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A set of 48 derivatives of the tricyclic sesquiterpenol alcohol isolongifolol was synthesized. The set comprised
homochiral and diastereomeric alcohols, amines, chlorohydrins, as well as carboxylic acids, phosphonic
acids, and their corresponding esters. The absolute configuration of the epimeric compounds was assigned
by 2D NMR experiments [gradient heteronuclear single quantum correlation (gHSQC) and gradient nuclear
Overhauser enhancement spectroscopy (gNOESY)] in agreement with crystallographic data. The tricyclic
derivatives were assessed as inhibitors of the human UDP-glucuronosyltransferase (UGT) 2B7. The phenyl-
substituted secondary alcohol26bwas the best inhibitor in this series and its competitive inhibition constant
was 18 nM. Compound26bwas not glucuronidated by UGT2B7 and other hepatic UGT enzymes, presumably
due to the high steric hindrance exerted by its bulky phenyl substituent. Its inhibitory activity toward 14
other UGT isoforms of subfamily 1A and 2B was determined, and the data indicated that the tricyclic
secondary alcohol26b was highly selective for UGT2B7 (true selectivity>1000).

Introduction

The UDP-glucuronosyltransferases (UGTs,a EC 2.4.1.17) are
important enzymes of the human phase II metabolic system.
These enzymes catalyze the transfer ofR-D-glucuronic acid
(GlcA) from UDP-glucuronic acid (UDPGlcA) to lipophilic
substrates bearing hydroxy, thiol, amino, sulfonamide, or
carboxy groups and even enolate moieties. This conjugation
reaction renders lipophilic endobiotics and xenobiotics more
water-soluble and stimulates their urinary and biliary excretion,
thus preventing their accumulation to harmful levels.1-3 Eighteen
isoforms belonging to either subfamily UGT1 or UGT2 have
been identified, seven of which are assumed to play major roles
in drug metabolism.4,5 Perhaps the single most important UGT
in drug glucuronidation is UGT2B7, whose activity may account
for the transformation of 40% of drugs that are metabolized by
UGT isoforms.5 UGTs are promiscuous enzymes that are
commonly described to possess a high degree of flexibility to
depict their complex and often overlapping substrate selectivi-
ties.6,7 This feature is assumed to be a defining property of
metabolic enzymes such as UGTs, cytochrome P450s, and
glutathione S-transferases. These enzymes apparently evolved

to possess broad substrate selectivities so that they can detoxify
a wide range of harmful compounds.

To date, the crystal structure of the membrane-bound UGTs
has not been resolved and the detailed reaction mechanism of
the enzymatic glucuronidation reaction is essentially unknown.
However, the biotransformation proceeds with inversion of
configuration at the anomeric carbon atom of GlcA to afford
exclusivelyâ-D-glucuronides. It is therefore assumed that the
transfer step is concerted and resembles the bimolecular
nucleophilic substitution reaction (SN2). Two examples for
enzyme-catalyzed SN2 reactions that display the defining
transition state with trigonal bipyramidal geometry and penta-
coordinate carbon are given by the haloalkane dehalogenase of
Xanthobacter autotrophicusand S-adenosylmethionine syn-
thetase.8,9 In contrast, members of the N-ribosyltransferase
family were shown to display an SN1-like mechanism, and
several very potent transition-state (TS) analogues for these
enzymes were developed.10,11

Some inhibitors of the UGT-catalyzed conjugation reaction
have been reported, but most of them lack desirable levels of
isoform selectivity and potency.12 Although TS analogues for
UGTs were proposed,13,14they did not display the high potency
that is generally associated with TS mimics.15 These inhibitors
should therefore not be considered as meaningful representations
of true TS mimics and could be better described as weak
bisubstrate analogues. The lack of potency of these compounds
is probably due to the shortfall to address TS-defining features
such as bond lengths, bond angles, and electrostatic potential
surfaces. In general, true TS analogues are designed on the basis
of kinetic isotope effects, computational approaches, and
crystallographic analysis, none of which has been conducted
for UGT enzymes to date.16 Therefore and despite various
attempts, it has been proven relatively unsuccessful to pursue
the design of inhibitors for UGT enzymes by merely attaching
a UDP-like entity to a lipophilic moiety.17,18Other attempts were
driven by random screening of commercially available com-
pounds and one screening approach led to the discovery of
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hecogenin as a potentially isoform-selective inhibitor of
UGT1A4.19 Approaches to develop inhibitors for UGT enzymes
based on rational design have been rarely conducted.

Isoform-selective and potent inhibitors for UGTs and other
metabolic enzymes are valuable tools for pharmacokinetic
studies in drug design and development. They facilitate the
identification of enzymes that are responsible for drug metabo-
lism and can be applied to testing in human tissue. Furthermore,
selective inhibitors can be used to elucidate drug-drug interac-
tions and for the identification of enzyme polymorphism.7

However, the design of isoform-selective inhibitors for UGTs
is difficult because these enzymes display overlapping substrate
selectivities and only a small number of selective substrates for
some UGT isoforms have been described.7 This lack of
specificity prohibits the derivation of pharmacophores for the
design of isoform-selective lead structures. In addition, UGT
enzymes generally display low affinities toward their substrates,
which renders it difficult to identify structural features that
promote high affinity.5 Yet another major obstacle is that the
most common functional groups in organic compounds that
promote water solubility, such as hydroxy, amino, thiol, and
carboxy groups, serve as nucleophiles in the enzymatic glucu-
ronidation reaction. Hence, the incorporation of such groups
bears the risk that the designed inhibitor turns out to be a
substrate. The development of potent inhibitors is also chal-
lenging because the X-ray crystal structure of any of the UGT
isoforms is yet to be resolved. This lack of crystallographic data
prevents the design of inhibitors by computational approaches.

The compounds in this study were synthesized from the
sesquiterpene (+)-longifolene,20 and they possess the intricate
tricyclo[5.4.0.02,9]undecane framework, which has attracted the
attention of synthetic chemists for decades and for which
numerous total syntheses have been reported [the structure of
(+)-longifolene is shown in the Supporting Information].21-23

Furthermore, the terpene has been used for the preparation of
dilongifolylborane, an effective chiral hydroborating agent,24 and
chiral longifolylferrocenes have been described.25 Biosynthesis
of the secondary metabolite longifolene was reported and a
recent study has investigated the promiscuous enzymeγ-hu-
mulene synthase that catalyzes the formation of a prodigious
52 distinct sesquiterpenes, among them longifolene, from the
common precursor (E,E)-farnesyl pyrophosphate.26,27 The tri-
cyclic sesquiterpene occurs in abundance in the Indian turpentine
oil, which is produced commercially from the oleoresin of
Himalayan pine,Pinus longifoliaRoxb. It is used in the perfume
industry owing to its woody odor and as a precursor for various
other scents.20 Despite the general interest of organic chemists
in the tricyclic terpene, its biological activity was rarely studied,
probably due to its low water solubility. In this respect,
longifolene was identified as a lipophilic pollutant discharged
from a Finnish pulp and paper mill and its potential aquatic
toxicity was assessed.28,29 Its biotransformation was reported
and one metabolite, a hydroxyaldehyde, was isolated from rabbit
urine.30 Longifolene was described to be active against Gram-
positive bacteria, various fungi, and epimastigotes ofTrypano-
soma cruzi, the causative agent of Chagas disease.31 Derivatives
such as oxime ethers were found to be active against the
mosquitoCulex quinquefasciatus, a vector for the West Nile
virus, and oxygenated metabolites were described as inhibitors
of butyrylcholinesterase.32,33

Our ongoing analysis of stereochemical events during the
enzyme-catalyzed glucuronidation reaction has recently shown
that diastereomeric tricyclic sesquiterpenoid alcohols display
high affinity toward UGT2B7. Furthermore, the rate of the UGT-

catalyzed reaction is significantly controlled by stereochemical
and steric properties. In contrast, the affinity toward UGT2B7
was not influenced by the stereochemistry of the employed
enantiomers and diastereomers.34-36 These findings provided a
rational approach to turn high-affinity substrates into potent
inhibitors by addressing stereochemical and steric features to
prevent enzymatic glucuronidation. Especially the substrate
isolongifolol (1) displayed high affinity toward UGT2B7, and
therefore, this compound was chosen as the lead compound for
this study. In this respect, two sets of isolongifolol derivatives
were synthesized. The first set comprised homochiral homolo-
gous monofunctional alcohols, carboxylic acids, phosphonic
acids, and tertiary amines to identify structural features that are
responsible for promoting affinity toward the enzyme (Figure
1). Phosphonic acids were included because it has not been
reported to date that phosphono groups are glucuronidated by
UGT enzymes. The second set consisted of bifunctional epimeric
secondary alcohols bearing various hydrophilic and lipophilic
functional groups (Figure 2). The epimers differed from each
other only in the configuration in the side chain, designated
C(1′) (the numbering of the derivatives is given in the
Supporting Information). Therefore, the influence of the spatial
arrangement of the hydroxy group and the lipophilic or
hydrophilic substituent on the inhibition level could be assessed.

Results and Discussion

The syntheses of the isolongifolol derivatives are described
in detail in the Supporting Information and only selected
synthesis steps are discussed herein. Isolongifolyl aldehyde32
was an important precursor for the syntheses of the various
compounds (compound numbers are given in Schemes 1 and 2
in the Supporting Information). However, the aldehyde32 was
unstable even when stored under inert argon atmosphere at-19
°C, and decomposition was also observed upon storage in vacuo.
After storage overnight, decomposition into numerous com-
pounds took place as observed by gas chromatography-mass
spectrometry (GC-MS), and the impurities accounted for ap-
proximately 20% of the initial pure aldehyde. Therefore, a
convenient and fast method for the preparation of32 was
developed by the use of 2-iodoxybenzoic acid (IBX) as the
oxidizing agent.37,38 The terpenoid aldehyde32 was obtained

Figure 1. Homochiral isolongifolol derivatives.
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in quantitative yield and high purity after aqueous workup
without need for further purification. In contrast, when aldehyde
32 was prepared by the use of Dess-Martin reagent or PCC,
purification by flash chromatography was necessary due to
byproduct formation. Owing to the fast and convenient protocol
with IBX, aldehyde32 was freshly prepared for subsequent
synthesis steps. Tertiary amine10was synthesized by reductive
alkylation from aldehyde32 by use of triethylsilane and an
iridium complex as catalyst.39 The use of sodium cyanoboro-
hydride and sodium triacetoxyborohydride as reducing agents
did not furnish the expected tertiary amine, since the aldehyde
32 was reduced under these conditions and the corresponding
alcohol1 was isolated as the only product.

The oxiranemep-39 was also an important precursor for the
preparation of the epimeric bifunctionalâ- andγ-hydroxyphos-
phonates and chlorohydrins. Its synthesis was accomplished
from aldehyde32 by the use of diiodomethane and methyl-
lithium.40 The bifunctionalâ- andγ-hydroxyphosphonates were
prepared by ring opening of the monosubstituted oxiranemep-
39 by phosphorus and carbon nucleophiles derived from
dialkylphosphites and methanephosphonates, in the presence of
boron trifluoride etherate.41 The monofunctionalR,â-unsaturated
alkyl phosphonates (E)-35 and (E)-37 were prepared from32
in a Wittig-type reaction by the use of tetraisopropyl methyl-

enediphosphonate and sodium hydride.42 The saturated alkyl
phosphonates36 and 38 were synthesized by Pd/C-catalyzed
hydrogenation of the olefinic double bonds of (E)-35 and (E)-
37, respectively.43 The ester bond in alkyl phosphonates was
cleaved by use of bromotrimethylsilane followed by hydrolysis
of the resulting silyl ester.42

The diastereomeric secondary terpenoid alcohols20a-26b
were prepared by Grignard reaction. Pronounced reduction of
the aldehyde was observed when the Grignard reagent was
employed at<5 equiv. In this case, isolongifolol (1) was
recovered in yields between 20% and 60%. In contrast, when a
solution of the aldehyde was dropped slowly into a solution
containing 5 equiv of Grignard reagent, the side reaction was
minimized and the desired secondary alcohols were obtained
in moderate to good yields. Increasing the amount of Grignard
reagent to>5 equiv did not further improve the yields. The
bifunctional â-hydroxy esters12a and 12b were synthesized
from 32 by titanocene-promoted Reformatsky addition in
excellent yields.44 Subsequent ester hydrolysis afforded the
correspondingâ-hydroxycarboxylic acids11aand11b, whereas
reduction of the ester group by LiAlH4 gave the corresponding
diols 18a and18b in high yields. It should also be mentioned
that some solid compounds could be additionally purified by
sublimation at relatively low temperatures (23-90 °C; Sup-
porting Information). The chlorohydrin derivatives19aand19b
sublimed slowly at room temperature (23°C), which was
observed when the compounds were dried in vacuo after
purification by flash chromatography.

The absolute configuration at C(1′) in the side chain of the
epimeric alcohols12b, 14a, 16a, 17a, 19b, 20a, 21b, and22a
was assigned by X-ray crystallography (Supporting Information).
However, by conducting 1D and 2D NMR experimentss1H
NMR, 13C NMR, gNOESY, gHMBC, gCOSY, and gHSQCs
it became evident that the absolute configuration at C(1′) could
be conveniently determined by1H-13C gHSQC correlation
analysis, consistent with crystallographic data (Figure 3).45

The absolute configuration at C(1′) was assigned by compar-
ing the proton chemical shifts (1H-δppm) of the H-atom in
position 9, designated C(9)H, and that of the H-atoms of the
methyl group at position 14, C(14)H, of one secondary alcohol
to those of its respective epimer. It was observed that when the
hydroxy group was pointing toward C(9)H, its 1H-δppm value
was∼2.30 ppm, whereas the1H-δppm for C(14)H was∼0.90
ppm. Vice versa, when the hydroxy group was in proximity of
C(14)H, its 1H-δppm value was shifted downfield to∼1.10 ppm,
whereas that for C(9)H was∼2.10 ppm (Figure 3 and Sup-
porting Information). These differences were due to the close
proximity of the hydroxy group and the substituent R to either
C(9)H or C(14)H (2.50-2.83 Å in the crystal structures)
resulting in different chemical environments and distinct1H-
δppm values. The1H-δppm of the endo-positioned C(10)H was
influenced accordingly, but the differences were in general not
as pronounced as those for C(9)H and C(14)H. The 13C-δppm

values were not significantly influenced by the spatial arrange-
ment of the substituents, thus facilitating identification of the
corresponding carbon atoms in the tricyclic scaffold. The
orientation of C(8)H to C(1′)H was antiperiplanar in the epimeric
alcohols (dihedral angleφ ) 168°-179°) as can be seen from
the crystal structures, and consistently, the coupling constants
determined from1H and gHSQC NMR experiments were∼10
Hz (Supporting Information). However, thetert-butyl-substituted
alcohol25adisplayed significantly smaller3JHH values of 2.70
Hz in CDCl3 and 2.10 Hz in DMSO-d6 for C(1′)H and C(8)H.
This small3JHH indicated a synclinal arrangement of C(8)H to

Figure 2. Epimeric isolongifolol derivatives.
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C(1′)H (φ ∼ 60°). Furthermore, gHSQC experiments revealed
that the1H-δppm values of C(14)H for the diastereomers25a
and25b were 1.00 and 1.07 ppm, respectively, indicating that
the OH group was in proximity to C(14)H in both epimers. The
1H-δppm values for C(9)H were small for both stereoisomers
(2.03 and 1.90 ppm), indicating that the OH group was distant
from C(9)H in both diastereomeric alcohols. The most signifi-
cant difference in the1H-δppmwas found for the endo-positioned
C(10)H, which was significantly smaller for25b (1.28 ppm)
compared to that for25a (2.08 ppm). This very large∆δppm of
0.80 ppm indicated that the OH group was close toendo-C(10)-
H in compound25bbut not in its epimer25a. NOE correlations
confirmed the proximity of C(1′)OH to both C(14)H andendo-
C(10)H in 25a. On the basis of these results, the structure and
the absolute configuration at C(1′) for the secondary alcohol
25a are proposed as displayed in Figure 4 (cf. Supporting
Information for a full account). The data showed that the epimer
25adeviated significantly in its spatial orientation of the hydroxy

group from the other diastereomeric derivatives due to the high
steric demand of itstert-butyl group.

The rotation along the C(1′)-C(8) σ-bond is impaired due
to steric hindrance exerted by the C(14)-methyl group on the
one side and theendo-C(10)H on the other side of the tricyclo-
[5.4.0.02,9]undecane scaffold. Therefore, the spatial orientation
of the hydroxy group at C(1′) is rather well defined. This highly
impaired rotation might be partly responsible for the great
differences in the measured1H-δppm values that allowed for the
assignment of the absolute configuration at C(1′) (vide supra).
It should also be mentioned that the secondary alcohols in which
the hydroxy group was pointing toward C(14) possessed higher
Rf values than their corresponding epimers and, therefore, eluted
from the chromatography column first. In the case of thetert-
butyl-substituted derivatives25a and25b, however, the com-
pound25b in which the OH group is pointing toward C(14)
had a smallerRf value than25aand eluted later from the column.

The affinity toward UGT2B7 was assessed by measuring the
reduction of the rate of the enzyme-catalyzed estriol glucu-
ronidation (% inhibition) in the presence of each isolongifolol
derivative. The IC50 was calculated from this data and was
applied to estimate the affinity for each terpenoid derivative
(Tables 1 and 2). Estriol was chosen as the reference substrate
because this steroid was conveniently detected by fluorescence
spectroscopy. In addition, estriol showed simple Michaelis-
Menten kinetics without substrate inhibition, and the enzyme
assays displayed good reproducibility. The percent inhibition
exerted by the substrate isolongifolol (1) was applied as a
reference to indicate high affinity. The competitive inhibition
constant (Kic) of isolongifolol (26 nM) was previously deter-
mined in our laboratory.36

Table 1 presents the results of the screening assays for the
monofunctional derivatives from Figure 1. The IC50

calc values
varied significantly (0.1-41µM) and some general trends were
observed. The introduction of hydrophilic substituents such as
carboxy, phosphono, and amino groups resulted in lower
affinities toward UGT2B7. This finding indicated that these
groups did not exert significant attractive interactions toward

Figure 3. Absolute configuration at C(1′), determined by1H-13C
gHSQC correlation analysis. The graph displays1H-δppm values
(ordinate) and13C-δppm values (abscissa) for C(9)H (×, 9) and C(14)H
(+, 0). Clear differences in the corresponding1H-δppm values enabled
the determination of the absolute configuration, in agreement with X-ray
crystallographic data. Small variations in the13C-δppm values facilitated
the identification of the C-atoms. Deuterated NMR solvents had no
significant influence on either13C-δppm or 1H-δppm (the graph displays
data from NMR experiments with CDCl3, DMSO-d6, and methanol-
d4). The smallest1H-δppm value for both C(9)H and C(14)H was
measured for the phenyl-substituted epimeric alcohols26a and 26b,
revealing the highly shielding character of the phenyl group. Data for
epimers25a and25b are not displayed. Detailed gHSQC data along
with sample spectra are given in the Supporting Information.

Figure 4. Proposed structure for compound25abased on 1D and 2D
NMR experiments. NOE correlations for C(1′)OH and C(1′)H are
shown.

Table 1. Inhibition Levels Exerted by Monofunctional Derivatives

% inhibitiona

compd 100µM 10 µM 1.0 µM 0.10µM IC50
calcb (µM)

Primary Alcohols
1c 100 99 92 45* 0.1
2 97 92 68* 15* 0.5
3 100 97 54* 11 0.9
(E)-3 100 94 56* 15 0.8
(Z)-3 100 92 60* 14 0.7
4 96 79* 32* 0 3

Carboxylic Acids
5 99 90 57* 9 1
6 96 82* 39* 0 2
(E)-6 98 78* 29* 5 3
(Z)-6 98 73* 23* 0 3
7 82* 39* 9 0 16

Phosphonic Acids
8 92 45* 11 0 12
(E)-8 89 55* 7 0 8
9 76* 21* 0 0 32
(E)-9 71* 27* 0 0 41

Tertiary Amine
10 91 65* 14* 0 5

a Percent inhibition was measured at a constant estriol concentration of
25 µM. The inhibitor concentrations were 0.10, 1.0, 10, and 100µM.
b IC50

calc ) [(100/% inhibition) - 1] × [I]. The value(s) used for the
calculation is (are) indicated by the asterisk.46 c The IC50 of isolongifolol
(1) was previously determined (97 nM).36
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the binding site of UGT2B7 and therefore did not promote
affinity. In this respect, the phosphonic acid derivatives exerted
the lowest inhibition levels and (E)-9 displayed the highest
IC50

calc of 41 µM. Also, elongation of the side chain resulted in
lower affinity for both alcoholic and acidic derivatives. This
stemmed presumably from the higher flexibility of the longer
side chain, leading to an increased entropy cost during formation
of the enzyme-inhibitor complex. Accordingly, alcohol4 and
carboxylic acid7 displayed the highest IC50

calc values within
the sets of homologous alcohols and carboxylic acids, respec-
tively. Introduction of olefinic double bonds and the resulting
geometric isomerism had no significant influence on the affinity
because the saturated derivatives3, 6, 8, and 9 displayed
affinities that were comparable to those of their corresponding
unsaturated analogues (E)-3, (Z)-3, (E)-6, (Z)-6, (E)-8, and (E)-
9. On the basis of these results, it was concluded that there were
no attractive interactions between carboxy, phosphono, and
amino groups to the binding site of UGT2B7. The substrate
isolongifolol was the best inhibitor within the set of monofunc-
tional derivatives. Therefore, it was anticipated that the OH
group at C(1′) promoted affinity toward the enzyme.

To test whether the spatial orientation of the OH group at
C(1′) is crucial for high affinity, various compounds were
synthesized in which this nucleophilic group was retained
(Figure 2). The introduction of a second substituent to the
diastereotopic C(1′) in isolongifolol (1) resulted in two stere-
oisomers, which were related as epimers. The results of the
affinity assays for the epimeric derivatives are displayed in Table
2. The â-hydroxycarboxylic acids, as well as theâ- and
γ-hydroxyphosphonic acids, displayed the lowest affinities
toward UGT2B7. Furthermore, the IC50

calc values of these
epimericâ- andγ-hydroxy acids11a, 11b, 13a, 13b, 15a, and
15b were highly similar to those of the respective monofunc-
tional derivatives. This indicated that the hydroxy group had
no significant influence on the inhibition level. Hydroxy esters
12a, 12b, 14a, 14b, 16a, 16b, 17a, and 17b displayed 1.3-
9.3-fold higher affinities toward the enzyme than their respective
free acids. This might indicate that lipophilic interactions toward
the binding site are favored in agreement with the results for
the monofunctional derivatives. In this respect, carboxylic acid
esters12a and 12b displayed smaller IC50

calc values than the
phosphonic acid esters. Also, diols18a and 18b, as well as

chlorohydrins19aand19b, exerted high inhibition levels. The
alkyl, vinyl and aryl-substituted derivatives20a-26bdisplayed
in general high affinities as indicated by IC50

calc values below
1 µM. Therefore, it was concluded that lipophilic substituents
promote affinity toward UGT2B7. It is noteworthy that the
epimers of all compounds displayed highly similar IC50

calcvalues
and it was concluded that the spatial arrangement of the hydroxy
group had no effect on the inhibition level.

The best inhibitor was26b, which displayed a slightly lower
IC50

calc than isolongifolol (1). This indicated that the phenyl
group did not significantly contribute to the affinity toward the
enzyme. It was therefore concluded that the high affinity
stemmed predominantly from hydrophobic interactions between
the tricyclic hydrocarbon scaffold and the binding site of the
enzyme. However, UGT2B7 was able to accommodate even
the bulky phenyl group without loss of affinity. Accordingly,
derivatives25aand25b bearing the sterically demandingtert-
butyl group also exerted high affinity levels. In this respect,
the deviant spatial orientation of the hydroxy group in secondary
alcohol25adid not result in lower affinity toward the enzyme.

Inhibition of the UGT2B7-catalyzed glucuronidation reaction
exerted by compound26b was assessed by measuring its IC50

value to confirm the apparent high affinity as indicated by the
screening assays. This analysis showed that the phenyl-
substituted derivative was a potent inhibitor of the UGT2B7-
catalyzed estriol glucuronidation as expressed by its low IC50

value of 54 nM (standard deviation) 3.9, n ) 18; CI95% )
49.2-58.7 nM), which was in good agreement with the IC50

calc

determined from the screening assays (70 nM). Due to its high
affinity, the reversibility of inhibition was measured to determine
whether or not the compound was a tight-binding, slowly
reversible inhibitor. The reversibility of inhibition was assessed
according to standard procedures by measuring the recovery of
enzymatic activity after a rapid and large dilution (Supporting
Information). The data showed that the sesquiterpenoid alcohol
26bwas a rapidly reversible inhibitor, and standard assays using
initial rate measurements could be used for further kinetic
studies.

The mode of inhibitionseither competitive, uncompetitive,
noncompetitive, or mixed-typeswas determined by measuring
the effects of the [S]/Km ratio of estriol on the apparent IC50

values of the terpenoid alcohol26b.46 As can be seen from

Table 2. Inhibition Levels Exerted by Bifunctional Derivatives

% inhibitiona % inhibitiona

compd 100µM 10 µM 1.0 µM 0.1 µM IC50
calcb (µM) compd 100µM 10 µM 1.0 µM 0.1 µM IC50

calcb (µM)

Epimericâ- andγ-Hydroxy Acids and Esters
11a 98 87 53* 12 0.9 11b 97 89 51 9 1
12a 100 93 72* 26* 0.4 12b 99 94 76* 23* 0.3
13a 81* 36* 8 0 18 13b 90 43* 10 0 13
14a 91 49* 8 0 10 14b 89 51* 11 0 10
15a 78* 28* 6 0 28 15b 83* 36* 7 0 18
16a 99 75* 21* 4 3 16b 95 73* 20* 0 4
17a 94 68* 15* 0 5 17b 91 70* 27* 0 4

Epimeric Diols and Chlorohydrins
18a 96 96 82* 38* 0.2 18b 99 98 79* 24* 0.3
19a 100 99 88* 36* 0.2 19b 97 98 84* 29* 0.2

Epimeric Alkyl, Vinyl and Aryl-Substituted Alcohols
20a 100 93 66* 13 0.5 20b 94 95 59* 11 0.7
21a 100 99 82* 35* 0.2 21b 95 97 66* 23* 0.5
22a 95 98 79* 27* 0.3 22b 99 94 63* 20* 0.6
23a 100 91 74* 31* 0.4 23b 100 100 81* 29* 0.2
24a 99 89 72* 17* 0.4 24b 96 96 70* 19* 0.4
25a 99 90 57* 14 0.8 25b 94 98 88* 39* 0.2
26a 99 86 53* 24 0.9 26b 100 97 94 60* 0.07

a Percent inhibition was measured at a constant estriol concentration of 25µM. The inhibitor concentrations were 0.10, 1.0, 10, and 100µM. b IC50
calc )

[(100/% inhibition)- 1] × [I]. The value(s) used for the calculation is (are) indicated by the asterisk.46
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Figure 5, the compound displayed competitive, active-site-
directed inhibition because the corresponding IC50 values
increased linearly with increasing concentration of the reference
substrate estriol.

The competitive inhibition constant (Kic) of the secondary
sesquiterpenoid alcohol26b was determined in order to derive
a kinetic parameter that is independent of the substrate
concentration. Furthermore,Kic was measured to confirm the
high affinity and the mechanism of inhibition displayed by the
tricyclic alcohol as indicated by the studies described above.
The resulting data were fitted by simultaneous nonlinear
regression to the competitive, noncompetitive, mixed-type, and
uncompetitive inhibition models, which were ranked according
to Akaike’s corrected information criterion (results not shown).
On the basis of this analysis, the active-site-directed, competitive
inhibition model was chosen and the resultingKic was in good
agreement with the expected value, which was calculated from
its IC50 (Cheng-Prusoff equation; cf. Supporting Information).
The very lowKic of 18.4 nM confirmed the high affinity of
compound26b toward UGT2B7 (Figure 7A).

It was determined that the alcohol26b displayed similar
affinity levels independent of the substrate used. The substrate
independence was assessed by measuring the IC50 of the
secondary sesquiterpenoid alcohol26b toward five different
substrates of UGT2B7, namely, 1-naphthol, 4-nitrophenol,
scopoletin, epitestosterone, and 4-methylumbelliferone. The
measured IC50 values ranged from 47 to 79 nM (standard
deviation<8.7%,n ) 15) and confirmed that the high inhibition
exerted by26b was independent of the substrate employed.

Glucuronidation assays using [14C]UDPGlcA revealed that
the secondary alcohol26bwas not glucuronidated by UGT2B7
at detectable rates and was therefore a true inhibitor of this

enzyme. The glucuronidation assays were conducted with the
enzyme at a high concentration of 2.0 mg of protein mL-1 and
an incubation time of 16 h in order to identify even small
amounts of [14C]â-D-glucuronide. The radioactive labeled co-
substrate was used due to the low UV absorption of compound
26b. The results suggest that steric hindrance in the vicinity of
the hydroxy group exerted by the bulky phenyl group prevented
enzyme-catalyzed conjugation of the nucleophilic group. Also,
other hepatic UGT enzymes did not conjugate the inhibitor
because assays with human liver microsomes did not produce
the corresponding [14C]â-D-glucuronide. Interestingly, molecular

Figure 5. Determination of the mode of inhibition by measuring the
effect of [S]/Km ratio on IC50. (A) Data for each IC50 determination;(B)
IC50 values for26b as a function of the [S]/Km ratio of the reference
substrate estriol (r2 ) 0.987, left ordinate). (---) Results of the control
assays (% inhibition) employing isolongifolol (1) at a fixed concentra-
tion of 0.10µM at each [S]/Km ratio (right ordinate). The mean values
and the standard deviations are displayed (panel A,n ) 3; panel B,n
) 15 for IC50 values,n ) 3 for control assays). [S]/Km ratios are plotted
on a logarithmic scale for clarity. Compound26bdisplayed the expected
behavior for a competitive inhibitor.

Figure 6. Inhibition of the UGT-catalyzed glucuronidation of umbel-
liferone and 1-hydroxypyrene by compound1 (open bars) and inhibitor
26b (solid bars). Mean values and standard deviations are shown (n )
4). The inhibitors were employed at a high concentration of 25µM,
which corresponds to more than 1000Kic for UGT2B7. In addition to
UGT2B7, which was completely inhibited, the isoform 2B17 displayed
the highest response and was therefore chosen to assess the true
selectivity of inhibitor26b. The phenyl group had presumably no effect
on the isoform selectivity because the percent inhibition exerted by
26b was similar to that exerted by isolongifolol (1).

Figure 7. Determination ofKic for inhibitor 26bassayed with UGT2B7
(A) and UGT2B17 (B).Kic for the UGT2B7-catalyzed estriol glucu-
ronidation was 18.4 nM (standard deviation) 1.51,n ) 90; CI95% )
15.3-21.4 nM), which was assayed at inhibitor concentrations of 0.020,
0.10, 0.5, and 2.5µM. Kic for the UGT2B17-catalyzed scopoletin
glucuronidation was 21.8µM (standard deviation) 1.46,n ) 54; CI95%

) 18.9-24.7 nM) and was measured at inhibitor concentrations of 10
and 25µM (inhibitor concentrations>25 µM resulted in solubility
problems at high scopoletin concentrations). The true selectivity (Kic

2B17/
Kic

2B7) was >1000; formation of the UGT2B7/26b complex was
therefore more than 1000-fold favored over formation of the UGT2B17/
26b complex.
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modeling showed that the phenyl-substituted derivative26bwas
not able to accommodate the GlcA 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).

Isoform selectivity was assessed by measuring the percent
inhibition exerted by compound26b toward the glucuronidation
reaction catalyzed by 14 different recombinant human UGT
isoforms of subfamilies 1A and 2B. Umbelliferone and 1-hy-
droxypyrene were chosen as reference substrates because these
compounds are glucuronidated by many different UGT enzymes
and can be conveniently analyzed by fluorescence spectroscopy.
The inhibitor26b was employed at a concentration of 25µM,
which was significantly higher than itsKic for UGT2B7 (>1000-
fold). The results indicated that inhibitor26b was highly
isoform-selective for UGT2B7 (Figure 6). Most of the UGT1A
isoforms did not display any significant response to the inhibitor.
In contrast, the activity of the UGT2B isoforms was reduced
by approximately 30-70% by this high concentration of26b.
In addition to UGT2B7, which was completely inhibited, the
UGT2B17-catalyzed glucuronidation reaction displayed the
highest response to the inhibitors (∼70% inhibition). Isoform
2B17 was therefore chosen to assess the true selectivity of
inhibitor 26b. The Kic value of 26b for UGT2B17 was 21.8
µM, and the true selectivity (Kic

2B17/Kic
2B7) of this inhibitor for

UGT2B7 was therefore>1000 (Figure 7). The large difference
in Kic values was confirmed by measuring the inhibitory activity
of 26b toward the UGT2B7- and UGT2B17-catalyzed glucu-
ronidation of their common substrates 1-naphthol, umbelliferone,
and 4-methylumbelliferone (results not shown).

Conclusion

The results of this study indicate that compound26b is a
highly selective inhibitor for the key enzyme involved in drug
glucuronidation, UGT2B7. To our knowledge, no isoform-
selective inhibitor for this isoform has been described to date.
The preferential inhibition of UGT2B7 is remarkable when the
promiscuous character of metabolic enzymes is taken into
account. The tricyclo[5.4.0.02,9]undecane framework is presum-
ably responsible for the high affinity, whereas the phenyl group
does not significantly contribute to the inhibition level. The key
function of the phenyl group is to increase steric hindrance in
the vicinity of the hydroxy group and therefore to decrease the
accessibility to this nucleophilic functionality and to prevent
enzymatic glucuronidation. The hydroxy group has presumably
no significant effect on the formation of the enzyme-inhibitor
complex, indicating that there is no significant attractive
interaction to the binding site of UGT2B7. The OH group is
merely retained to promote the solubility of the compound.
Furthermore, the very lowKic of 18 nM is likewise noteworthy
since UGTs are commonly described as flexible, promiscuous
enzymes that in general do not display low dissociation
constants. This nanomolarKic of the sesquiterpenoid derivative
26b might indicate specific attractive interactions toward the
binding site of UGT2B7. In this respect, it might be suggested
that the recognition of small guest molecules is predominantly
controlled by mere hydrophobic interactions during the forma-
tion of the encounter complex. Hence, the question arises to
what extent the UGT enzyme eventually recognizes those
chemical groups that serve as nucleophiles in the enzyme-
catalyzed reaction.

Experimental Section

Materials. UDPGlcA (trisodium salt, CAS 63700-19-6), sac-
charic 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 epitestosterone (CAS 481-30-1) were obtained from
Sigma (St. Louis, MO). 4-Nitrophenol (CAS 100-02-7), 1-naphthol
(CAS 90-15-3), and umbelliferone (CAS 93-35-6) were from
Aldrich (Schnelldorf, Germany). Radiolabeled [14C]UDPGlcA was
acquired from Perkin-Elmer Life and Analytical Sciences (Boston,
MA). HPLC-grade solvents were used throughout the study. The
recombinant human UGTs were expressed as His-tagged proteins
in baculovirus-infected insect cells as previously described.47 The
cDNA for the human UGT2B17 was a generous gift from Professor
Peter Mackenzie (Flinders Medical Centre, Flinders University,
Bedford Park, South Australia).

Syntheses.Procedures for the syntheses and characterization of
the compounds are given in the Supporting Information.

X-ray Crystal Structures. Crystallographic data for the X-ray
measurements of12b, 14a, 16a, 17a, 19b, 20a, 21b, and22a are
given in the Supporting Information. Crystal data were collected
on an Oxford Gemini S diffractometer (Cu-KR radiation, λ )
1.542 48 Å, for12b, 16a, 17a, 19b, 20a, 21b, and 22a; Mo-KR
radiation,λ ) 0.710 73 Å, for14a) at 100 K. All structures were
solved by direct methods (SHELXS-97)49 and refined by full-matrix
least-squares methods against F2 (SHELXL-97).50 All non-hydrogen
atoms were refined anisotropically. All hydrogen atom positions,
except O-bonded hydrogen atoms, were refined by use of a riding
model. The positions of O-bonded hydrogen atoms were taken from
the difference Fourier map and refined isotropically. The absolute
structures were determined with respect to the Flack parameter.51

In 19b, the chlorine atoms of the two crystallographic indepen-
dent molecules (19ba and19bb) are disordered and were refined
on two positions. Occupation factors were determined as follows:
19ba(Cl1 ) 0.531; Cl1A) 0.469) and19bb (Cl2 ) 0.484; Cl2A
) 0.516).

In 22a, the dCH2 group of one of the two crystallographic
independent molecules is disordered and was refined disordered
on two positions. Occupation factors were determined as follows:
C18 ) 0.442 and C18A) 0.558.

CCDC-623771 (12b), CCDC-623772 (14a), CCDC-623773
(16a), CCDC-623774 (17a), CCDC-623775 (19b), CCDC-623776
(20a), CCDC-623777 (21b), CCDC-623778 (22a), CCDC-623779
[(E)-33], and CCDC-623780 [(Z)-3] contain the supplementary
crystallographic data. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccd-
c.cam.ac.uk/data_request/cif.

Inhibitor Screening. Percent inhibition was measured at four
inhibitor concentrations (0.10, 1.0, 10, and 100µM) with estriol
as the reference substrate (25µM). The reaction mixture consisted
of phosphate buffer (50 mM, pH 7.4), MgCl2 (10 mM), and
saccharic acid-1,4-lactone (5.0 mM). The concentration of UGT2B7
was 0.10 mg of protein mL-1. Assays in the absence of inhibitor,
blank runs in the absence of cosubstrate, and control assays
employing isolongifolol were included in each assay. The enzyme
reaction was initiated by the addition of a solution of UDPGlcA 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 (16000g, 10 min) and aliquots of
the supernatants were subjected to HPLC analysis. Results reflect
a minimum of three replicate determinations.

IC50 Values.The IC50 values of compound26bwere determined
at five concentrations bracketing its apparent IC50 (0.10, 0.25, 1.0,
4.0, and 10× IC50). Estriol was employed at six [S]/Km ratios (0.5,
1.0, 2.0, 5.0, 10, and 20). The reaction mixture consisted of
phosphate buffer (50 mM, pH 7.4), MgCl2 (10 mM), and saccharic
acid-1,4-lactone (5.0 mM). The enzyme UGT2B7 was employed
at 0.10 mg of protein mL-1. Assays in the absence of inhibitor,
blank runs in the absence of cosubstrate, and control assays with
isolongifolol at a fixed concentration of 0.10µM were included at
each [S]/Km ratio. The enzyme reaction was initiated after a 5 min
preincubation time at 37°C by addition of a solution of UDPGlcA
to a final concentration of 5.0 mM. 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.
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The mixtures were centrifuged (16000g, 10 min) and aliquots of
the supernatants were subjected to HPLC analysis. The data were
analyzed by nonlinear regression with the two-parameter Hill
equation. Results reflect a minimum of three replicate determina-
tions.

Testing for Reversibility. UGT2B7 at a concentration of 5.0
mg of protein mL-1 was preincubated in buffered solution
(phosphate buffer, 50 mM, pH 7.4) at 37°C with a concentration
of 26b equivalent to 10 times its IC50. After an equilibration time
of 45 min, this mixture was diluted 50-fold into reaction buffer
(37°C) containing the reference substrate estriol (25µM), phosphate
buffer (50 mM, pH 7.4), UDPGlcA (5.0 mM), MgCl2 (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 100µL of the reaction buffer to a vial containing
10 µL of perchloric acid (4.0 M). The acidified mixtures were
transferred to ice and centrifuged (16000g, 10 min), and aliquots
of the supernatants were subjected to HPLC analysis. Control assays
in the absence of terpenoid alcohol were included. Results reflect
a minimum of two replicate determinations (Supporting Informa-
tion).

Inhibitory Dissociation Constants.TheKic value for UGT2B7
(0.10 mg of protein mL-1) was determined at six estriol concentra-
tions (2.5, 5.0, 10, 25, 50, and 100µM), and the inhibitor26b was
employed at four concentrations (0.020, 0.10, 0.50, and 2.5µM).
TheKic value for UGT2B17 (0.15 mg protein mL-1) was measured
at six scopoletin concentrations (25, 50, 100, 250, 500, and 1000
µM), and compound26b was used at two concentrations of 10
and 25µM. For estriol assays: Enzyme reactions were initiated
after a 5.0 min preincubation at 37°C by addition of a solution of
UDPGlcA to a final concentration of 5.0 mM. Enzyme reactions
were terminated after 15 min at 37°C by addition of ice-cold
perchloric acid (4.0 M) and transfer to ice. The mixtures were
centrifuged (16000g, 10 min), and aliquots of the supernatants were
subjected to HPLC analysis. Results reflect a minimum of three
replicate determinations. For scopoletin assays: Enzyme reactions
were initiated after a 5 min preincubation at 37°C by addition of
a solution of UDPGlcA to a final concentration of 5.0 mM. Enzyme
reactions were terminated after 10 min at 37°C by addition of
ice-cold perchloric acid (4.0 M) and transfer to ice. The mixtures
were centrifuged (16000g, 10 min), and aliquots of the supernatants
were subjected to HPLC analysis. Results reflect a minimum of
three replicate determinations.

Testing for Substrate-Independent Inhibition. IC50 values of
inhibitor 26b were determined by use of five different reference
substrates. Assay conditions were balanced with the substrates at
concentrations that resembled theirKm values for UGT2B7:
1-naphthol (300µM, 0.20 mg of protein mL-1, incubation time 20
min), 4-nitrophenol (500µM, 0.10 mg of protein mL-1, incubation
time 10 min), scopoletin (320µM, 0.10 mg of protein mL-1,
incubation time 10 min), epitestosterone (15µM, 0.25 mg of protein
mL-1, incubation time 20 min), and 4-methylumbelliferone (600
µM, 0.20 mg of protein mL-1, incubation time 20 min). Compound
26b was employed at five concentrations bracketing its IC50 (0.10,
0.25, 1.0, 4.0, and 10× IC50). Assays were carried out as described
above. Results reflect a minimum of two replicate determinations.

Isoform Selectivity. Umbelliferone (100µM) was used as
substrate for UGT isoforms 1A1 (0.15 mg of protein mL-1), 1A7
(0.15 mg of protein mL-1), 1A8 (0.11 mg of protein mL-1), 1A9
(0.15 mg of protein mL-1), 1A10 (0.12 mg of protein mL-1), and
2B7 (0.10 mg of protein mL-1). UGTs 1A3 (0.40 mg of protein
mL-1), 1A4 (0.50 mg of protein mL-1), 1A5 (0.11 mg of protein
mL-1), 1A6 (0.10 mg of protein mL-1), 2B4 (0.50 mg of protein
mL-1), 2B10 (0.26 mg of protein mL-1), 2B15 (0.50 mg of protein
mL-1), 2B17 (0.20 mg of protein mL-1), and 2B28 (0.25 mg of
protein mL-1) were assayed with 1-hydroxypyrene (50µM).
Isolongifolol (1) and inhibitor26bwere employed at concentrations
of 10, 25, and 50µM. Enzyme reactions were initiated after 5 min
preincubation at 37°C by addition of a solution of UDPGlcA to a
final concentration of 5.0 mM. For umbelliferone assays: Enzyme
reactions were terminated after 25 min at 37°C by addition of

ice-cold perchloric acid (4.0 M) and transfer to ice. The mixtures
were centrifuged (16000g, 10 min), and aliquots of the supernatants
were subjected to HPLC analysis. For 1-hydroxypyrene assays:
Enzyme reactions were terminated after 20 min at 37°C by addition
of ice-cold aqueous ZnSO4 (15% by weight), followed by aceto-
nitrile, and transfer to ice. The mixtures were centrifuged (16000g,
10 min), and aliquots of the supernatants were subjected to HPLC
analysis. Results reflect a minimum of four replicate determinations.

Glucuronidation Assays.Formation of glucuronide was assayed
by use of radiolabeled [14C]UDPGlcA.48 A solution of [14C]-
UDPGlcA (400µL, 196 mCi mmol-1, 0.02 mCi mL-1 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 dissolved
in reaction buffer (90µL), which consisted of either UGT2B7 (2.0
mg of protein mL-1) or human liver microsomes (100µg), MgCl2
(10 mM), phosphate buffer (50 mM, pH 7.4), and saccharic acid-
1,4-lactone (5.0 mM). A solution of inhibitor26b (1.0 mM in 50
vol % DMSO/water) was added to the reaction buffer to a final
saturating concentration of 100µM (approximately 5500Kic

2B7).
After incubation for 16 h at 37°C, the reaction mixture was
centrifuged (16000g, 10 min), and aliquots of the supernatants
were subjected to HPLC analysis. Control assays in the presence
of the substrate isolongifolol (100µM) and blank runs were
included. The detection limit (25 pmol, signal-to-noise ratio) 10:
1) was determined by subjecting dilutions of reaction buffer
containing isolongifolol [14C]â-D-glucuronide to HPLC analysis.
Results reflect a minimum of two replicate determinations.

HPLC Methods. The HPLC system consisted of the Agilent
1100 series degasser, binary pump, autosampler, thermostated
column compartment, multiple wavelength detector, and fluores-
cence detector (Agilent Technologies, Palo Alto, CA). The resulting
spectra were analyzed with Agilent ChemStation software (rev.
B.01.01). Glucuronidation reaction products were separated and
detected as follows. Estriolâ-D-glucuronide: Hypersil BDS-C18
(150× 4.6 mm; Agilent Technologies, Palo Alto, CA); 35% MeOH
in phosphate buffer (50 mM, pH 3.0); flow rate 1.0 mL min-1;
detection by fluorescence spectroscopy (excitation atλ 335 nm,
emission atλ 455 nm); retention time 4.2 min. 4-Nitrophenolâ-D-
glucuronide: Chromolith SpeedROD (50× 4.6 mm; Merck,
Darmstadt, Germany); 15% acetonitrile in phosphate buffer (50 mM,
pH 3.0); flow rate 1.0 mL min-1; detection by UV spectroscopy (λ
300 nm); retention time 1.3 min. Scopoletinâ-D-glucuronide:
Chromolith SpeedROD (50× 4.6 mm); 10% MeOH in phosphate
buffer (50 mM, pH 3.0); flow rate (gradient run) 0.8 mL min-1

(0.0-4.5 min), 0.8 mLf 2.5 mL min-1 (4.5-5.0 min), 2.5 mL
min-1 (5.0-11.0 min), 2.5f 0.8 mL min-1 (11.0-12 min);
detection by fluorescence spectroscopy (excitation atλ 335 nm,
emission atλ 455 nm); retention time 4.2 min. Epitestosteroneâ-D-
glucuronide: Chromolith SpeedROD (50× 4.6 mm); 43% MeOH
in phosphate buffer (50 mM, pH 3.0); flow rate 2.0 mL min-1;
detection by UV spectroscopy (λ 246 nm); retention time 5.9 min.
1-Naphtholâ-D-glucuronide: Hypersil BDS-C18 (150× 4.6 mm);
42% MeOH in phosphate buffer (50 mM, pH 3.0); flow rate 1.0
mL min-1; detection by fluorescence spectroscopy (excitation atλ
285 nm, emission atλ 335 nm); retention time 4.9 min. Umbel-
liferoneâ-D-glucuronide: Chromolith SpeedROD (50× 4.6 mm);
15% MeOH in phosphate buffer (50 mM, pH 3.0); flow rate 1.5
mL min-1; detection by fluorescence spectroscopy (excitation atλ
316 nm, emission atλ 382 nm); retention time 1.4 min. 4-Methy-
lumbelliferoneâ-D-glucuronide: Chromolith SpeedROD (50× 4.6
mm); 20% MeOH in phosphate buffer (50 mM, pH 3.0); flow rate
2.0 mL min-1; detection by fluorescence spectroscopy (excitation
at λ 316 nm, emission atλ 382 nm); retention time 1.3 min.
1-Hydroxypyreneâ-D-glucuronide: Hypersil BDS-C18 (150× 4.6
mm); 40% acetic acid (0.5 vol %) in acetonitrile; flow rate 0.9 mL
min-1; detection by fluorescence spectroscopy (excitation atλ 237
nm, emission atλ 388 nm); retention time 2.3 min. [14C]â-D-
Glucuronides: Chromolith SpeedROD (50× 4.6 mm); gradient
run 5% MeOH in phosphate buffer (50 mM, pH 3.0; 0.0-3.5 min),
5%f 80% MeOH (3.5-8.0 min), 80% MeOH (8.0-13 min), 80%
f 5% MeOH (13-15 min), 5% MeOH (15-20 min); flow rate
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1.0 mL min-1; retention time for isolongifolol [14C]â-D-glucuronide
9.3 min; detection by use of a 9701 HPLC radioactivity monitor
(Reeve Analytical, Glasgow, Scotland).
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