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SUMMARY
Benzodiazepines have been shown to competitively inhibit mor-
phine glucuronidation in rat and human hepatic microsomes.
Flunitrazepam exerted a potent competitive inhibition of rat
hepatic morphine UDP-glucuronosyltransferase (UDPGT) activity
(K, = 1 30 �zM). It has no effect on the activity of p-nitrophenol,
17$-hydroxysteroid, 3a-hydroxysteroid, or 4-hydroxybiphenyl
UDPGTs. Because flunitrazepam is an effective photoaffinity
label for benzodiazepine receptors, studies were performed in

solubilized rat hepatic microsomes and with partially purified
preparations of morphine UDPGT to determine the enhancement
of flunitrazepam inhibition and binding to morphine UDPGT pro-
moted by exposure to UV light. Under UV light, flunitrazepam
inhibition was markedly enhanced. UV light exposure also led to
a marked increase in binding of [3Hjflunitrazepam to microsomal

protein, which was protected substantially by preincubation with
morphine. Testosterone, androsterone, and UDP-glucuronic acid

did not protect against UV-enhanced flunitrazepam binding, and
morphine did not reverse flunitrazepam binding once binding had
occurred. As morphine UDPGT was purified, a good correlation
was found between the increases in specific activity of morphine
UDPGT and flunitrazepam binding to protein. Chromatofocusing
chromatography showed that flunitrazepam bound only to frac-
tions containing active morphine UDPGT, and no binding to 4-
hydroxybiphenyl UDPGT was observed. Fluorography of a so-
dium dodecyl sulfate-polyacrylamide electrophoresis gel of sol-
ubilized hepatic microsomes that had been treated with [3H]
flunitrazepam under UV light revealed a band with a monomeric
molecular weight between 54,000 and 58,000. This monomeric
molecular weight compares favorably with the reported mono-
meric molecular weight of homogeneous morphine UDPGT
(56,000). These studies suggest that flunitrazepam binds rather
selectively to the morphine binding site of morphine UDPGT and
may prove to be a useful probe for this enzyme.

Glucuronidation of xenobiotics is one of the most important

reactions in drug metaboli�m. Glucuronide formation is cata-

lyzed by numerous UDPGTs in the endoplasmic reticulum,

where UDPGA serves as the glucuronic acid donor. Of the

many drugs metabolized via glucuronidation, morphine is one

of the most important and its conjugation is of considerable

interest. Morphine UDPGT has been purified to homogeneity

from rat liver microsomes and, unlike many other UDPGTs, it

possesses a relatively narrow substrate specificity (1).

Very few inhibitors of UDPGT-catalyzed reactions, other

than alternative substrates, have been identified. However,

several types of substances that are not substrates for glucu-

ronidation and that possess N-alkyl moieties are effective in-

hibitors of morphine UDPGT. del Villar et al. (2) demonstrated

that cyproheptadine was a potent competitive inhibitor of

morphine glucuronidation in rabbit liver microsomes, and del

Villar et a!. (3) and Vega et ci. (4) have shown that a number

of benzodiazepines are potent competitive inhibitors of mor-
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phine glucuronidation in rat liver microsomes. These workers

have also shown that other UDPGT-catalyzed reactions, such
as p-nitrophenol, testosterone, and estrone glucuronidation, are

not inhibited by benzodiazepines (3-5) in rat liver microsomes.

It would appear that benzodiazepines are relatively specific

inhibitors of morphine UDPGT. More recently, the competitive

inhibition of morphine glucuronidation by benzodiazepines in

human liver microsomes has been demonstrated (6).

Of the benzodiazepines, flunitrazepam was shown by Vega et
al. (4) to be an especially potent inhibitor of morphine glucu-
ronidation. it has also been used as a photoaffinity probe for

peripheral-type benzodiazepine receptors (7). Mohier et al. (8)

demonstrated that reversible binding of [3H]flunitrazepam was

transformed to covalent binding by UV light irradiation. We

have explored the interaction of flunitrazepam with rat liver

microsomal morphine UDPGT and report on the potent inhi-

bition and UV light-promoted binding of this substance to

morphine UDPGT.

Materials and Methods

Chemicals. UDP-D-[U-’4C]glucuronic acid (319 mCi/mmol) was

purchased from ICN Pharmaceuticals, Inc. (Irvine, CA). Sep-Pak C-18
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minicolumns were obtained from Waters Associates (Milford, CA).

Dithiothreitol, 4-hydroxybiphenyl, androsterone, testosterone, p-nitro-

phenol, p-[’4Cjnitrophenol (1-10 mCi/mmol), flunitrazepam, L-a-phos-

phatidylcholine (egg yolk, type XI-E), and morphine-3-glucuronide

were obtained from Sigma Chemical Co. (St. Louis, MO). Morphine

sulfate was acquired from Merck and Co., Inc. (Rahway, NJ). Emulgen-

911 was a gift from Kao-Atlas Ltd. (Tokyo, Japan). [4-’4C]Testosterone

(50 mCi/mmol), [1,2-3H]androsterone (40-60 Ci/mmol), and [3H]flu-

nitrazepam (101 Ci/mmol) were obtained from New England Nuclear

Co. (Boston, MA). Trisacryl-DEAE was purchased from IBF Biotech-
nics (Villeneuve la Garenne, France). Reagents for protein analysis

were obtained from Bio-Rad (Richmond, CA). Chromatofocusing ma-
terials were obtained from Pharmacia Fine Chemicals (Piscataway,

NJ).

Animals. Female Wistar rats (200-250 g) were obtained from

Charles River Laboratory (Wilmington, MA). In certain experiments,

rats were treated with phenobarbital intraperitoneally (80 mg/kg) each

day for 4 days and were killed 24 hr after the last dose.
Preparation of microsomes and morphine UDPGT. Micro-

somes were prepared as described previously (9). Morphine UDPGT
was purified by Trisacryl-DEAE chromatography or by chromatofo-

cusing chromatography after anion exchange chromatography as de-

scribed by Puig and Tephly (1).

Assays. The glucuronidation of morphine, 4-hydroxybiphenyl, tes-

tosterone, androsterone, and p-nitrophenol was determined according
to the methods previously reported (1, 9). Protein was determined using

the Bio-Rad method, with bovine serum albumin as a standard (10).
Uv light irradiation studies of morphine UDPGT activity.

Rat liver microsomes were solubilized with Emulgen-911 (0.8 mg/mg
of protein). Partially purified preparations obtained from hepatic mi-
crosomes were prepared as described by Puig and Tephly (1). Morphine

UDPGT activity was analyzed at 37#{176},in the presence and absence of

flunitrazepam, after exposure at 4� to either ambient light, darkness,

or UV light. Enzyme preparations (0.95 ml) were kept at 4� and placed
in either a 1.5-mi quartz cuvette or a 5.0-mi beaker. Fiunitrazepam was

dissolved in DMSO (50 �tl) when it was added. DMSO alone served as

a vehicle control. At various times, 20 � of incubation mixture were
removed for analysis of morphine 3-glucuronide formation (1). UV light

exposure was carried out using two different systems, one with low

intensity and one with high intensity light. Experiments shown in

Table 1 were carried out in a cuvette using a UV light apparatus
commonly employed for viewing thin layer chromatography plates

(MFD; Ultraviolet Light Products, Inc., San Gabriel, CA). This appa-
ratus delivered 4600 pW/cm2. Experiments demonstrated that UV light

at 2546 A provided maximal effects in promoting inhibition of morphine

TABLE 1

Effect of UV light on the inhibition of morphine and 4-
hydroxybiphenyl UDPGTs by flunitrazepam
Morphine UDPGT activity was eluted from Tnsacryl-DEAE at 60 m�.i NaCI; 4-
hydroxybiphenyl UDPGT was eluted at 75 mM NaCI from the Tnsacryl-DEAE
column. Activity is expressed for each enzyme after 1 5 mm of incubation with
either IN light or ambient light exposure. Control activity represents rates obtained
after incubation of substrate alone under ambient light for 20 mm, where no
preincubation was employed. When the effect of flunitrazepam (2.5 mM) was
studied, a 1 5-mm preincubation with enzyme (0.6 mg of protein/mi) was used, after
which aliquots were removed for morphine UDPGT activity determination, as
described in Materials and Methods. Concentrations of substrates used were 10
mu morphine and 0.5 mM 4-hydroxybiphenyl. Each value represents the mean of
three experiments ± standard deviation.

Activity

Treatment Morphine 4-Hy&oxyb#{232}phenyl

gkicuronidation glucuroisdation

nmo!/min/mg cit prof en

Control 27.5±4.8 20.2± 10.1
Flunitrazepam in am- 15.9 ± 3.8 19.2 ± 6.9

bient light
Flunitrazepam with UV 6.9 ± 1 .4 19.7 ± 7.2

light

UDPGT activity by flunitrazepam. In all other experiments, a UV light

sun lamp (model RSK6A; General Electric) was used, and exposure
was carried out at 15.0 cm from the light source in 5.0-mi beakers at

4’, with stirring. This lamp emitted more than 60% of the maximal

irradiation at 2546 A, with an intensity of 92,000 MW/cm2 at a distance

of 15 cm.

Studies on [3H]flunitrazepam binding to microsomal protein

or partially purified UDPGTs. Various amounts of enzyme were
mixed with [3H]flunitrazepam, in a final volume of 1.0 ml, and pho-

toirradiation studies were carried out as described above. In order to

demonstrate protection by morphine of flunitrazepam binding, mor-

phine sulfate (5.0 mM) was preincubated with enzyme at 4� for 10 mm

in the dark, before addition of flunitrazepam and irradiation with UV

light. At various times following incubation with flunitrazepam or

flunitrazepam and morphine, 200-Ml aliquots were removed from reac-

tion mixtures and added to small Eppendorf centrifuge tubes, following
which 500 �tl of 10% trichloroacetic acid were added. The tube was

gently vortexed and 100 �tl of this mixture were added to a filtration

chamber (Millipore) and filtered by vacuum through a Whatman GF/

C glass microfiber filter (2.4 cm). Filters had been presoaked with 50

mM Tris . HCI buffer, 1 mM EDTA, pH 7.4. Protein precipitated on the
filter was washed with 4 ml of the same buffer and rinsed with 1.0 ml

ofabsolute methanol. No radioactivity was removed by further washing

procedures. A linear relationship between bound radioactivity and

protein concentration was observed. Filters were then removed, dried

at room temperature, and added to scintillation vials. Scintillation
cocktail (Budget Solve) was added, the mixture was shaken gently for
about 10 sec, and radioactivity was determined using standard scintil-

lation counting technology.
PAGE and autoradiography. PAGE was performed in the pres-

ence of SDS, as described by Laemmli (11). Samples were applied to

the gel in a buffer consisting of 0.8% SDS and 0.3% mercaptoethanol,

after boiling in a water bath for 10 mm. Commercial molecular weight

standards (Rainbow protein molecular weight markers, 14C-labeled;

Amersham) were boiled for 1 mm and used to calculate the molecular

weight of the band revealed by fluorography. After electrophoresis, the

gel was fixed for 30 mm in a solution of isopropanol, acetic acid, and

water (25:10:65), soaked in Amplify (Amersham) for 30 mm, and dried.

Finally, the dried gel was exposed to Hyperfilm-3H (Amersham) for 8

weeks at -70�.

Results

Kinetic studies were first performed in ambient light using

solubilized rat liver microsomes or partially purified prepara-

tions of morphine UDPGT. Competitive inhibition was pro-

duced by flunitrazepam, with an inhibition constant (K,) of

130 �zM under ambient conditions. These results are similar to

those of other workers (2, 3). The inhibition observed was

reversible, because preincubation of enzyme either with fluni-

trazepam or with flunitrazepam and morphine for 30 mm

yielded the same degree of inhibition.

With a partially purified preparation of morphine UDPGT

(obtained after anion exchange chromatography), flunitraze-

pam (2.5 mM) produces about a 40-50% inhibition of the rate

of morphine glucuronide formation under ambient light in the

presence of 10 mM morphine (Table 1). However, flunitrazepam

(2.5 mM) in the presence of UV light produced an 80% inhibi-

tion of morphine UDPGT activity (Table 1). UV light exposure

of enzyme in the absence of flunitrazepam but in the presence

of DMSO had no significant effect on its activity (data not

shown). Table 1 also shows that flunitrazepam has no effect on

4-hydroxybiphenyl glucuronidation in ambient light or after

irradiation with UV light.

Whereas an approximate IC� for flunitrazepam of 2.5 mM
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Fig. 1. Time-dependent inhibition of morphine glucuronidation and bind-
ing of [3Hjflunitrazepam (FNZ) to solubilized hepatic microsomes from
rats treated with phenobarbital, in the presence of UV light. Control
morphine UDPGT activity was 13 nmol/mg of protein/mm. Inhibition
studies were carried out using 100 MM flunitrazepam, and 10 m� mor-
phine was added after UV light exposure for determination of the rate of
morphine glucuronidation. Each point represents the mean of duplicate
samples. In binding studies, 50 �M flunitrazepam (1 2,430 dpm/nmol) was
employed. Reaction mixtures contained 3 mg/mI solubilized microsomal
protein, and 20 or 200 MI were removed at various time periods for
analysis of either morphine glucuronidation or [3H}flunitrazepam binding,
respectively. A, Morphine glucuronidation; #{149},[3H]flunitrazepam binding.
These results were obtained from a single experiment but this experiment
was performed three times.

100
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�40
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Fig. 2. Protection of flunitrazepam inhibition of morphine glucuronidation
by morphine. #{149},Flunitrazepam (100 NM); A, fiunitrazepam plus morphine
(1 0 mM). Control activity was 13 nmol/mg of protein/mm. When morphine
was used with fiunitrazepam, reactions were preincubated for I 0 mm
before exposure to UV light. Solubilized microsomes obtained from livers
of phenobarbital-treated rats were employed. Each point represents the
mean of duplicate samples from a single experiment. This experiment
was performed three times.

was found in ambient light (Table 1), an approximate IC50 of

100 MM was obtained when solubilized hepatic microsomes were

incubated with flunitrazepam under UV light (Fig. 1). Fig. 1

shows a typical experiment where the time-dependent inhibi-

tion of morphine glucuronidation by flunitrazepam (100 �sM)

under UV light was studied. Fig. 1 also shows a time-dependent

increase in incorporation of [3H]flunitrazepam under UV light

Fig. 3. Protection by morphine of [3H]flunitrazepam ([3HJFNZ) binding to
solubilized hepatic microsomal protein. Conditions were similar to those
described for Fig. 1 . A, Flunitrazepam (50 �zM); #{149},flunitrazepam plus
morphine (1 0 mM); U, flunitrazepam (50 �M) exposed to ambient light.
Each point represents the mean ofduplicate samples but this experiment
was performed three times.

TABLE 2
EffeCt of substrates for other UDPGTs on [3H]flunftrazepam binding
to solubilized microsomes after UV irradiation
FNZ concentration was 50 �iP,i; incubation under UV light was 1 0 mm. Testosterone
and androsterone were dissolved in DMSO. Each value represents the mean of
duplicate samples from one experiment and this experiment was performed twice.

Treatment
[3H]Flunitrazepam

bound

nmo!/mg of

protein

[3H]Flunitrazepam 0.5
Testosterone (5 mM) + [3Hjflunitrazepam 0.5
Androsterone (5 mM) + [3H]flunitrazepam 0.44
UDPGA (5 mM) + [3H]flunitrazepam 0.5

8

0.

�
: �

p

: �
I ‘d’ �

: ,� �

Fig. 4. Chromatofocusing chromatography of morphine and 4-hydroxy-
biphenyl UDPGTs. Fractions obtained from Trisacryl-DEAE containing
morphine and 4-hydroxybiphenyl UDPGTs were pooled and dialyzed
overnight. Approximately 1 5 mg of protein were applied to a chromato-
focusing column previously equilibrated at pH 8.4, and a pH gradient
from 8.4 to 5.5 was generated. 0, Morphine glucuronidation; 0, 4-
hydroxybiphenyl glucuronidation; #{149},[3H]flunitrazepam (400 �sM) binding.
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TABLE 3
Morphine UDPGT activity and [3Hjflunitrazepam binding

Mor� UDPGT source Morphine UDPGT l�HlFluntraze�am

activ5y bmd�g�

nmol/min/mg of nmol/mg of

protein protein

10 3
33 6
80 20

Solubilized microsomes
Tnsacryl-DEAE

Chromatofocusing

. 400 MM flunitrazepam.

A B

Fig. 5. SDS-PAGE fluorograph of solubilized rat hepatic microsomes
photoaffinity labeled with [3Hjflunitrazepam. Lane A, solubilized hepatic
microsomes (1 00 �zg) from untreated rats, incubated with [3Hjflunitraze-
pam (400 �sM) and exposed to UV light for 6 mm. Lane B, molecular
weight standards from the same gel. The molecular weight standards
from bottom to top were carbonic anhydrase, 30,000; ovalbumin, 46,000;
bovine serum albumin, 69,000; phosphorylase b, 92,500; and myosin,
200,000.

exposure. Under the conditions employed, maximal inhibition
and binding were observed between 6 and 9 mm.

Fig. 2 shows data from a typical experiment where morphine

protects against the UV light-enhanced inhibition of morphine

glucuronidation over a 6-mm time of exposure. Morphine ap-
pears to be destroyed by light, because incubation of morphine
for 7 mm in UV light led to the abolishment of protection. Fig.

3 shows that morphine protects against the UV light-enhanced

binding of [3H�flunitrazepam to solubilized hepatic micro-
somes. When morphine was added following flunitrazepam

binding, no reversal ofbinding occurred (data not shown). Also,
it can be seen that flunitrazepam binding to microsomal protein

in ambient light was minimal. Similar results have been ob-

tamed using a partially purified preparation of morphine

UDPGT obtained from anion exchange chromatography. These

results suggest that flunitrazepam binds to the morphine bind-

ing site on morphine UDPGT.

The effects of testosterone, androsterone, and UDPGA on

[:tHjflunitrazepam binding to solubilized microsomal protein

are shown in Table 2. No protection was observed. These results

suggest that flunitrazepam does not interact with sites on

UDPGTs binding testosterone, androsterone, and 4-hydroxy-

biphenyl. Furthermore, flunitrazepam does not interact with

UDPGA binding sites, which are present on all UDPGTs. We
have also shown that flunitrazepam does not inhibit the glu-

curonidation of testosterone, androsterone, and p-nitrophenol,

as has been shown, in part, by others (2, 3).

In order to determine the specificity of flunitrazepam binding

to morphine UDPGT, a purification procedure was carried out

for this enzyme, as described previously (1). Fig. 4 shows results

obtained after the chromatofocusing step of that procedure.

Only fractions containing active morphine UDPGT bound [‘H]
flunitrazepam. For comparison, 4-hydroxybiphenyl UDPGT

activity and [3Hjflunitrazepam binding were monitored. Frac-

tions containing 4-hydroxybiphenyl UDPGT activity did not
bind [3H]flunitrazepam. In addition, other fractions eluting

before morphine UDPGT, which usually contain 17fl-hydroxy-

steroid UDPGT (testosterone), did not bind [3H]flunitrazepam.

A summary of the binding of [‘Hjflunitrazepam and the
specific activity of morphine UDPGT is shown in Table 3. A

good correlation can be seen between the increase in specific

activity of morphine UDPGT and the amount of [3Hjflunitra-

zepam bound to protein.

Fig. 5 represents a fluorograph of an SDS-PAGE gel of

solubilized rat hepatic microsomes that had been exposed to

[:3H]flunitrazepam A band appears that possesses a monomeric

molecular weight in the range of 54,000 to 58,000. Previously,

the monomeric molecular weight of rat hepatic morphine

UDPGT was determined to be about 56,000 (1). No other

prominent bands appear in this molecular weight range.

Discussion

The glucuronidation of xenobiotics is catalyzed by a family

of UDPGTs in rat liver microsomes, where an extensive overlap

of substrate specificity is usually observed. Thus, specific in-

hibitors of glucuronidation reactions have been particularly

difficult to devise and identify, and very few are known. It is

important and surprising to find that benzodiazepines appear

to inhibit only one UDPGT, that responsible for the glucuron-

idation of morphine. This enzyme, morphine UDPGT, is some-

what unique among UDPGTs in that it possesses a narrow

substrate specificity (1). Of the benzodiazepines, flunitrazepam

is a useful substance for study, in that it is not a substrate for

glucuronidation, it is a potent competitive inhibitor of mor-

phine glucuronidation, and it can be used as a photoaffinity

probe. After UV light exposure, a remarkable increase in inhib-

itory potency occurs; morphine protects against this inhibition

by flunitrazepam, within certain time constraints. Flunitraze-

pam binding to solubilized microsomal protein and to purified
morphine UDPGT was demonstrated, and morphine protected

against flunitrazepam binding. Other reactions of hepatic

UDPGTs, such as those carried out by p-nitrophenol, 17f3-

hyd.roxysteroid, 3a-hydroxysteroid, and 4-hydroxybiphenyl

UDPGTs, are not inhibited by flunitrazepam, and substrates

for these enzymes do not protect against flunitrazepam binding.

It is particularly interesting that UDPGA also had no effect on
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flunitrazepam binding, suggesting that flunitrazepam specifi-

cally binds to the morphine binding site of morphine UDPGT.

The hypothesis that flunitrazepam specifically binds to mor-

phine UDPGT is strengthened by observations carried out with

preparations of morphine UDPGT throughout a typical pun-

fication procedure. As the specific activity of morphine UDPGT

increased throughout anion exchange and chromatofocusing

chromatography, a good agreement was found in the degree of

enhancement of flunitnazepam bound to protein fractions con-

taming active morphine UDPGT. These experiments indicate

that flunitrazepam binds to protein where active morphine

UDPGT is recovered. We have observed that flunitrazepam
binding to fractions containing morphine UDPGT is substan-

tially diminished with time, as the activity of morphine

UDPGT is diminished. Thus, flunitrazepam appears to bind

only to active morphine UDPGT. This probably reflects the

importance of the conformation of the enzyme in flunitrazepam

binding and may, indeed, be a clue to an understanding of the

well known lability of morphine UDPGT. In addition, binding

to fractions where other UDPGTs are found was not observed.

Puig and Tephly (1) reported previously that homogeneous

morphine UDPGT possesses a monomeric molecular weight on

SDS-PAGE of about 56,000. Analysis of a fluorograph of solu-

bilized rat hepatic microsomes treated with flunitrazepam and

UV light showed an identifiable band between molecular

weights of 54,000 and 58,000. This agrees roughly with the

subunit molecular weight of morphine UDPGT. In addition,

this fluorograph shows a lack of other flunitrazepam-binding

protein bands between molecular weights of 50,000 and 60,000,

where other important rat hepatic microsomal proteins such as

the UDPGTs and cytochromes P-450 should appear if they

bind flunitrazepam. This may not be surprising, because not

all proteins that react with flunitrazepam exhibit photoactiva-

tion or enhanced inhibition as seen with morphine UDPGT.

We have found that one human UDPGT that catalyzes the

glucuronidation of tertiary amines is inhibited by flunitrazepam

(12) but this inhibition is not enhanced by UV light exposure.

Recently, identification of a peripheral-type benzodiazepine

receptor has been made for liver by Parola et at. (13). These

interesting studies appear to have been carried out in prepara-

tions that exclude the microsomal fraction of the liver homog-

enate. The SDS-PAGE gels presented in their work show a

binding protein for benzodiazepines whose monomeric molec-

ular weight is 19,000. Thus, it appears that the peripheral

benzodiazepine receptor of liver, as identified by these workers,

is not morphine UDPGT. However, the techniques employed

by Parola et at. (13) are quite different from those used in the

current report, and more work is needed to completely exclude

this possibility.

The utility of a photoaffinity label of the active binding site

of morphine UDPGT has great potential. It may be possible,

through purification of the morphine UDPGT labeled with

[‘H]flunitrazepam, to determine the amino acid sequence(s) of

the binding site of morphine UDPGT. Indeed, labeling the

protein early in the purification scheme should greatly assist

in the purification procedure itself, because the measurement

of radioactivity is more convenient and rapid than is the

determination of the rates of morphine glucuronidation. Should

flunitrazepam binding prove to be as specific as it seems,

binding studies on small amounts of microsomes isolated from

tissues may be a useful way of predicting the level of morphine

UDPGT in a tissue. The procedure should also be useful in

screening a large number of potential substrates for morphine

UDPGT that may react with the morphine binding site and in

determining binding affinities relative to morphine. In this

respect, we have already obtained preliminary data showing

that naloxone is a potent protector of flunitrazepam binding.
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