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Abstract
Strong inhibition of the human UDP-glucuronosyltransferase enzymes (UGTs) may lead to

undesirable effects, including hyperbilirubinaemia and drug/herb-drug interactions. Currently,
there is no good way to examine the inhibitory effects and specificities of compounds toward
all the important human UGTSs, side-by-side and under identical conditions. Herein, we report
a new, broad-spectrum substrate for human UGTs and its uses in screening and characterizing
of UGT inhibitors. Following screening a variety of phenolic compound(s), we have found
that methylophiopogonanone A (MOA) can be readily O-glucuronidated by all tested human
UGTs, including the typical N-glucuronidating enzymes UGT1A4 and UGT2B10.
MOA-O-glucuronidation yielded a single mono-O-glucuronide that was biosynthesized and
purified for structural characterization and for constructing an LC-UV based
MOA-O-glucuronidation activity assay, which was then wused for investigating
MOA-O-glucuronidation kinetics in recombinant human UGTs. The derived Kn values were
crucial for selecting the most suitable assay conditions for assessing inhibitory potentials and
specificity of test compound(s). Furthermore, the inhibitory effects and specificities of four
known UGT inhibitors were reinvestigated by using MOA as the substrate for all tested UGTs.
Collectively, MOA is a broad-spectrum substrate for the human UGTs, which offers a new

and practical tool for assessing inhibitory effects and specificities of UGT inhibitors.

Key Words: Methylophiopogonanone A; UDP-glucuronosyltransferases (UGTSs); Drug-drug

interactions (DDI)
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1. Introduction

Drug-metabolizing enzymes (DMEs) catalyze the detoxification and metabolic clearance
of numerous endogenous substances (endobiotics) and xenobiotics, including drugs,
carcinogens, environmental pollutants and food chemicals [1-5]. Strong inhibition of some
key DMEs may significantly block the metabolic clearance of drugs or other toxins that are
metabolized by the affected enzyme(s) to a meaningful degree, and thus leads to undesirable
effects, including metabolic disorders or clinically relevant drug-drug or herb-drug
interactions (DDIs or HDIs) [6-9]. As one of the most important class of phase Il DMEs in
humans, UDP-glucuronosyltransferases (UGTs) catalyze O-, S- or N-glucuronidation
reactions of a large variety of lipophilic chemicals, including both endobiotics and
xenobiotics. The biotransformation by UGTs generates more polar and water-soluble
glucuronides that are easily excreted from the body via urine or bile [10, 11]. In most cases,
the water-soluble glucuronides are biologically inactive or non-toxic, which makes UGTs as
an important detoxification enzymes family in mammals.

In humans, over twenty different UGT enzymes have been identified, most of which are
segregated into two subfamilies, 1A and 2B [12, 13]. These two UGT subfamilies include 18
UGT enzymes, but only 13 of them play currently-known roles in xenobiotics or and
endobiotics metabolism. They are UGT1Al, -1A3, -1A4, -1A6, -1A7, -1A8, -1A9, -1A10,
-2B4, -2B7, -2B10, -2B15, and -2B17, and they are available as commercial recombinant
enzymes. The other 3 UGTs are UGT1Ab5, -2B11 and -2B28. It may be noted here that the
activity of the commercial samples does not always accurately represent the activity of the
enzyme in the native tissue [14]. The human UGTs tissue distribution, substrate spectra and
biological functions in both endogenous compounds and xenobiotic metabolism have been
extensively studied over the past few decades [13, 15].

Increasing amount of evidence has demonstrated that potent inhibition of human UGTs
may profoundly slow-down their glucuronidation activities in vivo [16-18]. In turn, UGTs
inhibition may bring some undesirable effects, including metabolic disorders such as
hyperbilirubinemia [19, 20], or clinically relevant DDIs or HDIs [21-24].To reduce or even
prevent the occurrence of clinically relevant DDIs, both the European Medicines Agency

(EMA) and the United States (US) Food and Drug Administration (FDA) recommend that all
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investigational new drugs should be assayed for their inhibitory potentials on a panel of
human DMEs including cytochrome P450 enzymes (CYPs) and UGTs (such as UGT1ALl and
UGT2B7), which play key roles in the detoxification and metabolic clearance of therapeutic
drugs [25, 26]. A set of highly specific probe substrates for the human CYPs and
carboxylesterases (CES) have been reported and are widely used for in vitro inhibition assays
over the past few decades, which facilitate very well CYP/CES-mediated drug interaction
studies [27-31]. By contrast, the approaches for assessing drug interaction potentials
mediated by human UGTSs are rarely reported, owing to the lack of a good substrate(s) for the
entire panel of important human UGTs [32-34]. Currently, 4-methylumbelliferone (4-MU), a
non-specific UGT substrate, is frequently used as the broad-spectrum substrate of human
UGTs for evaluating UGT-mediated drug interaction potentials [35]. However, UGT1A4 and
2B10 do not catalyze 4-MU glucuronidation, while UGT2B4 and 2B17 catalyze this reaction
at very low rates. Moreover, the Kn values for 4-MU glucuronidation by different human
UGTs span roughly three orders of magnitude, ranging from 8.0 uM to 4204 uM [36]. These
observations suggest that 4-MU is far from an ideal substrate for the human UGTs.
Simultaneous assessment of the inhibitory potentials and specificity of a tested compound
against human UGTs under identical conditions by using 4-MU as the substrate may yield
misleading results. Therefore, better practical approaches for screening and characterization
of inhibitors against a set of human UGTs are highly desirable.

This study reports a broad-spectrum substrate for the human UGTs and its applications for
screening and characterization of UGT inhibitors, as well as for reinvestigating the specificity
of known UGT inhibitors. Following screening a series of natural products bearing phenolic
group(s), methylophiopogonanone A (MOA), a naturally occurring homoisoflavonoid, can be
readily O-glucuronidated by all the tested human UGTs, including two typically
N-glucuronidating enzymes (UGT1A4 and 2B10). MOA is O-glucuronidated by mammalian
UGTSs to generate a single and stable mono-O-glucuronide, which can be detected by liquid
chromatography coupled with either a UV or mass spectrometry (MS) detector. We continued
to biosynthesize and purify the O-glucuronide in order to determine its structure by NMR,
since we wondered which of its two phenolic hydroxyls is conjugated by the enzymes.

Subsequently, MOA-O-glucuronidation kinetics by the commercially available human UGTs,



©CO~NOOOTA~AWNPE

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

liver and intestinal microsomes (HLM and HIM) were assayed. With the help of the purified
MOA-O-glucuronide, we constructed an LC-UV based UGT inhibition assay and a standard
curve for quantifying the formation rates of MOA-O-glucuronide. Such assay offers a
practical approach for discovery and characterization of small-molecule inhibitors against
human UGTs, while both the inhibition potency and the specificity of a tested compound

against human UGTSs can be assayed side-by-side under the same conditions.

2. Materials and Methods
2.1 Chemicals and Reagents

Methylophiopogonanone A, MgCly, nilotinib and magnolol were obtained from Meilun
Biotechnology Co., LTD (Dalian, China). Tris and HCI were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Polyethylene glycol hexadecyl ether (Brij 58),
uridine 5’-diphosphoglucuronic acid (UDPGA) trisodium salt and dimethyl sulfoxide were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Amentoflavone was obtained from
Chengdu Gelipu Biotechnology Co., Ltd (Sichuan, China). Fluconazole was purchased from
Tokyo Chemical Industry Co., Ltd (Tokyo, Japan). Pooled human liver microsomes (HLMs,
from 50 donors, Lot No. X008067), pooled human intestinal microsomes mixed gender
(HIMs, Lot No. X02801) were purchased from BioreclamationlVT (Baltimore, MD, USA).
The liver microsomes from different species including pooled male cynomolgus monkey
(CyLM, Lot No. CYJC), pooled male New Zealand rabbit (RaLM, Lot No. LM-XBT-02M),
pooled male ICR/CD-1 mouse (MLM, Lot No. STOM), pooled male Sprague-Dawley rat
(RLM, Lot No. JPXY), pooled male beagle dog (DLM, Lot No. DMXD) and pooled male
Yucatan minipig (PLM, Lot No. RUIB) were purchased from Research Institute for Liver
Diseases (RILD, Shanghai, China). Human recombinant UGT isoforms (including 1A1, -1A3,
-1A4, -1A6, -1A7, -1A8, -1A9, -1A10, -2B4, -2B7, -2B10, -2B15, -2B17) were obtained
from Corning (NY, USA). Ultrapure water was prepared by a Millpore-Q water-purification
system (Merck, Germany). All other reagents, such as acetonitrile, methanol and formic acid
were of HPLC grade or of the highest grade commercially available.
2.2 UGT reaction phenotyping assays

A panel of human UGTs was used to assign the key UGTs that were responsible for
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O-glucuronidation of the tested phenolic compounds [37, 38]. In brief, the incubation mixture
(200 uL) consisted of Tris-HCI buffer (50 mM, pH 7.4), MgCl (5 mM), human recombinant
UGT (0.05 mg/ml) and each of tested compound (100 uM). After pre-incubation at 37°Cfor 3
min, 10 pL UDPGA was added to start the reaction and the mixture was incubated for another
60 min, and then terminated by the addition of 200 pL ice-cold acetonitrile. The samples were
vortexed and centrifuged at 20,000 x g for 20 min and the supernatants were subjected for
LC-UV analysis.
2.3 ldentification of MOA-O-glucuronide using UPLC/Q-TOF-MS

Identification of MOA and its O-glucuronide was conducted on an LC system (Shimadzu,
Kyoto, Japan) coupled with a hybrid quadrupole orthogonal time-of-flight (Q-TOF) tandem
mass spectrometer (AB Sciex, Darmstadt, Germany) equipped with an atmosphere pressure
chemical ionization (ESI) ion source. The LC system was equipped with a SIL-20ACXR
autosampler, a DGU-20AR vacuum degasser, two LC-20ADXR pumps and a CTO-20A
column oven. Chromatographic separation was performed on a shim-pack VP-ODS column
(4.6 um, 150.0 mm x 2.1 mm, Shimadzu) at 40 °C. The mobile phase consisted of 0.1%
formic acid in ultrapure water (A) and acetonitrile (B), and the flow rate was 0.4 mi/min. The
gradient elution was 20-80% B from 0.01-7.00 min, maintaining 80% from 7.00-7.5 min,
80-20% from 7.50-8.00 min, keeping 20% from 8.00-9.50 min.

lonization of both MOA and MOA-O-glucuronide was operated under negative ion mode.
Other parameters of the mass spectrometer were set as follows, lon Spray Voltage (1S): -4500
V; Curtain Gas (CUR), nitrogen (35 psi), Collision Gas, medium; lon Source Gas 1 (GS1):
nitrogen (50 psi); lon Source Gas 2 (GS2): nitrogen (50 psi), Temperature (TEM): 450 °C.
The Collision Energy (CE) and Declustering Potential (DP) for analytes were -10 V and -80 V,
respectively. The MS data were recorded by AB Sciex Analyst Ver.1.6.3 software (AB Sciex,
USA) and processed by Peak View software (AB Sciex, USA).
2.4 Biosynthesis, purification and structural characterization of MOAG

Before structural characterization and quantitative analysis, the O-glucuronide of MOA
(MOAG) was biosynthesized and purified via reversed phase liquid chromatography (RPLC).
MOAG was biosynthesized using rabbit liver microsomes (RaLM) as the enzyme source,

since RaLM was easily available, inexpensive and displayed high conversion rate of MOA to
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MOAG (Figure 2). Briefly, the incubation mixture (total volume 150 mL) was consisted of
MOA (8.52 mg), Tris-HCI buffer (50 mM, pH 7.4), MgClz (5 mM), Brij 58 (0.1 mg/mg
protein), RaLM (0.8 mg/ml) and UDPGA (2 mM). After 5 min preincubation at 37 °C
UDPGA was added to start the reaction. The reaction was terminated by adding ice-cold
methanol (150 ml) after 6 h incubation at 37 °C. Following centrifuged at 20,000 xg, 4 °C for
20 min, the supernatant was collected, then evaporated and the precipitates were purified by a
preparative HPLC system using a reversed-phase column. Finally, the obtained purified
MOAG (8.0 mg, purity >98% as determined by LC-UV), as well as MOA, were dissolved in
methanol-d4 for structural characterization using Bruker 400 nuclear magnetic resonance
(NMR) spectrometer. The chemical shifts were recorded by *H NMR (400 MHz) and *3C
NMR (100 MHz), while tetramethylsilane (TMS) was used as the internal standard.
2.5 Quantification of MOA and its O-glucuronide by LC-UV

To quantify MOA and MOA 7-O-glucuronide (MOAG), a practical LC-UV based method
was developed and validated. MOA and MOAG were analyzed by an LC system (Shimadzu,
Japan) consisting of a CBM-20A system controller, two LC-30AD pumps, DGU-20A vacuum
degasser, SIL-20AC auto-injector, SPD-M20A UV detector and a CTO-20AC column oven.
A Shim-pack VP-ODS (4.6 um, 150.0 mm x 2.1 mm, Shimadzu) analytical column was used
to separate MOA and its O-glucuronide. The column temperature was maintained at 40 C.
Acetonitrile (A) and water with 0.2% formic acid (B) were used as the mobile phase at a flow
rate of 0.5 ml/min, and the gradient was as follow: 0.01-7.00 min, 80% B-20% B; 7.00-7.50
min, 20% B; 7.50-8.00 min, 20% B-80% B; 8.00-9.50 min, 80% B. The UV signals of MOA
and its O-glucuronidation were recorded at 300 nm. A signal to noise (S/N) ratio of 3:1 was
used to determine the limit of detection (LOD) of both MOA and MOAG. Calibration curves
were constructed individually by plotting signal response versus the twelve known
concentrations of MOA or MOAG. The inter-day and intra-day precision of this LC based
method were also assessed by analyzing the standard solutions of MOA (3.42 ng) and MOAG
(0.52 ng) within 24 h of three consecutive days. The overall precision was expressed using
relative standard deviation (%, RSD). The stability of MOA and MOAG was determined by
assaying samples before and after storage at 4 °C for 24 h or 48 h.

2.6 Enzymatic Kkinetic analyses
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The catalytic efficacy and kinetic parameters of MOA-7-O-glucuronidation in HIM, HLM
and 13 human recombinant UGTs were determined by using increasing concentrations of
MOA (1-400 uM). Eadie-Hofstee plots, Michaelis-Menten equation and the substrate
inhibition equation (Eqg. A for Michaelis-Menten, and Eqg. B for Substrate Inhibition) were
used for fitting the substrate concentrations with MOA-O-glucuronidation rates. Model fitting
and parameters estimation were performed by GraphPad Prism 7.0 software (GraphPad

Software, Inc., CA, USA).

_ Vmaxx[s]
Km+[S] (A)
Vmaxx[s]
V=7 ]
so+[S1(L+y) ®

where V is the MOA-O-glucuronidation rate, Vmax is the estimated maximum velocity, [S] is
the substrate concentration, Kmor Sso is the concentration of substrate at which the reaction
reaches the half of Vmax, and Ks; is the substrate inhibition constant.

For kinetic analyses, each point were tested at least three separate experiments, and the
data are expressed as the mean = SD (standard deviation). Kinetic parameters are reported as
parameters and the error in the curve fitting.

2.7 Reinvestigation of the selectivity of known UGT inhibitors

The inhibitory effects of four known UGT inhibitors, amentoflavone, nilotinib, magnolol
and fluconazole were reinvestigated by using MOA as the glucuronidation substrate. In brief,
the incubation system (200 pL, total volume) contained MgClz (5 mM), MOA, Tris-HCI
buffer (50 mM, pH 7.4), a recombinant human UGT (protein concentrations are given in
Table S2), and MOA in the absence or presence of either increasing concentration of
amentoflavone (a broad-spectrum inhibitor of human UGTSs), nilotinib (a specific inhibitor of
UGT1A1), magnolol (a potent inhibitor of UGT1A7-10) and fluconazole (a specific inhibitor
of UGT2B7) [39-43]. The concentrations of MOA were selected so that they will be below
the Km (Ss0) value of MOA for the target UGT (Table 2). After 3 minutes preincubation at
37 °C, the reaction was initiated by the addition of UDPGA (2 mM). The incubation times are
shown in Table S2. The resulting concentrations of MOA and MOA 7-O-glucuronide were

quantified by LC-UV as described above.
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2.8 Statistical analysis
Except where otherwise noted, each point was tested in triplicate and all data were
expressed as mean = SD. The Kj and ICso values were calculated by nonlinear regression

analysis using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, USA).

3. Results and Discussion
3.1. Discovery and identification of a broad-spectrum substrate for human UGTs

To find a broad-spectrum substrate for the human UGTs, more than 20 compounds bearing
phenolic group(s) have been collected and assayed for UGT reaction phenotyping, using a
panel of the 13 commercial recombinant human UGTs. As shown in Table S1, each of the
tested phenolic compounds can be O-glucuronidated by at least two human UGT enzymes,
while UGT1A4 and UGT2B10 that are mainly known to catalyze N-glucuronidation
activities [44, 45], displayed poor O-glucuronidation activities towards most, but not all of
tested phenolic compounds. Notably, methylophiopogonanone A (MOA), a naturally
occurring homoisoflavonoid, could be readily O-glucuronidated under physiological
conditions (pH 7.4 at 37°C) by all the tested human UGTs, including UGT1A4 and UGT2B10.
As depicted in Figure 1 & Figure 3, MOA could be readily catalyzed by each of the
commercially available human UGTs, as well as by the liver preparations from both human
and few other mammals, in the presence of UDPGA.

All the MOA glucuronidation reactions generated a single product peak (tr = 4.74 min)
which could be easily detected by liquid chromatography coupled with a UV or MS detector.
The mass spectra of MOA and its product peak (under negative ion mode) are depicted in
Figures S1 and S2. It is obvious that the quasi-molecular ion ([M-H]") of this product peak
was m/z 517.1379, increasing m/z 176 compared with the substrate MOA, which indicating
that this metabolite was a mono-O-glucuronide.[46, 47] Notably, this mono-glucuronide was
not detected in the negative control incubations without either UDPGA, MOA or enzyme
source (recombinant UGTs or microsomes), indicating that the formation of
MOA-O-glucuronide (MOAG) is UDPGA- and UGT-dependent.

As far as we currently know, MOA is the first compound that is readily glucuronidated by

all the main human UGTSs, the enzymes that are known to metabolize drugs and some
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endogenous compounds. Since the conjugation of MOA with a glucuronic acid from UDPGA
appears to follow the same mechanism as common O-glucuronidation reactions (see below),
the new discovery calls for further examination of the exact mechanism of N-glucuronidation
reactions. However, in this first study on MOA glucuronidation we took a different direction.
The first objective at this stage was to better characterize the glucuronide, not least since
MOA has two phenolic hydroxyls and we were interested to know which of them is
enzymatically conjugated. An important practical goal of this study was to establish how
useful MOA is as a general substrate for the human UGTs, including relative rates and
apparent affinity. The third and perhaps most applicable role of MOA-O-glucuronidation
could be as a new and central tool in a method for screening and testing new compounds for
their ability to inhibit any of the main human UGTs. To evaluate the degree of such inhibition,
in order to estimate possible harmful effects from it. We have examined and develop this
approach and validated its usefulness.
3.2 Biosynthesis, purification and identification of MOA-7-O-glucuronide

Considering that MOA bears two phenolic groups (at the C-5 and C-7 sites), it is necessary
to reveal which of them accepts the glucuronic acid moiety in the UGT-catalyzed reaction. To
this end, namely to determine the structure and glucuronidation site of MOA-O-glucuronide,
the mono-glucuronide was biosynthesized using liver microsomes from animals as the
enzyme sources. As shown in Figure 2, MOA could be readily O-glucuronidated by liver
microsomes from different animal species, including monkey, minipig, rabbit, mouse, rat and
dog. Among the tested liver microsomes, rabbit liver microsomes (RaLM) exhibited the
highest conversion rate (>90%) under the same conditions and was then used for the
biosynthesis of MOAG. Under the optimized conditions for MOAG biosynthesis by RaLM,
MOAG was biosynthesized at high conversion rate and subsequently purified by a
preparative HPLC system, using a reversed-phase column. Finally, 8.0 mg of MOAG (>98%
purity) was obtained, with the total yield of both biosynthesis and purification (combined)
was 62%.

Next, the chemical structure of MOAG was elucidated by *H NMR (600 MHz) and **C
NMR (125 MHz), using the NMR data of the substrate (MOA) as the reference. The chemical

shifts and NMR spectral signals for both MOA and MOAG were unambiguously assigned
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and were listed in Table 1. As shown in Table 1 and Figures S3-S6, in comparison with
MOA, six additional glucuronic acid carbon signals (6104.48, 675.9, 671.8, 675.5, 673.9,
0161.1) were observed, suggesting that a mono-glucuronic acid moiety was substituted in
MOA. The *C-NMR spectrum of this metabolite showed that the signal of C-7 was shifted
upfield (6159.2), while the signals of C-6 and C-8 were shifted downfield (6110.22 and
d111.69, for C-6 and C-8, respectively). Based on these findings, we inferred that the C-7
phenolic group (not the C-5 phenolic group) is the conjugation site. In addition, the results
demonstrate that the glucuronic acid moiety of MOA-7-O-glucuronide is in
S-D-configuration due to the featured chemical shift of G-1’ (6104.48) and the relatively large
coupling constant of the anomeric proton (6 7.7 Hz), which agrees well with the previous
reports regarding O-glucuronides [47-50].

In this study we went deeper than many researchers and did not stop at finding a new
compound that is glucuronidated by all the active UGTs. We biosynthesized relatively large
amount of the product glucuronide and purified it, both at high efficiency. Then the structure
of the glucuronide was solved by a combination of *H NMR and *C NMR, and the results
clearly show that of the two phenolic hydroxyls, only the C-7 phenolic group is conjugated,
while the C-5 phenolic group is not glucuronidated by human UGTs. It has been reported
previously that mammalian UGTs exhibit different regio-selectivity or site preferences even
among phenolic groups, such as ring A of hydroxy estrone and hydroxy estradiol, as well as
the different phenolic groups on the ring A of flavones [51, 52]. The regioselective
O-glucuronidation of the C-7 phenolic group can also be explained by the formation of an
intramolecular hydrogen bond between the C-5 phenolic group and C-3 carbonyl group,
which blocks the deprotonation of C-5 phenolic group (the first step for O-glucuronidation, a
classic SNa-reaction) and makes the hydrogen dissociation of the C-5 phenolic group more
difficult than that of the C-7 phenolic group [53, 54]. For MOA, our findings also suggested
that all tested human UGTs generate an identical mono-glucuronide and none appears to
conjugate at the C-5 phenolic group of MOA.

3.3 Development of an LC-UV based MOA-O-glucuronidation activity assay
It is clearly visible in Figure 2 that MOA (tr = 6.74 min) and MOAG (tr = 4.74 min) could

be well-separated by an ODS column (see Methods for chromatography and gradient details).
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The newly developed LC-UV based assay was fully validated in terms of specificity,
sensitivity, linearity, precision and stability. As shown in Figure 2, most polar endogenous
compounds in the UGT incubation samples could be eluted within the column dead-time
while no interfering peak from endogenous matrix (such as HLM and recombinant human
UGTSs) was found around either MOA or MOAG. The limit of detection (LOD) and the limit
of quantification (LOQ) were calculated as low as 0.09 ng, 0.45 ng and 0.11 ng, 0.42 ng for
MOA and MOAG, respectively (Table 3). After that, the calibration curves for both MOA
and MOAG were plotted, using increasing concentrations of purified MOA and MOAG
(Figure S7-S8). As shown in Fig. S7 & S8, both MOA and MOAG exhibited excellent
linearity (R?=0.9996) between the peak areas and the concentrations within the ranges of
0.09-855.86 ng and 0.11-1295.86 ng, respectively. The intra-day and inter-day variabilities of
this newly developed LC-UV assay were also investigated. As shown in Table 3, the relative
standard deviation (RSD) for quantification of the two analytes was less than 1.0 % and
1.5 %, for MOA and MOAG, respectively. In addition, stability assay demonstrated that both
MOA and MOAG are stable in the denaturation reaction mixture for 48 h (stored at 4°C).
These findings suggest that the newly developed LC-UV based assay is reliable, sensitive,
and suitable for measuring the rates of MOA glucuronidation, which provides a practical tool
for assaying the kinetics of MOA glucuronidation by each of the 13 recombinant human
UGTs. Meanwhile, such assay offers a practical approach for screening and characterization
of small molecule inhibitors against the human UGTs, while both the inhibition potency and
the specificity of a tested compound towards human UGTs can be assayed side-by-side under
the same conditions.
3.4 Enzyme kinetics of MOA Glucuronidation by human UGT enzymes

The enzyme kinetics of MOA-7-O-glucuronide formation by HLM, HIM and 13
recombinant human UGTs was carefully investigated and the derived kinetic parameters are
listed in Table 2. As seen in Figure 4, MOA-O-glucuronidation by HLM, HIM, UGT1A1,
-1A3, -1A4, -1A6, -1A7, -2B4, -2B7, -2B10, -2B15 and -2B17 followed Michaelis-Menten
Kinetics, results that are also supported by linear Eadie-Hofstee plots. On the other hand,
MOA-O-glucuronidation by UGT1A8, -1A9 and -1A10 displayed substrate inhibition

kinetics.
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All the tested human UGTs could catalyze MOA-O-glucuronidation at a relatively high
catalytic efficacy, with the Vmax values larger than or around 100 pmol/min/mg protein.
Among all the tested UGT enzymes, UGT1A8 and UGT1A9 exhibited particularly high
conversion rates, with Vmax values of 2664 + 694.4, and 1044 + 289.7 pmol/min/mg protein,
respectively. It may be noted, however, that direct correlation between the Vmax value of the
used recombinant UGT1A8 and the contribution of UGT1A8 in the native tissue, such as
HIM, is far from clear and might differ largely, up to a gross overestimation of the true
activity of intestinal UGT1A8 [14].

The Km values that were derived from the kinetic assays suggest that the binding affinity of
MOA is highest toward UGT1AL (Km = 4.69 + 0.77 uM), followed by UGT2B7 (Kn =8.72 +
1.45 uM), UGT1A7 (Km = 9.10 + 1.13 uM), UGT2B4 (Km = 9.69 + 1.20 uM), and UGT1A10
(Km = 10.37 £ 2.14 uM) (Table 2). As a result, UGT1A1 displayed the highest internal
clearance (CLint) for MOA (CLint= 122.60 puL/min/mg protein), followed by UGT1A8 (CLint=
86.61 puL/min/mg protein) and UGT1A9 (CLint = 50.48 pL/min/mg protein).

The results with the recombinant UGTs are clear, but those from HLM and HIM should be
looked at more carefully. HLM and HIM are not single enzymes, but mixtures of different
UGTs that are expressed to different levels, and each of these UGTs has its own enzyme
kinetics. With the exception of UGT1A9, many important hepatic UGTs, namely 1A1, 1A3,
1A4, 1A6, 2B4, 2B7, 2B10, 2B15 and 2B17 exhibited Michaelis-Menten kinetics in MOA
glucuronidation (Figure 4). It is thus not surprising that HLM, too, displayed
Michaelis-Menten kinetics. In the case of HIM the situation is somewhat more complicated
since not that many UGTs are expressed in the small intestine, and their expression level is
lower, explaining the lower Vmax value. Assuming that there are only 4 UGTs that are
expressed to considerable level [55], UGTs 1A1l, 1A10, 2B7 and 2B17, then one of them,
UGT1A10, displayed substrate inhibition Kinetics (Figure 4) with rather high activity (Table
2) even if the low activity commercial enzyme was used. Hence, it seems that the HIM curve
is a superposition of the high activity and low Ky value of UGT1ALl (Michaelis-Menten
kinetics), high activity and quite low K value of UGT1A10 (substrate inhibition kinetics),
quite low Kn, value of UGT2B7 (Michaelis-Menten kinetics) that has a lower glucuronidation

rate, and a high Kn value of UGT2B17 (Michaelis-Menten kinetics), that may compensate for
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lower rate by higher expression level in HIM [56]. This superposition may explain the
apparent Michaelis-Menten kinetics of HIM, but close look at the curve might reveal some
traces of substrate inhibition on top of it (Figure 4).

The kinetic analyses demonstrated that MOA is a good substrate for the human UGTs, and
this agent can be readily O-glucuronidated by all the tested human UGTs at a relatively high
catalytic efficacy. This observation inspired us to test if it is feasible to use MOA as a
molecular tool for simultaneous assessment of the inhibitory potentials and specificity of new
compound(s) of interest toward the 13 human UGTs under identical incubation and analytical
conditions.

3.5 Reinvestigation of the selectivity of four known UGT inhibitors

Following the findings described above, we used MOA to assess the inhibitory potentials
of UGT inhibitors, starting by reinvestigating the selectivity of known UGT inhibitors. Four
known UGT inhibitors, namely nilotinib (a specific inhibitor of the human UGT1Al),
magnolol (a potent inhibitor of UGT1A7-UGT1A10), fluconazole (a specific inhibitor of the
human UGT2B7) and amentoflavone (a potent broad-spectrum inhibitor of human UGTS),
were selected for the study. As shown in Figure 5 and Table 4, amentoflavone
dose-dependently inhibited MOA glucuronidation in all the tested recombinant human UGTs.
The results further revealed that among the tested 13 UGTs, amentoflavone is relatively a
weak inhibitor against UGT2B10-catalyzed MOA-7-O-glucuronidation (ICso = 37.4 uM),
while it clearly exhibited stronger inhibition toward the other human UGTs, with ICs values
ranging between 0.26 £ 0.04 uM and 5.66 + 1.78 uM (Table 4).

Nilotinib displayed potent inhibition of UGT1AL (ICso = 0.52 uM) and moderate inhibition
of UGT1A3 and UGT1A4 (ICso> 25 uM). These findings suggest that nilotinib is indeed a
rather specific inhibitor of UGT1A1, at least if used at low concentrations. By contrast,
magnolol displayed strong inhibition of UGT1A3, -1A4, -1A6 and -1A9 catalyzed
MOA-7-O-glucuronidation (ICso < 1 uM), as well as moderate inhibition of UGT1Al and
UGT1A10 catalyzing MOA-7-O-glucuronidation (ICso > 20 uM) (Figure 7). These findings
suggest that magnolol can strongly inhibit a panel of human UGT1As, and that its specificity
as an inhibitor is somewhat different than previously assumed [41]. The last reinvestigated

inhibitor in our set, fluconazole, only exhibited weak inhibition toward the human UGT2B7
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(ICs0 = 96.63 uM), which agrees well with the data in previous reports (shown in Figure S9)
[42].

The reinvestigation of known UGT inhibitors provided us a very good validation for the
new method, demonstrating that MOA is a good practical tool for simultaneous assessment of
the inhibitory potentials and specificity of tested compounds against the recombinant UGTs
that are most commonly used, under identical incubation and analytical conditions. Moreover,
it allows extension of the spectrum of UGTs that are examined in such studies, as both the
results of strong inhibition of UGT1A4-O-glucuronidation by magnolol and weak inhibition
of this reaction by nilotinib (Figures 6 and 7). Hence, we not only re-approved the known
inhibitions by these inhibitors, but also found that more UGTs than previously thought are

sensitive to some of them.

4. Conclusion

In summary, this study reports the discovery of methylophiopogonanone A (MOA) as a
novel broad-spectrum substrate for all the main human UGTSs, including UGT1A4 and
UGT2B10. Meanwhile, biosynthesis, purification and structural determination by NMR
revealed that the MOA glucuronidation product is MOA-7-O-f-D-glucuronide. A practical
LC-UV based method for UGT inhibition assays was developed by using MOA as a substrate.
Following kinetic assays of MOA-O-glucuronidation by all the recombinant UGTs, this
substrate was used for reinvestigating four known UGT inhibitors. The results demonstrated
the suitability of the new method for screening UGT and analyzing inhibitors under identical
assay conditions, as well as provided new insights into the inhibitor spectra of human UGTs.
Collectively, MOA is a broad-spectrum substrate for human UGTs, which offers a practical
tool for the discovery and characterization of potent or highly specific inhibitors of any

important human UGT.
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Figure and Table legends
Figure 1. Chemical structures and proposed mechanism of MOA and its 7-O-glucuronide.

Figure 2. Representative LC-UV profiles of MOA (tR = 6.74 min) and its 7-O-glucuronide

(tR = 4.74 min) in liver microsomes from different animal species and negative control

(without UDPGA, enzyme or MOA).

Figure 3. UGT reaction phenotyping assays of MOA 7-O-glucuronidation by using 13

various recombinant human UGT isoforms. Two substrate concentrations (10 uM & 100 uM)

were used. Data expressed as mean £ SD (n=3).

Figure 4. Enzymatic kinetics of MOA-7-O-glucuronidation in HLM (A), HIM (B) or

recombinant human UGT1A1 (C), -1A3 (D), -1A4 (E), -1A6 (F), -1A7 (G), -1A8 (H), -1A9

(1), -1A10 (), -2B4 (K), -2B7 (L), 2B10 (M), -2B15 (N) and -2B17 (O). Eadie-Hofstee plots

(V/S-V) are displayed as the insets. Data points represent the mean of triplicate independent
determinations, while the error bars represent the calculated S.D.(n=3).

Figure 5. Dose-inhibition curves of amentoflavone against human UGT1A1 (A), -1A3 (B),

-1A4 (C), -1A6 (D), -1A7 (E), -1A8 (F), -1A9 (G), -1A10 (H), -2B4 (1), -2B7 (J), 2B10 (K),

-2B15 (L), -2B17 (M) and the positive control (sorafenib) against human UGT1ALl catalyzed

MOA-7-O-glucuronidation. Data represent the mean £+ SD (n=3).

Figure 6. Dose-inhibition curves of nilotinib against human UGT1A1 (A), -1A3 (B), -1A4 (C)
and positive control (sorafenib) against human UGT1Al catalyzed

MOA-7-O-glucuronidation. Data represent the mean £+ SD (n=3).

Figure 7. Dose-inhibition curves of magnolol against human UGT1A1 (A), -1A3 (B), -1A4
(C), -1A6 (D), -1A7 (E) and -1A10 (F) catalyzed MOA-7-O-glucuronidation. Data represent
the mean + SD (n=3).

Table 1. Assignment of the chemical shifts of each proton and carbon signals of MOA and its
O-glucuronide.

Table 2. Kinetic parameters for MOA-7-O-glucuronidation in HLM, HIM and 13

recombinant human UGT enzymes.

Table 3. The linear range, LOD, Intra- and inter-day variability of the LC-UV based assay for
quantitative determination of MOA and MOAG.
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Table 4. ICso values of four known UGT inhibitors against 13 human UGTs by using MOA

as the substrate.
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Figure 1. Chemical structures and proposed mechanism of MOA and its 7-O-glucuronide.
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Figure 2. Representative LC-UV profiles of MOA (tr = 6.74 min) and its 7-O-glucuronide (tzr = 4.74 min)

in liver microsomes from different animal species and negative control (without UDPGA, enzyme or
MOA).
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Figure 3. UGT reaction phenotyping assays of MOA 7-O-glucuronidation by using 13 various
recombinant human UGT isoforms. Two substrate concentrations (10 pM & 100 uM) were used. Data
expressed as mean £ SD (n=3).
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Figure 4. Enzymatic kinetics of MOA-7-O-glucuronidation in HLM (A), HIM (B) or recombinant human
UGT1AL1 (C), -1A3 (D), -1A4 (E), -1A6 (F), -1A7 (G), -1A8 (H), -1A9 (1), -1A10 (J), -2B4 (K), -2B7 (L),
2B10 (M), -2B15 (N) and -2B17 (O). Eadie-Hofstee plots (V/S-V) are displayed as the insets. Data points
represent the mean of triplicate independent determinations, while the error bars represent the calculated
S.D.(n=3).
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Figure 5. Dose-inhibition curves of amentoflavone against human UGT1Al (A), -1A3 (B), -1A4 (C),
-1A6 (D), -1A7 (E), -1A8 (F), -1A9 (G), -1A10 (H), -2B4 (1), -2B7 (J), -2B10 (K), -2B15 (L), -2B17 (M)
and the positive control (sorafenib) against human UGT1Al-catalyzed MOA-7-O-glucuronidation. Data
represent the mean £+ SD (n=3).
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positive control (sorafenib) against human UGT1Al-catalyzed MOA-7-O-glucuronidation. Data represent
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Figure 7. Dose-inhibition curves of magnolol against human UGT1AL1 (A), -1A3 (B), -1A4 (C), -1A6 (D),
-1A7 (E) and -1A10 (F) catalyzed MOA-7-O-glucuronidation. Data represent the mean + SD (n=3).


javascript:;
javascript:;

Table

Click here to access/download;Table;Tables.docx %

Table 1. Assignment of the chemical shifts of each proton and carbon signals of MOA and its

7-O-glucuronide.

Position MOA MOA-7-0-G
8'H Mult (J in Hz) oC 8'H Mult (J in Hz) oC
1 4.10-4.31 (d, 7.1, 2H) 68.67 4.14-4.37 (d, 7,1, 2H) 68.7
2 49s 47.6 4.87s 46.9
3 -- 198.41 -- 199.9
4 -- 103.37 -- 104.0
5 -- 157.7 -- 157.7
6 -- 101.3 -- 110.22
7 -- 159.2 -- 158.8
8 -- 102.3 -- 111.69
9 -- 162.2 -- 161.1
11 2.69-3.12 (m, 2H) 32.25 2.68-3.13 (m, 2H) 32.17
13 5.94s 100.85 5945 100.87
15 -- 147.91 -- 147.92
16 -- 146.37 -- 146.42
17 6.72 (d, 1.7, 1H) 109.91 6.72 (d, 4.1, 1H) 108.94
18 -- 132.03 -- 131.78
19 6.76 s 121.85 6.75s 121.88
20 6.78 s 107.76 6.79 s 107.73
6°8’-CHs 2.0-2.01 (d, 5.7, 6H) - 2.12-2.16 (d, 3.0, 6H)
GI’ - - 4.76 (d, 7.7, 1H) 104.48
G2’ - - 3.58 (m, 1H) 71.8
G3’ - - 3.60 (d, 9.6, 1H) 75.5
G4’ - - 3.49 (d, 8.6, 1H) 73.9
G5’ - - 3.65 (M, 1H) 75.9
COOH -- -- -- 161.1
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Table 2. Kinetic parameters for MOA-7-O-glucuronidation in HLM, HIM

and 13 recombinant human

UGT enzymes.
Vmax Vimax/Km
Enzyme Km (Ss0) Ksi
(pmol/min/mg (nL/min/mg Kinetic mode
source (nM) (nM)
protein) protein)

HLM 2690 + 88.42 9.63 +1.17 279.33 - Michaelis-Menten

HIM 808.2 £19.94 3.14+£0.36 257.39 -- Michaelis-Menten
UGT1Al 575.0+26.35 4.69 +0.77 122.60 - Michaelis-Menten
UGT1A3 4238%10.75 27.22+3.01 15.57 -- Michaelis-Menten
UGT1A4 211.1+1135 34.11+5.34 6.19 - Michaelis-Menten
UGT1A6  252.3+1358  35.32+5.03 7.14 -- Michaelis-Menten
UGT1A7 191.6 £6.31 9.10+1.13 21.05 - Michaelis-Menten
UGT1A8 2664 +694.4  27.33+10.96 97.48 4.80 Substrate Inhibition
UGT1A9  1044+289.7 20.68+7.60 50.48 25.16 Substrate Inhibition
UGT1A10 488.4 +64.19 10.37+£2.14 47.1 23.88 Substrate Inhibition
UGT2B4 100.2 £ 2.43 9.28 + 0.86 10.80 - Michaelis-Menten
UGT2B7 161.1£9.37 8.72+1.45 18.47 -- Michaelis-Menten
UGT2B10 310.8+16.42  68.77 +8.94 4.52 - Michaelis-Menten
UGT2B15 583.2 £27.99 46.48 + 6.85 12.55 -- Michaelis-Menten
UGT2B17 264.2+15.16 94.99 +13.69 2.78 - Michaelis-Menten

Table 3. The linear range, LOD, intra- and inter-day variability of the LC-UV based assay for quantitative
determination of MOA and MOAG.

Intra-day (n = 3)

Inter-day (n = 3)

) Theoretical

LOD LOQ Linear . Measured RSD Measured RSD

Compound concentrati i
(ng) (ng) (ng) concentrati (%) concentra (%)

ons (ng) .
on (ng) tion (ng)

MOA 0.09 045 0.09-855.86 3.42 3.46 0.8 3.45 0.7
MOAG 0.11 042 0.11-1295.86 0.52 0.50 1.0 0.49 15




Table 4. ICso values of four known UGT inhibitors against 13 human UGTs by using MOA as the
substrate.

Enzyme —— 1Co0 (M)

Amentoflavone Nilotinib Magnolol Fluconazole
UGT1Al 0.26 + 0.04 0.52 £ 0.03 22.66 + 3.20 -
UGT1A3 0.41 +0.03 26.24 +0.03 0.54 £ 0.08 -
UGT1A4 1.99+0.52 25.63 £4.90 0.85+0.06 --
UGT1A6 3.78 £1.20 - 0.79+£0.13 --
UGT1A7 0.31+0.03 -- -- --
UGT1AS8 2.69 +0.35 - -- --
UGT1A9 5.66 +1.78 -- 0.42 £0.05 --
UGT1A10 0.81 +0.09 - 29.92 +£5.59 --
UGT2B4 2.65+0.40 -- -- --
UGT2B7 1.60+0.21 -- -- 96.63 £ 25.72
UGT2B10 37.4+7.15 - -- --
UGT2B15 2.61+0.40 -~ -- --
UGT2B17 2.68 +0.37 -- -- --

--: No inhibition or very weak inhibition (I1Cso >100 uM)
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