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SUMMARY

SaNcHEz, E. & TepHLY, T. R. (1975) Morphine metabolism. IV. Studies on the
mechanism of morphine:uridine diphosphoglucuronyltransferase and its activation
by bilirubin. Mol. Pharmacol., 11, 613-620.

Previous studies have shown the activation of morphine glucuronidation in hepatic
microsomes by bilirubin. This report shows that morphine glucuronide synthesis
through microsomal UDP-glucuronyltransferase (EC 2.4.1.17) proceeds via a sequential
ordered mechanism in the absence and presence of bilirubin and Triton X-100. Bilirubin
markedly increases the V pnay, slightly increases the K, for morphine, and has no effect
on the K, for UDP-glucuronic acid. The activation occurs in intact microsomes but not
with a solubilized enzyme preparation. These results may have significance with respect
to the stimulation of morphine glucuronidation in vivo.

INTRODUCTION

Previous studies from this laboratory
showed that bilirubin markedly activates
the glucuronidation of morphine and p-
nitrophenol in rat liver microsomes and
increases the rate of morphine glucuronide
and p-nitrophenylglucuronide excretion in
the urine (1, 2). These studies suggest that
bilirubin may play a role as an activator of
UDP-glucuronyltransferase(s) in vivo as
well as in vitro. Although the mechanism
of bilirubin activation has not been studied
extensively, preliminary data suggested
that it may act like a detergent (2). Deter-
gent activation apparently results in the
modification of the phospholipid environ-
ment associated with the enzyme in the
microsomal membrane (3-5).

The purpose of this study was to investi-
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gate the nature of the enzymatic mecha-
nism involved in the formation of mor-
phine glucuronide in native microsomes
and to study the influence of bilirubin and
a detergent, Triton X-100.

MATERIALS AND METHODS

Bilirubin, UDP-glucuronic acid, and Tri-
ton X-100 were purchased from Sigma
Chemical Company. Morphine sulfate was
obtained from Mallinckrodt Laboratories;
[N-methyl-**Clmorphine hydrochloride (54
mCi/mmole) was obtained from Amer-
sham/Searle. Other reagents used were of
the highest purity available.

Sprague-Dawley male rats weighing
200-300 g (Simonsen Laboratories, (Gil-
roy, Cal.) were used. Homogenates and
washed microsomes were obtained as de-
scribed previously (6, 7) and suspended in 5
mM Tris-HCI, pH 8.0, in 1.15% KCIl, before
use.
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The standard incubation reaction for
morphine glucuronide synthesis was com-
posed of various concentrations of mor-
phine sulfate; [N-methyl-**CImorphine hy-
drochloride, 0.228 mCi; various concentra-
tions of UDPGA;' MgCl,, 5.0 mm; Tris-
HC], 50 mmM, pH 7.6, at 37°; and microso-
mal protein, 2.0 mg/ml. The total volume
was 2.0 ml. Control reactions contained no
UDPGA, and zero-time blanks with all
reactants present were prepared by adding
1.0 ml of 10% trichloracetic acid immedi-
ately after the addition of microsomal pro-
tein. Bilirubin solutions were prepared
fresh in 0.08 N NaOH. When employed,
Triton X-100 was used at 0.05% (v/v), final
concentration, and bilirubin was used at
1.0 mM. Reactions were stopped by the
addition of 1.0 ml of ice-cold 10% trichlora-
cetic acid and centrifuged. One milliliter of
clear supernatant fluid was taken for the
analysis of morphine glucuronide forma-
tion. Morphine glucuronide was deter-
mined as described previously (7).

Microsomal protein was measured using
the method of Lowry et al. (8).

Michaelis constants were determined us-
ing an IBM 360 computer with either the
HYPER or SEQUEN program written by
Cleland (9, 10, 12).

RESULTS

Bisubstrate kinetic analysis of morphine
glucuronidation in native, bilirubin-
treated, and Triton X-100-treated liver mi-
crosomes. The enzymatic mechanism of mi-
crosomal morphine glucuronidation has
not previously been studied. Therefore, in
order to understand the reaction mecha-
nism of morphine glucuronidation and to
elucidate the possible effects of activators,
such as bilirubin and Triton X-100, on the
mechanism of morphine glucuronidation,
bisubstrate kinetic studies were per-
formed.

Results from initial velocity studies of
morphine glucuronidation by untreated he-
patic microsomes are shown in Fig. 1.
Data are graphed as double-reciprocal
plots from information obtained from the

! The abbreviation used is: UDPGA, uridine di-
phosphate glucuronic acid.
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HYPER computer program of Cleland (9,
10), described by the equation

v=VAK,+A

The intercept on the I/S axis and the K,
value depend upon the concentration of
the other substrate. These results indicate
that studies of enzymatic morphine glucu-
ronidation at a single concentration of
either substrate may not provide the best
K, and V5« values. Similar relationships
have been reported for the glucuronidation
of p-nitrophenol by hepatic microsomes
treated with phospholipase A (11).

Data from Fig. 1 were analyzed by the
Cleland computer program designed for se-
quential reactions (10, 12) according to the
equation

v =VABI/K Ky + Ko» + K»A + AB

and plotted in Fig. 2. All lines intersect at
a common point at the left of the vertical
axis, characteristic of a sequential reac-
tion mechanism. Figure 3 shows results
obtained for morphine glucuronidation in
the presence of bilirubin at a concentration
which activates maximally (0.5 pwmol/mg
of protein). The characteristic pattern of a
sequential reaction mechanism was not
changed by bilirubin, but values for K,
and V. were. V. was markedly in-
creased in the presence of bilirubin, and
K morpnine Was increased significantly. How-
ever, K yppca Was not significantly affected.

A summary of these results and those
obtained with Triton X-100-treated micro-
somes are shown and compared with un-
treated microsomes in Table 1. Triton X-
100 treatment was used because it has of-
ten been employed as an activator of glucu-
ronyltransferase activity (2, 3). The Vyax
in Triton X-100-treated microsomes was
markedly higher than in untreated micro-
somes. K norphine Was about 10 times higher
in Triton X-100-treated preparations than
in native microsomes. The Kyppca Was not
affected significantly in Triton-activated
preparations, as seen likewise with biliru-
bin activation.

Product inhibition studies. In an at-
tempt to gain further information about
the reaction mechanism for morphine glu-
curonide formation, product inhibition
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F1c. 1. Double-reciprocal plots of initial velocities against UDPGA (A) or morphine (B) concentration in

the presence of various concentrations of cosubstrate

Data were obtained from a HYPER program written by Cleland (10).

studies were performed using UDP as the
product inhibitor. In experiments with na-
tive microsomes, when UDPGA was the
variable substrate and the morphine con-
centration was fixed at 0.8 mm, UDP at 1.0
and 2.0 mM produced inhibition competi-
tive with UDPGA (Fig. 4A). When mor-
phine was the variable substrate and

UDPGA was fixed at 6.0 mm, UDP at 1.0
and 2.0 mm produced noncompetitive inhi-
bition (Fig. 4B). Inhibition by UDP compet-
itive with UDPGA in bilirubin-treated mi-
crosomes is illustrated in Fig. 5A. A non-
competitive inhibition pattern was ob-
served when morphine was employed as
the variable substrate (Fig. 5B).
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F1G. 2. Double-reciprocal plots of initial velocities against UDPGA (A) or morphine (B) concentration in

the presence of various concentrations of cosubstrate

Data were obtained using the SEQUEN program written by Cleland (10, 12).

DISCUSSION

Results from kinetic studies show that a
plausible mechanism for morphine glucu-
ronidation in hepatic microsomes is a se-
quential, ordered reaction catalyzed by
UDP-glucuronyltransferase. This conclu-
sion is based on the bisubstrate kinetic
intersecting pattern for UPGA and mor-
phine and the product inhibition pattern

found with UDP. UDP produced inhibition
competitive with UDPGA and noncompeti-
tive with morphine. According to these re-
sults, we propose the mechanism for the
morphine glucuronide reaction with UDP-
glucuronyltransferase shown in Scheme 1.
This mechanism describes an ordered se-
quential system. Here UDPGA is the first
substrate (A) to react with the enzyme,



BILIRUBIN ACTIVATION OF MORPHINE:UDP-GLUCURONYLTRANSFERASE

617

12 |
W

[S] (mm)

§z 8

ry
)

0 023

050 Qs

10

V/ [uopeA) ( )

1.6

W o]

[s] (mm)

i 3

& 10
1/ [MORPHINE] ( mM")

F1G. 3. Double-reciprocal plots of initial velocities against UDPGA (A) or morphine (B) concentration in
the presence of various concentrations of cosubstrate and bilirubin (0.5 umole/mg of protein)

TABLE 1
Bisubstrate kinetic constants for morphine glucuronidation in untreated and bilirubin- and
Triton X-100-treated liver microsomes

Microsomes \4 Kuyoeca K morphine K uoeca K morphine
Untreated 4.0 = 0.4 3.50 = 0.70 0.30 = 0.1 5.6 = 2.6 04 >0.2
Bilirubin 34.0 = 1.70 1.50 = 0.30 1.10 = 0.1 2.60 = 0.50 1.90 + 0.50
Triton X-100 20.3 + 5.40 1.8 = 0.70 3.0 1.2 0.40 = 0.30 1.30 = 0.50
V represents nmoles morphine glucuronide/mg protein/min.

K values are expressed in mM.

A B P Q scribed for bilirubin (13). A sequential, ran-
kilks Rslk, ks kiths kolkio dom-order mechanism has been described
E EA (EAB) k¢ (EPQ) EQ E  for p-nitrophenol glucuronidation (11).

ScrEuE 1 From values for V, K,, and K; (Table 1)

and morphine is the second substrate (B);
morphine glucuronide is the first product
(P), and UDP is the second product (Q). A
similar reaction mechanism has been de-

and from assumptions that

1
Ko vorca

k,=VIE, x

ks = VIE, x Ka uorca

1 UDPGA
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F16. 4. Product inhibition by UDP in untreated microsomes
Double-reciprocal plots of initial velocities against UDPGA (A) or morphine concentration (B), in the
presence of various concentrations of UDP and 0.8 mM morphine sulfate (A) or 6.0 mmM UDPGA (B), are

shown.

it is possible to approximate values for %,
and k;. Although the turnover number
(VIE)) cannot be given at this time, the
equations can be rewritten as
kiE, = V X UKuppca
and
k:E, = V X K, vorca/K vorca

The values for 2, and &, are estimated in
Table 2 and represent a reasonable compar-
ison of the effects of bilirubin and Triton
X-100 on the mechanism of activation.
More work will be needed to verify these
observations.

Recently we have solubilized and re-
solved morphine:UDP-glucuronyltransfer-
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Fi1c. 5. Product inhibition by UDP in bilirubin-
treated microgsomes

Double-reciprocal plots of initial velocities
against UDPGA (A) or morphine concentration (B),
in the presence of 1.7 mmM UDP and 0.8 mm morphine
sulfate (A) or 6.0 mm UDPGA (B), are shown.

ase from hepatic microsomes using Emul-
gen 911, a nonionic detergent (14). This
enzyme preparation had no activity with
p-nitrophenol, in substantiation of pre-
vious studies from this laboratory in which
microsomes were used (6). In the solubi-
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TABLE 2
Effect of bilirubin and Triton X-100 on velocity
constants
Microsomes k, ks
Untreated 1.1 6.3
Bilirubin 23 59
Triton X-100 11.3 4.5

k, is expressed in micromoles/min/l.
k, is expressed as nanomoles/min.

lized preparation bilirubin had no activat-
ing effect (14). This would indicate that
bilirubin exerts its activating effect by al-
tering somehow the enzyme in the phos-
pholipid environment in the microsome.
Bilirubin differs from the detergent, how-
ever, because it has no capacity for solubi-
lizing the enzyme. Therefore bilirubin has
certain characteristics which may be use-
ful in situations when activation is desired
without release of the enzyme from the
membrane. This might be the case in vivo,
when bilirubin has been found to promote
the over-all rate of glucuronide excretion
in rats treated with morphine and p-nitro-
phenol (2).
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