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Potent Inhibitors of the Human UDP-
Glucuronosyltransferase 2B7 Derived from the
Sesquiterpenoid Alcohol Longifolol

Ingo Bichlmaier,” Mika Kurkela,™ Tanmaya Joshi,” Antti Siiskonen,®
Tobias Riiffer,” Heinrich Lang,” Moshe Finel,”™ and Jari Yli-Kauhaluoma*®

The tricyclic sesquiterpenol (+)-longifolol served as a lead struc-
ture for the design of inhibitors of the human UDP-glucuronosyl-
transferase (UGT) 2B7. Twenty-four homochiral and epimeric
longifolol derivatives were synthesized and screened for their
ability to inhibit the enzyme. The absolute configuration at the
stereogenic center C1' was determined by X-ray crystallography
and 2D NMR spectroscopy (gHSQC, gNOESY). The phenyl-substi-
tuted secondary alcohol 16b (B-phenyllongifolol) displayed the

Introduction

The UDP-glucuronosyltransferases (UGTs, EC 2.4.1.17) belong to
the phase Il metabolic system of the human body and catalyze
the transfer of glucuronic acid (GlcA) from UDP-a-b-glucuronic
acid (UDPGIcA) to lipophilic endobiotics and xenobiotics. This
conjugation reaction is a major detoxification pathway, and
many drugs are metabolized by these enzymes." Eighteen
UGT isoforms belonging either to subfamily 1A or 2B have
been described,”” but merely seven UGT enzymes are assumed
to be involved in the conjugation of drugs.”! The single most
important UGT enzyme responsible for drug glucuronidation is
presumably UGT2B7, which catalyzes the glucuronidation of
~40% of drugs that are metabolized by UGT enzymes.”

Metabolic enzymes are commonly described to possess a
high degree of flexibility, or promiscuity, to depict their com-
plex and partly overlapping substrate selectivities.”! These en-
zymes apparently evolved to possess broad substrate selectivi-
ties so that they can detoxify a wide range of structurally dif-
ferent compounds.” The detailed reaction mechanism of the
enzymatic glucuronidation reaction has not been determined
to date, and the X-ray crystal structure of any of the UGT iso-
forms is yet to be resolved. However, the UGT-catalyzed conju-
gation reaction proceeds with inversion of configuration at the
anomeric carbon atom of GlcA to afford exclusively 3-p-glucur-
onides, and it is therefore assumed that the reaction resembles
the bimolecular nucleophilic substitution reaction (Sy2). Promi-
nent enzymes that stabilize the gas-phase transition state of
an S,2 displacement reaction are, for example, haloalkane de-
halogenase of Xanthobacter autotrophicus and S-adenosylme-
thionine synthetase.®

Isoform-selective and potent inhibitors of metabolic en-
zymes are important for pharmacokinetic studies in drug
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highest affinity toward UGT2B7, and its inhibitory dissociation
constant was 0.91 nm. The mode of inhibition was rapidly rever-
sible and competitive. The inhibitor was not glucuronidated by
UGT2B7 or other hepatic UGTs, presumably as a result of the
high steric demand exerted by the phenyl group. Inhibition
assays employing 14 other UGT isoforms suggested that inhibitor
16 b was highly selective for UGT2B7.

design and development.” Selective inhibitors can be used to
identify the enzymes responsible for the transformation of
drugs and can be applied to testing in human tissue. Further-
more, they can be used to elucidate drug-drug interactions
and for the detection of enzyme polymorphism.” Some inhibi-
tors of UGT enzymes have been described, but most of them
lack desirable levels of isoform selectivity and potency.” Even
transition state (TS) mimics for UGT enzymes have been pro-
posed.” However, these inhibitors lack the expected high affin-
ity and specificity levels that are commonly associated with TS
analogues. This is probably due to the shortfall to elucidate TS-
defining properties such as bond lengths, bond angles, and
electrostatic potential surfaces.!® Many attempts for the
design of UGT inhibitors and TS analogues were based on the
preparation of bisubstrate analogues by attaching a UDP-like
moiety to a lipophilic aglycone-like entity.""’ These approaches
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did not result in the development of either potent UGT inhibi-
tors or the derivation of applicable structure-activity relation-
ships that could be used for further inhibitor design.

However, a random-screening approach has recently shown
that hecogenin is presumably an isoform-selective inhibitor for
UGT1A4."? The design of UGT inhibitors based on rational
principles such as detailed structure-activity relationships em-
ploying whole series of compounds has been rarely conduct-
ed.

The design of potent and isoform-selective inhibitors for
UGT enzymes is challenging because no crystal structure of
any of the UGT enzymes has been resolved, and hence, com-
putational approaches to derive lead compounds cannot be
applied. Furthermore, the development of selective inhibitors
for UGT enzymes is difficult owing to their inherent overlap-
ping substrate selectivities, and only some isoform-selective
substrates for UGTs have been identified.” This lack of data
prevents the derivation of pharmacophores to develop iso-
form-selective lead compounds. Yet another obstacle in the de-
velopment of inhibitors is that common functional groups
which promote water solubility, such as hydroxy, amino, thiol,
and carboxy groups, serve as nucleophiles in the enzymatic
glucuronidation reaction. Therefore, inhibitors that possess
such chemical functionalities may turn out to be substrates.
Moreover, UGTs in general exert low affinities toward their sub-
strates, which renders it difficult to identify structural features
that result in high potency.”!

We have recently shown that the epimeric sesquiterpenols
cedrol, epicedrol, longifolol (1), and isolongifolol displayed
high affinities toward UGT2B7."® Furthermore, the rate of the
enzymatic glucuronidation reaction was significantly controlled
by steric and stereochemical features, whereas the affinities
were not influenced by these properties.™ These results might
therefore provide a rational approach for the design of inhibi-
tors by addressing steric and stereochemical features to turn
high-affinity substrates into true inhibitors. The tricyclic sesqui-
terpenol longifolol displayed a low inhibitory dissociation con-
stant of 23 nm, and it was therefore chosen as the lead com-
pound for this study. Twenty-four derivatives of longifolol were
synthesized and screened for their ability to inhibit the human
UGT2B7 (Figure 1).

Results and Discussion
Syntheses

Two sets of compounds were prepared from the common pre-
cursor (+)-longifolene,"™ and they possess the chiral tricy-
clo[5.4.0.0*°lundecane framework, which holds five asymmetric
carbon atoms at the positions 1, 2, 7, 8, and 9 in the tricyclic
scaffold (the numbering of the carbon atoms is displayed in
the Supporting Information). The first series comprised homo-
chiral homologous primary alcohols, carboxylic acids, and one
tertiary amine (Figure 1, compounds 1-8) to investigate the
effect of these functional groups on the affinity toward
UGT2B7 as a function of their distance from the hydrocarbon
tricycle. The second set of epimeric secondary alcohols bearing
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Figure 1. Homochiral and epimeric longifolol derivatives. The epimers that
eluted faster from the chromatography column are denoted by a, the
slower-eluting stereoisomers by b. All the faster-eluting compounds display
the same relative configurations as do the slower-eluting compounds, with
the exception of the tert-butyl derivatives 15a and 15b. For the latter, the
relative configuration is inversed (see below).

various lipophilic substituents of varying size at the stereogen-
ic center C1" was prepared to analyze the influence of the spa-
tial arrangement and the steric bulk of the substituents on the
inhibition levels.

The aldehyde 17 was an important precursor for the prepa-
ration of the longifolol derivatives (Scheme 1) and was conven-
iently synthesized by the use of 2-iodoxybenzoic acid (IBX) as
the oxidant,"® which afforded the aldehyde in quantitative
yield and high purity after aqueous workup. The diastereo-
meric B-hydroxy esters 9a and 9b were synthesized under
mild conditions by titanocene-promoted Reformatsky reaction,
employing ethyl bromoacetate and manganese, in excellent
yields.'"”? The use of zinc dust as a reducing agent caused by-
product formation, and the yields of the epimeric -hydroxy
esters were only moderate. The alkyl-substituted epimeric sec-
ondary alcohols 10a-16b were prepared by Grignard reaction
employing 5 equivalents of the corresponding Grignard re-
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Scheme 1. Reagents and conditions: a) IBX, DMSO, RT, 4 h, quantitative;

b) BrCH,CO,Et, Mn, Cp,TiCl,, THF, 0°C—RT, 19 h, 99% (crude product);

c) RMgX, Et,0 or THF, 0°C—RT, 0.5-2.5 h, 67-96 %; d) Ph;P=CHCO,Me,
CH,Cl,, reflux, 83% e) H,, Pd/C, EtOH, overnight, 96-98 %j; f) LiAIH,, THF,
0°C—RT, 1 h, 84-94%; g) NaOH, THF/water, 60 °C, overnight, 90-91 %;

h) TsCl, Et;N, DMAP, CH,Cl,, 0°C—RT, 18 h, 91%; i) NaCN, Nal, DMSO, 90°C,
21 h, 64 %; j) DIBALH, CH,Cl,, 0°C, 1 h, then NaBH,, MeOH, 0°C, 1 h, 83%

(2 steps); k) DIBALH, CH,Cl,, 0°C, 2 h, then [IrCl(cod)],, Me,NH, Et;SiH, 1,4-di-
oxane, 85°C, overnight, 61% (1 step); ) DIBALH, CH,Cl,, 0°C, then Ph;P=
CHCO,Me, CH,Cl,, reflux, 7 h, 79%; m) (iPr,0,P),CH,, NaH, THF, 0°C—RT,
overnight, 82%. DIBALH =diisobutylaluminum hydride, DMAP = 4-dimethyl-
aminopyridine.

agent (RMgX). If the Grignard reagent was used at <5 equiva-
lents, pronounced reduction of the aldehyde 17 occurred, and
longifolol (1) was obtained in yields up to 70%. In contrast, if
compound 17 was slowly added to a solution containing
5 equivalents RMgX, the side reaction was suppressed, and the
desired secondary alcohols were obtained in moderate to ex-
cellent yield. The steric demand of the alkyl substituent had a
significant influence on the yields of the epimeric secondary al-
cohols. The product ratio of the phenyl-substituted derivatives
16a and 16b was 9:1, whereas that of 12a and 12b was 2.7:1.
The formation of the tert-butyl-substituted derivative 15a in
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particular was highly favored over its epimer 15b because 15a
was obtained in significantly higher yield (81%) than 15b
(4.1%). All diastereomeric alcohols were readily separated by
flash chromatography, and the faster-eluting epimer was ob-
tained in higher yields in each case (the faster-eluting diaste-
reomers are denoted by a; Figure 1). Notably, the epimers of
the a series were always favored over the formation of the cor-
responding stereoisomers of the b series.

The homologous carboxylic acids 6 and 7 as well as the pri-
mary alcohols 3 and 4 were synthesized from the correspond-
ing aldehydes in three steps: 1) Wittig reaction, 2) Pd/C-cata-
lyzed hydrogenation, and 3) ester hydrolysis to the acids 6 and
7 or reduction with LiAlH, to the alcohols 3 and 4. The E/Z
ratio after Wittig reaction for the a,f-unsaturated ester 18 was
5:1, and that for 22 was 11:1. The tertiary amine 8 was pre-
pared by reductive alkylation using triethylsilane as the reduc-
ing agent in the presence of an iridium catalyst."® The use of
sodium cyanoborohydride or sodium triacetoxyborohydride as
reducing agents did not furnish the expected amine. Instead,
the corresponding alcohol 2 was isolated as the only product.
The syntheses of further homologous primary, secondary, and
tertiary amines failed as a result of the instability of the respec-
tive aldehydes, even though numerous protocols under vari-
ous reaction conditions were tested. The attempt to obtain
phosphonic acid derivatives from longifolylaldehyde (17) that
could serve as mimics of carboxylic acids failed due to quanti-
tative epimerization at C8." Thus, the epimerized a,-unsatu-
rated diisopropyl phosphonate 24 was the only product ob-
tained.

Stereochemistry

The absolute configuration at C1” in the secondary alcohols
12b and 14b was assigned by X-ray crystallography (Figure 2).
By conducting 1D and 2D NMR experiments—'H NMR,
3C NMR, gNOESY, gHMBC, gCOSY, and gHSQC—it became evi-
dent that the absolute configuration at C1’ could be deter-
mined by 'H-"*C gHSQC and "H-"H NOE correlations. In this re-
spect, it should be mentioned that the corresponding NOE cor-
relations were often difficult to assign due to signal overlap,
and therefore gHSQC analysis was found to be superior be-

Figure 2. ORTEP plot (50% probability level) of the molecular structures of
12b (right) and 14 b (left).
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cause all the signals were resolved (detailed data and sample
spectra are given in the Supporting Information).

The absolute configuration at C1" was assigned by compar-
ing the proton chemical shifts ("H NMR 6) of the endo-posi-
tioned H atom in position 6, designated endo-C6 H, and that of
the H atom at the bridgehead in position 9, C9H, of one secon-
dary alcohol to those of its respective epimer (Figure 3). NMR
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Figure 3. 'H-">C gHSQC correlation analysis. The 'H NMR ¢ values (ordinate)
and the *C NMR 9 values (abscissa) for C6H (4, 0) and CO9H (x, m) are
shown. The differences in the 'H NMR ¢ values enabled the determination
of the absolute configuration, which is in agreement with X-ray crystallo-
graphic data and NOE correlations (see Supporting Information). The data
for the epimers 15a and 15b are not displayed. Detailed gHSQC data along
with sample spectra are given in the Supporting Information.

analysis showed that when the hydroxy group was oriented
toward C9H, its '"HNMR & value was 2.32-2.55 ppm, whereas
the 0 value for endo-C6H was 1.49-1.79 ppm. In contrast,
when the hydroxy group was in proximity with endo-C6H, its
'H NMR ¢ value was 2.07-2.27 ppm, whereas that for COH was
1.34-1.96 ppm (Figure 3 and Supporting Information). These
differences were due to the close proximity of the hydroxy
group and the substituent R to either C9H or endo-C6H
(~2.50 A in the crystal structures), resulting in different chemi-
cal environments and distinct proton chemical shift values. The
carbon atoms C9 and C6 were readily identified because the
3C NMR 6 values were not significantly influenced by the spa-
tial arrangement of the substituents. The arrangement of C8 H
to C1'H was antiperiplanar in the epimeric alcohols (dihedral
angle ¢~171°) as can be observed from the crystal structures,
and consistently, the coupling constants determined from
'H NMR and gHSQC experiments were > 10 Hz (Supporting In-
formation).

However, the tert-butyl-substituted alcohol 15a displayed a
significantly smaller *J,,,, value of 3.5 Hz for C1'H and C8H. This
small *J,,,, indicated a significant deviation from the antiperipla-
nar orientation and stemmed presumably from an anticlinal ar-
rangement of C8H to C1'H (¢p~120°). In contrast, its epimer
15b displayed a 3J,, value of 11.0 Hz, indicating that the anti-
periplanar orientation was retained in this compound. The ab-
solute configuration at C1" and the spatial arrangement of the
substituents are proposed as displayed in Figure 4 based on
1D and 2D NMR analysis (Supporting Information).
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Figure 4. Proposed configuration at C1’ for 15a (left) and its epimer 15b
(right) based on 1D and 2D NMR analysis. NOE correlations for C1'OH, C1'H,
and C9H are displayed. The small 3J,,, value of 3.5 Hz indicated an anticlinal
arrangement of C1'H to C8H for 15a due to the steric demand exerted by
its bulky tert-butyl substituent. However, the antiperiplanar orientation is
presumably retained in its stereoisomer 15b (Jy,=11.0 Hz).

The steric hindrance exerted by the tricyclic hydrocarbon
framework results in highly impaired rotation along the C1'-C8
o bond. Hence, the spatial orientation of the hydroxy group
and the substituent R at C1’ is rather well defined. This confor-
mational restriction might be partly responsible for the great
differences in the measured 'H NMR ¢ values that allowed the
assignment of the absolute configuration at C1'. It is also note-
worthy that the epimer in which the hydroxy group was point-
ing toward endo-C6 H possessed a higher R; value than its cor-
responding stereoisomer and eluted from the chromatography
column first. In the case of the tert-butyl-substituted deriva-
tives 15a and 15b, however, compound 15b, in which the OH
group is pointing toward endo-C6H, had a smaller R; value
than 15a and eluted from the column later.

Inhibitory activity

The decrease in the rate of the UGT2B7-catalyzed estriol glu-
curonidation (% inhibition) in the presence of each longifolol
derivative was measured. The IC;, value was calculated from
this data and was applied to estimate the affinity for each ter-
penoid derivative toward the enzyme (Tables 1 and 2). Estriol
was chosen as the reference substrate because this steroid dis-
played simple Michaelis—-Menten kinetics without substrate in-
hibition, and the enzyme assays displayed good reproducibility.
Furthermore, estriol f-b-glucuronide was conveniently detect-
ed by fluorescence spectroscopy. The % inhibition exerted by
the substrate longifolol (1) was applied as a reference to indi-
cate high affinity. The competitive inhibition constant (K,) of
longifolol was previously determined by our research group to
be 23 nm."¥

Table 1 presents the results of the screening assays for the
homochiral derivatives shown in Figure 1. The IC5,“" values
ranged between 100 nm and 13 um, and some general trends
were observed. The introduction of hydrophilic and potentially
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Table 1. Inhibition levels exerted by the homochiral derivatives. Table 2. Inhibition levels exerted by the epimeric derivatives.
Compd Inhibition [%]" 15" [um]® Compd Inhibition [%]" ICso" [um]™®!
100 pm 10 um 1.0 um 0.1 um 100 pm 10 um 1.0 um 0.1 um

primary alcohols 9a 100 91 70* 14* 0.5

1 100 100 85 51* 0.1 9b 98 94 68* 16* 0.5

2 100 96 81* 27% 0.3 10a 98 29 87 47* 0.1

3 97 97 56* n 0.8 10b 100 98 92 63* 0.06

4 100 88 46* 10 1 1a 98 98 95 57* 0.08
11b 29 29 98 76* 0.03

carboxylic acids 12a 97 99 95 59* 0.07

5 98 93 69* 19* 0.4 12b 100 100 29 83* 0.02

6 100 92 48* 8 1 13a 100 97 95 72% 0.04

7 87 43* 10 0 13 13b 100 96 98 84* 0.02
14a 100 98 98 73* 0.04

tertiary amine 14b 100 98 97 91* 0.01

8 95 77* 24* 5 3 15a 96 81* 26* 0 3

—— - - 15b 98 92 63* 16* 0.6

[a] The % mhlb!tl.on was measured at a c.on.stant estriol cor|1centrat|on.of 16a 100 97 05 56+ 0.08

2.5 ].LM The |nh|b|.to.r concentrations ar(.-:‘ indicated. [b] IC5,““=[(100/%in- 16b 100 100 98 06* 0.004

hibition)—1]x [inhibitor]; 1Cs,™ determined from the value(s) marked by

an asterisk.”® The ICs, value of longifolol was previously determined [a] The % inhibition was measured at a constant estriol concentration of

(74 nm).3 25 uMm. The inhibitor concentrations are indicated. [b] IC5,%" = [(100/% in-
hibition)— 1] x [inhibitor]; 1Cs,™ determined from the value(s) marked by
an asterisk.? The ICs, value of longifolol was previously determined

n3l
charged substituents such as carboxy and amino groups result- (74 nw).

ed in lower affinities toward UGT2B7. Hence, these groups pre-
sumably did not exhibit significant attractive interactions
toward the binding site of UGT2B7 to promote affinity. The car-
boxylic acid 7 displayed the highest IC,,@" value (13 pm),
which is 13-fold higher than that of its alcohol derivative 4.
Moreover, the elongation of the side chain in both alcohol and
acid derivatives resulted in lower affinities toward UGT2B7.
This stemmed presumably from the higher flexibility of the
longer side chain leading to an increased entropy cost during
the formation of the enzyme-inhibitor complex. Hence, the al-
cohol 4 and the carboxylic acid 7 displayed the highest I1C,,"
values within the set of homologous alcohols and carboxylic
acids, respectively. The substrate longifolol (1) was the best in-
hibitor within the set of monofunctional derivatives. Therefore,
it was assumed that the OH group at C1’ promoted affinity
toward the enzyme.

To clarify whether or not the OH group at C1’ is crucial for
high affinity, various compounds were synthesized in which
this nucleophilic group was retained (Figure 2). For this study,
only lipophilic substituents were attached to the side chain of
longifolol owing to the observed low affinities, which resulted
from the introduction of hydrophilic substituents (Table 1). The
introduction of a second substituent to the diastereotopic C1’
in longifolol (1) resulted in two stereoisomers, which were re-
lated as epimers (Figure 2). The results of the screening assays
showed that lipophilic substituents increased the affinity
toward UGT2B7 because most of the compounds displayed
IC5,=" values <100 nm (Table 2). Only the p-hydroxy esters (9a,
9b) and the tert-butyl-substituted secondary alcohols (15a,
15b) exerted lower affinity than the reference compound long-
ifolol (1) within this set of epimers. The lower affinity exerted
by the derivatives 9a and 9b stemmed presumably from the
higher hydrophilicity of the polar ester group in comparison
with the highly lipophilic alkyl substituents. The significantly
lower affinity exerted by the derivatives 15a and 15b that pos-
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sess the bulky tert-butyl group was remarkable because the
isopropyl- (14a, 14b) and phenyl-substituted epimers (16a,
16b) displayed significantly lower 1C,@" values. Clearly, the
sterically demanding tert-butyl group induced repulsive inter-
actions toward the binding site of UGT2B7 that were not en-
countered during the formation of the enzyme complex with
the derivatives bearing isopropyl and phenyl groups.

Most of the epimers of each compound displayed highly
similar IC5,@" values, indicating that the spatial orientation of
the OH group and thus the configuration at C1’ had no signifi-
cant influence on the affinity toward UGT2B7. This finding was
consistent with our previously published results that the spa-
tial arrangement of the OH group has no effect on the forma-
tion of the protein-ligand complex.” However, the epimeric
secondary alcohols 16a and 16b displayed significantly differ-
ent affinities because the 1C,,“ value of 16b was 20-fold
higher than that of 16a. This might result from specific attrac-
tive lipophilic interactions between the phenyl group toward
the binding site of UGT2B7. Therefore, we concluded that the
spatial arrangement of the phenyl group had a significant
effect on the inhibition level, indicating a spatially defined in-
teraction between the inhibitor and the binding site of the
enzyme. In this respect, the phenyl-substituted derivative 16 b
was the best inhibitor (IC;,““=4nm) and was therefore
chosen for further studies.

The apparent high affinity of compound 16b toward the
binding site of UGT2B7 was confirmed by measuring its 1Cs,
value under the same conditions of the screening assay. The
IC5, of the phenyl-substituted derivative 16b was 6.3 nm (stan-
dard deviation (SD)=0.47, n=15; Clgse, =5.3-7.3), which was
in good agreement with the IC5, value (4 nm). Therefore,
compound 16b was a potent inhibitor of the UGT2B7-cata-
lyzed estriol glucuronidation. Due to its high affinity, the rever-
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sibility of inhibition was measured to determine whether or
not the compound was a tight-binding, slowly reversible inhib-
itor. The reversibility of inhibition was assessed according to
standard procedures by measuring the recovery of enzymatic
activity after a rapid and large dilution (Supporting Informa-
tion). The secondary alcohol 16b displayed the expected be-
havior of a rapidly reversible inhibitor, and standard assays
using initial rate measurements could be used for further ki-
netic studies.

The mode of inhibition—either competitive, uncompetitive,
noncompetitive, or mixed-type—was determined by measur-
ing the effects of the [SI/Kj, ratio of estriol on the apparent 1Cs,
values of the terpenoid alcohol 16b. The % inhibition exerted
by the competitive inhibitor longifolol (1) was employed as
control. As can be observed from Figure 5, the compound dis-

a)
1001

\,
T

% inhibition
w
?

T L LA |
0.05 05 5 50 500
[16b]/ nm

259 r75

50

uonigIyu! %

25

o1 1 10 100
[SVKm

Figure 5. Effect of the [S]/Ky, ratio of estriol on the ICs, value of 16b to de-
termine the mode of inhibition. Panel a) shows the data of each IC, deter-
mination. Panel b) displays the ICs, values of 16b as a function of the [SI/K),
ratio of the reference substrate estriol (r*=0.993, left ordinate, solid line, m).
The dashed line displays the results of the control assays using the competi-
tive inhibitor longifolol (1) at a fixed concentration of 0.10 um at each [SI/K,
ratio (right ordinate, ©). The mean and SD values are displayed: a) n=3, b)
n=15 for ICs, values; n=3 for control assays. The [S]/K ratios are plotted
on a logarithmic scale for clarity. Compound 16b displayed the expected be-
havior for a competitive inhibitor.

played competitive, active-site-directed inhibition because the
corresponding 1Cs, values increased linearly with increasing
concentration of the reference substrate estriol.

The competitive inhibition constant was measured to con-
firm the high affinity and the mechanism of inhibition exerted
by the inhibitor as indicated by the studies described above.
Furthermore, the K value of the secondary alcohol 16b was
determined to derive a kinetic parameter that is independent
of substrate concentration. The data were fitted by simultane-
ous nonlinear regression to the competitive, noncompetitive,
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mixed-type, and uncompetitive inhibition models, which were
ranked according to the corrected Akaike’s information criteri-
on (results not shown).”” Based on this analysis, the active-
site-directed, competitive inhibition model was chosen, and
the resulting K. was consistent with the expected value, which
was calculated from its I1Cs, (Cheng-Prusoff equation). The very
low K, value of 0.91 nm confirmed the high affinity of com-
pound 16 b toward UGT2B7 (Figure 6).

3.5
3.0
25
2.0 g
1.5
1.0
0.5

1

v/ nmol min~" mg

25 50 75 100 125
estriol / ym

Figure 6. Determination of the K, value of inhibitor 16 b assayed with
UGT2B7. The mean and SD values are shown (n=3). The K value for the
UGT2B7-catalyzed estriol glucuronidation was 0.91 nm (SD=0.071, n=72;
Clys,=0.76 to 1.0).

The inhibitor 16 b was employed to assess its inhibitory ac-
tivity toward the glucuronidation of structurally different sub-
strates of UGT2B?7. Its substrate-independent inhibition was as-
sessed by measuring the IC;, value of the secondary alcohol
16b towards five different substrates of UGT2B7, namely 1-
naphthol, 4-nitrophenol, scopoletin, epitestosterone, and 4-
methylumbelliferone. The measured ICs, values ranged from
3.4 to 6.3nm (SD< 11.3%, n=15) and confirmed that the high
inhibition exerted by 16b was independent of the substrate
employed.

It was determined that compound 16b was not conjugated
by UGT2B7 by conducting assays with [*CJUDPGIcA. The glu-
curonidation assays were carried out by using the enzyme at
high concentration (2.0 mgmL™") and an incubation time of
14 h in order to identify even small amounts of ['*C]B-p-glucur-
onide. The use of radiolabeled co-substrate was necessary due
to the low UV absorption of compound 16b. The results sug-
gested that the steric hindrance in the vicinity of the OH
group exerted by the bulky phenyl group prevented the
enzyme-catalyzed conjugation of the nucleophilic group. Other
hepatic UGT enzymes also did not conjugate the inhibitor be-
cause assays with human liver microsomes did not afford the
corresponding ["“CIB-p-glucuronide. These findings indicated
that 16 b was a true inhibitor of the enzyme. Interestingly, mo-
lecular modeling suggested that the phenyl-substituted deriva-
tive 16 b was unable to accommodate the GIcA moiety at its
hydroxy group due to the steric hindrance exerted by the
phenyl group in proximity to the bulky tricyclic scaffold (results
not shown).

The isoform selectivity was assessed by measuring the % in-
hibition exerted by compound 16b towards the glucuronida-
tion reaction catalyzed by 14 different UGT isoforms of subfam-
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ily 1A and 2B. Umbelliferone and 1-hydroxypyrene were
chosen as reference substrates because these compounds are
glucuronidated by many different UGT enzymes and can be
conveniently analyzed by fluorescence spectroscopy. The inhib-
itor 16b was employed at concentrations of 10, 25, and 50 pm,
which are significantly (>1000-fold) higher than its K, toward
UGT2B7. As can be observed from Figure 7, The phenyl group

100+

% inhibition

wdal

A1 A3 A4 A5 A6 A7 A8 A9 A10,B4 B7 B10B15B17 B28,
UGT1 UGT2

Figure 7. Inhibition of the UGT-catalyzed glucuronidation of umbelliferone
and 1-hydroxypyrene by compound 1 (white bars) and inhibitor 16 b (black
bars). The results for an inhibitor concentration of 25 um are displayed. The
mean and SD values are shown (n=4).

presumably had no effect on the isoform selectivity because
the % inhibition exerted by 16b was similar to that exerted by
longifolol (1). Furthermore, the results indicated that the inhibi-
tor 16b was highly isoform selective for UGT2B7. Most of the
UGT1A isoforms did not display any significant response to the
inhibitor. In contrast, the activity of the UGT2B isoforms was
decreased by approximately 30-70% by this high concentra-
tion of 16b. In addition to UGT2B7, which was completely in-
hibited, the UGT2B17-catalyzed glucuronidation reaction dis-
played the highest response to the inhibitors (~70% inhibi-
tion). The isoform 2B17 was therefore chosen to assess the
true selectivity of inhibitor 16b. The K. value of 16b for
UGT2B17 was 27.6 uM (SD=2.91, n =54, Clgss, = 23.1-32.0), and
the true selectivity (K.*"/K*®) of this inhibitor for UGT2B7
was therefore >20000. The large difference in the K values
was confirmed by measuring the inhibitory activity of 16b
toward the UGT2B7- and UGT2B17-catalyzed glucuronidation
of their common substrates 1-naphthol and 4-methylumbelli-
ferone (results not shown).

Conclusions

The presented results indicate that the phenyl-substituted
longifolol derivative 16b (B-phenyllongifolol) is a highly selec-
tive inhibitor of the UGT2B7-catalyzed glucuronidation reac-
tion.””! The apparent preferential inhibition of UGT2B7 is re-
markable considering the promiscuous character of metabolic
enzymes. The tricyclo[5.4.0.0*°Jundecane framework is presum-
ably responsible for the isoform selectivity. The tricyclic hydro-
carbon scaffold together with the phenyl group promote affini-
ty toward UGT2B7. Furthermore, the phenyl group increases
the steric hindrance in proximity of the hydroxy group to de-
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crease the accessibility to this nucleophilic functionality to pro-
hibit enzymatic glucuronidation. The hydroxy group presuma-
bly has no significant effect on the formation of the enzyme-
inhibitor complex, indicating that there is no significant attrac-
tive interaction to the binding site of UGT2B7. The OH group
merely promotes water solubility. Furthermore, the very low K
value of 0.91 nm is remarkable because UGTs are commonly
described as flexible enzymes that generally do not display
low dissociation constants. This low inhibitory dissociation con-
stant indicates specific attractive interactions toward the bind-
ing site of UGT2B7. Therefore, the formation of the encounter
complex seems to be controlled by mere hydrophobic interac-
tions.

Experimental Section

Materials. UDPGIcA (trisodium salt, CAS 63700-19-6), saccharic
acid-1,4-lactone (CAS 61278-30-6), estriol (CAS 50-27-1), scopoletin
(CAS 92-61-5), 4-methylumbelliferone (CAS 90-33-5), and epitestos-
terone (CAS 481-30-1) were obtained from Sigma (St.Louis, MO,
USA). 4-Nitrophenol (CAS 100-02-7), 1-naphthol (CAS 90-15-3), and
umbelliferone (CAS 93-35-6) were from Aldrich (Schnelldorf, Ger-
many). Radiolabeled [“CJUDPGIcA was acquired from PerkinElmer
Life and Analytical Sciences (Boston, MA, USA). HPLC-grade sol-
vents were used throughout the study. The recombinant human
UGTs were expressed as His-tagged proteins in baculovirus-infect-
ed insect cells as previously described.”? The cDNA for the human
UGT2B17 was a generous gift from Professor Peter Mackenzie (Flin-
ders University, Flinders Medical Centre, Bedford Park, South Aus-
tralia, Australia).

Syntheses. The procedures for the syntheses and the characteriza-
tion of the compounds are given in the Supporting Information.

X-ray crystal structures. Crystallographic data for the X-ray mea-
surements of 12b and 14b are given in the Supporting Informa-
tion. Data were collected on a Oxford Gemini$S diffractometer
(Cu, radiation, 1 =1.54248 A) at 100 K. All structures were solved
by direct methods (SHELXS-97)** and refined by full-matrix least-
squares methods against F? (SHELXL-97).** All non-hydrogen
atoms were refined anisotropically. All hydrogen atom positions,
except O-bonded hydrogen atoms in the case of 12b, were refined
using a riding model. The positions of O-bonded hydrogen atoms
of 12b were taken from the difference Fourier map and refined
isotropically. The absolute structures were determined with respect
to the Flack parameter.”®

Inhibitor screening. The % inhibition was measured at four inhibi-
tor concentrations (0.10, 1.0, 10, and 100 pum) using estriol as the
reference substrate (25 um). The reaction mixture consisted of
phosphate buffer (50 mm, pH 7.4), MgCl, (10 mm), and saccharic
acid-1,4-lactone (5.0 mm). The concentration of UGT2B7 was
0.10 mgmL~". Assays in the absence of inhibitor, blank runs in the
absence of co-substrate, and control assays employing longifolol
(1) were included in each assay. The enzyme reaction was initiated
by the addition of a solution of UDPGICcA to a final concentration
of 5.0 mm. The enzyme reactions were terminated after an incuba-
tion time of 15 min at 37°C by the addition of ice-cold perchloric
acid (4.0m) and transfer to ice. The mixtures were centrifuged
(16000 g, 10 min) and aliquots of the supernatants were subjected
to HPLC analysis. The results reflect a minimum of three replicate
determinations.
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IC;, values. The IC;, values of compound 16b were determined at
five concentrations bracketing its apparent ICs, value (0.10, 0.25,
1.0, 4.0, and 10xICy). Estriol was employed at six [S]/K), ratios (0.5,
1.0, 2.0, 5.0, 10, and 20). The reaction mixture consisted of phos-
phate buffer (50 mm, pH 7.4), MgCl, (10 mm), and saccharic acid-
14-lactone (5.0 mm). The enzyme UGT2B7 was wused at
0.10 mgmL™". Assays in the absence of inhibitor, blank runs in the
absence of co-substrate, and control assays using longifolol (1) at a
fixed concentration of 0.10 um were included at each [SI/Ky, ratio.
The enzyme reaction was initiated after a pre-incubation time of
5 min at 37°C by the addition of a solution of UDPGIcA to a final
concentration of 5.0 mM. The enzyme reactions were terminated
after an incubation time of 15 min at 37°C by the addition of ice-
cold perchloric acid (4.0 m) and transfer to ice. The mixtures were
centrifuged (16000 g, 10 min), and aliquots of the supernatants
were subjected to HPLC analysis. The data were analyzed by non-
linear regression applying the two-parameter Hill equation. The re-
sults reflect a minimum of three replicate determinations.

Testing for reversibility. UGT2B7 at a concentration of
50mgmL™" was pre-incubated in buffered solution (phosphate
buffer, 50 mm, pH 7.4) at 37 °C with a concentration of 16 b equiva-
lent to 10-fold its ICs,. After an equilibration time of 45 min, this
mixture was diluted 100-fold into reaction buffer (37 °C) containing
the reference substrate estriol (25 um), phosphate buffer (50 mm,
pH 7.4), UDPGIcA (5.0 mm), MgCl, (10 mm), and saccharic acid-1,4-
lactone (5.0 mm) to initiate reaction. The formation of glucuronide
was monitored every 2.5 min over 60 min by pipetting 100 pL of
the reaction buffer to a vial containing 10 puL perchloric acid
(4.0 m). The acidified mixtures were transferred to ice, centrifuged
(16000 g, 10 min), and aliquots of the supernatants were subjected
to HPLC analysis. Control assays in the absence of terpenoid alco-
hol were included. The results reflect a minimum of two replicate
determinations (Supporting Information).

Inhibitory dissociation constants. The K value for UGT2B7
(0.10 mgmL™") was determined at six estriol concentrations (2.5,
5.0, 10, 25, 50, and 100 pm), and the inhibitor 16b was employed
at three concentrations (1.0, 3.0, and 9.0 nm). The K. value for
UGT2B17 (0.15 mgmL™") was measured at six scopoletin concentra-
tions (25, 50, 100, 250, 500, and 1000 pum), and compound 16b
was used at concentrations of 10 and 25 um. Estriol assay: The
enzyme reactions were initiated after a pre-incubation time of
5 min at 37°C by the addition of a solution of UDPGIcA to a final
concentration of 5.0 mM. The enzyme reactions were terminated
after an incubation time of 15 min at 37°C by the addition of ice-
cold perchloric acid (4.0Mm) and transfer to ice. The mixtures were
centrifuged (16000 g, 10 min), and aliquots of the supernatants
were subjected to HPLC analysis. The results reflect a minimum of
three replicate determinations. Scopoletin assay: The enzyme reac-
tions were initiated after a pre-incubation time of 5 min at 37 °C by
the addition of a solution of UDPGICA to a final concentration of
5.0 mm. The enzyme reactions were terminated after an incubation
time of 10 min at 37°C by the addition of ice-cold perchloric acid
(4.0 m) and transfer to ice. The mixtures were centrifuged (16000 g,
10 min), and aliquots of the supernatants were subjected to HPLC
analysis. The results reflect a minimum of three replicate determi-
nations.

Testing for substrate-independent inhibition. The ICs, values of
inhibitor 16 b were determined by the use of five different refer-
ence substrates. The assay conditions were balanced using the
substrates at concentrations that resembled their K,, values for
UGT2B7: 1-naphthol (300 um, 0.20 mg protein mL™', incubation
time 20 min), 4-nitrophenol (500 um, 0.10 mg protein mL™", incuba-
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tion time 10 min), scopoletin (320 um, 0.10 mg protein mL™', incu-
bation time 10 min), epitestosterone (15 um, 0.25 mg protein mL™",
incubation time 20 min), and 4-methylumbelliferone (600 um,
0.20 mg protein mL™', incubation time 20 min). Compound 16b
was employed at five concentrations bracketing its ICs, value (0.10,
0.25, 1.0, 4.0, and 10xICs). The assays were carried out as de-
scribed above. The results reflect a minimum of two replicate de-
terminations.

Isoform selectivity. Umbelliferone (100 um) was used as the sub-
strate for the UGT isoforms 1A1 (0.15mgmL™"), 1A7

(0.15mgmL™"), 1A8 (0.11 mgmL™"), 1A9 (0.15mgmL~"), 1A10
(0.12mgmL™"), and 2B7 (0.10mgmL""). The UGTs 1A3
(040 mgmL™"), 1A4 (0.50mgmL™"), 1A5 (0.11mgmL™"), 1A6
(0.10mgmL™"), 2B4 (0.50 mgmL™"), 2B10 (0.26 mgmL™"), 2B15
(0.50 mgmL™), 2B17 (0.20 mgmL™"), and 2B28 (0.25 mgmL™") were

assayed using 1-hydroxypyrene (50 pum). Longifolol (1) and the in-
hibitor 16b were employed at concentrations of 10, 25, and
50 uM. The enzyme reactions were initiated after a pre-incubation
time of 5 min at 37°C by the addition of a solution of UDPGIcA to
a final concentration of 5.0 mm. Umbelliferone assays: The enzyme
reactions were terminated after an incubation time of 25 min at
37°C by the addition of ice-cold perchloric acid (4.0 M) and transfer
to ice. The mixtures were centrifuged (16000 g, 10 min), and ali-
quots of the supernatants were subjected to HPLC analysis. 1-Hy-
droxypyrene assays: The enzyme reactions were terminated after
an incubation time of 20 min at 37°C by the addition of ice-cold
aqueous ZnSO, (15% by weight), followed by acetonitrile, and
transfer to ice. The mixtures were centrifuged (16000 g, 10 min),
and aliquots of the supernatants were subjected to HPLC analysis.
The results reflect a minimum of four replicate determinations.

Glucuronidation assays. The formation of glucuronide was as-
sayed by the use of radiolabeled [CJUDPGIcA. A solution of
[CIUDPGIcA (400 uL, 196 mCimmol™', 0.02mCimL™" in EtOH/
water 7:1 v/v) was transferred to 2-mL vials, and the solvent was
evaporated in vacuo at room temperature. The residue was dis-
solved in reaction buffer (90 pL), which consisted of either UGT2B7
(2.0 mgmL™") or human liver microsomes (100 pg), MgCl, (10 mm),
phosphate buffer (50 mm, pH 7.4), and saccharic acid-1,4-lactone
(5.0 mm). A solution of inhibitor 16b (1.0 mm in 50-vol% DMSO/
water) was added to the reaction buffer to a final saturating con-
centration of 100 um (~5500x K, *®). After incubating for 14 h at
37°C, the reaction mixture was centrifuged (16000 g, 10 min), and
aliquots of the supernatants were subjected to HPLC analysis. Con-
trol assays in the presence of the substrate longifolol (100 um) and
blank runs were included. The detection limit (30 pmol, signal-to-
noise ratio=10:1) was determined by subjecting dilutions of reac-
tion buffer containing longifolol [*C]B-p-glucuronide to HPLC anal-
ysis. The results reflect a minimum of two replicate determinations.

HPLC methods. The HPLC system consisted of the Agilent 1100
series degasser, binary pump, autosampler, thermostat-controlled
column compartment, multiple-wavelength detector, and fluores-
cence detector (Agilent Technologies, Palo Alto, CA, USA). The re-
sulting spectra were analyzed with Agilent ChemStation software
(Rev B.01.01). Glucuronidation reaction products were separated
and detected as follows. Estriol [3-p-glucuronide: Hypersil BDS-C18
(150x4.6 mm, Agilent Technologies, Palo Alto, CA, USA); 35%
MeOH in phosphate buffer (50 mwm, pH 3.0); flow rate 1.0 mLmin™";
detection by fluorescence spectroscopy (A,=335nm, A=
455 nm); tz=4.2 min. 4-Nitrophenol {-p-glucuronide: Chromolith
SpeedROD (50x4.6 mm, Merck, Darmstadt, Germany); 15% aceto-
nitrile in phosphate buffer (50 mm, pH 3.0); flow rate 1.0 mLmin~';
detection by UV spectroscopy (1 =300 nm); t,=1.3 min. Scopoletin
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[-p-glucuronide: Chromolith SpeedROD (50% 4.6 mm); 10% MeOH
in phosphate buffer (50 mm, pH3.0); flow rate (gradient run)
0.8 mLmin™" (0.0 to 4.5 min), 0.8 mL—2.5 mLmin~" (4.5 to 5.0 min),
2.5 mLmin~' (5.0 to 11.0 min), 2.5—0.8 mLmin~' (11.0 to 12 min);
detection by fluorescence spectroscopy (A,=335nm, A=
455 nm); t;=4.2 min. Epitestosterone [-p-glucuronide: Chromolith
SpeedROD (50%x4.6 mm); 43% MeOH in phosphate buffer (50 mm,
pH 3.0); flow rate 2.0 mLmin™'; detection by UV spectroscopy (A=
246 nm); t;=5.9 min. 1-Naphthol B-p-glucuronide: Hypersil BDS-
C18 (150%x4.6 mm); 42% MeOH in phosphate buffer (50 mm,
pH 3.0); flow rate 1.0 mLmin™'; detection by fluorescence spectros-
copy (Aex=285nm, A, =335 nm); t;=4.9 min. Umbelliferone $-b-
glucuronide: Chromolith SpeedROD (50x4.6 mm); 15% MeOH in
phosphate buffer (50 mm, pH 3.0); flow rate 1.5 mLmin"'; detec-
tion by fluorescence spectroscopy (Ae=316 nm, A.,=382nm);
t=1.4 min. 4-Methylumbelliferone B-b-glucuronide: Chromolith
SpeedROD (50%x4.6 mm); 20% MeOH in phosphate buffer (50 mm,
pH 3.0); flow rate 2.0 mLmin~"; detection by fluorescence spectros-
copy (Aex=316 nm, A, =382 nm); tz=1.3 min. 1-Hydroxypyrene f3-
p-glucuronide: Hypersil BDS-C18 (150%x4.6 mm); 40% acetic acid
(0.5-vol %) in acetonitrile; flow rate 0.9 mLmin~'; detection by fluo-
rescence spectroscopy (Ao, =237 nm, A.,=388 nm); tz=2.3 min.
["*CIB-p-Glucuronides: Chromolith SpeedROD (50 x4.6 mm); gradi-
ent run 5% MeOH in phosphate buffer (50 mm, pH 3.0; 0.0 to
3.5 min), 5%—80% MeOH (3.5 to 8.0 min), 80% MeOH (8.0 to
13 min), 80%—5% MeOH (13 to 15min), 5% MeOH (15 to
20 min); flow rate 1.0 mLmin~"; retention time for longifolol [*CIp-
p-glucuronide 9.5 min; detection with a 9701 HPLC radioactivity
monitor (Reeve Analytical, Glasgow, Scotland).
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