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UDP-glucuronosyltransferases (UGTs) and B-glucuronidase (GUS) catalyze entirely distinct metabolism
reactions. UGTs are responsible for the glucuronidation of a variety of drugs, endogenous and
environmental chemicals, whereas GUS hydrolyzes glucuronides and liberates the parent substrates.
Information on the overlap of ligand selectivity between UGT and GUS is essential for exploring the
pharmacological or toxicological effects of the inhibitors of these two metabolic enzymes. This study is
conducted to test whether UGTs and GUS share common ligands, by investigating the inhibitory effects
towards E. coli GUS by a series of UGT typical substrates and inhibitors. Results showed that three typical
ligands of UGTs, including two specific substrates (estradiol and trifluoperazine, E2 and TFP) and one
selective inhibitor (magnolol, Mag), can inhibit the activity of GUS. Kinetic assays indicated that all the
three UGT specific chemicals displayed competitive inhibition, with K; values of 31.4 (E2), 56.9 (TFP), and
16.6 uM (Mag). Docking studies further revealed that the three chemicals can enter the active sites of
GUS by forming contacts with residues Glu-413, Trp-549, Asp-163, Tyr-472, Arg-562, or bound water.
Our study indicates that ligand selectivity overlaps between UGTs and GUS, and some chemicals can act
as co-inhibitors of these two metabolic enzymes. The pharmacological or toxicological effects of those
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Introduction

UDP-glucuronosyltransferases (UGTs) and B-glucuronidase
(GUS) catalyse entirely distinct reactions. UGTs are responsible
for the conjugation of a variety of clinical drugs, endogenous
hormones, food chemicals and environmental toxicants with
the glucuronic acid moiety.' After undergoing the glucur-
onidation metabolism, the parent chemicals are commonly
inactivated and become more water soluble and are readily
excreted.” In contrast to UGTs, GUS catalyses the hydrolysis of
glucuronides, liberating the parent endo- and xeno-biotics.* As
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co-inhibitors require further investigations.

a result, the parent chemicals continue to exert their biological
activities or even toxicities.*

It is currently believed that the impaired glucuronidation
activities can cause undesired effects resulting from the slow
elimination of toxic chemicals (e.g. bilirubin and SN-38).>° To
date, a massive number of chemicals have been reported to be
potent in vitro inhibitors of UGT enzymes.”® However, only
a limited number of these inhibitors are reported to result in
pharmacokinetic drug-drug interactions via in vivo inhibition
of UGTs.* The mechanism for such in vitro-in vivo discrepancy
was mainly attributed to those UGT substrates that are usually
glucuronidated by different UGTs.'* However, the inconsis-
tency may result from other aspects. One possible mechanism
is that some UGT inhibitors may simultaneously inhibit the
activity of B-glucuronidase (GUS). As a result, the decreased
exposures from the glucuronidation metabolism are partly
compensated.” In the presence of one UGT inhibitor, glucu-
ronide formation will be inhibited and the parent substrates
will remain in relatively high levels.>* However, if the UGT
inhibitor simultaneously inhibits GUS activity, glucuronide
hydrolysis will also be decreased and there will be little
replenishment for the parent substrates.'* Thus, the glucuro-
nides will remain in similar levels regardless of the presence of
the co-inhibitor.

This journal is © The Royal Society of Chemistry 2020
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Besides the undesired effects from the inhibition of UGTs,
some positive effects may also be achieved via the inhibition of
GUS.* 1t is believed that the inhibition of GUS may help protect
from gastrointestinal toxicities by hindering the liberation of
parent toxins in the colon. One notable example is that the
GUS inhibitor could decrease the irinotecan related digestive
tract toxicity by inhibiting the hydrolysis of SN-38 glucuro-
nides.”** A variety of natural and synthetic inhibitors are
emerging as novel potential gastrointestinal protective
agents.* However, to our knowledge, in all these researches no
consideration was given to the risk of the GUS inhibitors
inhibiting UGTs. When the GUS inhibitors simultaneously
inhibit the activity of UGTs, fewer toxic parent substrates are
transformed into non-toxic glucuronides and the protective
effects may be accordingly less obvious. It would be better to
warrant little or no co-inhibition of UGT in the future GUS
inhibitor discovery and development.

Since the reactions catalysed by UGTs and GUS are opposite
to each other, it is generally thought that UGTs and GUS are
unlikely to share common ligands. UGTs tend to bind lipophilic
chemicals, while GUS binds relatively hydrophilic glucuro-
nides.>"* However, it was found that several lipophilic flavo-
noids (e.g. baicalein, quercetin and scutellarin) displayed potent
inhibitory effects against GUS from E. coli."® Interestingly,
structures in these inhibitors do not contain the glucuronic acid
moiety. These findings encouraged us to conduct this study to
test whether the typical ligands of UGT, including specific
substrates and selective inhibitors, can inhibit the activity of
GUS. It is hoped that this study may provide evidences for
ligand selectivity overlaps between UGTs and GUS.

Results

Screening of inhibitory effects

As displayed in Fig. 1, E2 (UGT1Al probe substrate), TFP
(UGT1A4 probe substrate) and Mag (UGT1A9 selective inhibitor)
exerted potent inhibition towards GUS, with remaining
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Fig.1 Inhibitory effects of a series of UGT probing ligands towards the
activity of GUS in catalysing the hydrolysis of pNPG (200 uM). Data
columns and error bars represent the mean and S.D. of triplicate
determinations, respectively.
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Fig. 2 Molecular structure of E2 (A), Lineweaver—Burk plots for the
inhibition of E2 on GUS (B), and the best ranked pose of E2 in the
active-site cavity of E. coli GUS generated with docking (C).

activities at 37%, 43% and 26% of the control, respectively. For
the other chemicals tested in this study, no significant inhibi-
tion was observed, where the remaining activities were at least
higher than 70% of the control.

Inhibition of GUS by E2

The structure of E2 is shown in Fig. 2A. Kinetic analysis indi-
cated that E2 displayed competitive inhibition towards GUS
mediated pNPG hydrolysis (Fig. 2B), with the K; value deter-
mined to be 31.4 + 2.0 uM. Docking studies further revealed
that an H-bonding interaction existed between the E2-17-OH
and carboxylate of Glu-413 in the active site. Two additional
hydrogen bonds were also formed between the H,O in the
crystal structure and E2.

Inhibition of GUS by TFP

The structure of TFP is displayed in Fig. 3A. As shown in Fig. 3B,
the inhibition of GUS by TFP follows the competitive model for
the de-glucuronidation of pNPG (Fig. 3B). The K; value was
calculated to be 56.9 £ 2.1 uM. Docking analysis indicated that
the fluorine atoms seem to be important for the inhibitor-
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Fig. 3 Molecular structure of TFP (A), Lineweaver—Burk plots for the
inhibition of TFP on GUS (B), and the best ranked pose of TFP in the
active-site cavity of E. coli GUS generated with docking (C).
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Fig. 4 Molecular structure of Mag (A), Lineweaver—Burk plots for the
inhibition of Mag on GUS (B), and the best ranked pose of Mag in the
active-site cavity of E. coli GUS generated with docking (C).

protein interaction. The fluorine atoms formed an H-bonding
interaction with the NH of Trp-549 and three extra H-bonds
were formed with H,O.

Inhibition of GUS by Mag

The structure of Mag is displayed in Fig. 4A. Fig. 4B indicated
that Mag inhibited GUS competitively in catalysing the hydro-
lysis of pNPG, with the K; value calculated to be 16.6 £+ 0.6 uM.
Docking results (Fig. 4C) indicated that four hydrogen bonds
were formed with the residues Asp-163, Tyr-472 and Arg-562. -
7 stacking interaction was additionally formed between the
benzene rings of Mag and Tyr-472.

Discussion

After testing the inhibitory effects of a series of UGT probe
ligands against GUS activity, it was clearly demonstrated that
the ligand selectivity overlaps between UGTs and GUS. It is
possible that some clinical drugs, environmental chemicals,
and endogenous molecules may interfere in the glucur-
onidation pathway by hindering the hydrolysis of glucuronides.
Among the chemicals tested in this study, nilotinib, hecogenin,
Mag, niflumic acid and fluconazole were reported to be potent
in vitro UGT inhibitors.'**® In vitro-in vivo extrapolation sug-
gested that nilotinib, Mag and fluconazole had potential to
induce in vivo inhibition of UGTs."®**° In vivo inhibition of UGTs
has been confirmed for nilotinib and fluconazole.*** It is
consistent with the current study that these two UGT inhibitors
lack inhibition towards GUS (Fig. 1). For Mag, although one
previous study demonstrated that it can potently inhibit the
activity of UGT1A9,*® this study indicates that in vivo UGT
inhibition will be neutralized due to the co-inhibition of GUS.

E2, TFP and Mag were reported to be probe ligands for
UGT1A1, 1A4 and 1A9, respectively.'®** However, the results did
not indicate that the overlapping selectivity with GUS is limited
to these three isoforms. Actually, E2 undergoes glucuronidation
at both 3-OH and 17-OH sites.** Although E2-3-O-glucur-
onidation is commonly used as a probe reaction for UGT1A1 in
human liver,” it is additionally catalysed by other isoforms
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including UGT1A3, 1A8, 1A10, 2A1, and 2A2.** For E2-17-O-
glucuronidation, multiple UGTs including UGT1A3, 1A4, 1A8,
1A10, 2A1, 2A2, 2B7, and 2B17 are involved.**** Mag has been
identified as a selective inhibitor of UGT1A9 in certain
concentration ranges, whereas it also serves as a good substrate
to several other different UGTs, in particular for UGT1A10 and
2B7.'%2¢ For TFP, available evidences indicated that it acts as
a specific substrate for UGT1A4.** However, there is still a lack of
information about the inhibition selectivity for other UGTs.
Therefore, ligand selectivity overlaps with GUS may occur for
each individual UGT isoform.

In this study, all three compounds could be well docked into
the active site cavity in a similar way to that adopted by the
original ligand in crystallographic complexes. For E2, two H-
bonding interactions were found between the 17-OH of E2
and the carboxylate of Glu-413 in the active sites. Besides, there
is an additional hydrogen bond between the 3-OH of E2 and
a H,0 molecule in the crystal structure (Fig. 2C). As shown in
Fig. 3C, the fluorine atoms are important for the inhibitor-
protein interaction for TFP. F atoms formed an H-bonding
interaction with the NH of Trp-549, as well as other three H-
bonds with H,O molecules. For Mag, two phenolic hydroxyl
groups are important for the inhibition activity. They formed
four H-bonds with the residues Asp-163, Tyr-472 and Arg-562. In
addition, m-m stacking interaction was formed between the
benzene rings of Mag and Tyr-472. The smaller molecular
volume was another merit for Mag to enter the active site cavity
(Fig. 4C). From the above analysis, we can see that the polar
functional groups including the hydroxyl, phenolic hydroxyl
and fluoroalkane appear to be essential for the GUS inhibition.

In the active sites of GUS (E. coli), Glu-413 and Glu-504 are
important catalytic residues for substrate recognition and
hydrolysis.” It was found that the competitive inhibitor p-sac-
charic acid 1,4-lactone can form contacts with Glu-413, Glu-504,
Asp-163, Arg-562, Lys-568, Tyr-472, and His-330." Trp-549 was
also proved important in binding a cyclic thioimidazole deriv-
ative.”> Rasmussen et al. (2011) demonstrated that the bound
water could also interact with the potent competitive inhibitor
uronic-noeurostegine.”” This study indicated that E2 and TFP
could also interact with the bound water. Interactions with the
catalytic residues and other important amino acids constituting
the active site made these three ligands inhibitors of GUS.
Without structural information, it is currently hard to describe
the interaction pattern between UGTs and its probe ligands.

It is well known that the inhibition of GUS could help protect
humans from irinotecan related digestive tract toxicity by
blocking the hydrolysis of SN-38 glucuronides.* E2 serves as an
important endogenous chemical in humans, which is also
widely used in hormone replacement treatment in clinics.”® It is
found that the daily total fecal excretion of E2 can reach
393 ng.”® Given that the minimal colon cavity volume was re-
ported to be only 180 mL,* the normal physiological E2
concentration in the gut may reach approximately 7.8 uM,
which is one quarter of the K; value (31.4 uM) for the inhibition
of GUS. Moreover, when E2 is used in the treatment of breast
cancer, the daily oral dosage can reach up to 30 mg.** Therefore,
the inhibition of GUS may be achieved by administering E2.

This journal is © The Royal Society of Chemistry 2020
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This deserves further investigations, in particular consideration
of potential application of irinotecan in the treatment of breast
cancer.*® TFP acts as an anti-psychotic medicine, which is
mainly used to treat anxiety or psychotic disorders.>” Based on
a study conducted in rats, 87% of the administered TFP will be
excreted into the gut.*® The single oral dosage of TFP can reach
5 mg,** which may result in the TFP level to be higher than 56.9
uM in the human gut. It is possible that after the administration
of TFP, GUS activity in the gut is correspondingly decreased.

Mag containing Magnolia Officinalis has been widely used in
the treatment of multiple common diseases such as gastroin-
testinal disorders and anxiety in China and Japan for a very long
time.* It was reported that a single dose of 5 g Sai-boku-to con-
tained 2.1 mg Mag, and the urinary excretion was less than 10%
of the total dosage.** Most of the chemical may stay in the colon
with the concentration higher than 16.6 pM. One thing that
needs to be noted here is Mag may also undergo extensive glu-
curonidation in humans.”® This study did not test the inhibitory
effects of Mag glucuronide towards GUS. As a good substrate for
GUS, it is likely that Mag glucuronide can potentially inhibit the
activity of GUS. Interestingly, after taking Mag, whether the
chemical exists as a parent or a glucuronidated form, the inhi-
bition of GUS is going to happen. As discussed previously,
Magnolia Officinalis has been used in the treatment of gastroin-
testinal disorders.*® Based on this study, it seems that the inhi-
bition of GUS may partly contribute to gastrointestinal protective
effects, since Mag can prevent the release of toxic parent chem-
icals from glucuronides.

Materials and methods

Chemicals and enzymes

Estradiol (E2, purity > 98%), testosterone (purity = 98%),
entacapone (purity = 98%), and nilotinib (purity = 99%) were
purchased from Aladdin Co., Ltd. (Shanghai, China). Trifluo-
perazine (TFP, purity = 99%), fluconazole (purity = 98%), and
niflumic acid (purity = 98%) were purchased from Macklin Co.,
Inc. (Shanghai, China). Magnolol (MAG, purity = 98%) and
hecogenin (purity = 98%) were purchased from Pufei De
Biotech Co., Ltd. (Chengdu, China). 4-Nitrophenol (pNP, purity
> 99%), 4-nitrophenol-B-O-glucuronide (pNPG, purity > 98%),
and 3'-azido-3’-deoxythymidine (purity = 98%) were purchased
from J&K Chemical Ltd. (Shanghai, China). Uridine diphos-
phate glucuronic acid (UDPGA, purity > 96%) and E. coli B-
glucuronidase (GUS, Cat No. G8295, 25KU/2.1 mg) were
purchased from Sigma-Aldrich (Shanghai, China).

Incubation conditions

Hydrolyses of pNPG by GUS were carried out at 37 °C in 200 pL
mixture of 50 mM phosphate buffer (pH = 6.8). The reactions
were initiated by adding 20 pL pNPG solution. Preliminary
experiments demonstrated that the linear ranges of GUS and
time required are 0-2 U mL~" and 0-40 min, respectively. In the
inhibition assays, GUS consumption in the reaction mixture
and reaction time were set at 0.5 U mL ™" and 20 min, respec-
tively. The reaction was stopped by adding 100 pL ice-cold
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View Article Online

RSC Advances

methanol. The samples were then centrifuged at 20 000g for
20 minutes to remove the protein, and 10 pL of the supernatants
were analysed in the UPLC system.

Inhibition screening

Inhibitory effects towards GUS were tested for various typical
substrates and inhibitors of UGTs. pNPG (200 pM) was incubated
with GUS (0.1 U) in the presence of UDPGA (4 mM), E2 (100 uM),
nilotinib (100 puM), TFP (100 uM), hecogenin (100 uM), entaca-
pone (100 uM), Mag (100 uM), niflumic acid (100 pM), zidovudine
(1 mM), fluconazole (1 mM) or testosterone (100 pM). Informa-
tion on chemicals probing UGTs is available in the literature.
Specifically, UDPGA acts as the universal substrate for all UGT
isoforms.*” E2, TFP, entacapone, zidovudine, and testosterone
were specific substrates for UGT1A1, 1A4, 1A9, 2B7 and 2B17,
respectively.'®**** Nilotinib, hecogenin, Mag/niflumic acid and
fluconazole serve as the selective inhibitors of UGT1A1, UGT1A4,
1A9, and 2B7, respectively.””*** The concentrations used here
were set much higher (at least 5-folds) than the known affinity
values to the individual UGT isoforms. All incubations were
conducted at 37 °C for 20 min in triplicate.

Kinetic assays

Inhibitory constants (K;) were determined for E2, TFP, and
Mag. Various concentrations of pNPG (100, 200, 500 pM),
E2 (0-200 uM), TFP (0-200 uM) and Mag (0-100 uM) were
employed in the kinetic assays. Either competitive inhibition
kinetic model, non-competitive inhibition model,
competitive inhibition model, or mixed inhibition model
were fitted into the kinetic data.' The K; values were generated
from the inhibition kinetic model displaying the highest R
values by using Graphpad Prism 5.0. All incubations were
conducted at 37 °C for 20 min in triplicate.

un-

Docking studies

Molecular docking studies were performed to probe the inter-
action mode of E2, TFP, and Mag with the active sites of GUS
using Surflex-Dock of the SYBYL procedure (x-1.2). The structure
of GUS in a complex with inhibitor (PDB code 3LPF) was used as
the receptor.” The B-chain of protein and hetero-atoms
including the cofactors were removed from the original
protein data file. The 3D structure of these three compounds
were optimized by energy minimization using the default
Tripos force field parameters. The Gasteiger-Hiickel charges
were calculated. The active pocket for inhibitor binding was
generated around the crystallographic ligand in an automatic
mode with the setup of float radius as zero. Compounds were
docked into the active sites to observe the interaction mode.

Analysis methods

PNPG hydrolysis samples were analysed on a Waters Acquity
UPLC system equipped with an ultraviolet detector. A waters
C18 analytical column (50.0 mm x 2.1 mm, L.D., 1.7 um) was
used and kept at 40 °C during the analyses. The mobile phase
was composed of acetonitrile (A) and 0.1% formic acid in water
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(B) at a flow rate of 0.3 mL min ™, with a gradient: 0-4 min, 90%
B-30% B; 4.01-8 min, 5% B; 8.01-12 min, balance to 90% B. To
detect pNP and pNPG, the detector wavelength was set at
310 nm. pNP and pNPG were eluted at 3.6 and 2.4 min,
respectively. Hydrolysis rates were quantified by the standard
curve of pNP, which was linear at least within 0.1 to 20 pM. The
intra- and inter-day RSD were both less than 2%.

Conclusions

This study identified that ligand selectivity overlaps between
UGTs and GUS deserve attention in the exploration of inhibitors
of these two enzymes. UGT typical ligands E2, TFP and Mag
could act as competitive inhibitors of GUS via contacts with the
residues or bound water in the enzyme active site. The inhibi-
tory potential of the three UGT ligands could induce the inhi-
bition of gut hydrolysis of glucuronides, further displaying
protective effects on the intestinal tract.
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