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Abstract

UDP-glucuronosyltransferases (UGTS) are critical to the detoxification of numerous drugs,
environmental pollutants, and endogenous molecules. However as yet not all of the human
UGTs have been cloned and characterized. cDNA clones from the UGT2A3 gene (located on
chromosome 4q13) were isolated using pooled human liver RNA. Approximately 10% of clones
contained a ¢.1489A>G nucleotide substitution yielding proteins with aresidue 497 alanine
(UGT2A3.2) instead of athreonine (UGT2A3.1). Theallele frequency of this polymorphism
(rs13128286) was 0.13 in a European-American population as determined by direct DNA
sequencing. Of 81 structurally diverse glucuronidation substrates tested, UGT2A3 expressed by
a baculovirus system selectively glucuronidated bile acids — particularly hyodeoxycholic acid at
the 6-hydroxy position. Apparent K, values of UGT2A3.1 and UGT2A3.2 for hyodeoxycholic
acid 6-glucuronidation were 69+7 and 44+12 uM, respectively. Of 29 different extrahepatic
tissues evaluated by real-time PCR, UGT2A3 mRNA was most highly expressed in small
intestine (160% of liver), colon (78% of liver) and adipose tissue (91% of liver). Aninslico
scan of the proximal UGT2A3 promoter/5’ -regulatory region identified transcription factor
consensus e ements consistent with tissue selective expression in liver (HNF1), and intestine
(CDX2), aswdll asinduction by rifampicin (PXR). In LS180 human intestinal cells, rifampicin
increased UGT2A3 mRNA by more than 4.5-fold compared with vehicle while levels were not
significantly affected by the AhR ligand 3-naphthoflavone. Thisisthe first report establishing
UGT2A3 as afunctional enzyme, and represents significant progress toward the goal of having a

complete set of recombinant human UGTs for comparative functional analyses.
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Introduction

The UDP-glucuronosyltransferase (UGT) enzymes catalyze the glucuronidation of
exogenous compounds including dietary constituents, drugs, and environmental intoxicants, as
well as endogenous compounds including steroids, other hormones, neurotransmitters, and bile
acids, aswell as their metabolites (Bock, 2003). The resulting glucuronide metaboliteis
generally inactive and easily excreted, thereby representing a critical final step in the termination
of the physiological, pharmacological or toxicological activity of these compounds.

The UGT enzymes have been classified primarily based on gene sequence similarity with
the UGT1 and UGT2 gene families accounting for all of the currently known UGTs (Mackenzie
et a., 2005). Based on evaluation of the Build 35.1 draft of the human genome sequence,
cDNAsfor all but 2 of the human UGTs have been cloned, recombinant enzyme expressed, and
shown to have glucuronidation activity for at least one or more substrates (Mackenzie et al.,
2005). These exceptionsinclude UGT2A2 and UGT2A3.

UGT2A2 is apredicted gene splice variant of UGT2A1, the UGT isoform that was first
isolated from olfactory epithelium (Jedlitschky et al., 1999). The UGT2A2 splice variant isa
consequence of utilization of an alternate promoter/exon 1 region downstream of the UGT2A1
promoter/exon 1 resulting in aunique UGT2A2 exon 1 that is spliced onto the shared UGT2A1
exons 2 to 6. Although tissue distribution or glucuronidation activity of this predicted enzyme
has not been reported, preliminary evaluation of high throughput mouse cDNA sequences
indicates that UGT2A2 is expressed in neonatal olfactory epithelium (Genbank 1D: BC058786)
(Strausberg et al., 2002).

UGT2A3 was originally identified asanovel UGT through screening a guinea pig (Cavia
porcellus) liver cDNA library (Smith et al., 1999). Recombinant expression of this cDNA

(Genbank ID: AF175221) in CHO cells resulted in an enzyme that showed relatively low levels
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of glucuronidation of several phenolic substrates including p-nitrophenol and 4-
methylumbelliferone. Northern blot analysis also demonstrated UGT2A3 mMRNA expression in
guineapig liver, intestine, and kidney. Preliminary evidence for expression of UGT2A3in
human tissues was derived from several high throughput sequencing projects that identified
cDNA sequences highly similar to guinea pig UGT2A3 by screening either pooled human tissue
cDNA libraries or HepG2 human hepatoma cells (Genbank 1D: AK025587) (Clark et al., 2003).
A powerful method for identification of the major UGTs responsible for metabolism of
existing drugs and those under development involves screening recombinant enzymes for
glucuronidation of the candidate compound (Court, 2004). However this technique relies on
having a complete complement of recombinant UGTs available for screening, and as yet human
UGT2A2 and UGT2A3 have not yet been functionally characterized. Consequently, the primary
aim of the work described here was to clone and express recombinant human UGT2A3 and
verify enzymatic activity using a diverse set of substrates known to be glucuronidated by human
liver. Our results demonstrate that UGT2A3 mRNA is most highly expressed in human tissues
of greatest relevance to drug clearance, including liver, gastrointestinal tract, and kidneys.
However, rather than glucuronidate multiple diverse substrates, asistypical of most UGTS,
UGT2A3 was found to specifically glucuronidate bile acids, all of which are endogenous
products of liver and/or intestinal bacterial metabolism. We also established that UGT2A3 isa
polymorphic enzyme with 2 common variants (UGT2A3.1 and UGT2A3.2), which differ in
apparent enzyme affinity constant (Km). Finally, we showed that UGT2A3 expression is
inducible by the pregnane X receptor (PXR; NR112) ligand rifampicin in a human intestinal cell
line. Thisisthefirst report to establish UGT2A3 as afunctional human UDP-
glucuronosyltransferase and represents a significant advance toward the goal of having a

complete set of recombinant human UGTs for comparative functional analyses.
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Materialsand methods
Reagents

Unless otherwise indicated, most reagents including, UDP-glucuronic acid (UDPGA,;
sodium salt), 5-hydroxytryptamine hydrochloride (serotonin), 4-nitrophenol, and 4-nitrophenol
glucuronide were purchased from Sigma-Aldrich (St. Louis, MO). Proprietary drugs used to
screen for glucuronidation activity (Table 1) that were not available from Sigma-Aldrich were
obtained from their manufacturer. Oligonucleotide primers were synthesized by the Tufts Core
Facility (Tufts University, Boston, MA) using an automated DNA synthesizer (ABI 380B, PE
Applied Biosystems, Foster City, CA). Recombinant UGT1A3 and UGT2B7 were purchased
from BD-Gentest.
Microsomes

HLMs were prepared by differential ultracentrifugation as previously described (Court et
a., 1997). Microsomal pellets were suspended in 0.1 M potassium phosphate buffer (pH 7.5)
containing 20% glycerol and kept at —-80°C until use. Protein concentrations of HLM samples
were determined using the bicinchoninic acid protein assay (Pierce, Rockford, IL) with bovine
serum albumin asthe standard. The quality of the liver samples was ascertained by reference to
at least 10 glucuronidation activities measured in this laboratory using the same set of livers.
Liversthat congstently showed low activity values (>2-fold lower for all measured activities)
relative to the median activity value for the entire liver set had been excluded from study as we
have previously reported (Court et al., 2004; Krishnaswamy et al., 2005).
Cloning of human UGT2A3

Human UGT2A3 cDNA (coding region only) was amplified and cloned from human
liver total RNA by RT-PCR. Briefly, 2 ug of total RNA (pooled from 10 different human livers

in order to capture the most common UGT2A3 mRNA variant) was reverse transcribed
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(Superscript 11, Invitrogen), cDNA amplified by PCR (Platinum HiFi, Invitrogen) using primers
Pri189 (TTG CAG ATC AGT GTG TGA GGG AAC TG) and Pri190 (CCC CAT CAG GTC
TTT CTT GAA TTT GG), and cloned into pcDNA3.1. Isolated clones were sequenced using
primers Pri189, Pri190 and Pri276 (ACA GGA AAC CAA CTA CGA TGT AAT).
UGT2A3 expression in mammalian and insect cells

Initial studies were performed in an attempt to express UGT2A3 cDNA by transient and
stable transfections of the human embryonic kidney (HEK) 293 cdll line. However since the
resultant membrane preparations showed poor enzyme expression, we scaled up enzyme
production using the Baculovirus-insect cell system which is most commonly used for
commercial recombinant UGT preparations. For this the enzyme coding region was subcloned
viathe pENTR vector into the Baculodirect baculovirus expression system (Invitrogen).
Resulting virus was amplified by 3 passages through cultured Sf9 cells, and protein subsequently
expressed in 50 mL suspension cultures of Sf21 cells with cells harvested 2 days post-infection.
Crude cdll extracts were prepared by washing harvested cells 3 timesin phosphate buffered
saline, lysing cells by resuspending in pure water and sonicating briefly 3 times on ice, followed
by addition of an equal volume of 100 mM potassium phosphate buffer (pH 7.5). Resultant
homogenates were stored at -80°C until assay. The UGT2A3.2 variant enzyme (T497A) was
generated in paralld with the wild-type enzyme. For this, apENTR vector encoding the variant
enzyme was derived by site-directed mutagenesis (Quikchange, Stratagene) of the pENTR
plasmid encoding the wild-type enzyme through substitution of a guanine for an adenine at
cDNA position 1489 (relative to adenine of the start codon) resulting in an alanine substituted for

athreonine at amino acid position 497 (relative to the start methionine).
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Immunobl otting of recombinant UGT2A3

Insect cell homogenates (50 ug protein per well) were immunoblotted using a method we
have described previously (Court, 2001). Blots were probed using the RAL antibody (a generous
gift of Dr Brian Burchell, The University of Dundee, Dundee, Scotland), which readily detects
both UGT1 and UGT?2 family isoforms (Coughtrie et al., 1988). Pooled human liver microsomes
(n=54) obtained from our human liver bank (details as given previously (Hesse et al., 2004))
were used as a positive control.
Glucuronidation activity screen

Both wild-type UGT2A3.1 and variant UGT2A3.2 recombinant enzyme preparations
were screened for glucuronidation activity using alarge range (n = 81) of structurally diverse
substrates, with molecular weights ranging from 138 (salicylic acid) to 588 (etoposide), and
including drugs, drug metabolites, environmental intoxicants, food congtituents, bile acids,
steroids, and other endogenous hormones and neurotransmitters (Table 1). Pooled human liver
microsomes and uninfected insect cells were used as positive and negative controls, respectively.
Incubations (100 uL) were performed as previously described with minor modifications (Court,
2005). Aglycone substrate concentration was 100 uM and UDPGA concentration was 5 mM.
Protein concentration was 0.5 mg / mL and incubation time was 6 hours. Reactions were
terminated by addition of 50 uL of acetonitrile containing 5% acetic acid, vortexing, and cooling
onice. After centrifuging for 10 minutes at 14,000 g supernatants were dried in a vacuum oven
at 45°C, reconstituted with 100 uL of water and analyzed by LC-MS.

LC-M S apparatus consisted of an HPLC instrument (Surveyor, Thermofinnigan,
Somerset, NJ) with a2 mm x 150 mm reverse phase column (Synergi Fusion-RP, Phenomenex),
serially connected to a UV absorbance diode array detector (Surveyor) and an ion trap mass

spectrometry detector with electrospray ionization source (Deca XP Plus, Thermofinnigan,
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Somerset, NJ). The mass detector was set to aternately monitor both positive and negative ions
in full scan mode over a 120 to 2000 nVzrange. Mobile phase was flowed at 0.5 mL / min and
consisted of 10 mM formic acid in water (mobile A) and acetonitrile (mobile B) run as alinear
gradient starting at 100% mobile A and increasing to 100% mobile B over 15 minutes followed
by equilibration at 100% mobile A for 10 minutes resulting in a 25 minute total run time.
Glucuronide metabolites were identified in positive control samples (HLM incubations) as
chromatographic peaks with a major ion mass exactly 176 mass units greater than the aglycone
subgtrate. The retention times of these glucuronide peaks were then used to identify possible
glucuronide metabolites in recombinant UGT2A3 incubations in comparison with negative
control incubations (insect cells).

Hyodeoxycholic acid glucuronidation assay

A hyodeoxycholic acid glucuronidation assay was developed based on the method
described above except that the LC-M S method was adjusted to enable separation of individual
glucuronide isomers (i.e. 3-hydroxy, 6-hydroxy and 24-carboxy). Briefly, an isocratic mobile
phase consisting of 10 mM ammonium acetate (pH 4.5), methanol, and acetonitrile (mixed at
52:26:22, respectively) was run at 0.5 mL / min using a2 mm x 150 mm C18 column (Synergi
Hydro-RP, Phenomenex). Negativeionswith n/z of 567.4 (hyodeoxycholic acid glucuronides)
and 391.6 (hyodeoxycholic acid) were measured.

Hyodeoxycholic acid glucuronide standards were not available for identification or
guantitation purposes. Consequently, individual glucuronides were identified by use of
recombinant UGT2B7 (primarily produces the 6-hydroxy glucuronide), UGT1A3 (primarily
produces 24-carboxy glucuronide) and effects of B-glucuronidase (hydrolyzes all glucuronides)
and alkalinization (hydrolyzes 24-carboxy glucuronide only) as previously reported (Gall et al.,

1999). Hyodeoxycholic acid glucuronide concentrations were approximated by use of a
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standard curve generated using 0.5 to 10 uM hyodeoxycholic acid and results expressed as
glucuronide concentration equivalents.

Preliminary studies were conducted to ensure glucuronide formation by evaluated
enzyme preparations were linearly dependent on incubation time (up to 6 hours) and enzyme
concentration (up to 2 mg protein/ mL). The effect of hyodeoxycholic acid concentration on
UGT2A3 (wild-type and variant) glucuronidation activity using expressed enzyme as source was
evaluated over a concentration range of 5 to 200 uM with an incubation time of 3 hours and
protein concentration of 2 mg/ mL.  Substrate concentrations over 200 uM were not evaluated
since they appeared to result in decreased activity consistent with substrate inhibition. Activity
data were then used to derive kinetic parameter estimates of apparent K, and V nax by nonlinear
regression analysis (Sigmaplot).

UGT2A3 mRNA quantitation in human tissues

Real-time PCR analysis (Applied Biosystems, USA) was used to quantitate and compare
UGT2A3 mRNA expression (normalized to 18S rRNA expression) in arange of human tissues
based on a method we have reported previously (Kaivosaari et a., 2007) with minor
modifications as follows. Pooled total RNA was prepared from our human liver bank samples
(n=47). All donors were of self-described European-American ancestry and included both males
(n=36) and females (n=11), while other donor details have been reported previously (Hesse et al.,
2004). Total RNA from human kidney (male Asian donor), fetal liver (63 European-Americans),
small intestine (5 European-Americans), colon (3 European-Americans), trachea (pooled Male
European-Americans), lung (male Asian donor), adrenal gland (62 European-Americans), bone
marrow (7 European-Americans), heart (male Asian donor), placenta (7 European-Americans),
prostate (47 European-Americans), salivary gland (24 European-Americans), skeletal muscle (2

European-Americans), spleen (14 European-Americans), testis (19 European-Americans),
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thymus (9 European-Americans), thyroid (65 European-Americans), uterus (10 European-
Americans), breast carcinoma (female European-American donor), colon adenocarcinoma
(femal e European-American donor), cerebellum (24 European-Americans), fetal brain (59
European-Americans), and whole brain (male Asian donor) were purchased from BD-Clontech
(USA). Total RNA from human stomach (male European-American donor), pancreas (male
European-American donor), ovary (female African American donor), breast (female European-
American donor), adipose (female donor), and prostate adenocarcinoma (male donor) were from
Ambion (USA). Human olfactory epithelium cDNA was a generous gift from Dr Xinxin Ding
(Wadsworth Center, New Y ork State Department of Health, Albany, NY).

Primer pair sequences were as follows: CCC CTC GAT GCT CTT AGC TGA GTG T
(18S-rRNA-forward), CGC CGG TCC AAG AAT TTC ACC TCT (18SrRNA-reverse), ATG
AGG TAA CAG TAT TGA CTC ACT CAA AGC (UGT2A3-forward), and GTT GAT AAG
CCT GGC AAG ACA TTC A (UGT2A3-reverse). Amplification specificity was ensured
initially by sequencing of representative PCR products, and in each run by PCR product duplex
melting temperature analysis. Negative controls included exclusion of cDNA template and
reverse transcription enzyme. Linearity of response over the concentration measured was ensured
using standard curves of PCR threshold cycle number versus concentration of template, which
were derived from serial dilutions of purified PCR product. For each tissue, cDNA reactions
were performed in triplicate and quantitative PCR reactions were performed in duplicate.
UGT2A3 mRNA results for each tissue were normalized to 18S rRNA level expressed as a mean
(+SE) percentage relative to that of the (pooled) adult liver values. Assay precision as reflected
by the coefficient of variation of replicates averaged 19%, which compares well with previously

published values (Karlen et al., 2007).
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UGT2A3 exon 6 sequencing

Genomic DNA was isolated from our human liver bank tissues representing 48 individual
European-American donors (details published previously (Court et al., 2004)) using DNAzol
(Invitrogen, Carlsbad, CA). PCR reactions were performed using Platinum Hifi polymerase
(Invitrogen, Carlsbad, CA) according to the manufacturer’ sinstructions. The complete UGT2A3
exon 6 was amplified by genomic PCR using primers Pri312 (TGT TCT TGG CTT GCA TAA
CAT ATA CTA CGG) and Pri 190 (sequence given above). Thermal cycler (PTC200, MJ
Research, Waltham, MA) settingsincluded an initial denaturation step (95°C) for 10 minutes
followed by 40 cycles of denaturation (95°C) for 30 sec, anneal (63°C) for 30 sec, and extend
(72°C) for 1 minute with afinal extension cycle at 72°C for 10 minutes. PCR products were
treated with alkaline phosphatase (ExoSAPit, USB) and directly sequenced using primer Pri312.
UGT2A3 induction in LS180 human intestinal cell line

L S180 cells (ATCC) were seeded onto 6-well plates and grown to 80% confluency using
Dulbecco’'s Modified Eagle’'s Medium (DMEM), supplemented with 10% charcoal stripped fetal
bovine serum, 0.1 mM non-essential amino acids, 25 mM HEPES buffer, 100 unitsml penicillin,
and 0.1 mg/ml streptomycin. Compounds assayed for induction included rifampin (10 uM),
dexamethasone (1 uM) and B-napthoflavone (50 uM) dissolved in DM SO (0.1% final
concentration). Cells were incubated in 2 mL of media containing these treatments (or 0.1%
DM SO vehicle alone) for 24 hr, after which cells were trypsinized, washed 3 times in phosphate
buffered saline and total RNA isolated. Relative UGT2A3 mRNA and 18SrRNA levels were
measured by real-time PCR as described above. UGT1A1 mRNA levels were also assayed in
the same samples using primers GCT TTT GTC TGG CTG TTC CCA CT (UGT1A1-forward)
and TCG AAG GTCATG TGA TCT GAA TGA GA (UGT1Al-reverse). Experimentswere

conducted in quadruplicate and data expressed as a mean (+ SE) ratio relative to vehicle control.
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The effect of induction treatment relative to that of control was evaluated by Mann-Whitney U

test with ap value of less than or equal to 0.05 considered statistically significant.

13
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Results
| dentification of a novel UGT expressed in human liver

A BLAST sequence homology search (http://www.ncbi.nlm.nih.gov/BLAST/) of the

entire human genome sequence was performed using the complete coding region of the guinea
pig UGT2A3 cDNA sequence (Genbank ID: AF175221). A single novel UGT2A3-like gene
with a predicted full length mRNA transcript (by homology to AF175221) was identified on
chromosome 4q13 with the entire gene spanning 21,948 bp (including protein start to stop
codons). The UGT2A3 gene was located within alarge cluster of other genes encoding all
known human UGT2B and UGT2A isoforms as well as a series of UGT2A and UGT2B-like
pseudogenes as described previously (Mackenzie et al., 2005). The adenine nucleotide of the
start codon was located at 476,626 of the Genbank reference sequence NT_077444.3 with the
gene on the negative strand. The gene was predicted to contain 6 exons spliced into mature
MRNA with protein coding region of 1581 bp (527 amino acids) in length. Expressed sequence
tag (EST) analysis showed mRNA expression in human liver, as well as small intestine and
kidney. Consequently, human liver total RNA was used to amplify and clone the entire coding
region of the predicted cDNA by reverse transcription PCR using primers located in the 5’- and
3’-untrandated regions. Phylogenetic analysis (Figure 1) of the derived novel UGT amino acid
sequence and all other known human UGT isoforms indicated closest homology with the known
UGT2A subfamily members (UGT2A1 and UGT2A2) and a more distant relationship with the
UGT2B and UGT1A subfamily isoforms, and also with the UGT3 and UGT8 family enzymes.
The naming of the novel UGT isoform as human UGT2A3 was subsequently submitted to and
approved by the UGT nomenclature committee

(http://som.flinders.edu.au/FUSA/ClinPharm/UGT/). The complete sequence of the cloned

UGT2A3 cDNA was submitted to Genbank with accession number AY 542891.
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UGT2A3 gene encodes a polymor phic enzyme

Approximately 10% of amplified UGT2A3 cDNA clones that were sequenced contained
an adenine to guanine nucleotide substitution at position 1489 (1489A> G relative to adenine of
start codon) yielding a predicted amino acid substitution of threonine to alanine at position 497
(T497A relative to start methionine). A search of the SNP database indicated that this SNP
(rs13128286) was also detected by several high throughput screening projects although had not
yet been validated by direct experimentation. This also appeared to be the only coding (CSNP)
identified in the UGT2A3 gene by these methods. Consequently, to confirm the presence of the
1489A> G cSNP (termed here UGT2A3* 2), the entire exon 6 region of the UGT2A3 gene was
sequenced using genomic DNA extracted from our human liver bank samples representing 48
individual European-American donors. As shown in Figure 2A, analysis of sequence
chromatograms identified 37 individuals that were homozygous wild-type (497 T/T), 10
individuals that were heterozygous (497 T/A) and 1 individual that was homozygous variant (497
A/A) resulting in aminor alele frequency for the UGT2A3* 2 polymorphism of 0.13. This
distribution of genotypes was consistent with the expected Hardy-Weinberg equilibrium (X? =
0.11; p=0.72).

The ancestral origin of this polymorphism and conservation of amino acid sequence at
this position was determined by alignment of the human UGT2A3 wild-type sequence
(UGT2A3.1), the human variant sequence (UGT2A3.2) with UGT2A3 sequences from all other
mammalian species identified in the Genbank database (accessed 1-11-2008) including
chimpanzee (Pan troglodytes, XM _526602.2), orangutan (Pongo pygmaeus; Q5RFJ3), Guinea
pig (Cavia porcellus, AF175221.1), cow (Bos taurus, XM _589136.3), horse (Equus caballus;
XM _001498022.1), mouse (Mus musculus; NM _028094.2) and rat (Rattus norvegicus;

XM_223289.2). Asshown in Figure 2B the less common human UGT2A3.2 islikely the

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 16

ancestral alele since alanine was identified at this position in aclosely related primate species
(chimp and orangutan) as well asin several other mammalian species including Guinea pig and
cow. However there was not complete conservation of alanine at this position in that horse,
mouse, and rat showed substitutions with isoleucine, leucine, and valine (respectively).
Recombinant expression of UGT2A3

Initial studiesinvolving either transient or stable transfection of HEK293 mammalian
cellsfailed to produce sufficient protein (either native or epitope tagged) that could be readily
detected by immunablotting. Subsequently, recombinant expression using a baculovirus-insect
cell system yielded ample enzyme protein for immunoblotting and functional studies.
Immunoblotting analysis using a UGT specific antibody yielded a single major band with a
molecular size of approximately 56 to 58 kDa (Figure 3A). Several smaller minor bands were
also observed possibly representing proteolytic cleavage products or nonspecific antibody
binding. Based on the translated cDNA sequence (Vector NTI ver. 9.1), the nascent protein size
of UGT2A3 was expected to be 60.3 kDa. However, cleavage of an N-terminal signal peptide
sequence found in all other UGT enzymes was predicted by SignalP version 3.0 (Bendtsen et al.,
2004) to occur between amino acids 23 and 24. Thiswould yield a mature protein of 57.7 kDa
in size, which agrees well with the observed immunoblotting results and issimilar in sizeto
other human UGTSs.
UGT2A3 selectively glucuronidates bile acids

A large number of potential substrates (N=81) known to be glucuronidated by human
liver were screened for glucuronidation by recombinant UGT2A3.1 and UGT2A3.2 using long
duration incubations coupled with identification of metabolite peaks formed as glucuronides by
HPLC-MS. The positive control was human liver microsomes, while the negative control was

uninfected insect cells. Asshown in Table 1, only 4 of these substrates showed evidence for
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glucuronidation by UGT2A3 including hyodeoxycholic acid, deoxychalic acid,
chenodeoxycholic acid, and ursodeoxychoalic acid, all of which are naturally occurring bile acids
(see Figure 4). Hyodeoxycholic acid appeared to be the most active substrate with 5 to 20 times
higher glucuronide HPLC peak heights compared with these other substrates. Consequently,
hyodeoxycholic acid was chosen as a substrate for further enzyme characterization.

To ensure that insect cell expressed UGT2A3 behaved similarly to mammalian cell
expressed UGT2A3, microsomes of HEK293 cells that had been transiently transfected with a
UGT2A3.1 pcDNA3.1 construct were also evaluated for glucuronidation of hyodeoxycholic
acid, as well as two phenolic substrates that had been previously reported to be glucuronidated
by guineapig UGT2A3(Smith et al., 1999). While there was low but detectable glucuronidation
activity for hyodeoxycholic acid (~2 pmoles/min/mg protein), glucuronidation of 4-nitrophenol
and 4-methylumbelliferone was not detected (< 1 pmole/ min/ mg protein). Empty vector
control transfected HEK293 cells showed no activity for any substrate eval uated.

Since both HLMs and UGT2B7 have been shown to glucosidate hyodeoxycholic acid
(Mackenzie et al., 2003), we also evaluated whether UGT2A3 was capable of this activity. In
contrast to HLM's, which readily formed hyodeoxycholic acid glucoside (m/z" = 555.6) in the
presence of UDP-glucose, insect cell and mammalian cell expressed UGT2A3 preparations were
not capable of utilizing this alternate sugar donor (data not shown).

UGT2A3 allozymes vary in hyodeoxycholic acid glucuronidation kinetics

Enzyme kinetic parameters were determined for hyodeoxycholic acid 6-
hydroxyglucuronidation by the wild-type UGT2A3.1 and variant UGT2A3.2 insect cell
preparations. As shown in Figure 3B, both enzyme variants were active in glucuronidation of
hyodeoxycholic acid with K, values in the low micromolar range. A comparison of the kinetic

parameters derived for each enzyme variant (given in Table 2) indicated that apparent K,
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estimates were somewhat lower for UGT2A3.2 (44+12 uM) compared with UGT2A3.1 (69 + 7
uM). However, thiswas offset by somewhat higher Vmax values such that Vmax/K, values
were essentially smilar.

UGT2A3 glucuronidates hyodeoxycholic acid at the 6-hydroxy position

Hyodeoxycholic acid contains 3 potential sites for glucuronidation (3-hydroxy, 6-
hydroxy, and 24-carboxy) and the HPLC assay we used for activity screening employed arapid
solvent gradient that would not differentiate between these glucuronide isomers. Conseguently,
we developed an isocratic HPLC method that enabled us to separate the glucuronides formed by
HLMs aswell as by human intestinal and kidney microsomes. This method was then used to
determine the regioselectivity of UGT2A3 in comparison with recombinant UGT1A3 and
UGT2B7. Theselatter UGT isoforms were evaluated since previous work (Gall et al., 1999)
indicates that UGT1A3 preferentially glucuronidates at the 24-carboxy position, while UGT2B7
glucuronidates at the 6-hydroxy position, thereby enabling identification of each of these
glucuronide peaks (see Methods section for details).

As shown in Figure 5, amajor glucuronide peak most likely representing the 6-hydroxy-
hyodeoxycholic acid glucuronide was identified at 7.3 minutes in the UGT2B7 incubation. This
was also the major glucuronide peak formed by human liver, kidney and intestinal microsomes
aswell asby UGT2A3.1 and UGT2A3.2. The UGT1A3 incubation exclusively formed a
glucuronide peak with aretention time of 11.2 minutes, most likely representing the 24-carboxy-
hyodeoxycholic acid glucuronide. Much smaller 24-carboxy peaks (relative to the 6-hydroxy
peak) were also identified in human liver and intestinal microsome incubations, as well as
UGT2A3.1 and UGT2A3.2, but not in UGT2B7 or human kidney microsome incubations. As
expected for alkaline sensitive acyl-glucuronides, the 24-carboxy peak (but not the 6-hydroxy

peak) was lost after treatment with sodium hydroxide. The order of glucuronide peak elution

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 19

from the HPLC column (6-hydroxy then 24-carboxy) isidentical to that recently reported by
Caron et al (Caron et al., 2006) further supporting our peak assignments. Another small
glucuronide peak was identified at 9 minutes retention time in human liver, intestinal and kidney
microsomes and also in UGT2B7 incubations, but not in UGT1A3, UGT2A3.1 or UGT2A3.2
incubations. By exclusion, this could represent the 3-hydroxy-hyodeoxycholic acid glucuronide,
although this contention would need to be confirmed by definitive structural studies such as
nuclear magnetic resonance. All three putative glucuronide peaks were absent in negative
control incubations (use of boiled enzyme or exclusion of UDPGA).
UGT2A3 isexpressed primarily in human intestines, liver, and adipose tissue
A range of human tissues were screened by quantitative real-time PCR to identify tissues
expressing UGT2A3 in addition to adult human liver. Asshown in Figure 6, UGT2A3 was
highly expressed in the intestinal tract with greatest expression in the small intestine (60% higher
than liver) followed by colon (78% that of liver). Relatively high expression was also found in
adipose tissue (91% of liver). Somewhat lower levels were found in pancreas (22% of liver),
stomach (6% of liver), kidney (13% of liver), fetal liver (13% of liver) and testis (3% of liver).
Trace levels (<1% of liver) were found in bone marrow, adrenal, and colon adenocarcinoma,
while the remaining tissues were below the level of detection.
UGT2A3 proximal promoter contains putative HNF1¢, CDX2, PXR and GR consensus elements
The UGT2A3 mRNA transcription start site was identified at -26 bp relative to the
trandation start site based on the mRNA sequence NM _024743.2, which contains the most 5' -
untranslated mMRNA sequence of al human UGT2A3 sequences deposited to date in the Genbank
database. Upstream of this, the promoter containsa TATA box element position located at 70 to

73 bp upstream of the start translation codon.
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Rodent UGT2A3 was recently shown to be regulated by pregnane X receptor (PXR,;
NR1I2) and glucocorticoid receptor (GR; NR3CL1) activatorsin rat liver and intestine (Hartley et
al., 2004). Consequently, further in silico analysis (Matinspector Version 7.4.8.2 with Matrix

Family Library Version 6.3, www.genomatix.de) was used to scan the proximal UGT2A3

promoter/5’ -regulatory region for the presence of putative binding sites for transcription factors
previously shown to be important for tissue specific expression of UGTs in liver (hepatocyte
nuclear factor 1, HNF1) and intestine (caudal-related homologue 2; CDX2), as well as for PXR
and GR binding elements (Gregory et al., 2004). Using this approach, multiple HNF1 sites and
one CDX2 site could be identified within 250 bp of the promoter. Interestingly, a PXR/RXR
heterodimer DR4 site was found to partially overlap the CDX2 site, whilea GR IR3 site was
nested between the two HNFL1 sites.
UGT2A3mRNA isinduced by rifampicin in LS180 human intestinal cell line

L S180 human intestinal cells were used to evaluate the potential for induction of
UGT2A3 mRNA expression by a PXR ligand (rifampicin) and a GR ligand (dexamethasone) in
this model system. The effect of treatment with B-napthoflavone (a mode inducer of the
arylhydrocarbon receptor (AhR)) was also evaluated as a negative control. Asshown in Figure
7, rifampicin increased UGT2A3 mRNA by amost 6-fold (p=0.05; Mann-Whitney U test)
compared with vehicle control, while levels were not significantly affected by dexamethasone or
B-napthoflavone (p>0.05). By comparison, MRNA levels of UGT1A1, which isregulated by
PXR, GR, and AhR (Xieet al., 2003), were increased by 54-fold (p<0.001), 15-fold (p<0.001)

and 10-fold (p<0.001) by B-napthoflavone, rifampicin, and dexamethasone, respectively.
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Discussion

Thisisthefirst report describing the cloning and functional characterization of human
UGT2A3. Intheonly previous functional analysis of a UGT2A3 ortholog (i.e. from guinea pig
liver), only 7 substrates were evaluated, and of those only 2 (p-nitrophenol and 4-
methylumbelliferone) showed reactivity, albeit at quite low levels. However, to our surprise, we
were unable to show glucuronidation by UGT2A3 of p-nitrophenol, 4-methylumbelliferone or
any other small phenolic substrate. Consequently, we expanded our screen of potential
subgtrates to include a diverse set of 81 different compounds known to be glucuronidated in
human liver through avariety of functional groups including amines and carboxyls, as well as
hydroxyls. Out of these substrates, only 4 compounds showed reactivity with UGT2AS3, and all
of these were bile acids. These included 2 of the 3 major human bile acids (deoxycholic acid and
chenodeoxycholic acid), as well as several of the lower abundance human bile acids
(ursodeoxychoalic acid and hyodeoxycholic acid). Although we were unable to demonstrate
glucuronidation activity for the 2 other bile acids we evaluated, including cholic acid (the
remaining major bile acid) and lithocholic acid, limitations in assay sensitivity could have
precluded detection of glucuronides of these compounds.

Bile acids are products of cholesterol metabolism by the liver, and are attributed with a
number of important physiological functions, including solubilization of dietary lipids and fat
soluble vitamins for absorption from the intestines, maintenance of anormal bile outflow from
the liver, and provision of an elimination pathway for cholesterol (Heubi et a., 2007). Bile acids
normally undergo substantial enterohepatic recycling with about 90% of that excreted through
the biliary system being reabsorbed and returned to the liver. However, because of the potential
for cytotoxicity, the circulating levels of bile acids aretightly controlled. Furthermore, in

conditions where bile flow islimited (such as in cholestatic liver disease), the accumulation of
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excess toxic bile acids can result in significant liver injury. Finally, exogenous administration of
relatively nontoxic bile acids has been shown beneficial for the treatment of cholestatic liver
disease in animal models and in people (Lindor, 2007). Ursodeoxycholic acid (ursodiol) is
currently the only approved therapy for primary biliary cirrhosisin the USA.

Although glucuronidation generally represents a relatively minor pathway in bile acid
metabolism, under certain circumstances glucuronidation may be of substantial importance. For
example, it has been shown that an important pathway for clearance of the cholestatic and highly
hepatotoxic bile acid, lithocholic acid, involves 6a.-hydroxylation to form hyodeoxycholic acid
followed by glucuronidation and elimination in urine (Xie et a., 2001). Induction of this
pathway by PXR ligands such as rifampin (Wietholtz et al., 1996) as well as by lithocholic acid
itself (Staudinger et a., 2001) can protect against bile acid induced liver injury (Xie et a., 2001).
Rifampin has also been shown effective in treating pruritis associated with cholestasis (Khurana
and Singh, 2006).

The results of the present work identify hyodeoxycholic acid as the most active bile acid
substrate for UGT2A3 and show that glucuronidation occurs at the 60-hydroxy position. Thisis
consistent with previous work using human liver microsomes that showed 6o.-hydroxy
subgtituted bile acids were the most actively glucuronidated bile acids (Radominska-Pyrek et al.,
1987). Furthermore, the apparent K, for hyodeoxycholic acid glucuronidation reported by the
same group for human liver microsomes (36 uM) issimilar to values we determined for
UGT2A3.1 and UGT2A3.2 (69 and 44 uM, respectively). The differencein Ky, values between
UGT2A3 variantsisrelatively small, but may be of significance particularly at physiologically
relevant substrate concentrations. Circulating levels of individual bile acids appear to be in the
high nanomolar range under normal circumstances, but may reach micromolar levels with

cholestasis (Burkard et al., 2005; Ye et al., 2007).
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The rates of hyodeoxycholic acid glucuronidation we determined for UGT2A3 (about 20
pmoles/ min/ mg protein) are relatively low compared with values reported for other UGT
isoforms such as UGT2B7 (Mackenzie et a., 2003) and UGT2B4 (Fournel-Gigleux et al., 1989)
that have recombinant enzyme activities as high as2 nmole/ min/ mg protein. Consequently, it
ispossible that UGT2A3 only contributes minimally to hyodeoxycholic acid glucuronidation in
human tissues. It isalso possible that our recombinant UGT2A3 was not fully active. Although
we had originally intended to express UGT2A3 by stably transfecting mammalian cdlls, the
growth of transfected cells was completely suppressed, and we instead used a bacul ovirus-insect
cell expression system. This latter system has been widely used for UGTs (particularly for
commercial purposes) and is capable of generating large amounts of protein, but may be limited
in providing sufficient and perhaps mammalian-specific post-trandational protein processing
(such as glycosylation and phosphorylation).  Further optimization of recombinant enzyme
expression, perhaps through utilization of an inducible or viral-based mammalian cell expression
system may be needed to achieve optimal UGT2A3 specific activities and enable direct
comparisons between different UGT isoforms. Although we screened over 80 different
substrates it is aso quite possible that we have as yet to identify the most highly active substrates
for UGT2A3. Now that recombinant human UGT2A3 isavailable for study, other substrates for
thisisoform are likely to be identified provided that it isincluded in glucuronidation activity
screens.

UGT2A3 mRNA was most highly expressed in human liver, gastrointestinal tract and (to
alesser extent) the kidneys. Such a distribution is consistent with that previously reported for
bile acid glucuronidation by human tissues (Marschall et al., 1987), but also identifies tissues
known to be important for the metabolic clearance of drugs and xenobiotics by glucuronidation.

Thistissue distribution is essentially identical to that previously reported for guinea pig UGT2A3
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(Smith et al., 1999) and more recently for mouse UGT2a3 (Buckley and Klaassen, 2007). Such
similarities between species probably reflect the orthology of the UGT2A3 genes, with minimal
gene sequence divergence occurring following speciation, as evidenced by the dendrogram
showninFigurel. No UGT2A3 mRNA expression was detected in human olfactory
epithelium, which has been identified previously as a primary site of expression of the only other
characterized UGT2A subfamily member, UGT2A1 (Zhang et al., 2005). A novel finding was
the relatively high expression of UGT2A3 mRNA in human adipose tissue. Although adipose
tissue is known to express some of the UGTs involved in sex steroid metabolism (Tchernof et al.,
1999), none of the sex steroids (or any other related glucocorticoid or mineralocorticoid steroid)
showed reactivity with UGT2A3. Interestingly, the bile acid activated farnesoid X receptor
(FXR; NR1H4) has recently been identified in adipose tissue and shown to have arolein
adipocyte differentiation (Rizzo et a., 2006). Adipose tissueisalso a site for accumulation of
lipophilic drugs and environmental intoxicants.

Consistent with a previous microarray study that showed enhancement of UGT2A3
expression inrat liver and intestine following treatment with dexamethasone and anovel PXR
ligand (Hartley et al., 2004), we identified both GR and PXR consensus elements in the proximal
human UGT2A3 enhancer. We also observed consensus sites for HNF1-alpha and CDX2, which
have been previously shown to be important for tissue-specific expression of UGTsin liver and
intestine, respectively (Gregory et al., 2004). However, establishing whether any of these
putative sites are functional will require further study including evaluation of transcription factor
binding and promoter-reporter construct analyses. Asafirst step we showed that UGT2A3
MRNA was expressed in the LS180 human intestinal cell line and was enhanced by treatment
with the PXR agonigt, rifampin, but not by the GR agonist dexamethasone, or the AhR agonist 3-

napthoflavone. LS180 cells were used since previous work in our laboratory indicated that this
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cdl line expressesintestinal UGTs and responds to PXR, GR, and AhR ligands as evidenced by
the strong induction of UGT1A1 by more than 10-fold. Thelack of induction of UGT2A3 by B-
napthoflavone is consistent with an absence of identifiable AhR binding elementsin the
UGT2A3 regulatory region up to -2,000 bp by in silico analysis. The lack of effect of
dexamethasone on UGT2A3 mRNA in the LS180 intestinal cell lineis consistent with the
finding by Hartley et al (2004) of UGT2A3 induction in rat liver but not intestine. It could be
speculated that the response of the UGT2A3 gene to dexamethasone may require the liver
enriched HNF1 and reflects the close approximation of putative GR and HNF1 sitesin the
UGT2A3 proximal promoter.

In conclusion, our results establish human UGT2A3 as a species-conserved, but
polymorphic UDP-glucuronosyltransferase with a highly selective substrate preference and
localized to tissues with a high capacity for glucuronidation of drugs, xenobiotics and
endogenous substrates. This study represents a significant first step in our understanding of a
hitherto uncharacterized human UDP-glucuronosyltransferase and brings us closer to the goal of

having a complete set of recombinant human UGTs for comparative functional analyses.
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L egendsfor Figures

Figure 1. Dendrogram showing amino acid sequence similarity for all known human UGTs
(hUGTSs) and all known UGT2A3 orthologs identified in 7 other mammalian species. Sequences
were aligned by Clustal W and tree generated by Growtree asimplemented in Vector NTI
version 9. Each tree bifurcation identifies individual sequences and/or groups of sequences with
greatest similarity. The length of each tree branch is proportional to the number of amino acid
differences (expressed as a proportion of total sequence length) between a particular sequence
and itstheoretical ancestral sequence (shown in parentheses for each sequence). Genbank
sequence files for UGT2A3 orthologs are given in the text, while those for hUGTs are provided

elsewhere (Mackenzie et al., 2005).

Figure 2. Coding single nucleotide polymorphism identified in human UGT2A3 gene exon 6.

A. Shown are the sequence chromatograms from representative homozygous reference (1489
ala), heterozygote (1489 a/g), and homozygous variant (1489 g/g) DNA samples. This
polymorphism is predicted to result in athreonine or alanine at amino acid position 497 resulting
in either UGT2A3.1 or UGT2A3.2 protein variants, respectively. DNA was extracted and PCR
amplified from human liver bank specimens. B. Alignment of all known UGT2A3 orthologs
showing that the less common UGT2A3.2 protein variant is most likely the ancestral form, while

there is incomplete species conservation of the alanine at this position.

Figure 3. UGT2A3 variants expressed in a baculovirus-insect cell system. A. Immunaoblot of
homogenate of SF21 insect cells (50 ug protein/ lane) that had been infected with baculovirus

containing cODNAs coding for UGT2A3.1 or UGT2A3.2. Pooled human liver microsomes (5 ug)

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 33

were used as positive control. Blots were probed using a sheep anti-rat UGT antibody that
readily recognizes all UGT1 and UGT2 family enzymes. Arrow at 57.7 kDa indicates the
predicted size of the mature UGT2A3 protein. B. Plot of hyodeoxycholic acid concentration
versus glucuronide formation for UGT2A3.1 and UGT2A3.2 recombinant enzymes. Shown also
arefitted curves using the Michaelis-Menten enzyme kinetic model. Derived enzyme kinetic
parameters are given in Table 2. Glucuronide standards were not available and so activities are

expressed as glucuronide equivalents using a hyodeoxychoalic acid standard curve.

Figure 4. Structures of bile acids that were glucuronidated by UGT2A3. Shown on
hyodeoxychoalic acid are the possible glucuronidation sites including 3-hydroxy, 6-hydroxy, and

24-carboxy.

Figure 5. HPLC-MS chromatograms of hyodeoxycholic acid glucuronide positional isomers.
Samples were generated using either human tissue microsomes or recombinant UGTSs incubated
with hyodeoxycholic acid and UDP-glucuronic acid and separated by HPLC with mass
spectrometry detection monitoring the predicted negativeion of hyodeoxycholic acid
glucuronide (m/Z=567.4). This method enabled complete separation of positional isomers and
showed that UGT2A3, UGT2B7, liver, kidney and intestines glucuronidate hyodeoxycholic acid
at the 6-hydroxy position, while UGT1A3 glucuronidates hyodeoxycholic acid at the 24-carboxy

position.

Figure 6. Digtribution of UGT2A3 mMRNA in human tissues. RNA samples from commercial

sources and our human liver bank (details provided in text) were assayed for UGT2A3 mRNA
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content by real-time quantitative RT-PCR. Results were normalized to 18S rRNA content using
standard curves generated for each molecule. ND = not detected. Bar gives average (n = 6) with
standard error. A tissue without a visible bar indicates that UGT2A3 mRNA was detected but

abundance was less than 1% relative to adult liver.

Figure 7. Induction of UGT2A3 mRNA by the PXR ligand, rifampicin. LS180 human intestinal
cells were treated with 50 uM B-napthoflavone, 10 uM rifampin, , 1 WM dexamethasone or
vehicle (0.1% DM SO) and assayed for UGT2A3 and UGT1A1 mRNA content (normalized to
18srRNA) by real-time quantitative RT-PCR. Experiments were conducted in triplicate twice
(n=6) and data expressed as a mean + SE ratio relative to vehicle control. Differences from

control were evaluated by Mann-Whitney U test.
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Table 1. Substrates screened by HPLC-MS for glucuronidation by human UGT2A3 expressed in

insect cells. (+) = glucuronide peak detected, (-) = no glucuronide peak detected in UGT2A3

incubations. All substrates were glucuronidated by human liver microsomes (positive control)

but not by uninfected insect cells (negative contral).
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Table 2. Enzyme kinetic parameter estimates obtained for hyodeoxycholic acid glucuronidation

by human UGT2A3 variants (UGT2A3.1 and UGT2A3.2) expressed in SF21 insect cdlls.

UGT2A3.1 UGT2A3.2

Estimate SE Estimate SE

Vmax (pmoles/min/mg) 27 2 20 2
Km (UM) 69 7 44 12
Vmax / Ky, (mL/ min /gm) 040 0.04 046 013
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Figure 1.

hUGT8A1 (0.3350)
hUGT3A1 (0.1121)

2B

1A

3 L hUGT3A2 (0.1059)
hUGT1A1 (0.1346)

— —hUGT1A3 (0.0274)

_ hUGT1AS5 (0.0268)

_ hUGT1A4 (0.0338)

—hUGT1A10 (0.0325)
—hUGT1A7 (0.0292)
—hUGT1A8 (0.0266)
— hUGT1A9 (0.0242)
hUGT1A6 (0. 1595)
——hUGT2B10 (0.0526)

{

_EhUGTZBll (0.0217)
hUGT2B28 (0.0294)

hUGT2B7 (0.0651)

L hUGT2B4 (0.0616)

hUGT2B15 (0.0282)

OAL/2 hUGT2B17 (0.0265)

hUGT2A1 (0.1074)

—hUGT2A2 (0.0953)

[[ChimpUGTZAB (0.0095)

2A3 L

hUGT2A3 (0.0095) <= Human UGT2A3

|—OrangutanUGT2A3 (0.0150)
CowUGT2A3 (0.0817)

Horse

Guine

UGT2A3 (0.0933)
aPigUGT2A3 (0.1292)

MouseUGT2A3 (0.0679)
RatUGT2A3 (0.0654)

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 Figure 2.

A.

TGCTGACCTGT TGCTGNCCTGT TGCTGGCCTGT

1489 a/a 1489 a/g 1489 g/g
(Threonine 497) (Alanine 497)

B. HumanUGT2A3.1 (490 DVIGFLLEC‘VATAI FLF
HumanUGT2A3 .2 (490) DVIGFLLECVATAIFLF
ChimpUGT2A3 490) DVIGFLLACVATAIFLF
OrangUGT2A3 490) DVIGFLLACVATAIFLF

CowUGT2A3 DVIGFLLACVATAVFLV
HorseUGT2A3 DVIGFLLIFLPLIFLLI
MouseUGT2A3 DVIGFLLLCVVTLTFITI

( )
( )
( )
( )
GPigUGT2A3 (493) DVIGFLLACVASAILLV
( )
( )
( )
RatUGT2A3 ) DVIGFLLVCVVTLTFVI

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 Figure 3.

Immunoblot of UGT2A3 variants expressed in SF21 cells

UGT2A3.1 UGT2A3.2 HLMs
KDa

85\
C -

(predicted size)

Glucuronidation by UGT2A3 variants

s 25
(5]
S
o
o 201 S )
E
£
E 15 N X
n
=
© 10 -
@©
2
5 . O UGT2A3.1
o AUGT2A3.2
g_ O T T 1
0 50 100 150 200

Hyodeoxycholic acid (uM)

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 Figure 4.

Chenodeoxycholic acid Ursodeoxycholic acid

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 Figure 5.
m/z- = 567.4
100
1 A.
50 Human liver
o microsomes
100
1 B.
50 Human intestinal

microsomes

C.
Human kidney
- microsomes

e o

ke
=

Relative Abundance
Ln
=

=]
e =

o
=

UGT2A3

=

=
s
|
m

HDCA-24COOH-GLU

~

n
(=]
O I

UGT1A3

=

o
o

|
L

HDCA-60H-GLU

\

UGT2B7

———

— T T 1 T T T T T T 1

=

T T 1 T T T 1 T T 1

|
10 12 14
Time (min)

- p—
o
jas]

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 3, 2008 as DOI: 10.1124/mol.108.045500
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #45500 Figure 6.

UGT2A3 mRNA expression in human tissues
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