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ABSTRACT:

Bilirubin, an end product of heme catabolism, is primarily elimi-
nated via glucuronic acid conjugation by UGT1A1. Impaired biliru-
bin conjugation, caused by inhibition of UGT1A1, can result in
clinical consequences, including jaundice and kernicterus. Thus,
evaluation of the ability of new drug candidates to inhibit UGT1A1-
catalyzed bilirubin glucuronidation in vitro has become common
practice. However, the instability of bilirubin and its glucuronides
presents substantial technical challenges to conduct in vitro bili-
rubin glucuronidation assays. Furthermore, because bilirubin can
be diglucuronidated through a sequential reaction, establishment
of initial rate conditions can be problematic. To address these
issues, a robust high-performance liquid chromatography assay to
measure both bilirubin mono- and diglucuronide conjugates was
developed, and the incubation conditions for bilirubin glucuronida-
tion by human embryonic kidney 293-expressed UGT1A1 were

carefully characterized. Our results indicated that bilirubin glucu-
ronidation should be assessed at very low protein concentrations
(0.05 mg/ml protein) and over a short incubation time (5 min) to
assure initial rate conditions. Under these conditions, bilirubin total
glucuronide formation exhibited a hyperbolic (Michaelis-Menten)
kinetic profile with a K, of ~0.2 uM. In addition, under these initial
rate conditions, the relative proportions between the total mono-
glucuronide and the diglucuronide product were constant across
the range of bilirubin concentration evaluated (0.05-2 uM), with the
monoglucuronide being the predominant species (~70%). In con-
clusion, establishment of appropriate incubation conditions (i.e.,
very low protein concentrations and short incubation times) is
necessary to properly characterize the kinetics of bilirubin glucu-
ronidation in a recombinant UGT1A1 system.

Introduction

Bilirubin is a toxic waste product, formed from heme degradation.
In humans, approximately 250 to 400 mg of bilirubin are produced
each day (Brierley and Burchell, 1993). Glucuronidation of bilirubin,
catalyzed primarily by UGT1ALl, is an obligatory step for bilirubin
elimination and takes place in the liver and intestine (Kadakol et al.,
2000). In this reaction, a glucuronosyl moiety is conjugated to one of
the propionic acid side chains, located on the C8 and C12 carbons of
the two central pyrrole rings of bilirubin, resulting in two monoglu-
curonides (BMGs), which can be further glucuronidated, forming an
8,12-diglucuronide (BDG) (Crawford et al., 1992). Both BMGs and
BDG are excreted into bile by an ATP-dependent transporter, multi-
drug resistance-associated protein 2 (MRP2) (Kamisako et al., 2000).
BDG is the major bilirubin pigment (~80%) found in bile (Crawford
et al., 1992).

Because glucuronidation by UGT1A1 is an essential step in biliru-
bin elimination, genetic polymorphisms resulting in partial or com-
plete loss of UGT1A1 activity can lead to accumulation of unconju-
gated bilirubin in plasma (Kadakol et al., 2000). In general, bilirubin
is highly bound to plasma albumin, but in hyperbilirubinemic situa-
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tions, plasma albumin may become saturated. The unbound bilirubin
is then free to cross the blood-brain barrier. Progressive accumulation
of bilirubin in the brain can result in neurological damages, ker-
nicterus, and eventually death (Brierley and Burchell, 1993). Type I
and II Crigler-Najjar syndromes and Gilbert’s syndrome represent
three grades of unconjugated hyperbilirubinemia. Patients with type I
Crigler-Najjar syndrome are unable to conjugate bilirubin and exhibit
serum bilirubin concentration typically in the range of 20 to 50 mg/dl
(normal serum bilirubin <0.9 mg/dl) (Brierley and Burchell, 1993).
Type II Crigler-Najjar syndrome (serum bilirubin level ~7-20 mg/dl)
is characterized as a severe but only partial loss of UGT1A1 activity
and can be treated by administration of UGTI1AT1 inducers, such as
phenobarbital (Brierley and Burchell, 1993). More than 50 genetic
variants, mostly in the exons of UGT1A1, have been associated with
Crigler-Najjar syndromes (Kadakol et al., 2000). The mildest form of
unconjugated hyperbilirubinemia is Gilbert’s syndrome, and the se-
rum bilirubin levels in patients with Gilbert’s syndrome typically
fluctuate between normal to 5 mg/dl (Kamisako et al., 2000). In
whites, Gilbert’s syndrome is most frequently associated with a ge-
netic mutation in the promoter region of UGT1Al1 (UGT1A1%28).
Characterized as an insertion of TA in the promoter A(TA)6TAA
sequence, UGT1A1#28 has been observed to exhibit an allelic fre-
quency of ~40% in whites (Strassburg, 2008). Genetic mutations
associated with Gilbert’s syndrome also include missense mutations,
such as G71R in exon 1. This type of mutation is rare in white
populations but is common in Asians. The allelic frequency for G7R

ABBREVIATIONS: BMG, bilirubin monoglucuronide; BDG, bilirubin diglucuronide; HEK, human embryonic kidney; UDPGA, uridine-diphosphate
glucuronic acid; HPLC, high-performance liquid chromatography; DMSO, dimethyl sulfoxide; LOQ, limit of quantification.
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in a Japanese population has been reported to be 24% (Kamisako,
2004; Takeuchi et al., 2004). Gilberts syndrome is also linked to a
variant in the phenobartital responsive enhancer module (Matsui et al.,
2010).

Xenobiotics that inhibit UGT1A1 may also cause an elevation of
bilirubin in blood and further exacerbate the hyperbilirubinemia ob-
served in patients with Gilbert’s syndrome or Crigler-Najjar syndrome
(Rotger et al., 2005; Gupta et al., 2007). Therefore, in drug discovery
settings, the in vitro ability of new drug candidates to inhibit bilirubin
glucuronidation is commonly evaluated. For this purpose, a simple
and robust bilirubin glucuronidation assay is critical. However, the
instability of bilirubin (Doumas et al., 1973) and its glucuronides
(Jansen, 1973; Blanckaert et al., 1978; Adachi et al., 1985) makes in
vitro bilirubin glucuronidation assays technically challenging. Fur-
thermore, because the glucuronidation of bilirubin involves a sequen-
tial reaction that produces two monoglucuronides and a diglucuronide,
establishment of initial rate conditions can be difficult, if not given
particular attention. These challenges have been manifested in signif-
icant disparities in estimated kinetic parameters for bilirubin glucu-
ronidation. One group has reported that substrate inhibition kinetics
are operable (Udomuksorn et al., 2007), and others have reported
hyperbolic (Michaelis-Menten) kinetics (Senafi et al., 1994; Seppen et
al., 1994). Likewise, estimates of K, have ranged from 0.26 uM
(Udomuksorn et al., 2007) to as high as 24 uM (Senafi et al., 1994;
Seppen et al., 1994). To more carefully characterize the necessary
initial rate (linear) conditions for bilirubin glucuronidation by human
embryonic kidney (HEK) 293-expressed UGT1A1, the present study
evaluated the effect of incubation time and protein concentration on
bilirubin glucuronidation over a broader range of values. In addition,
a sensitive and robust assay was developed to measure the monoglu-
curonides and diglucuronide of bilirubin, providing the necessary
analytical capabilities for evaluating these incubation conditions.

Materials and Methods

Materials. Bilirubin IX« (purchased from Frontier Scientific, Logan, UT)
was used in this study. Uridine-diphosphate glucuronic acid (UDPGA), Trizma
base, Trizma HCI, D-saccharic acid 1,4-lactone, and alamethicin were pur-
chased from Sigma-Aldrich (St. Louis, MO). MgCl, was purchased from
Mallinckrodt Corp. (Hazelwood, MO). All other chemicals used in the glucu-
ronidation incubations, as well as the high-performance liquid chromatography
(HPLC) solvents, were of HPLC grade and obtained from standard sources.
Recombinant human UGT1A1 was expressed in HEK293 cells (gifts from Dr.
Philip Lazarus, Penn State University, Hershey, PA). Cell lysates were pre-
pared as previously reported (Zhou et al., 2010) and were added directly to the
incubations as the enzyme source.

Incubation Conditions. Incubations were conducted at 37°C in a shaking
water bath. Incubation mixtures (final volume = 0.2 ml) contained UGT1A1-
HEK?293 cell lysate, bilirubin, Tris-HCI buffer (0.1 M, pH 7.4 at 37°C), MgCl,
(5 mM), p-saccharic acid 1,4-lactone (5 mM), UDPGA (3 mM), and alam-
ethicin (50 ug/mg protein). Bilirubin was dissolved in 100% dimethyl sulfox-
ide (DMSO) just before addition to the incubation mixtures. The final DMSO
concentration in the incubations was 1%. Cell lysate was pretreated with
alamethicin on ice for 30 min, before addition to the incubations. The reaction
was initiated by addition of UDPGA, after a 3-min preincubation at 37°C, and
was terminated by addition of 0.2 ml of ice-cold methanol containing 200 mM
ascorbic acid. Protein was precipitated by centrifugation at 13,000g for 5 min
at 4°C, and 200 ul of supernatant were injected onto the HPLC system for
quantification. To characterize initial rate (linear) conditions with respect to
protein concentration and incubation time, 10 uM bilirubin was incubated with
different concentrations of protein (0.05 to 1 mg/ml) for 5 or 6 min or with 0.5
mg/ml protein over the time range of 2 to 50 min. Based on the results of these
experiments, the incubation conditions used to characterize UGT1A1-mediated
bilirubin glucuronidation kinetics were 5 min (incubation time) and 0.05
mg/ml (protein concentration) or 6 min and 0.5 mg/ml. Rates of formation of
bilirubin glucuronides under these incubation conditions and at different bili-

ZHOU ET AL.

rubin concentrations (0.05-2 uM) were determined and expressed as pmol/
(min * mg protein). Bilirubin and bilirubin glucuronide solutions were stored in
amber vials and handled and processed under conditions of reduced light.

Quantification of Bilirubin Monoglucuronides and Diglucuronide.
Quantification of bilirubin monoglucuronides and diglucuronide was con-
ducted with a Shimadzu LC-10ADVP system (Shimadzu, Columbia, MD)
coupled with a Shimadzu SPD-10ADVP UV-Vis detector. The mobile phase
consisted of 0.1% formic acid in water (A) and 100% methanol (B) was
delivered at a flow rate of 0.5 ml/min. A linear gradient elution program was
used beginning with 60% of mobile phase B, then increasing mobile phase B
linearly from 60 to 95% over 15 min, holding at 95% B for 7 min, and then
re-equilibrating the column at initial conditions for 4 min. The HPLC column
was a Zorbax Eclipse XDB-C18 column (150 X 3 mm, 5 uM; Agilent
Technologies, Inc., Santa Clara, CA). Bilirubin glucuronides and bilirubin
were detected at a visible wavelength of 450 nm. Figure 1 depicts represen-
tative chromatograms of the supernatant fractions from incubations conducted
in the presence and absence of UDPGA. Three additional peaks were detected
in the presence of UDPGA. The peaks at 9.7 and 10.2 min were assigned as the
monoglucuronides, and the peak at 6.5 min was assigned as the bilirubin
diglucuronide (Fig. 1). Peak assignment was based on lipophilicities of the
glucuronides and retention times reported by others (Adachi et al., 1985;
Udomuksorn et al., 2007). The combined peak areas from the products eluting
at 9.7 and 10.5 min were used to estimate the concentration of total monoglu-
curonides. Because bilirubin glucuronides were not commercially available,
the UV absorbance response for bilirubin was used to estimate bilirubin
glucuronide concentration, assuming that bilirubin and bilirubin glucuronides
have the same molar extinction coefficient. Because the added glucuronic acid
moiety does not absorb at the 450-nm wavelength, the molar extinction
coefficient of the parent compound is not affected, upon which the assumption
of equal extinction coefficients is based. Bilirubin standards were prepared just
before analysis. Each standard also contained the same concentrations of
Tris-HCI buffer, MgCl,, D-saccharic acid 1,4-lactone, and HEK293 cell lysate
as the incubation reactions. Protein in the standards was precipitated by
addition of 100% ice-cold MeOH instead of ascorbic acid-MeOH solution due
to the potential precipitation of bilirubin under acidic conditions. Supernatants
(200 wl) were injected onto the HPLC column. The limit of quantification
(LOQ) for bilirubin was set at the lowest concentration in the linear standard
curve and was equal to 3.1 nM. For accuracy and precision determinations,
standard curves were constructed on eight separate days. The average accuracy
and between-day precision at LOQ were 109.4 and 18.6%, respectively.
Accuracy at LOQ was calculated as the measured value divided by the true
value X 100. The precision is calculated as the S.D. divided by the mean
concentrations X 100.

Data Analysis. Kinetic data were analyzed by fitting the Michaelis-Menten
equation (eq. 1) or the Hill equation (eq. 2) to the kinetic data with Sigma Plot
9.0 (Systat Software Inc., San Jose, CA). The parameters V., and K, in eq.
1 are defined as the maximum velocity (V,,,,) and the substrate concentration
at which velocity equals to half of the maximum velocity (K,,,). The parameter
Vimax 10 €q. 2 has the same definition as in eq. 1. S5, and n are defined as
substrate concentration at which velocity equals to half of the maximum
velocity and the Hill coefficient, respectively. Determination of model appro-
priateness was determined by visual inspection of the Eadie-Hofstee plots,
comparison of the Second-Order Akaike Information Criterion, and the resid-
ual sum of squares.

yr Vi X [5] 1
0 Km + [S] ( )
_ Vmax X [S]”

N s s .

Results and Discussion

Several factors contribute to the substantial technical challenges in
the quantitation of bilirubin glucuronidation assay. Bilirubin itself is
highly water insoluble at pH values below 8 (Heirwegh et al., 1972).
Thus, to achieve desired concentrations for in vitro assays, bilirubin is
commonly dissolved in alkaline solutions, followed by pH adjustment
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FiG. 1. Chromatograms for bilirubin glucuronidation in the pres-
min ence (A) or absence (B) of UDPGA. Incubations were conducted
with 50 uM bilirubin at 0.5 mg/ml protein for 30 min in the
presence or absence of UDPGA. Twenty microliters of the incuba-

tion supernatant were injected onto HPLC for analysis.

A mWJx 107

1 etector A:450nm . .
3 Bilirubin

2.+

1.5 ;

] Mono-glucuronide

103 - Di-glucuronide

\

06— _J‘\__..,,._,_NIVLM--

0.5 r
] T T T T | T T T T ] T T T T T T T T I T T T
0.0 50 10.0 15.0 20.0

B mwx 107
:e‘tec‘torﬁ:dﬁﬂnm

2.0+ “ :
1 Bilirubin

1.5
1.0

0.5

.0.5_:

e o L o L P P

(Gordon et al., 1983; Seppen et al., 1994), or in 100% organic solvents
(Ciotti et al., 1998; Zhang et al., 2005; Udomuksorn et al., 2007). Due
to its instability under these conditions, alkaline solutions of bilirubin
must be prepared immediately before addition to the incubations (De
Ewenson et al., 1966; Doumas et al., 1973), and one must be con-
cerned about the potential precipitation of bilirubin after adjusting the
pH to the neutral range. To address this issue, addition of albumin has
been used to stabilize bilirubin solutions prepared in this manner
(Black et al., 1970; Crawford et al., 1992). However, because bilirubin
extensively binds to albumin, decreased rates of glucuronidation
(Crawford et al., 1992) and non-Michaelis-Menten kinetics (Heirwegh
et al., 1972) may be observed. In the present study, bilirubin was
dissolved in 100% DMSO and stability was established for at least
8.5 h at room temperature and at least 7 days at —80°C.

Equally as problematic is the instability of bilirubin glucuronides,
especially the monoglucuronides (Jansen, 1973; Blanckaert et al.,
1978; Adachi et al., 1985). In aqueous solutions, the monoglucu-
ronides rapidly disproportionate to diglucuronide and parent bilirubin
(Adachi et al., 1985). This nonenzymatic conversion confounds ki-
netic determinations, due to loss of one molecule of total glucuronide
(two molecules of monoglucuronide transform to one molecule of
diglucuronide and one molecule of bilirubin). However, this conver-
sion can be strongly inhibited by high concentrations of reducing
agents, bovine serum albumin, or rat liver cytosolic proteins (Adachi
et al., 1985). Thus, to eliminate the conversion of BMGs to BDG
during sample analysis, a high concentration of ascorbic acid in
methanol (200 mM final concentration) was used to terminate the
reactions. Under these conditions, BMGs and BDG were stable in the
final incubation supernatant for at least 17 h at room temperature.

Because of the disparate kinetic profiles obtained previously by
others (Senafi et al., 1994; Seppen et al., 1994; Udomuksorn et al.,
2007), the effects of protein concentration and incubation time on
bilirubin glucuronidation were carefully examined to accurately es-
tablish linear (initial rate) conditions. Formation of BDG or BMGs
was linear at protein concentrations up to 0.5 mg/ml. However,
linearity with respect to incubation time was different for BDG and
BMGs. Formation of BDG was linear at incubation times up to 30
min, whereas for the BMGs, linearity was only observed up to 6 min.
These results are consistent with a sequential formation process for
BMG and BDG. Based on these results, experiments were initially
conducted at a high protein concentration (0.5 mg/ml) for 6 min.

Because the K,, for bilirubin glucuronidation with recombinant
UGTI1AT1 has previously been reported to range from 0.26 to 24 uM
(Senafi et al., 1994; Seppen et al., 1994; Zhang et al., 2005; Udomuk-
sorn et al., 2007), experiments were initially conducted over the
concentration range of 1.25 to 80 uM bilirubin. However, under the
conditions used in the present study, no change in bilirubin glucu-
ronidation rate was noted over this concentration range, suggesting
that the reaction was already at V, ., even at 1.25 uM bilirubin (data
not shown). Thus, even lower bilirubin concentrations (0.05-2 wM)
were evaluated to allow estimation of K, and V... As depicted in
Fig. 2B, the kinetic profile for total bilirubin formation deviated from
the classic hyperbolic (Michaelis-Menten) profile and was best de-
scribed by the Hill equation (eq. 2). The derived S, V,,.x» and n
values were 0.30 = 0.02 uM, 199 = 6.1 pmol/(min - mg protein),
and 1.47 £ 0.09, respectively. However, amounts of the total
glucuronides formed in this experiment were, on a molar basis,
greater than 90% of the amount of bilirubin added to the incubation
mixtures at low bilirubin concentrations, indicating this experi-

8T0Z ‘6T AInC Uo Sfeunor 1 34S Y e Bio'sfeuunofisdse puup wouy pspeojumoq


http://dmd.aspetjournals.org/

1910

__ 180
c

§ 160 -

S 140

= 120 .

o 100 ! P

E 80 > %

£ @ S

£ 60 “ e

S 40 ol e

E 20 0 200 400 600 800 1000
= VIS

00 05 10 15 20 25
[Bilirubin] (uM)

200

-
[¢)]
o

200

150 R L1

100 N
50

0+ —
0 100 200 300 400

VIS

[¢)]
o

(pmol/min/mg of protein)
=)
o
\%

o

Rate for total glucuronide formation @3  Rate for total glucuronide formation >

=
o

05 10 15 20 25
[Bilirubin] (uM)

FiG. 2. Substrate-concentration versus rate plots for total bilirubin glucuronide
formation. A, incubations with 0.05 mg/ml protein for 5 min; B, incubations with
0.5 mg/ml protein for 6 min. The bars indicate the range of triplicate measurements.
The embedded figures are Eadie-Hofstee plots for the same data. The Michaelis-
Menten equation was fit to data in A, and the Hill equation was fit to data in B.

ment was not conducted under initial rate conditions. To address this
issue, 0.05 mg/ml protein and a 5-min incubation time were then
evaluated. Under these conditions (Fig. 2A), formation of bilirubin
glucuronides followed hyperbolic (Michaelis-Menten) kinetics with
estimates of K,, = 0.20 = 0.018 uM and V, ,, = 165 £ 43
pmol/(min + mg protein). Substrate consumption under these condi-
tions was <20% at all substrate concentrations. It is interesting to note
that although a different kinetic model was used by Udomuksorn et al.
(2007) compared to our study, the K, for total bilirubin glucuronide
formation was very similar to the value we obtained. The low K,
observed in the present study and also reported by Udomuksorn
(2007) indicates that saturation of glucuronidation occurs at relatively
low substrate concentrations in vivo.

To assure that the saturation of velocity observed in the present
study (the plateau in the hyperbolic kinetic profile) truly represents the
Vinax Of the enzyme and is not due to saturation of bilirubin solubility
in the incubation solution, we compared the peak areas of bilirubin in
buffer solutions, where different concentrations of bilirubin in DMSO
were added. A linear increase in bilirubin peak area was observed up
to 10 uM final bilirubin concentration. Thus, the saturation of velocity
observed at approximately ~2 uM (Fig. 2A) is a reflection of achiev-
ing maximal velocity of the enzyme and not artificially due to limits
on bilirubin solubility. However, the peak areas observed from mea-
suring bilirubin in buffer solutions were lower than the same concen-
trations of bilirubin in 100% acetonitrile. Over the range of 0.05 to 2
M bilirubin, the peak areas of bilirubin in buffer solutions were
approximately 60 to 80% of the peak areas in acetonitrile. This is
probably due to the nonspecific binding of bilirubin to walls of the test
tubes that occurs when bilirubin is in aqueous environment. In vivo,
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Fic. 3. Effects of bilirubin concentration on the proportions of BMGs or BDG. A,
incubations with 0.05 mg/ml protein for 5 min; B, incubations with 0.5 mg/ml
protein for 6 min. @ represents BDG and 4 represents BMG.

bilirubin is also highly bound to albumin in the systemic circulation
and to cytosolic proteins (ligandin: a dimer of GSTA1 and/or GSTA2
and Z class proteins) present in hepatocytes (Kamisako et al., 2000).
It is likely, under the present incubation conditions, that a portion of
bilirubin nonspecifically binds to the proteins in the incubation, al-
though the protein concentration in the present study was low (0.05
mg/ml), which would serve to minimize this binding. In addition,
because bilirubin is highly lipophilic, it may also partition into the
membranes of the cell lysate. For the above reasons, the K, observed in
the present study (0.2 uM) probably represents an apparent K|, and the
actual K, of bilirubin glucuronidation is likely lower than 0.2 uM.
Several groups have reported that their proportions of BDG and
BMGs formed in incubation were bilirubin-concentration dependent
(Blanckaert et al., 1979; Gordon and Goresky, 1980; Gordon et al.,
1983; Senafi et al., 1994). At low bilirubin concentrations, BDG was
reported to be the dominant species formed, whereas BMG formation
predominated at high bilirubin concentrations (Blanckaert et al., 1979;
Gordon and Goresky, 1980; Gordon et al., 1983; Senafi et al., 1994).
Senafi et al. (1994) conjectured that this kinetic phenomenon might be
the reason that BDG is the predominant species found in bile because
the free concentration of bilirubin in plasma is extremely low. Only
under noninitial rate conditions were our results congruent with these
reports (Fig. 3B). When true initial rate conditions were used, the
proportions of BMGs and BDG formed were constant, with BMGs
being the predominant species formed (~70%) (Fig. 3A). Thus, in the
previously reported work (Senafi et al., 1994), the higher percentages
of BDG formed at low bilirubin concentrations were most likely due
to depletion of bilirubin and subsequent accumulation of BMGs in the
in vitro incubations. In addition, it is well established that bilirubin
glucuronidation by UGT1Al is a sequential reaction (Peters and
Jansen, 1986; Crawford et al., 1992; Senafi et al., 1994), and the
kinetic model can be simplified as shown in Fig. 4. In this model,
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FiG. 4. Kinetic scheme for bilirubin glucuronidation. k;, k_;, k,, k5, k,, k4, ks, and
k5 refer to the rate constants of the corresponding reaction steps.

BMG can either be directly converted to BDG without releasing from
the enzyme or it is released from the enzyme, but BMG can quickly
rebound to the enzyme and then be converted to BDG. Based on the
kinetic model, the ratio between initial rates for BMG and BDG forma-
tion equates to k,/k; independent of bilirubin concentration. Thus, the
observed constant proportion between BMGs and BDG across the range
of bilirubin concentrations under true linear conditions (Fig. 3A) is
consistent with the sequential kinetic model in Fig. 4.

In summary, the present study established the proper conditions to
conduct bilirubin glucuronidation with HEK293-expressed UGT1A1.
Under true linear conditions, bilirubin glucuronidation displayed
Michaelis-Menten kinetics with a K, of 0.2 uM, and the ratios of
BMGs and BDG formation were constant across the range of bilirubin
concentration evaluated. In addition, a robust assay that possessed
sufficient sensitivity to permit characterization of low amounts of
glucuronide formation was developed in the present study. We are
currently evaluating a battery of UGT1Al inhibitors on bilirubin
glucuronidation with this assay.

Acknowledgments. We thank Dr. Philip Lazarus at Penn State
University for providing transfected HEK293 cells that express
UGTI1AL

JIN ZHOUu
TmMoTHY S. TRACY
Rory P. REMMEL

Department of Medicinal Chemistry
(J.Z. and R.P.R.) and Department of
Experimental and Clinical
Pharmacology (T.S.T.),

University of Minnesota, Minneapolis, Minnesota

References

Adachi S, Uesugi T, and Kamisaka K (1985) Study of bilirubin metabolism by high-performance
liquid chromatography: stability of bilirubin glucuronides. Arch Biochem Biophys 241:486—
493.

Black M, Billing BH, and Heirwegh KP (1970) Determination of bilirubin UDP-glucuronyl
transferase activity in needle-biopsy specimens of human liver. Clin Chim Acta 29:27-35.
Blanckaert N, Compernolle F, Leroy P, Van Houtte R, Fevery J, and Heirwegh KP (1978) The
fate of bilirubin-IXalpha glucuronide in cholestasis and during storage in vitro. Intramolecular

rearrangement to positional isomers of glucuronic acid. Biochem J 171:203-214.

Blanckaert N, Gollan J, and Schmid R (1979) Bilirubin diglucuronide synthesis by a UDP-
glucuronic acid-dependent enzyme system in rat liver microsomes. Proc Natl Acad Sci USA
76:2037-2041.

Brierley CH and Burchell B (1993) Human UDP-glucuronosyl transferases: chemical defence,
jaundice and gene therapy. Bioessays 15:749-754.

1911

Ciotti M, Cho JW, George J, and Owens IS (1998) Required buried alpha-helical structure in the
bilirubin UDP-glucuronosyltransferase, UGT1A1, contains a nonreplaceable phenylalanine.
Biochemistry 37:11018-11025.

Crawford JM, Ransil BJ, Narciso JP, and Gollan JL (1992) Hepatic microsomal bilirubin
UDP-glucuronosyltransferase. The kinetics of bilirubin mono- and diglucuronide synthesis.
J Biol Chem 267:16943-16950.

De Ewenson IW, Gianturco FA, and Gramaccioni P (1966) On the stability of bilirubin.
Experientia 22:14-15.

Doumas BT, Perry BW, Sasse EA, and Straumfjord JV Jr (1973) Standardization in bilirubin
assays: evaluation of selected methods and stability of bilirubin solutions. Clin Chem 19:984—
993.

Gordon ER and Goresky CA (1980) The formation of bilirubin diglucuronide by rat liver
microsomal preparations. Can J Biochem 58:1302-1310.

Gordon ER, Sommerer U, and Goresky CA (1983) The hepatic microsomal formation of
bilirubin diglucuronide. J Biol Chem 258:15028 -15036.

Gupta B, LeVea C, Litwin A, and Fakih MG (2007) Reversible grade 4 hyperbilirubinemia in a
patient with UGT1A1 7/7 genotype treated with irinotecan and cetuximab. Clin Colorectal
Cancer 6:447-449.

Heirwegh KP, Van de Vijver M, and Fevery J (1972) Assay and properties of dititonin-activated
bilirubin uridine diphosphate glucuronyltransferase from rat liver. Biochem J 129:605-618.

Jansen PL (1973) The isomerisation of bilirubin monoglucuronide. Clin Chim Acta 49:233-240.

Kadakol A, Ghosh SS, Sappal BS, Sharma G, Chowdhury JR, and Chowdhury NR (2000)
Genetic lesions of bilirubin uridine-diphosphoglucuronate glucuronosyltransferase (UGT1A1)
causing Crigler-Najjar and Gilbert syndromes: correlation of genotype to phenotype. Hum
Mutat 16:297-306.

Kamisako T (2004) What is Gilbert’s syndrome? Lesson from genetic polymorphisms of
UGT1AL1 in Gilbert’s syndrome from Asia. J Gastroenterol Hepatol 19:955-957.

Kamisako T, Kobayashi Y, Takeuchi K, Ishihara T, Higuchi K, Tanaka Y, Gabazza EC, and
Adachi Y (2000) Recent advances in bilirubin metabolism research: the molecular mechanism
of hepatocyte bilirubin transport and its clinical relevance. J Gastroenterol 35:659 —664.

Matsui K, Maruo Y, Sato H, and Takeuchi Y (2010) Combined effect of regulatory polymor-
phisms on transcription of UGT1A1 as a cause of Gilbert syndrome. BMC Gastroenterol
10:57.

Peters WH and Jansen PL (1986) Microsomal UDP-glucuronyltransferase-catalyzed bilirubin
diglucuronide formation in human liver. J Hepatol 2:182-194.

Rotger M, Taffe P, Bleiber G, Gunthard HF, Furrer H, Vernazza P, Drechsler H, Bernasconi E,
Rickenbach M, and Telenti A (2005) Gilbert syndrome and the development of antiretroviral
therapy-associated hyperbilirubinemia. J Infect Dis 192:1381-1386.

Senafi SB, Clarke DJ, and Burchell B (1994) Investigation of the substrate specificity of a cloned
expressed human bilirubin UDP-glucuronosyltransferase: UDP-sugar specificity and involve-
ment in steroid and xenobiotic glucuronidation. Biochem J 303 (Pt 1):233-240.

Seppen J, Bosma PJ, Goldhoorn BG, Bakker CT, Chowdhury JR, Chowdhury NR, Jansen PL,
and Oude Elferink RP (1994) Discrimination between Crigler-Najjar type I and II by expres-
sion of mutant bilirubin uridine diphosphate-glucuronosyltransferase. J Clin Invest 94:2385—
2391.

Strassburg CP (2008) Pharmacogenetics of Gilbert’s syndrome. Pharmacogenomics 9:703-715.

Takeuchi K, Kobayashi Y, Tamaki S, Ishihara T, Maruo Y, Araki J, Mifuji R, Itani T, Kuroda
M, Sato H, et al. (2004) Genetic polymorphisms of bilirubin uridine diphosphate-
glucuronosyltransferase gene in Japanese patients with Crigler-Najjar syndrome or Gilbert’s
syndrome as well as in healthy Japanese subjects. J Gastroenterol Hepatol 19:1023—1028.

Udomuksorn W, Elliot DJ, Lewis BC, Mackenzie PI, Yoovathaworn K, and Miners JO (2007)
Influence of mutations associated with Gilbert and Crigler-Najjar type II syndromes on the
glucuronidation kinetics of bilirubin and other UDP-glucuronosyltransferase 1A substrates.
Pharmacogenet Genomics 17:1017-1029.

Zhang D, Chando TJ, Everett DW, Patten CJ, Dehal SS, and Humphreys WG (2005) In vitro
inhibition of UDP glucuronosyltransferases by atazanavir and other HIV protease inhibitors
and the relationship of this property to in vivo bilirubin glucuronidation. Drug Metab Dispos
33:1729-1739.

Zhou J, Tracy TS, and Remmel RP (2010) Glucuronidation of dihydrotestosterone and trans-
androsterone by recombinant UDP-glucuronosyltransferase (UGT) 1A4: evidence for multiple
UGT1A4 aglycone binding sites. Drug Metab Dispos 38:431-440.

Address correspondence to: Rory P. Remmel, Department of Medicinal
Chemistry, College of Pharmacy, University of Minnesota, 308 Harvard St. SE,
Minneapolis, MN 55455. E-mail: remme001@umn.edu

8T0Z ‘6T AInC Uo Sfeunor 1 34S Y e Bio'sfeuunofisdse puup wouy pspeojumoq


http://dmd.aspetjournals.org/

