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Abstract

Bile acids (BA) are essential modulators of lipid, glucose and cholesterol homeostasis, but exert
cytotoxic effects in the cholestatic liver. Glucuronidation, catalyzed by the UDP-
glucuronosyltransferase (UGT) enzymes is a pharmacologically-relevant BA detoxification
process. The present study aimed at characterizing the BA-conjugating activity of the little-studied
human UGTs of subfamily 2A, UGT2A1, 2A2 and 2A3. Recombinant UGT2As, expressed in
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baculovirus-infected insect cells, were assayed for the glucuronidation of 6 major bile acids,
chenodeoxycholic (CDCA), cholic (CA), lithocholic (LCA), deoxycholic (DCA), hyocholic
(HCA) and hyodeoxycholic (HDCA) acids. UGT2A3 exhibited detectable, but very low, activity
with all the tested BAs substrates. UGT2A1 was highly efficient in forming LCA-3 and -24G,
CDCA-24, DCA-24, HCA-24 and HDCA-24G, while UGT2A2 was the most active enzyme for
CA-24G and CDCA-24G formation, and was also able to generate HDCA-6G, HDCA-24G,
LCA-24G and HCA-24G. The Km values of UGT2AL varied between 102.2 + 14.3 uM and 2.4
+ 1.2 mM. With the exception of CA-24G, a low affinity substrate for UGT2A2, all the Km values
for UGT2A2 were in the 100 to 400 pM range. In conclusion, the present study demonstrates the
high reactivity of the human UGT2A1 and UGT2A2 for bile acid glucuronidation. The
physiological importance of these reactions to BA disposition remains, however, to be clarified /n
VIvo.

INTRODUCTION

Glucuronidation is a phase Il conjugation reaction allowing an efficient elimination of
numerous drugs, pollutants and endogenous toxicants (Dutton, 1980). This reaction,
catalyzed by UDP-glucuronosyltransferase (UGT) enzymes, corresponds to the transfer of
the glucuronosyl moiety from the co-substrate UDP-glucuronic acid (UDPGA) to a
nucleophilic group on hydrophobic molecules (Dutton, 1980). The resulting glucuronide (G)
conjugates mostly have low biological activity, higher water solubility than the parent
compounds, and are easily eliminated from the body through bile or urine (Dutton, 1980).
The human UGTSs are classified into 2 families, UGT1 (or UGT1A) and UGT2. The UGT?2
family is subdivided into two subfamilies, UGT2A and UGT2B, containing 3 and 9
enzymes, respectively (Mackenzie et al., 2005). Until the very last few years, UGT2A1 and
2A2 were thought to be expressed almost exclusively in the nasal epithelium, and
consequently received less attention than members of the UGT1A and UGT2B subfamilies
(Lazard et al., 1991; Jedlitschky et al., 1999; Court et al., 2008). More recently, UGT2A
transcripts were detected in several extrahepatic tissues such as the lung, trachea, larynx,
intestine, pancreas and kidney (Bushey et al., 2011; Bushey et al., 2013). In addition,
UGT2A3 mRNA was also detected in the liver, colon and adipose tissue (Court et al., 2008).
Glucuronidation assays revealed UGT2As as steroid-conjugating enzymes (ltaaho et al.,
2008; Sten et al., 2009; Sneitz et al., 2011; Sneitz et al., 2013). Based on their reactivity
against complex polycyclic aromatic hydrocarbons (PAH), UGT2A1 and UGT2A2 were
proposed to play an important role in the local detoxification of air-born procarcinogenic
PAH metabolites (Bushey et al., 2013). UGT2A3 only showed activity against simple PAHs
like 1-OH-pyrene and 1-naphthol (Bushey et al., 2013). However, when this enzyme was
previously assayed toward a larger battery of potential substrates, glucuronide formation was
detected with 4 bile acids (BAs) (Court et al., 2008).

Bile acids are formed from cholesterol in the liver and their synthesis represents an
important pathway for cholesterol elimination from the body (Monte et al., 2009). In
humans, the BA pool is mainly composed of the primary cholic (CA) and chenodeoxycholic
acids (CDCA), the secondary lithocholic (LCA) and deoxycholic (DCA) acids, and of the
6a-hydroxylated hyocholic (HCA) and hyodeoxycholic acids (HDCA) (Monte et al., 2009;
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Trottier et al., 2011). BAs are excreted from the liver into the bile, stored in gallbladder and
secreted in the intestine where they serve as natural detergents for dietary lipids absorption
(Monte et al., 2009). They play important role in cholesterol, lipid and even glucose
homeostasis, but they are cytotoxic at high concentrations (Pauli-Magnus et al., 2005).
When bile flow is reduced (i.e cholestasis), their accumulation in liver cells leads to
oxidative stress, apoptosis and subsequent damage to the liver parenchyma (Monte et al.,
2009). Glucuronide conjugates represent up to 10% of the BA circulating pool in healthy
volunteers (Trottier et al., 2012), and their formation involves either the 3/6-hydroxyl or 24-
carboxyl group of the BA steroid nucleus for the respective formation of ether 3/6G or acyl/
ester 24G (Gall et al., 1999; Caron et al., 2006; Trottier et al., 2006; Court et al., 2008;
Verreault et al., 2010; Trottier et al., 2012). Among the human UGT1A and UGT2Bs,
UGT1A3, 2B4 and 2B7 have a capacity to convert BAs into BA-glucuronides (BAG) /n
vitro. UGT1AS3 is the major enzyme for hepatic production of BA-24G, while UGT2B4 and
UGT2B?7 are the main producers of ether glucuronides (Pillot et al., 1993; Gall et al., 1999;
Trottier et al., 2006; Court et al., 2008; Verreault et al., 2010). The present study compares
the activity of UGT2A enzymes in conjugating 6 BA species found as glucuronide
derivatives in the human blood (Trottier et al., 2012).

MATERIALS AND METHODS

Materials

UDPGA and bile acids were obtained from Sigma (St. Louis, MO) and ICN
Pharmaceuticals, Inc. (Québec, Canada). Analytical standards for BA-Gs (3/6 and/or 24G
derivatives of CDCA, DCA, HDCA, LCA, HCA and CA) were synthesized by the organic
synthesis service at the CHU-Québec research centre (Québec, Canada) (Trottier et al.,
2012). Deuterated BAs (CDCA-d4, DCA-dg4, LCA-dy4, and CA-d4) were purchased from
C/DIN lIsotopes (Montréal, Qc, Canada), and the preparation of internal deuterated BA-G-d4
was as reported (Caron et al., 2006). Methanol and isopropanol were purchased from VWR
(Montréal, Canada). Ammonium formate was obtained from Laboratoire Mat (Québec,
Canada). All the reagents were of the highest grade commercially available. The Synergie
RP Hydro column was from Phenomenex (Torrance, CA). Protein assay reagents were
obtained from Bio-Rad Laboratories Inc. (Marnes-la-Coquette, France). Commercially
available microsomes from human liver (pool of 50 donors, # HO620) were from Xenotech
Inc. (Walkersville, MD).

Recombinant UGTs

Recombinant human UGT2A1, 2A2, 2A3, 1A3, 2B4 and 2B7 proteins were produced, as C-
terminal his-tagged proteins, using baculovirus-infected Sf9 insect cells, as previously
described (Court et al., 2008; Zhang et al., 2012). The similar amount of immunoreactive
UGTs in each membrane preparations was ensured through western blot experiments using
anti-His (1:500) and anti-mouse 1gG secondary (1:10,000) antibodies (Amersham, Oakville,
Canada).
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Glucuronidation assays

All glucuronidation assays were performed at 37°C in the presence of 10ug enzymatic
preparations (total protein) using the previously reported glucuronidation assay buffer in a
final 100 pl volume (Caron et al., 2006; Trottier et al., 2006). Assays were ended by adding
100 plI of methanol with 0.02% Butylated Hydroxytoluene (Caron et al., 2006; Trottier et al.,
2006), centrifuged at 10,000¢ for 1 minute to remove proteins, and stored at —20°C until
glucuronides quantification.

The initial screening for BA-conjugating enzymes was performed for 4 hours in the presence
of 100 uM substrate. Time course analyses were then performed for each active enzyme and
BA substrates (100 uM) for durations varying between 30 minutes and 6 hours. All
glucuronidation reactions were linear for up to 4 hours. Kinetic parameters were assessed
with substrate concentrations ranging from 1 pM to 1 mM for 2 hours. BA-Gs were
quantified using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
as previously described (Caron et al., 2006; Trottier et al., 2006; Trottier et al., 2012). The
conditions used in the present study were optimized to limit BAs acyl glucuronides
(BA-24G) instability (Caron et al., 2006; Trottier et al., 2006).

The chromatographic system consisted of an Alliance 2690 (Waters Corp., Milford, MA)
equipped with a Synergie RP Hydro 100X4.6mm, 4um column (Phenomenex, Torrance,
CA) and coupled to a triple quadrupole mass spectrometer AP1 3200 (Applied Biosystems-
Sciex, Concord, ON, Canada). Bile acid-glucuronide species identification was performed
based on their differential chromatographic properties and selective mass transitions, as
established with synthetic analytical standard, and was further ensured through the use of
internal deuterated standards as reported (Caron et al., 2006; Trottier et al., 2012). BA-Gs
were detected with the following retention time (minutes)+mass transition (m/z) parameters:
CDCA-3G: 15.10+567.4—391.3; CDCA-24G: 18.85+567.4—391.3; CA-24G:
13.90+583.3—407.4; LCA-3G: 18.74+551.3—375.1; LCA-24G: 22.17+551.3—375.1;
DCA-3G: 14.90+567.4—391.3; DCA-24G: 19.10+567.4—391.3; HDCA-6G:
8.26+567.4—391.3; HDCA-24G: 12.38+567.4—391.3; HCA-6G: 8.89+583.3—407.4 and
HDCA-24G: 11.01+583.3—407.4 (Caron et al., 2006; Trottier et al., 2012). The total
analysis time was 32 minutes and lower limits of detection were all in the nanomolar range.

The enzyme kinetic model for each reaction was selected as recommended (Miners et al.,
2010) using the Sigma Plot 11.2 assisted by Enzyme Kinetics 1.3 programs (SSI, San Jose,
CA).

RESULTS AND DISCUSSION

UGT2A1 and UGT2A2 enzymes are highly, but selectively, reactive with bile acid substrates

Recombinant UGTs 2A1, 2A2 and 2A3 were screened for the glucuronidation of 6 BA
species and the results, alongside the outcome of similar analyses using UGT1A3, 2B4, 2B7
and human liver microsomes (HLM), are presented in Fig. 1.

In agreement with previous reports (Court et al., 2008; Sneitz et al., 2009), UGT2A3
exhibited detectable, but low, CDCA, DCA and HDCA glucuronidation activity. In addition,
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UGT2A3 was also able to convert CA, LCA and HCA into CA-24G, LCA-3>LCA-24G and
HDCA-24G>HDCA-6G, respectively (Fig. 1). UGT2A1 and UGT2A2 conjugated all BAs
tested, and in all cases were more efficient than the UGT2A3 enzyme (Fig. 1).

While UGT2AL1 exhibited high activity with some of the substrates, UGT2A2 was clearly
the most active enzyme with most BAs. It was unique in having high activity for the
conversion of CA and CDCA into the corresponding acyl 24G derivatives. In addition,
UGT2A2 was efficient in forming DCA-24G, LCA-24G, and HDCA-6G (Fig. 1). These
observations are consistent with the previous finding that UGT2AZ2 is more efficient than
UGT2AL1 in conjugating HDCA (Court et al., 2008), as well as other cholesterol derivatives
such as steroid hormones (Itaaho et al., 2008; Sneitz et al., 2009; Sten et al., 2009; Sneitz et
al., 2011; Sneitz et al., 2013). Nevertheless, both UGT2A1 and UGT2A2 enzymes clearly
had a preference in converting BAs into acyl C24 glucuronides, with the exceptions of LCA
and HDCA which were more efficiently glucuronidated into LCA-3G and HDCA-6G by
UGT2A1 and UGT2A2, respectively (Fig. 1).

When compared to UGT1A3, 2B4 and 2B7, the 2 UGT2As exhibited remarkable
glucuronidation efficiencies (Fig. 1). For example, among the 7 enzymatic preparations
used, UGT2A1 was the most active enzyme in producing LCA-3G, while UGT2A2
exhibited the highest conversion rates for CA-24G and CDCA-24G (Fig. 1). A full
evaluation of the exact contribution of UGT2As in the overall hepatic and extra-hepatic BA
disposition will require a thorough examination of their relative protein expression in
different tissues, however.

Kinetics parameters of bile acids glucuronidation by UGT2A1 and UGT2A2

The kinetics of BA-G formation by the UGT2As was determined through dose-response
experiments (Table 1). While most kinetic profiles followed the Michaelis-Menten model,
both UGT2A1 and UGT2AZ2 also displayed sigmoidal kinetics in several reactions (Table 1).
Km values obtained with UGT2A1 varied between 102.2 + 1 4.3 uM and 2.4 £ 1.2 mM for
the production of LCA-3G and DCA-24G, respectively (Table 1). In the case of UGT2A2,
with the exception of CA-24G formation (Km=3.4 £ 2.9 mM), all Km values were in the
100 to 400 uM concentrations range (Table 1). It may also be noted that similar experiments
performed with the recombinant UGT2A3 enzyme and HDCA, yielded a rather low Km
value for HDCA-6G formation 60.9 + 9.9 uM, very close to the previously reported 69 + 7
UM value (Court et al., 2008).

The Vmax values for the UGT2A1-catalyzed glucuronidation reactions were between 45.1
+ 3.3 and 805.1 + 38.3 pmol/min/mg proteins, for HDCA-6G and HDCA-24G, respectively
(Table 1). The recombinant UGTs are studied within biological membranes and, hence, the
Vmax values are calculated per total mg proteins in the insect cells microsomes. Calculation
of intrinsic clearance values identified LCA-3G>HDCA-24G>LCA-24G>HCA-24G as the
most efficiently BA-G products generated by UGT2AL. The highest Vmax observed with
UGT2A2 was obtained for the formation of HDCA-6G (1,373.3 = 71.7 pmol/min/mg
proteins), and its highest CL;.: values were for
HDCA-6G>CDCA-24G>LCA-24G>HCA-24G (Table 1). It is therefore remarkable that
both UGT2A1 and UGT2A2 enzymes exhibit an apparent preference for carboxylic over the
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hydroxyls in BAs glucuronidation (Fig. 1 and Table 1), while displaying the highest CLjp.
values for the production of the ether conjugates, i.e LCA-3G for UGT2A1 and HDCA-6G
for UGT2A2. It is also noteworthy that both enzymes convert CA into its acyl glucuronide,
CA-24G, through low affinity enzymatic reactions, but with a 30-fold difference in their
maximal velocity values, UGT2A2>UGT2A1 (Table 1). Recent investigations indicated that
albumin modulates the activity of many human UGTSs in an enzyme- and substrate-
dependent manner (Manevski et al., 2013). Future investigations are therefore required to
evaluate how bovine serum albumin differentially impacts the capability and kinetics of each
UGT2A enzyme to conjugate each BA.

CONCLUSION

The present study identifies the human UGT2A1 and UGT2A2 as bile acid glucuronidating
enzymes, and suggests that they could contribute to bile acid detoxification in BA-exposed
extrahepatic tissues, such as the intestine, colon and kidney where their expression has
recently been detected (Bushey et al., 2011; Bushey et al., 2013). The extent of UGTs 2A1
and 2A2 contribution in /in vivo BA detoxification remains, however, to be fully established.
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Figure 1. UGT2A enzymes are highly reactive for bile acid glucuronidation
Human liver microsomes (HLM) or recombinant UGT enzymes were incubated for 4 hours

in the presence of 100uM bile acid substrates: chenodeoxycholic (A, CDCA), cholic (B,
CA), deoxycholic (C, DCA) lithocholic (D, LCA), hyodeoxycholic (E, HDCA) and
hyocholic (F, HCA) acids. The formation of bile acid-glucuronides (G) was analyzed by
liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Data represent
the mean + S.D. of two independent experiments performed in triplicate.
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