7, and UGT2B15 (Fig. 5A).

The highest enzyme activity was seen with UGT1A4,

followed by UGT2B15 and UGT1A3. These results indi-

cate both UGT1A and UGT2B isoforms can catalyze AS-

3201 N-glucosidation. On the other hand, the N-glucur-

onidations were detectable with UGT1A isoforms

(UGT1A1, UGT1A3, UGT1A4, and UGT1A9) but not

with UGT2B isoforms (Fig. 5B). Therefore, it appeared

that UGT2B isoforms utilize UDP-glucose alone as a co-

factor for AS-3201 conjugation. UGT1A8 and UGT1A10,

which are expressed in extrahepatic tissues [24,25], cata-

lyzed the N-glucosidation (data not shown).

To estimate the actual N-glucosyltransferase activity of

each UGT isoform in human liver microsomes, the N-

glucosyltransferase activity in each recombinant UGT

enzyme was corrected by the RAF determined in this

study (Fig. 6A). The highest enzyme activity was seen

with UGT2B15, followed by UGT2B4 and UGT2B7. The

enzyme activity in UGT1A isoforms was relatively low.

These results show that UGT2B isoforms are mainly

responsible for AS-3201 N-glucosidation in human liver

microsomes. The N-glucuronyltransferase activity of each

recombinant UGT enzyme was also corrected by the RAF
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Fig. 4. Relative glucuronyltransferase activities towards eight substrates

with each recombinant UGT isoform. Each activity was represented as the

relative activity to the activity obtained with pooled human liver

microsomes (mean � SD, N ¼ 3). Insect cell control supersomes were

used as a control. HLM, pooled human liver microsomes.
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Fig. 5. Rate of AS-3201 N-glucosidation (A) and N-glucuronidation (B)

catalyzed by recombinant UGT enzymes. Insect cell control supersomes

were used as a control. The activity for each UGT isoform was represented

as the relative activity to the activity obtained with pooled human liver

microsomes (mean � SD, N ¼ 3). HLM, pooled human liver microsomes.
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tion (B) catalyzed by UGT isoforms in human liver microsomes. The

predicted enzyme activities were determined using the RAF and the

activities of recombinant UGT enzymes. The activity for each UGT

isoform was represented as the relative activity to the activity obtained

with pooled human liver microsomes (mean � SD, N ¼ 3). HLM, pooled

human liver microsomes.
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(Fig. 6B). The result shows that the actual N-glucuronyl-

transferase activity of UGT1A1, UGT1A3, UGT1A4, and

UGT1A9 isoforms is nearly the same in human liver

microsomes.

The Km values of each recombinant UGT for the sub-

strate (AS-3201) and the co-factors (UDP-glucose and

UDP-GA) in the N-glucosidation of AS-3201 were deter-

mined (Table 3). The Km values for both the substrate and

the co-factors varied. However, the variation was within

three times or less between the UGT1A and the UGT2B

isoforms. In addition, the variation of the Km values in the

N-glucuronidation was within two times or less among the

UGT1A isoforms. Therefore, the affinities of the substrate

and the co-factors to the UGT protein were nearly the same

among the UGT isoforms.

The enzyme activities for AS-3201 N-glucosidation in

human liver microsomes prepared from sixteen individual

subjects were compared with those for azidothymidine O-

glucuronidation and cis-4-hydroxytamoxifen O-glucuroni-

dation (Fig. 7). These enzyme activities were likely to be

derived from UGT2B isoforms as shown in Table 2. A

multivariate linear regression analysis showed that enzyme

activities for AS-3201 N-glucosidation was significantly

correlated with those for azidothymidine O-glucuronida-

tion and cis-4-hydroxytamoxifen O-glucuronidation

(r ¼ 0:750, P < 0:01). Additionally, enzyme activities

for amobarbital N-glucosidation were significantly corre-

lated with those for azidothymidine O-glucuronidation and

cis-4-hydroxytamoxifen O-glucuronidation (r ¼ 0:784,

P < 0:01, data not shown).

4. Discussion

In the present study, we described several lines of

evidence that the UGT2B isoforms are responsible for

AS-3201 N-glucosidation but not N-glucuronidation in

human liver microsomes. Our results indicated that

UGT2B15 mostly contributes to AS-3201 N-glucosidation

in human liver microsomes. UGT2B15 is known to cata-

lyze the glucuronidation of a number of steroids, including

5a-dihydrotestosterone and androstane-3a,17b-diol

[26,27]. A polymorphism of the UGT2B15 gene in the

coding region that results in an amino acid change at

residue 85 from Asp to Tyr has been reported [28]. This

polymorphism altered glucuronyltransferase activities

towards 5a-dihydrotestosterone and androstane-3a,17b-

diol [28]. It has been reported that the N-glucosidation

is one of the major metabolic pathways for amobarbital in

humans [8]. Therefore, the genotype of the UGT2B15 gene

might affect the pharmacokinetics of amobarbital, as well

as AS-3201, in humans.

The RAF provides a means to relate the activity of the

cDNA-expressed enzyme to the activity of the enzyme in

its native environment. This was first proposed for recom-

binant CYP enzymes [21]. So far, several groups have

reported the RAF values for recombinant CYP enzymes

[23,29–31], whereas no one has reported the RAF of

recombinant UGT enzymes. In this study, we provided a

novel strategy to determine the RAF of recombinant UGT

enzymes. We conceived that the sum of the enzyme activity

of UGT isoforms expressed in human liver microsomes is

equal to the UGT activity of human liver microsomes.

Actually, the sum of the enzyme activity of UGT isoforms

corrected by the RAF was almost the same activity of

human liver microsomes in both the N-glucosidation and

the N-glucuronidation. These results suggest that the RAF

value determined in this study is appropriate to estimate the

enzyme activity of the UGT isoform in human liver

microsomes from the activity of the recombinant UGT

enzyme.

It was reported in the literature that human UGT1A1

could catalyze bilirubin glucosidation, as well as bilirubin

glucuronidation [32]. We found that human UGT1A1 was

also able to catalyze both the N-glucosidation and the N-

Table 3

The Km (mM) of each UGT isoform for glucosidation and glucuronidation

of AS-3201 by recombinant UGTs

Glucosidation Glucuronidation

AS-3201 UDP-glucose AS-3201 UDP-GA

UGT1A1 158 648 293 1830

UGT1A3 109 627 320 1790

UGT1A4 315 1070 529 2420

UGT1A9 – – 295 1550

UGT2B4 161 616 – –

UGT2B7 148 513 – –

UGT2B15 122 589 – –

The concentration of co-factors (UDP-glucose and UDP-GA) was fixed

at 2 mM to determine the Km towards the AS-3201. The concentration of

AS-3201 was fixed at 50 mM (N-glucosidation) or 200 mM (N-glucur-

onidation) to determine the Km towards the UDP-GA or the UDP-glucose.
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Fig. 7. Correlation among the activity of AS-3201 N-glucosidation and the

activities of cis-4-hydroxytamoxifen (OHT) O-glucuronidation and

azidothymidine (AZT) O-glucuronidation. A multivariate linear regression

analysis shows the significant correlation between AS-3201 N-glucosida-

tion activity and activities for OHT O-glucuronidation and AZT O-

glucuronidation (r ¼ 0:750, P < 0:01). Each activity represents relative to

the activity obtained with pooled human liver microsomes.
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glucuronidation of AS-3201. UGT1A3 and UGT1A4 are

known as the UGT enzymes that catalyze a number of

amine glucuronidations [33,34]. In this study, UGT1A3

and UGT1A4 catalyzed the AS-3201 N-glucosidation, as

well as the AS-3201 N-glucuronidation, indicating these

UGT1A isoforms as well as UGT1A1 utilize both UDP-

glucose and UDP-glucuronic acid as a sugar donor for the

conjugation of AS-3201. In contrast, UGT2B isoforms

specifically utilize UDP-glucose, but not UDP-glucuronic

acid, as a sugar donor for the conjugation of AS-3201. We

then speculated that this property of UGT2B enzymes is

determined by the amino acid sequence of UGT2B protein.

The N-terminal and the C-terminal of the UGT protein

contain an aglycone binding site and a transmembrane

fragment, respectively [22]. Although UDP-sugar possibly

interacts with both N- and C-terminal domains of the UGT

protein, the carboxyl moiety of UDP-GA would interact

with an Arg residue in the N-terminal [22,35]. In addition,

the UDP moiety, which is common to UDP-sugar, would

interact with the amino acid residue from 352 to 400 in the

C-terminal. These findings suggest that the N-terminal

sequence of UGT protein is important for the co-factor

selective conjugation of AS-3201 by UGT2B. The amino

acid sequence of the N-terminal is highly conserved among

UGT2B proteins, but not between UGT1A and UGT2B

proteins [1]. Arg residue for co-factor binding, as well as

the other basic amino acid residues, locates itself on almost

the same region in the UGT2B proteins (Fig. 8), suggesting

that Arg residue interacting with the carboxyl moiety of

UDP-GA is conserved in UGT2B proteins. Although the

substrate possibly interacts with the C-terminal of UGT

protein as well, the amino acid sequence of the C-terminal

is highly conserved among UGT2B proteins. Therefore,

the structure of the UGT2B protein and UGT2B protein–

AS-3201 complex might be highly conserved among

UGT2B isoforms, and the structure of UGT2B protein–

AS-3201 complex might elucidate this enzyme property.

The difference between UDP-glucose and UDP-GA is

only the C6 of the sugar moiety. However, the pKa of

glucose and glucuronic acid, calculated using the Pallas

software (CompuDrug), were 15.6 and 2.65, respectively.

This indicates that glucuronic acid, but not glucose, is

ionized at physiological pH. Therefore, it is believed that

the difference between UDP-glucose and UDP-GA judged

with ionicity is one of the important determinants of co-

factor selection for specific conjugation of AS-3201 by

UGT2B enzymes.

Glucosidation is known as a metabolic reaction for a

relatively limited number of compounds. Recently, it has

been reported that an endothelin ETA receptor antagonist

[36] and hyodeoxycholic acid [37] were conjugated with

both glucuronic acid and glucose by UGT2B7 in human

liver microsomes. These findings indicate that UGT2B7

can utilize both UDP-glucuronic acid and UDP-glucose as

a sugar donor, and support the hypothesis that the structure

of UGT2B enzyme–AS-3201 complex might elucidate the

properties of UGT2B enzymes.

In conclusion, we showed evidence that UGT2B

enzymes are involved in AS-3201 N-glucosidation, as well

as amobarbital N-glucosidation, in human liver micro-

somes. These enzymes utilized UDP-glucose specifically,

but not UDP-GA, as a sugar donor for the AS-3201

conjugation. Although the mechanism of this selectivity

is not fully understood yet, it is believed that the tridimen-

sional structure of UGT2B enzyme–AS-3201 complex

might elucidate this enzyme property.
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