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Abstract

Mycophenolic acid (MPA), the active metabolite of the immunosuppressant
prodrug, mycophenolate mofetil, undergoes glucuronidation to its 7-O-glucuronide as a
primary route of metabolism. Because differences in glucuronidation may influence the
efficacy and/or toxicity of MPA, we investigated the MPA UDP-glucuronosyltransferase
(UGT) activities of human (HLM) and rat liver microsomes with the goal of identifying
UGTsresponsible for MPA catalysis. HLM (n=23) exhibited higher average MPA
glucuronidation rates (14.7 vs. 6.0 nmol/mg/min, respectively, p<0.001) and higher
apparent affinity for MPA (K, = 0.082 mM vs. 0.20 mM, p< 0.001) compared to rat liver
microsomes. MPA UGT activities were reduced >80% in liver microsomes from Gunn
rats. To identify the active enzymes, human and rat UGT 1A enzymes were screened for
MPA glucuronidating activity. UGT1A9 was the only human liver-expressed UGT1A
enzyme with significant activity and exhibited both high affinity (K= 0.077 mM) and
high activity (Vma= 28 nmolemin™emg™). Spearman correlation analyses revealed a
stronger relationship between HLM MPA UGT activities and 1A9-like content (r*=0.79)
relative to 1A1 (r*=0.20), 1A4-like (r*=0.22), and 1A6 (r°=0.41) protein. A different
profile was observed for rat with three active liver-expressed UGT1A enzymes: 1A1
(medium affinity/capacity), 1A6 (low affinity/medium capacity), and 1A7 (high
affinity/capacity). Our data suggest that UGT1A enzymes are the major contributors to
hepatic MPA metabolism in both species, but 1A9 is dominant in human while 1A1 and
1A7 arelikely the principal mediatorsin control rat liver. Thisinformation should be
useful for interpretation of MPA pharmacokinetic and toxicity datain clinical and animal

studies.
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Introduction

MPA (1,3-dihydro-4-hydroxy-6-methoxy-7-methyl-3-oxo-5-isobenzylfuranyl)-4-
methyl-4-hexenoate) is the active immunosuppressive metabolite of the 2-
morpholinoethyl ester prodrug, mycophenolate mofetil (Cellcept®) currently used asan
adjunct in anti-transplant rejection regimens. Although it was discovered over a century
ago as a product of several Penicillium species, the clinical utility of MPA asan
immunosuppressive was not realized until the mid-1990's when it was approved for use
in prophylaxis against acute graft rgjection in renal transplant patients (Mele and
Halloran, 2000). Its use has since been extended to heart, liver, lung and other solid
organ trangplant patients. The mechanism of immunosuppressive activity of MPA is
inhibition of inosine monophosphate dehydrogenase, the rate-limiting enzyme in the de
novo pathway for synthesis of the nucleotide, guanosine (Sintchak and Nimmesgern,
2000). Asaresult, DNA synthesis and proliferation of T and B lymphocytesin response
to cytokine or antigen stimulation is markedly inhibited in the presence of MPA.

After oral administration, mycophenolate mofetil undergoes rapid and complete
absorption consequent with hydrolysis by serum carboxylesterases to release free MPA
(Fig. 1) (for review, see (Bullingham et al., 1998)). Most of the administered
mycophenolate mofetil dose (87-94%) ultimately appears in the urine asthe 7-O-
glucuronide of MPA (MPAG) with small percentages reported to be metabolized to either
the acyl glucuronide or glucoside conjugates. Although only 6% of administered MPA is
excreted in feces, MPA exhibits prominent features of enterohepatic cycling with

secondary peaks observed in the plasma MPA concentration-time profile. The latter is
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considered to result from hepatic synthesis of MPAG, followed by biliary excretion,
hydrolysisin the intestine to MPA, and subsequent reabsorption of MPA.

A common adverse effect of mycophenolate mofetil is gastrointestinal toxicity
ranging in severity from gastrointestinal upset and constipation to more severe diarrhea
and gastrointestinal perforation with hemorrhaging (Busca et al., 2001). Mourad et al.
reported an association between 30 min plasma M PA concentrations and occurrence of
gastrointestinal side effects (Mourad et al., 2001). The toxic effects are dose-dependent
and can be controlled by dosage reduction. However, reduction of dose also adversely
impacts the immunosuppressive efficacy of MPA, which correlates strongly with the area
under the MPA plasma concentration-time curve (Shaw and Nowak, 1995). Few dataare
available regarding the mechanism of MPA-induced gastrointestinal toxicity, and its
etiology remains poorly understood. Although further investigation is needed, a causal
relationship between certain pharmacokinetic factors (e.g., the rate of MPA
glucuronidation by liver or intestine itself) and occurrence of gastrointestinal toxicity
seems plausible. An assessment of this relationship would be aided by knowledge of the
enzymes that are responsible for catalysis of MPA glucuronidation, the UGTSs.

A limited number of studies have characterized the glucuronidation of MPA by
HLM and by recombinant expressed human UGTs. Human liver, kidney, and small
intestine microsomes have all been demonstrated to be activein MPA glucuronidation
(Bowalgaha and Miners, 2001; Shipkovaet al., 2001). Several studies have identified
human UGTs with catalytic activity towards MPA. Coallectively, these studies indicate
potential roles of the human 1A7, 1A8, 1A9, and 1A10 in MPA glucuronidation

(Mojarrabi and Mackenzie, 1997; Mackenzie, 2000; Bernard and Guillemette, 2004). Of
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these forms, only the 1A9 enzyme is expressed at significant levelsin human liver and
has been proposed as the principal enzyme contributing to glucuronidation of MPA in
human liver (Bernard and Guillemette, 2004).

Increasingly utilized as a model to investigate various aspects of MPA
pharmacokinetics and disposition (Kobayashi et al., 2004; Tian et al., 2004), the
laboratory rat will likely be valuable for investigating the relationship between
glucuronidating activities of specific tissues (i.e., liver or gastrointestinal tract) and
gastrointestinal toxicity of MPA. Limited data suggest that rats also metabolize MPA,
principally to the 7-O phenolic glucuronide, which undergoes both biliary and renal
excretion. However, no studiesto our knowledge have characterized the MPAG forming
activity of rat liver microsomes or recombinant expressed rat UGTSs. In this study, we
directly compared the MPA glucuronidating activities of human and rat liver microsomes
and investigated the basis of these activities. Our data support some similarities aswell

as key differencesin MPA glucuronidation by human and rat liver microsomes.
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Materialsand Methods

Chemicalsand reagents. MPA (> 98% pure) was purchased from Sigma Chemical (St.
Louis, MO). The synthesis and characterization of MPAG reference standard was
described previously (Wiwattanawongsa et al., 2001). Recombinant expressed human
UGTs were generated in our laboratory by expression in human embryonic kidney cells
(HEK) or were obtained from commercial sources (Panvera, San Diego, CA or Gentest
Corp, Woburn, MA). Rat UGTs were expressed in human hepatoma HepG2 cells using
cloned, recombinant, replication-defective adenoviruses coding for each of the 8 rat
UGT1A aswell as 3 UGT2B family enzymes. Preparation of adenoviral stock lysates
was carried out in the Massey Cancer Center Adenovirus Core Facility of Virginia
Commonwealth University. Solventsfor high performance liquid chromatography were
obtained from Fisher Scientific (Atlanta, GA). All other chemicals for this study were

purchased from Sigma.

Animals. Heterozygous and homozygous jaundiced male Gunn rats and homozygous
normal controls (6-8 weeks, 200-240 g body weight) were purchased from Harlan
Sprague-Dawley (Fredrick, MD). Sprague-Dawley rats were purchased from the same
supplier. All care and use of animals used in experiments followed current guidelines of
the National Institutes of Health under protocols approved by the Virginia
Commonwealth University Institutional Animal Care and Use Committee. Upon arrival,
the animals were housed two per cage and allowed at least one week to acclimate. The
lighting was on a 12 hr light-dark cycle. Room temperature and humidity were

maintained at 22°C and 21%, respectively. At all times, rats were allowed free access to
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water and standard rat chow (Harlan Tekiad LM-485). Prior to preparation of
microsomes, rats were anestheti zed with isoflurane and exsanguinated after guillotining.

Tissues were stored frozen at -80°C until the time of microsome preparation.

Human samples. Human liver samplesfor this study were a gift of the Anatomic Gift
Foundation (Laurel, MD) to the Hepatocyte Isolation and Cryopreservation Core Facility
at the Virginia Commonwealth Medical Center. Handling and use of these specimens
was conducted according to an approved Virginia Commonwealth University Office of
Protection of Research Subjects protocol. All samples were from viable livers prepared
for hepatocyte isolation and cryopreservation by flushing with University of Wisconsin
preservation solution. Samples of excess tissue (25-50 g) not used for the collagenase
perfusion and hepatocyte isolation technique were transferred to 50 mL sterile Falcon
tubes, frozen on liquid nitrogen, and stored at -80°C until the time of microsome
preparation. All samples were from donors shown serologically to be negative for HIV,
hepatitis B and hepatitis C virus exposure. For this study, HLM samples were obtained
from 11 males and 10 females (no information was available for two). Donors ranged
from 5-73 years of age with an average of 45.3 years. Ethnic groups represented were
Caucasian (85%), Hispanic (10%) and African-Americans (5%). Information on alcohoal,

cigarette use, and drug medications was inconsistently reported and is omitted.

Microsome preparation. Liver microsomes were prepared as described (Kessler and
Ritter, 1997). Briefly, liver samples were homogenized in 5 volumes of ice-cold 0.25 M

sucrose using glass homogenizing tubes fitted with a drill-driven teflon pestle (three

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

passes). After removing the nuclear and mitochondrial fractions, the microsomes were
collected by centrifuging at 105,000 x g for 45 min. After resuspending in 0.15 M KCl,
the final microsome pellet was rehnomogenized in 0.1M potassium phosphate buffer, pH
7.5, containing 1 mM EDTA and 20% glycerol. Protein concentrations were determined
using the bicinchoninic acid (BCA) method with acommercially available kit (Pierce

Biochemical, Rockford, IL).

Recombinant UGT preparation. Clonal lines of HEK cells stably expressing human
1A1, 1A6, or 1A9 were established in our laboratory. The specific methods for
generating, maintaining, and harvesting the cell lines for enzyme activity analyses
followed our previous description for expression of the human 1A7 enzyme and variants
(Guillemette et al., 2000). The HEK cell lines express the UGTs under the control of
sequences from the pcDNA3 mammalian expression vector, i.e., cytomegalovirus
promoter/enhancer. Briefly, the cells were grown and maintained in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum and 1000 ug/mL G-418
antibiotic for selection of the neo resistance factor in the pcDNA3 vector. The sources of
human UGT cDNA sequences were 1A1 (Ritter et al., 1992) and 1A6 and 1A9 (Ebner
and Burchell, 1993). After culturing, cells were scraped and membrane fractions
prepared by collecting the 5,000 x g supernatant fraction. Protein concentration was
determined by the BCA method.

HepG2 cells were grown to 90-95% confluence in Dulbecco's modified Eagle's
medium supplemented with 10% fetal calf serum, at which timeindividual plates were
infected with adenovirus lysates encoding the UGTs indicated. Cells were harvested by

gentle pipetting to release cells 72 hr after infection and centrifuging at 5000 rpmin a
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clinical centrifuge at 4°C. Supernatants were discarded, and the resulting cell pellets
were washed by resuspending in ice-cold 1X phosphate-buffered saline and
recentrifuging. The washed cells were resuspended in 0.1 M potassium phosphate buffer,
pH 7.5, 20% glycerol, and 1 mM EDTA. After three consecutive freeze/thaw cycles and a
brief sonication to disperse aggregates, the cells were centrifuged at 5000 x g for 10 min.
The supernatants were collected and transferred to microfuge tubes. Protein
concentration was determined as described above. Membrane preparations were
aliquotted and stored at -80°C until assay. Positive control reactions were performed to
demonstrate the activities of the expressed UGT1A family enzymes were performed with
the following substrates: bilirubin (UGT1A1), 7-hydroxybenzo[a]pyrene (UGT1A2 and

UGT1A8), and estriol (UGT1A3 and UGT1A5).

MPA UGT assay. All reactionswere performed in buffer containing 75 mM Tris-Cl
(pH 7.45), 10 mM MgCl,, and 6 mM saccharic acid 1,4-lactone (prepared fresh).
Microsomes/membranes were preincubated on ice for 15 min with 50 ug/mg alamethicin,
which was found to maximally activate microsomal MPA UGT activity. The protein
concentration was 1 mg/mL. MPA (2 mM final concentration in our standard reaction)
was added to the reaction in methanol (4% final methanol concentration, v/v). This
concentration of methanol had no apparent inhibitory effect on MPA UGT activity of rat
liver microsomes. Control reactions received methanol alone. For the kinetic studies,
MPA concentration was varied between 0.0156 and 2 mM in serial 2-fold dilutions, and
protein concentration was adjusted (0.1 to 1 mg/mL) as necessary to maintain linear

product formation with respect to time. Thiswas a particular concern at the low end of

10
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the substrate concentration range (0.0156 to 0.125 mM). After equilibrating incubation
tubes at 37°C for 3 min, reactions were initiated by the addition of UDP-glucuronic acid
(3 mM final concentration) and were allowed to proceed at 37°C for 30 min. Reactions
were stopped by the addition of concentrated perchloric acid (to 5.6% final concentration,
v/v). Tubes were placed on ice for 5 min and then centrifuged at 16,000 x g for 5 min to
remove the precipitate. A 20 uL aliquot was then analyzed by reversed-phase HPLC as
described (Wiwattanawongsa et al., 2001) using a Hewlett Packard 1050 HPLC with a
Partisil 10 ODS-2 C;5 column [4.6 mm x 25 cm] (Whatman Inc., NJ) and a Waters
Resolve Cyg Guard Pak precolumn cartridge (Millipore, MA). The mobile phase was
55% MeOH/45% aqueous trifluoroacetic acid (0.1% TFA). Theflow ratewas 1.5
ml/min. Absorbance was monitored with a Hewlett Packard 1050 diode array detector
set at 250 nm. Under our conditions, the retention times for MPAG, the suprofen internal
standard, and MPA were 3.3, 8.8, and 11.8 min, respectively. MPAG was quantitated
using standard curves prepared using blank microsome reactions spiked with known
amounts of authentic MPAG standard. Care was taken to perform all reactions under
conditions when MPAG formation was linearly proportional to time and protein

concentration. The limit of detectable activity of our assay was ~ 0.010 nmol/mg/min.

Data Analysis. Thereationship between substrate concentration and rate of MPA
glucuronide formation was evaluated by fitting the data to the hyperbolic Michaelis
Menten function (V = V[ S)/(Km + [S]). For this purpose, both linear and non-linear
regression methods were used and were found to yield similar results (<5%). For linear

regression, Eadie-Hofstee plots were generated and data were analyzed in Microsoft

11

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Excel using least squares linear regression to generate the best fit line. For non-linear
regression, the data were fit to either Michaglis-Menten or a sigmoidal kinetic model
(Hill equation v = Vmax-[S]"/(Sso+ [S]") using WinNonlin kinetic modeling software
(Pharsight Corporation, Mountain View, CA). For the comparison of the kinetic
parameters of rat and human microsomes, three liver microsome preparations were
analyzed. Statistical analyses were conducted using Student's t-test, and differences

between groups were considered statistically significant when the p value was <0.05.

Immunoblot analyses of recombinant UGTsand HLM. Relative UGT protein levels
were determined using an immunobl otting procedure described previously with some
modifications (Ritter et al., 1999; Guillemette et al., 2000). Recombinant and
microsomal proteins were separated on a 7.5% SDS-PAGE gel and transferred onto
nitrocellulose membranes. Both recombinant and liver microsomes were analyzed for
UGT1A1, UGT1A4-like, UGT1A6, UGT1A9-like, and total UGT1A expression.
Antiserawere generated in mice immunized with bacterially-expressed fusion proteins
raised against amino acid residues 29-159 of 1A1, 30-160 of 1A4, 77-183 of 1A6, and
31-191 of 1A9 from human as described (Ritter et al., 1999). Antisera were tested for
specificity by Western blot analysis of recombinant human UGT1A1, UGT1A4,
UGT1AG6, and UGT1A9 proteins. All antisera selectively detected their respective forms
(see Fig. 5). Although we have not tested the reactivity of anti-hUGT1A430.160 towards
UGT1A3/UGT1AS5 or anti-hUGT1A931.191 towards UGT1A7, UGT1AS, and 1A10,
cross-reactivity is likely due to the high homology of the amino terminal sequences

within the 1A3-1A5 and 1A7-1A10 subfamilies. Therefore, the immunoreactivities of

12
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the UGT1A4 and UGT1A9-antisera are referred to as UGT 1A4-like and UGT1A9-like,
respectively. Total UGT1A expression was determined using a commercially prepared
antibody (Gentest Corp., Woburn, MA). Expressed rat UGTs were analyzed using an
antiserum directed against the rat UGT1 common region (amino acid residues 444 of the
rat UGT1A common region (Webb et al., 2005). UGT2B expression was evaluated using
Ab1168. Proteinswere detected using enhanced chemiluminescence (ECL) (Amersham
Biosciences, Piscataway, NJ), and the resulting images were captured on film and

guantified using Image J™ software (NIH, Bethesda, MD).

MPA activity correlation plotsof HLM. For semi-quantitative analysis of UGT
content of HLM, dilutions of a high expressing sample were included on the membrane
in order to generate a standard curve. Using Image J™, maximum pixe intensitiesin
gray scale (0-256) were determined for the standards and adjacent samples. Relative
amounts of UGT1A1, 1A4-like, 1A6, and 1A9-like protein were then estimated from the
standard curve. Samples were normalized so that the highest expressing sample was
assigned an arbitrary value of 1. In order to ensure that low activities were not due to
poor condition of the human liver samples, microsomes were assayed towards two other
substrates, morphine and acetaminophen. Samples possessing glucuronidation rates
lower than 50% of the average for al three substrates were not included in the study.
Correlation plots comparing 1A1, 1A4-like, 1A6, and 1A9-like protein expression versus
MPA UGT activities were generated and analyzed by the Spearman rank order

correlation test. The data were considered statistically significant when p < 0.05.

13
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Results

To characterize and compare the MPA glucuronidating activities of rat and human
liver microsomes, a collection of individual human liver microsome (n=23) and Sprague
Dawley rat (n=9) liver microsome samples were assayed for MPA UGT activity under
standardized conditions which included 2 mM MPA, 3 mM UDP-glucuronic acid, and 50
ug/mg alamethicin (Fig. 2). Liver microsomal MPA UGT activities were found to be
higher for human compared to rat liver microsomes. The mean activities determined for
HLM were 14.7 versus 6.0 nmol/mg/min for rat (p<0.001 using Student's t-test). The
range of human liver microsomal MPA UGT activities was 6.5 to 30.4 nmol/mg/min,
whereas the range for rat was 3.3 to 9.7 nmol/mg/min.

Human and rat liver microsomal MPA UGT activities were further compared to
determine apparent substrate affinities and velocities of MPA glucuronidation. Initial
rates of MPA glucuronidation were assessed in reactions containing MPA at
concentrations ranging from 0.0156 to 2 mM. The observed kinetics were consistent
with a standard Michaelis-Menten (hyperbolic) model. Eadie-Hofstee plots for all six
samples of human and rat liver microsomes analyzed yielded linear functions (Fig. 3).
Fitting the data to the sigmoidal cooperativity model yielded Hill coefficients near unity
(data not shown). Estimates of kinetic parameters usng WinNonlin modeling software
(Table 1) werein close agreement with the values determined using standard linear
regression techniques (Eadie Hofstee plots, Fig. 3). In addition to the considerably higher
V max Value observed for two of the HLM samples (Table 1), the human microsomes were
also distinctive in their higher apparent affinity for MPA. The average K, value of the

three human liver microsome preparations for MPA was 0.082 mM. Thisvalueis
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significantly lower than the corresponding average rat K, (0.200 mM) (statistically
different at the p<0.001 level using Student's t-test).

An experiment was performed using Gunn rat liver microsomes to assess the
relative contributions of UGT1 versus UGT2 family enzymesin catalysis of MPA
glucuronidation by rat liver microsomes. The Gunn rat strain contains a frame-shift
mutation in a UGT1A common exon that resultsin inactivation of all UGT1A-encoded
activity. Any remaining activity in homozygous Gunn ratsis considered to be
attributable to UGT2 family members. The effect of genotype at the UGT1A locus on rat
liver microsomal MPA UGT activity isshown in Fig. 4. Liver microsomes from
heterozygote (j/+) rats showed a 27% reduction in MPA glucuronidating activity
compared to control rats (i.e., homozygous UGT1A-normal controls, +/+). The effect
was even more pronounced in the homozygousj/j rat liver microsomes, which showed a
mean 83% reduction in activity. Thisfinding suggests that UGT1A family enzymes
contribute the bulk of liver microsomal glucuronidation of MPA in rats.

To investigate specific UGT1A enzymes responsible for MPA glucuronidation,
preparations of recombinant enzymes representing nine human and eight rat UGT1A
enzymes were tested for activity. Fig. 5A presentsthe results for three of the major forms
found in human liver: 1A1, 1A6, and 1A9. Only the 1A9 enzyme exhibited significant
capacity to catalyze MPA glucuronidation. All three preparations of 1A9 expressed in
HEK cells exhibited the activity. Theleve of activity was consistent with the relative
level of expressed enzyme determined by immunoblotting with a UGT1A common
region antibody probe (Fig. 5A, bottom). In addition to the HEK cell expressed UGTS,

we also assayed preparations of human UGT1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9,
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and 1A10 obtained from commercial sources. Consistent with the data for HEK cell
expressed UGTSs, 1A1 and 1A6 had low or undetectable activity, whereas the 1A9
preparation was highly active (16 nmol/mg/min). All three members of the 1A3-1A5
subfamily were found to be inactive, whereas the extrahepatic enzymes, 1A7, 1A8, and
1A10, exhibited significant activity (4.9, 4.3, and 0.6 nmol/mg/min, respectively).

A significantly different profile was observed for MPA glucuronidating activities
of recombinant rat UGT1A enzymes (Fig. 5B, top). Of the seven enzymes shown, three
yielded significant rates of MPA glucuronidating activity (>1.5 nmol/mg/min). The
expressed 1A7 preparation had the highest apparent activity followed by 1A6 and 1A1
(21% and 15% of the 1A7-catalyzed rate, respectively). In contrast to the high activity
observed for members of the human 1A7-1A10 subgroup, the other two members of the
rat 1A7-1A10 family tested (1A8 and 1A10) were inactive (data for LA10 not shown).
The negative finding for MPA catalysis by 1A8 contrasts with the high activity observed
for thisform towards some other phenolic substrates (Webb et al., 2005). Multiple
preparations of recombinant rat UGTs were analyzed and produced similar results (data
not shown). The results of an immunoblot analysis of the rat UGT1A enzymes to assess
differences in enzyme content of the tested preparations are shown in Fig. 5B (bottom).
Therelative levels of expressed enzyme determined by densitometric analysis were as
follows: 0.95 (1A1), 2.9 (1A2), 0.43 (1A3), 0.24 (1A5), 0.61 (1A6), 1.0 (1A7), and 0.61
(1A8). In this experiment, three members of the UGT2B family included in our analysis
were each negative for formation of MPAG.

The human 1A9 and rat 1A1, 1A6 and 1A7 enzymes were further characterized in

kinetic analyses (Table 1). Aswas observed for human and rat liver microsomes, the
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dataclosdy fit the Michaglis-Menten model. Estimated K, and V o parameters are
shown in Table 1. The two independent preparations of HEK cell expressed-1A9 showed
comparable apparent K, values of 0.090 and 0.073 mM, which were similar in range to
the apparent K, values observed for three human liver microsome samples (average of
0.078 mM). V o Values for the two preparations differed, as expected, depending on the
level of expressed 1A9 enzyme (2.7 - 28.7 nmol/mg/min). Therat UGT1A enzymes
showed differing affinities and velocities for MPA glucuronidation. The 1A7 enzyme
from rat was distinct in its high affinity-high velocity catalysis, compared to 1A1 and
1A6. Theratio of Kn/V max (@ measure of intrinsic clearance) was 380 for the 1A7
preparation versus 8 and 7 for the 1A1 and 1A6 forms, respectively.

Our findings showing high affinity/capacity of human 1A9 in MPA
glucuronidation together with high affinity of HLM towards MPA led usto investigate
whether the MPA glucuronidating activity of HLM (Fig. 6) might relate to their content
of 1A9-like enzyme. Therelativelevels of 1A1, 1A4-like, 1A6, and 1A9-like proteins
were determined by semi-quantitative immunoblotting using selective antiseraraised in
mice against these proteins. The correlation plot shown in Fig. 6 revealed a striking
association between content of 1A9-like UGTs and the rate of MPA glucuronidation
catalysis (assessed at 2 mM MPA) (r* = 0.79). In contrast, the MPA UGT activity
showed weaker correlations between 1A1, 1A4-like, and 1A6 contents. Although we
have found that the 1A9 antiserum does display cross-reactivity towards other members
of the 1A7-1A10 subfamily, 1A9 islikely the principal source of signal observed with

this antibody based on assessments of their relative expression in human liver. Our
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observations are consistent with a principal contribution of 1A9 in human liver MPA

glucuronidation.

18

¥20Z ‘6T |1dY uo sfeuinor 134SY 1e Bio'sjeulno fisdse pwip wio.j pspeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Discussion

Bowalgaha and Miners (2001) proposed that the liver islikely the organ primarily
responsible for the systemic clearance of MPA, basing their proposal on tissue
microsomal intrinsic clearances for MPA formation and extrapolation to whole organ
models. Understanding catalysis of MPAG formation by HLM may therefore provide
important insights into interindividual differencesin systemic MPA pharmacokinetics
and in clinical responsesto MPA, and several studies have reported characterizations of
the MPA glucuronidating activities of HLM and of recombinant expressed UGTSs. In the
current study, we performed one of the most comprehensive surveys reported to date of
human liver microsomal glucuronidation of MPA and compared it with corresponding
data from rat, a species for which little information on MPA glucuronidation has
heretofore been reported. In addition, extensive data were obtained for the MPA UGT
activities of the complete families of expressed human and rat UGT1A family enzymes.
A number of interesting findings were uncovered.

In our assessment of MPA UGT activities of 23 HLM samples, most activities
were clustered in the range between 9 and 20 nmol/mg/min (19 of 23 samples).
However, the overall range of variation was ~4.7-fold, which is consistent with reported
variation in MPA pharmacokinetic parameters (Bullingham et al., 1998). The basis for
this variability has remained elusive but has been proposed to involve differencesin
hepatic glucuronidation. To investigate the basis of these differences, several studies
have characterized human UGTs with MPA glucuronidating activity. Initial reports
identified 1A8 and 1A 10 as active enzymes (Mojarrabi and Mackenzie, 1997,

Mackenzie, 2000), a finding confirmed by others (Bernard and Guillemette, 2004) as well
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asin the current study. However, because these enzymes are not significantly expressed
in liver, they are considered unlikely to contribute to hepatic MPA glucuronidation.

Bernard and Guillemette recently reported evidence for high MPA
glucuronidating activity of the 1A9 enzyme and proposed that this enzyme may be amain
contributor to hepatic glucuronidation of MPA (Bernard and Guillemette, 2004). While
some differences are apparent, the datain our study confirm the high activity of the 1A9
enzyme and present additional evidence for aprincipal, if not exclusive, role of 1A9in
HLM MPA glucuronidation. The additional lines of evidence include: (1) the marked
(>80%) reduction in MPA UGT activity of rat liver microsomes from Gunn rats,
suggesting that functional UGT1A enzymes are required for high rates of MPA
glucuronidation; (2) the lack of any significant overlapping activity towards MPA of
other known hepatic-expressed human UGT1A enzymes (1A1, 1A3, 1A4, 1A5, and
1A6); (3) the high apparent affinity of the 1A9 enzyme for MPA, which is comparable to
corresponding K, values determined for HLM; and (4) the strong correlation observed
between MPA UGT activity and the 1A9-like content of HLM (r>=0.79, p<0.05).

The present study reports alower value for apparent K, of HLM and human 1A9
enzyme for MPA than has been previously reported. The average K, determined for
three HLM samples (0.082 mM) closely agrees with the average K, determined for three
different preparations of 1A9 enzyme (0.077 mM). Estimates of apparent K, of HLM
samples for MPA in other studies have generally ranged between 0.2 and 0.6 mM (Vietri
et al., 2000; Bowalgaha and Miners, 2001; Shipkovaet al., 2001; Vietri et al., 2002).
However, Bernard and Guillemette reported lower K, values, closer to the estimatesin

our study (0.15 to 0.27 mM, with two sets of pooled human liver microsome samples
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exhibiting values of 0.095 and 0.135 mM (Bernard and Guillemette, 2004). Similarly,
estimates of the apparent K, of 1A9 for MPA reported in two other studies (0.28, 0.29
mM) (Shipkovaet al., 2001; Bernard and Guillemette, 2004) were higher than the
estimates obtained in our sudy. We are uncertain as to the reason for this discrepancy,
but two potential explanations could underlie these differences. In our studies with the
high affinity-high velocity enzymes (human 1A9 and rat 1A7), rapid substrate
consumption, in some cases approaching 100%, was observed in reactions containing 1
mg/mL protein incubated for 30 min in the presence of the lower MPA test
concentrations (0.0156 to 0.125 mM MPA). To accurately measure initial rates of
MPAG formation, kinetic analyses of the high activity forms required use of lower
protein concentrations and/or reduced incubation times. Underestimation of initial rates
at low MPA concentration has the potential to result in the appearance of atypical kinetics
with an upward shift in the apparent K, estimate. Another possibility is that the observed
Km differences are attributable to differences in the incubation conditions. In some
studies, Brij detergent was used (Vietri et al., 2000; Bowalgaha and Miners, 2001),
whereas other studies completely omitted detergents (Shipkovaet al., 2001; Bernard and
Guillemette, 2004). In our study, the pore-forming agent, alamethicin, was used in place
of detergents to maximally activate MPA UGT activity of HLM.

The current study provides, to our knowledge, the first characterization of MPA
UGT activity of rat liver microsomes. In comparison to HLM, two notable differences
were the lower overall rates of MPA glucuronidation (2.4-fold difference, p<0.001), as
reflected in lower apparent V o and higher K, values. As already mentioned, a marked

effect of UGT1A genotype on MPA UGT activity of rat liver microsomes was observed.
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Characterization of therat UGT 1A family members with activity towards MPA
uncovered some interesting differences between the speciesin the UGT1A isozymes
capable of metabolizing MPA. In addition, the recombinant rat UGT kinetic
characteristization data provides a possible explanation for the observed differencesin
kinetic parameters of human versus rat liver microsomes.

The screening of expressed rat UGTSs yielded three UGT1A isoforms with activity
towards MPA: UGT1A1, UGT1A6 and UGT1A7, afinding that contrasts with the
observed very low or undetectable activity of the corresponding human 1A1 and 1A6
forms. Also in contrast to human, the 1A8 and 1A10 forms from rat showed very low or
undetectable levels of activity towards MPA. The low activity of 1A8 isnot dueto lack
of functionality, as this enzyme has been demonstrated to catalyze the glucuronidation of
anumber of phenolic and other compounds (Webb et al., 2005). One question raised by
these datais which of the three active MPA UGT1A enzymes contribute(s) to MPA
glucuronidation in normal rat liver. All three are expressed or are potentially expressed
in liver tissue. In microsomes prepared from adult Sprague Dawley rats fed normal diets
without exposure to inducing agents, 1A1 content estimated by quantitative
immunoblotting was found to be 4-fold higher than 1A6 and 20-fold higher than 1A7
(Miles, Stern, Smith, Kessler and Ritter, manuscript in preparation). Our data suggest
that both UGT1A1 and UGT1A7 may contribute significantly to the MPA UGT activity
in untreated control rats, and that the 1A7 form may be dominant at low MPA

concentrations dueto its high affinity.
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It is also tempting to speculate that the lower and higher MPA glucuronidating
activities of rat and human liver microsomes, respectively, reflect a combination of one
or more of the following factors: (1) human liver normally expresses 1A9 at a high level,
and 1A9 isahigh affinity-high capacity enzyme, (2) liver microsomes from untreated,
control rats normally exhibit low constitutive expression of the 1A7 enzyme, the only
member of the rat bulky phenol UGT 1A subfamily with high affinity-high activity
towards MPA, and (3) therelatively low CL;y of rat 1A1 for MPA glucuronidation (i.e.,
1A1 isamedium affinity/capacity enzyme in MPA glucuronidation).

Because the recombinant enzymes tested in our study were expressed using
different systems (HepG2 for the rat enzymes versus HEK cells/ Sf9 insect cells for the
human enzymes), it is worthwhile to consider the potential role of thisfactor in the
observed differences in enzyme specificity of human and rat UGT enzymes. HepG2 cells
were selected as the cell model because the rat UGTs are expressed at much higher levels
in these cdlls following adenovirusinfection. Some data in the literature suggest that
UGT activities can be affected by certain posttranslational modifications, such as
phosphorylation (Basu et al., 2003), which may differ in the various host cells used for
heterologous expression. To address this possibility, we performed MPA UGT activity
assays using preparations of rat 1A1, 1A6, or 1A7 obtained from stably transfected HEK
cell clones and observed similar results (significant catalytic rates for each of these forms,
data not shown). These data therefore appear to exclude this possibility.

It is also noteworthy to consider that, although 1A1 may be the primary UGT1A
enzyme underlying MPAG formation in control rat liver, the relative contribution of the

phenol UGT1A enzymes, especialy 1A7 (high affinity/capacity), may increase in states
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of higher relative 1A6/1A7 expression. In thisregard, the genes for both of these
enzymes are known to be under the control of multiple induction mechanisms and/or
specific inducing agents, including the arylhydrocarbon receptor (3-methylcholanthrene
et. a.), phenolic antioxidants (t-butylhydroquinone and oltipraz), and barbiturates
(phenaobarbital). Our data predict that MPA UGT activity will be significantly increased
in liver microsomes of induced rats.

The datain our study provide new information regarding the contributions of
UGT1A versus UGT2 family enzymesin MPA glucuronidation by rat liver microsomes.
Whether the metabolism of MPA in humansis also highly dependent on UGT1A
enzymes remains less clear but is supported by the strong correlation observed in our
study with the 1A9 enzyme. These data suggest that both Gunn rats as well as human
patients with Crigler-Najjar Type 1 disease will likely exhibit drastically reduced rates of
MPA glucuronidation. Given that the latter syndrome is commonly treated by orthotopic
liver transplantation in conjunction with immunosuppression therapy, it would be
interesting to examine whether these patients exhibit marked differencesin the
pharmacokinetics or toxicity of MPA in the pre- versus post-transplant state. To our
knowledge no information is currently available regarding the use of MPA in Crigler-
Najjar Type | patients who received aliver transplant.

During the preparation of this manuscript, Picard et al. (Picard et al., 2005)
reported the results of a study characterizing of human and rat liver microsomal MPA
glucuronidation. In their work, chemical inhibition studies with a 1A9 inhibitor
(propofol) supported a major contribution of the 1A9 isoform to MPAG formation which

is consistent with the data of our immunoblot correlation study. The same study reported
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induction of MPA UGT activity in rat liver microsomes by 3-methylcholanthrene, a
known inducer of the phenol UGTs, UGT1A6 and UGT1A7. Thisfindingisin
agreement with the observation that both of these forms are active in MPAG formation
catalysis, and particularly the high affinity, high capacity UGT1A7 form.

In summary, this study compared the MPA glucuronidating activities of the rat
and human UGT systems. Our data for human UGT's support current evidence
implicating members of the 1A7-1A10 subfamily in metabolism of MPA. While our data
for rats indicate asimilar reliance on UGT1A family enzymes for MPA UGT activity,
species differences are apparent in the profile of UGT1A enzymes that underlie MPA
glucuronidation. Continuing analysis and use of the rat as a model to investigate the
relationship between MPA pharmacokinetics, rates of hepatic versus extrahepatic
glucuronidation, and toxicity of MPA should be greatly facilitated by appreciation of
these differences and will undoubtedly lead to new insights into the pharmacology and

toxicology of thisimportant immunosuppressive agent.

25

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Acknowledgments
The authors express their gratitude to Drs. Brian Burchell and Ida Owens for their kind

donations of the human 1A6 and 1A9 plasmids and Ab1168 polyclonal antiserum.

26

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

References

Basu, N. K., L. Koleand I. S. Owens (2003). Evidence for phosphorylation requirement
for human bilirubin UDP-glucuronosyltransferase (UGT1A1) activity. Biochem
Biophys Res Commun 303: 98-104.

Bernard, O. and C. Guillemette (2004). The main role of UGT1A9 in the hepatic
metabolism of mycophenolic acid and the effects of naturally occurring variants.
Drug Metab Dispos 32: 775-778.

Bowalgaha, K. and J. O. Miners (2001). The glucuronidation of mycophenolic acid by

human liver, kidney and jgunum microsomes. Br J Clin Pharmacol 52: 605-609.

Bullingham, R. E., A. J. Nichollsand B. R. Kamm (1998). Clinical pharmacokinetics of
mycophenolate mofetil. Clin Pharmacokinet 34: 429-455.

Busca, A., F. Locatdlli and M. Falda (2001). Safety profile of mycophenolate mofetil: a
response. Bone Marrow Transplant 27: 892.

Ebner, T. and B. Burchell (1993). Substrate specificities of two stably expressed human
liver UDP-glucuronosyltransferases of the UGT1 gene family. Drug Metab
Dispos 21: 50-55.

Guillemette, C., J. K. Ritter, D. J. Auyeung, F. K. Kessler and D. E. Housman (2000).
Structural heterogeneity at the UDP-glucuronosyltransferase 1 locus: functional
consequences of three novel missense mutations in the human UGT1A7 gene.
Pharmacogenetics 10: 629-644.

Kesder, F. K. and J. K. Ritter (1997). Induction of arat liver benzo[a] pyrene-trans-7,8-
dihydrodiol glucuronidating activity by oltipraz and beta-naphthoflavone.

Carcinogenesis 18: 107-114.

27

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Kobayashi, M., H. Saitoh, K. Tadano, Y. Takahashi and T. Hirano (2004). Cyclosporin
A, but not tacrolimus, inhibits the biliary excretion of mycophenolic acid
glucuronide possibly mediated by multidrug resistance-associated protein 2 in
rats. J Pharmacol Exp Ther 309: 1029-1035.

Mackenzie, P. I. (2000). Identification of uridine diphosphate glucuronosyltransferases
involved in the metabolism and clearance of mycophenolic acid. Ther Drug Monit
22: 10-13.

Mackenzie, P. I., L. M. Hjelmeland and I. S. Owens (1984). Purification and
immunochemical characterization of alow-pl form of UDP
glucuronosyltransferase from mouse liver. Arch Biochem Biophys 231: 487-497.

Mele, T. S. and P. F. Halloran (2000). The use of mycophenolate mofetil in transplant
recipients. Immunopharmacology 47: 215-245.

Mojarrabi, B. and P. I. Mackenzie (1997). The human UDP glucuronosyltransferase,
UGT1A10, glucuronidates mycophenolic acid. Biochem Biophys Res Commun
238: 775-778.

Mourad, M., J. Maaise, D. Chaib Eddour, M. De Meyer, J. Konig, R. Schepers, J. P.
Squifflet and P. Wallemacq (2001). Correlation of mycophenolic acid
pharmacokinetic parameters with side effects in kidney transplant patients treated
with mycophenolate mofetil. Clin Chem 47: 88-94.

Picard, N., D. Ratanasavanh, A. Premaud, Y. Le Meur and P. Marquet (2005).
Identification of the udp-glucuronosyltransferase isoformsinvolved in

mycophenolic Acid phase ii metabolism. Drug Metab Dispos 33: 139-146.

28

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Ritter, J. K., F. Chen, Y. Y. Sheen, R. A. Lubet and |. S. Owens (1992). Two human liver
cDNAs encode UDP-glucuronosyltransferases with 2 log differences in activity
toward parallel substrates including hyodeoxycholic acid and certain estrogen
derivatives. Biochemistry 31: 3409-3414.

Ritter, J. K., F. K. Kessler, M. T. Thompson, A. D. Grove, D. J. Auyeung and R. A.
Fisher (1999). Expression and inducibility of the human bilirubin UDP-
glucuronosyltransferase UGT1AL in liver and cultured primary hepatocytes:
evidence for both genetic and environmental influences. Hepatology 30: 476-484.

Shaw, L. M. and I. Nowak (1995). Mycophenolic acid: measurement and relationship to
pharmacologic effects. Ther Drug Monit 17: 685-689.

Shipkova, M., C. P. Strassburg, F. Braun, F. Streit, H. J. Grone, V. W. Armstrong, R. H.
Tukey, M. Odllerich and E. Wieland (2001). Glucuronide and glucoside
conjugation of mycophenolic acid by human liver, kidney and intestinal
microsomes. Br J Pharmacol 132: 1027-1034.

Sintchak, M. D. and E. Nimmesgern (2000). The structure of inosine 5'-monophosphate
dehydrogenase and the design of nove inhibitors. Immunopharmacology 47: 163-
184.

Tian, H., J. Ou, S. C. Strom and R. Venkataramanan (2004). Pharmacokinetics of
Tacrolimus and Mycophenolic Acid Are Altered but Recover at Different Times
during Hepatic Regeneration in Rats. Drug Metab Dispos.

Vietri, M., A. Pietrabissa, F. Moscaand G. M. Pacifici (2000). Mycophenolic acid
glucuronidation and itsinhibition by non-steroidal anti-inflammatory drugsin

human liver and kidney. Eur J Clin Pharmacol 56: 659-664.

29

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Vietri, M., A. Pietrabissa, F. Mosca and G. M. Pacifici (2002). Inhibition of
mycophenolic acid glucuronidation by niflumic acid in human liver microsomes.
Eur J Clin Pharmacol 58: 93-97.

Webb, L. J,, K. K. Miles, D. J. Auyeung, F. K. Kessler and J. K. Ritter (2005). Analysis
of substrate specificities and tissue expression of rat udp-glucuronosyltransferases
ugtla7 and ugtla8. Drug Metab Dispos 33: 77-82.

Wiwattanawongsa, K., E. L. Heinzen, D. C. Kemp, R. E. Dupuisand P. C. Smith (2001).
Determination of mycophenoalic acid and its phenol glucuronide metabolite in
human plasma and urine by high-performance liquid chromatography. J

Chromatogr B Biomed Sci Appl 763: 35-45.

30

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Footnotes

Unnumbered footnote to the title

This work was supported in part by NIH grants 1R01-GM 61188 and 5R01-ES07762
from the National Institutes of General Medical Sciences and Environmental Health

Sciences.

31

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663
This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Figure Legends

Figurel. Schematic of metabolism of mycophenolate mofetil. MMF,
mycophenolate mofetil. MPA, mycophenolic acid. MPAG, mycophenolate 7-O-
glucuronide. The lower glucuronide shown isthe acyl glucuronide of MPA and was not

evaluated in this study.

Figure 2. Comparison of MPA UGT activities of human and rat liver microsomes.
A bank of human (n=23) and Sprague-Dawley rat (n=9) liver microsomes were activated
with 50 pg/mg alamethicin and assayed for MPA UGT activity as described under
Materialsand Methods. Reactions were performed in the presence of 2mM MPA and
3mM UDP-glucuronic acid. Values shown represent the mean + SEM of the activitiesin

units of nmol/mg/min. *p<0.001, Student's t-test.

Figure 3. Representative Eadie-Hofstee plotsfor catalysis of MPAG for mation by
human and rat liver microsomes. Liver microsomes from three individual human (A-
C) and male Sprague Dawley rat (D-E) were analyzed for MPA UGT activity using
different MPA concentrations (0.0156-2 mM). For each case, the concentration of
microsomal protein (0.1-1 mg/mL) and/or time of incubation (10-30 min) was varied to
ensure that not >10% of substrate was converted to product in the reactions. Indicated
estimates of K, and V max (in units of mM and nmol/mg/min, respectively) were

determined by linear regression (best fit line shown).
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Figure 4. Influence of UGT 1A genotypeon liver microsomal MPA UGT activity.
Liver microsomes from adult male homozygous normal (+/+), heterozygous (j/+), or
homozygous UGT1A-defectiverats (j/]) (n=3 per group) were assayed for MPA UGT
activity as described under Materialsand Methods. The data are expressed as the mean
activity £ SD in units of nmol/mg/min. *p<0.05 compared toj/j group. **p<0.05

compared to +/+ group.

Figure5. MPA glucuronidating activities of cloned, expressed human and rat

UGT 1A family enzymes. Preparations of the indicated (A) human UGT1A enzymes
expressed in HEK celsor (B) rat UGT enzymes expressed in HepG2 cells were assayed
for MPA UGT activity using 2 mM MPA and 3 mM UDP-glucuronic acid as described
under M aterialsand Methods. Activities are expressed in units of nmol/mg/min.
Bottoms of each panel show results of Western immunoblotting with the indicated
antibodies to demonstrate specificity of antibodies and relative levels of UGT expression.
Ab1168 is apolyclonal antibody generated against affinity-purified mouse liver UGT
(Mackenzie et al., 1984) and displays general reactivity towards UGTs from both the

UGT1A and UGT2B families.

Figure 6. Correlation analyses between MPA UGT activity and content of human
liver-expressed UGT 1A family enzymes. Semi-quantitative immunoblot analyses were
performed to determine relative human liver microsomal contents of UGT1A1,

UGT1A4-like, UGT1A6, and UGT1A9-like (n=23 HLM samples). Linesrepresent the
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best-fit estimate of least squares linear regression analyses. The Spearman coefficient of

regression (r?) is shown for each plot.

34

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on July 20, 2005 as DOI: 10.1124/dmd.105.004663

This article has not been copyedited and formatted. The final version may differ from this version.

DM D#4663

Tablel

Comparison of kinetic parametersfor M PA glucuronidation by human and rat liver

microsomes and cloned UDP-glucur onosyltransferases

Liver microsomes or recombinant UGT preparations were incubated in the presence of 3 mM
UDPGA and varying concentrations of MPA (0.0156- 2 mM) and the rate of MPA glucuronide
formation determined. Kinetic parameters were estimated using Winnonlin software. For rat (RLM)
and human liver microsomes (HLM), three different preparations were analyzed. For recombinant
enzymes, single preparations were analyzed except for 1A9. Data are expressed as the mean +/- SD.

Sample Apparent Km (mM) Vmax Clint
(nmol/mg/min) (ul/min/
mg)
HLM (n=3) 0.082 +/- 0.025 205+/-12.4 250
h1A9 (n=3)
Prep 1 0.108 +/- 0.010 2.7 +/- 0.07 25
Prep 2 0.048 +/- 0.005 15.2 +/- 0.4 317
Prep 3 0.076 +/- 0.012 28.7 +/- 1.2 378
1A9 Mean +/- SD 0.077 +/- 0.030 15.5+/- 13.0 201
RLM (n=3) 0.200 +/- 0.016 6.7 +-1.1 34
riAl 0.208 +/- 0.013 1.7 +/- 0.03 8.3
r1A6 1.28 +/- 0.02 4.8 +/-0.1 3.7
rlA7 0.034 +/- 0.001 10.3+/- 0.1 303
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Fig. 3

0 200

400
20 K= 0.055

i V. =247
30

J : R2 = 0.988
) _QSQ\@\S\QS

0 200 400
80 K,,= 0.096
V,_ =65
30 R? = 0,994
10
6 | 260 | 400

12_ K_=0.204
g V,, =62
. R2 = 0.971
O

5 ] (@]
O 1 I 1

0 20 40
10 K =0198
87 V, =59
67 R2 = 0,994
4
2 -
0 T T :

0 20 40
10 ] K_=0.190
8 V_ =8



http://dmd.aspetjournals.org/

Fig. 4

NN W
o O O

MPA UGT Activity

o o
[ TG |

N A
o O

ek

+/+

i+

ifi



http://dmd.aspetjournals.org/
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Fig. 6
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