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ABSTRACT

Despite the important role of UDP-glucuronosyltransferases (UGT) in the metabolism of
drugs, environmental chemicals and endogenous compounds, the structural features of
these enzymes responsible for substrate binding and selectivity remain poorly under-
stood. Since UGT2B7 and UGT2B15 exhibit distinct, but overlapping, substrate selectiv-
ities, UGT2B7-UGT2B15 chimeras were constructed here to identify substrate binding
domains. A UGT2B7-15-7 chimera that incorporated amino acids 61-194 of UGT2B15
glucuronidated the UGT2B15 substrates testosterone and phenolphthalein, but not the
UGT2B7 substrates zidovudine and 1la-hydroxyprogesterone. Derived apparent K,
values for testosterone and phenolphthalein glucuronidation by UGT2B7-15(61-104)-7 Were
similar in magnitude to those determined for UGT2B15. Moreover, glucuronidation of the
non-selective substrate 4-methylumbelliferone (4MU) by UGT2B7-1541-194-7 and
UGT2B15 followed Michaelis-Menten and weak substrate inhibition kinetics, respec-
tively, whereas 4MU glucuronidation by UGT2B7 exhibited sigmoidal kinetics character-
istic of autoactivation. Six UGT2B7-15-7 chimeras that incorporated smaller domains of
UGT2B15 were subsequently generated. Of these, UGT2B7-15(;-157)-7, UGT2B7-15(91_157)-7
and UGT2B7-15(1-91)-7 glucuronidated 4MU, but activity towards the other substrates
investigated here was not detected. Like UGT2B7, the UGT2B7-15(61-157)-7, UGT2B7-15(91-
157)-7 and UGT2B7-15(1-91)-7 chimeras exhibited sigmoidal 4MU glucuronidation kinetics.
The sigmoidal 4MU kinetic data were well modelled using both the Hill equation and the
expression for a two-site model that assumes the simultaneous binding of two substrate
molecules at equivalent sites. It may be concluded that residues 61-194 of UGT2B15 are
responsible for substrate binding and for conferring the unique substrate selectivity of
UGT2B15, while residues 158-194 of UGT2B7 appear to facilitate the binding of multiple
4MU molecules within the active site.
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1. Introduction

Glucuronidation, which involves the covalent linkage (or
‘conjugation’) of glucuronic acid, derived from the cofactor
UDP-glucuronic acid (UDPGA), is an essential detoxification
and elimination mechanism for a large number of structurally
diverse compounds that include drugs, environmental che-
micals, endogenous compounds, and the products of phase I
metabolism [1-3]. The glucuronidation reaction is catalyzed by
UDP-glucuronosyltransferase (UGT), which is known to exist
as an enzyme ‘superfamily’ [4]. Thirty-three human UGT genes
have been published to date, of which 17 express an active
protein [4,5]. Most UGTs have been classified in two sub-
families, UGT1A and UGT2B, based on sequence identity of the
encoded proteins. The individual UGTs exhibit distinct, but
overlapping, substrate selectivities. However, in the absence
of X-ray crystallographic data the structural features of UGTs
that confer selectivity remain poorly understood [2,5,6].

The 1A subfamily enzymes are derived from a single gene
locus that comprises 13 ‘first’ exons and their associated
promoters and 4 common exons [4,7]. Splicing of the
independent first exons to the common exons yields tran-
scripts encoding enzymes that have a unique amino terminal
domain of 286 residues but an identical carboxyl terminus
comprising 245 amino acids, indicating that substrate selec-
tivity of the UGT1A subfamily enzymes is determined by the
amino terminus. In contrast, UGT2B subfamily enzymes are
encoded by unique genes and therefore differ in sequence
throughout the polypeptide chain. However, sequence simi-
larity is greater in the carboxyl terminal half of UGT2B proteins
and studies with chimeric proteins suggest that, at least for
some enzymes, substrate selectivity is associated with the
amino terminus. Exchanging the carboxyl terminal 232
residues of the rat proteins UGT2B2 and UGT2B3 did not the
affect substrate selectivity of either enzyme [8], while
substituting the carboxyl terminal 231 amino acids of the
rabbit enzymes UGT2B16 and UGT2B13 did not alter UGT2B16
substrate selectivity [9]. Similarly, exchanging the carboxyl
terminal 230 residues of the human proteins UGT2B4 and
UGT2B7 appeared not to alter selectivity, although the
activities of the chimeras were lower than the respective
parent enzymes [10]. Consistent with these observations,
amino acids 96-101 have been implicated in the binding of
opioids to UGT2B7 based on NMR analysis and molecular
modelling [11,12]. Site-directed mutagenesis data further
implicate some residues within the amino terminal domains
of UGTs in substrate selectivity, particularly Ser121 of
UGT2B17 [13].

Within the UGT2B subfamily, UGT2B7 and UGT2B15 are the
enzymes of greatest significance in drug and chemical
metabolism. In particular, UGT2B7 glucuronidates numerous
opioids and non-steroidal anti-inflammatory drugs, along
with epirubicin, valproic acid and zidovudine (AZT) [14-16].
UGT2B15 metabolizes a more limited range of drugs, notably
the S-enantiomers of the benzodiazepines oxazepam and
lorazepam, but has the capacity to glucuronidate plant-
derived phenols, anthroquinones and flavonoids [17-19].
Moreover, both glucuronidate hydroxysteroids, and UGT2B7
metabolizes some fatty acids [2,14,17,20]. Of further interest
are the sigmoidal glucuronidation kinetics observed for some

substrates of UGT2B7. Several compounds, including 4-
methylumbelliferone (4MU), exhibit sigmoidal glucuronida-
tion kinetics characteristic of autoactivation (or positive
homotropic cooperativity) with UGT2B7 as the enzyme source
[18,21,22]. Kinetic data for 4MU glucuronidation by UGT2B7
may be modelled empirically using the Hill equation, and by a
two-site model with positive homotropic cooperativity arising
from increased binding affinity upon binding of a second
substrate molecule [21]. In contrast, 4MU glucuronidation by
UGT2B15 does not exhibit autoactivation [21].

The present study sought to investigate the amino terminal
domains which confer UGT2B7 and UGT2B15 substrate
selectivity and to identify regions of UGT2B7 that contribute
to the autoactivation observed with 4MU. Ten UGT2B7/15
chimeras were generated and their ability to glucuronidate
4MU and UGT2B7 and UGT2B15 selective substrates were
compared. Residues 61-194 were shown to be involved in
UGT2B15 substrate selectivity while amino acids 157-193 of
UGT2BY7 contributed to the positive homotropic cooperativity
observed with 4MU glucuronidation by UGT2B7.

2. Materials and methods
2.1. Chemicals and reagents

11la-Hydroxyprogesterone (1la-OHPro), 4-methylumbellifer-
one (4MU), 4-methylumbelliferone B-p-glucuronide (4MUG),
phenolphthalein (PPN), phenolphthalein B-p-glucuronide
(PPNG), testosterone (TST), testosterone B-p-glucuronide
(TSTG), zidovudine (AZT), zidovudine B-p-glucuronide (GAZT),
and UDP-glucuronic acid trisodium salt (UDPGA) were
purchased from Sigma-Aldrich (Sydney, Australia). Pfu Turbo
Polymerase was from Stratagene (La Jolla, CA, USA) and
Shrimp Alkaline Phosphatase was from Roche Diagnostics
GmbH (Penzbeg, Germany). Restriction enzymes were sup-
plied by New England Biolabs (Beverly, USA). Dulbecco’s
modified Eagle’s medium (DMEM), MEM non-essential amino
acids solution (10 mM; 100x), and penicillin/streptomycin
solution  (penicillin-G = 5000 U/mL-streptomycin  sulfate
5000 mg/mL) were purchased from Invitrogen (Carlsbad,
USA). Other reagents and solvents were of analytical reagent
grade.

2.2.  Generation of chimeric UGT constructs

The human UGT2B7 and UGT2B15 cDNAs were isolated as
reported previously by Jin et al. [14] and by Monaghan et al.
[23], respectively. Throughout this paper the designation of
nucleotide and amino acid positions for both UGT2B7 and
UGT2B15 are referenced relative to the 5'-ATG start codon. The
apparent discrepancy in the numbering of the UGT2B7 and
UGT2B15 chimeras is due to the additional glycine positioned
at residue 100 of the UGT2B15 protein (Fig. 1). UGT2B7 and
UGT2B15 coding sequences were independently cloned into
the pBSII SK(+) (Stratagene) vector at Xhol and Xbal restriction
sites. The parent templates were used to generate UGT2B7/
2B15 chimeric DNA which was subsequently cloned into the
mammalian expression vector pEF-IRES-puro6 for transfec-
tion and expression (see Section 2.3). Mutagenesis, to produce
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Fig. 1 - Amino acid alignment of UGT2B7 and UGT2B15. Identical residues are shaded. The UGT2B7 and UGT2B15 proteins

share 77.7% sequence identity and 86.0% similarity.

the restriction sites necessary for chimera construction (see
below), was performed using the QuikChange II Site-directed
Mutagenesis protocol (Stratagene) with the primers shown in
Table 1. The constructs generated and the positions of
restriction sites are shown in Fig. 2. Sequences of all chimeric
cDNAs were confirmed by sequence analysis.

2.2.1. UGT2B7-15 and UGT2B15-7

The Xhol-Sacl DNA fragments of the UGT2B7 and UGT2B15
parent templates were exchanged to generate plasmids
encoding the amino terminal 298 residues of UGT2B7 and
carboxy-terminal 232 residues of UGT2B15, and the reverse
chimera containing the amino terminal 299 residues of
UGT2B15 and carboxy-terminal 232 residues of UGT2B7.

2.2.2. UGT2B7'15(61_194)'7 and UGT2B15'7(61_193)'15

Silent (i.e. not resultingin a change to the amino acid sequence)
Nhel restriction sites at nucleotide 180 were engineered into the
UGT2B7 and UGT2B15 parent templates (Table 1). In addition, a
silent SnaBI restriction site corresponding to that already
present in UGT2B7 was engineered into the UGT2B15 cDNA at

nucleotide 585 (Table 1). The respective Nhel-SnaBI fragments,
which incorporated 396 and 399 nucleotides of the parent
UGT2B7 and UGT2B15 templates, respectively, were exchanged
to generate the UGT2B7-151-104-7 and UGT2B15-7(g1-103-15
chimeras.

2.2.3. UGT2B7-15(91-1997

Ndel restriction sites at nucleotide 272 were engineered into the
UGT2B7 parent template and the UGT2B7-15(;-104-7 chimera
(Table 1). The Xhol-Ndel fragment of UGT2B7-15(1-104)-7 Was
exchanged for that of the UGT2B7 parent. Subsequent muta-
genesis eliminated the Ndel restriction site to restore the desired
sequence at the UGT2B7-UGT2B15 junction (Table 1).

2.24. UGT2B7-15(1-157)7

Silent Pstl restriction sites at nucleotides 469 and 472 were,
respectively, incorporated into the UGT2B7 and UGT2B15 parent
templates containing the engineered Nhel site at nucleotide 180
(Table 1). The Nhel-PstI 288 nucleotide fragment of the UGT2B7
parent template (nucleotides 183-469) was exchanged with that
of the UGT2B15 parent template (nucleotides 183-472).
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Restriction site engineered

Oligonucleotide (5'-3' of the leading strand)

Template

Nhel
Nhel

GGTGACTGTACTGGCATCTTCAGCTAGCATTCTTTTTGATCCC
GGTGACTGTGTTGACATCTTCGGCTAGCACTCTTGTCAATGCC
GGATTTCTGTTCCCTCCTTCCTACGTACCTGTTGTTATGTCAG

2B7

2B7-15(61-104)-7

2B15

2B15-7(61.193)-15

SnaBI

2B15

Ndel
Ndel

CTGAGTTGGAGAATTTCATCCATATGCAGATTAAGAGATGG

2B7

2B7-15(91-104)-7

CTAAAAATGATTTGGAAGATTCTCTTCATATGATTCTCGATAGATGGATATAT

GGAGAATTTCATCATGAAAATTCTCGATAGATGGATATATGG

2B7-15(61-104)-7

2B7-15(51 1047 Ndel

Pstl

GCAGATGCTATTTTTCCCTGCAGTGAGCTGCTGGCTGAGC
GCAGATGCCCTTAATCCCTGCAGTGAGCTACTGGCTG

2B7 Nhel
2B15 Nhel

2B7-15(61-157)-7

Pstl

TTTTTGCAGATGCTATTTTTCCCTCTCGAGAGCTGCTGGCTGAGC Xhol

CATTCTGGCAGATGCCCTTAATCCTCGAGGTGAGCTACTGGCTG

2B7

2B7-15(157-193)-7

Xhol

2B7-1561-104)-7

GCAGATGCTATTTTTCCCTGTAGTGAGCTACTGGCTGAACTATTTAACATACC

2B7-15(157_19%-7 Xhol

GATTTGGAAGATTCTCTTCTACAGCAGATTAAGAGATGGTCAGACC

2B7-15(51_07)-7 Ndel

2B7-15(61-91)-7

Xhol

TTTTTGCAGATGCTATTTTTCCCTCTCGAGAGCTGCTGGCTGAGC

GCAGATGCTATTTTTCCCTGTAGTGAGCTACTGGCTG

2B7-15(6191)-7

2B7-15(61-91y~7-15(157-193)~7

2B7-15(61-01)-7~150157-103)-7 Xhol
2B7-1561-01)-7~15157-103)-7 Ndel

GATTTGGAAGATTCTCTTCTACAGCAGATTAAGAGATGGTCAGACC

Nucleotides used to introduce restriction sites are bolded. Asterisks show oligonucleotides used to restore the native UGT2B7-UGT2B15 junction.

2.25. UGT2B7-15(91-157)-7

The UGT2B7 parent template containing the Ndel restriction
site (see UGT2B7-15(9;-194-7) and an engineered Ndel site in
UGT2B7-15@1-157-7 at nucleotide 272 were utilized in con-
junction with Xhol to replace the amino terminal 272
nucleotides of UGT2B7-15¢1-157-7 with those of UGT2B7.
Subsequent mutagenesis eliminated the Ndel restriction site
to restore the desired sequence at the UGT2B7-UGT2B15
junction (see UGT2B7-15(91-194)-7).

2.2.6. UGT2B7-15(157-193)"7

An internal Xhol restriction site was engineered into the
UGT2B7 parent template and the UGT2B7-15(;-104)-7 chimera
at nucleotide 467 (Table 1) in order to exchange the first 156
residues of UGT2B7-15@1-104-7 with the corresponding
sequence of UGT2B7. Subsequent mutagenesis eliminated
the Xhol restriction site to restore the desired sequence at the
UGT2B7-UGT2B15 junction (Table 1).

2.2.7. UGT2B7-15@1-91)-7

The UGT2B7 parent template containing the Ndel restriction
site and the UGT2B7-15(;-194-7 chimera with an engineered
Ndel restriction site at nucleotide 272 (see UGT2B7-1591-104)-7)
were utilized to replace the carboxy-terminal 440 residues of
UGT2B7-15(1-104)-7 With the carboxy-terminal 439 residues of
UGT2B7. Subsequent mutagenesis eliminated the Ndel restric-
tion sites to restore the desired residues (Table 1).

2.2.8. UGT2B7-15(s1-917-15(157-193)"7

Xhol restriction sites engineered into UGT2B7-15(;-01)-7
and UGT2B7-15(;57-193)-7 constructs at nucleotide 467 were
utilized to exchange the amino terminal 156 residues of
UGT2B7-15(157-193-7 With those of UGT2B7-151-01)-7. The
introduced Xhol restriction sites were eliminated by mutagen-
esis, as previously described (Table 1).

2.3.  Expression of recombinant UGT proteins

The individual parent and chimeric UGT2B cDNAs were stably
expressed in HEK293 cells as described by Sorich et al. [24] and
Uchaipichat et al. [21]. Cells were transfected with cDNAs
cloned in the pEF-IRES-puro6 expression vector [25], and
incubated in a humidified incubator with an atmosphere of 5%
CO, at 37°C in DMEM prepared in the presence of sodium
bicarbonate (44 mM), MEM non-essential amino acids (0.1 mM)
and penicillin/streptomycin (100 U/mL). Media were addition-
ally supplemented with puromycin (1.0 mg/L) for selection
and fetal bovine serum (10%). Cells were grown to no more
than 90% confluency. The conditioned medium was decanted
and the cultured cells washed (3x) with pre-chilled (4 °C)
phosphate buffered saline (pH 7.4). Cell pellets were resus-
pended in a storage buffer (10 mM K,HPO./KH,PO,, pH 7.4,
0.1 mM EDTA, 0.5 mM DTT) and kept at —80 °C until use. Cells
expressing the UGT2B7 and UGT2B15 chimeric proteins were
lysed by sonication [21].

2.4. Immunoblotting

Equal amounts of HEK293 cell lysate protein (50 ng) were
subjected to 10% SDS-PAGE, transferred onto nitrocellulose,
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Fig. 2 - UGT2B7-UGT2B15 chimeras. Arrow heads show the junctions between various UGT 2B7 and 2B15 coding sequences.
The 5' and 3’ flanks give the positions of Xhol and Xbal restriction sites, respectively, which were used for the directional
transfer of cDNAs into the mammalian expression vector pEF-IRES-puro6. Positions marked a, b, c and d show the positions
of the engineered Nhel, Ndel, Xhol, and SnaBI restriction sites, respectively, that were employed to construct chimeric
cDNAs. Engineered sites were restored to the native sequence by site-directed mutagenesis (Table 1). Pstl and Sacl sites
were native to the UGT 2B7 and 2B15 sequences, while the SnaBI site occurred only in UGT2B7. Asterisks give the nucleotide
length of those constructs containing the additional amino acid (at position 100) of UGT2B15. Chimeras without this
additional residue have 469, 895, or 1590 nucleotides in the respective asterisked sites.

and probed with anti-goat UGT2B primary antiserum (1:2000
dilution) [26] and rabbit anti-goat IgG (1:2000 dilution; H +L -
HRP) as the secondary antibody (Southern Biotechnology
Associates Inc., Birmingham USA). Membrane-bound peptides
conjugated with HRP were detected by chemiluminescence
(Roche Diagnostics, Mannheim, Germany) and subsequently
exposed to Omat autoradiographic film (Kodak). Band inten-
sities were measured using a GS-700 imaging densitometer
(Biorad, CA, USA).

2.5. Enzyme assays

4MU is a non-selective UGT substrate [21]. In contrast, AZT and
11a-OHPro are glucuronidated by UGT2B7 and not UGT2B15,

and the reverse selectivity occurs with TST and PPN (see
Section 3). Screening for 4MU, TST, PPN, AZT and 11a-OHPro
glucuronidation by UGT2B7, UGT2B15 and the chimeric
proteins was performed at 37 °C in a total incubation volume
of 200 pL. Incubation mixtures contained HEK293 cell lysate
protein, test substrate, 0.1 M phosphate buffer (0.1 M, pH 7.4),
MgCl, (4 mM) and UDPGA (5 mM; >10-times the UDPGA K, for
both enzymes). Incubation conditions varied for each test
substrate. 4MU: protein 1.0 mg/mlL, incubation time 90 min,
4MU concentrations 50, 300 and 1000 pM. TST: protein 0.5 mg/
mlL, incubation time 90 min, TST concentrations 2.5, 10 and
50 wM. PPN: protein 0.5 mg/mL, incubation time 20 min, PPN
concentrations 2.5, 10 and 50 uM. AZT: protein 1.0 mg/mL,
incubation time 120 min, AZT concentrations 100, 500 and
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3000 pM. 11a-OHPro: protein 0.5 mg/ml, incubation time
20 min, 11a-OHPro concentrations 2.5, 10 and 50 uM. 4MU
and AZT were dissolved in water. TST, PPN and 11a-OHPro
stock solutions were prepared in methanol such that the final
concentration of solvent in incubation mixtures was 1%. All
reactions were initiated, following a 5 min pre-incubation at
37 °C in a shaking water bath, by the addition of UDPGA. The
reactions were terminated by the addition of 2 pL of perchloric
acid (11.6 M) and cooling on ice. The samples were then vortex
mixed, centrifuged (3000 x g, 10°C) and an aliquot of the
supernatant fraction was analyzed by HPLC.

For the determination of kinetic parameters, product
formation was optimized for linearity with respect to cell lysate
protein concentration and incubation time with UGT2B7 and
UGT2B15 as the enzyme sources. Experiments were performed
as described above with the following protein concentrations,
incubation times and substrate concentrations. AZT glucuroni-
dation by UGT2B7: protein 1.5 mg/mL, incubation time 60 min,
and AZT concentration range 100-3000 puM. 11a-OHPro glucur-
onidation by UGT2B7: protein 0.5 mg/mL, incubation time 20 min,
and 11a-OHPro concentration range 1-50 pM. 4MU glucuronida-
tion by UGT2B7, UGT2B7-1541 1937, UGT2B7-1541 1567 and
UGT2B7-15(91-157-7: protein 0.2mg/mL, incubation time
90 min, and 4MU concentration range 25-1500 pM. 4MU
glucuronidation by UGT2B7-15(1-90)-7: protein 0.6 mg/mL, incuba-
tion time 90 min, and 4MU concentration range 25-2400 pM.
4MU glucuronidation by UGT2B15: protein 0.5 mg/mL, incubation
time 90 min, and 4MU concentration range 25-1500 pM. TST
glucuronidation UGT2B15 and UGT2B7-151-193)-7: protein 0.2 mg/
mlL, incubation time 90 min, and TST concentration range 1-
40 pM. PPN glucuronidation by UGT2B15 and UGT2B7-15(1-193)-7:
protein 0.2mg/mL, incubation time 20min, and PPN

concentration range 0.5-25 uM. Duplicate determinations were
performed for least eight substrate concentrations within the
ranges specified above.

2.6. HPLC conditions

The glucuronides of each test substrate were separated and
quantified by reversed phase HPLC using an Agilent 1100 series
HPLC system (Aglient Technologies, Sydney, Australia) which
consisted of a quaternary gradient pump, autosampler and UV
detector. The HPLC system was fitted with a NovaPak C18
column (150 mm x 3.9 mm, Waters, Milford, MA, USA). Chro-
matography conditions are given in Table 2. The identity of
glucuronides was confirmed by comparison with an authentic
standard where available (4MUG, AZTG, TSTG, PPNG) and by
B-glucuronidase hydrolysis of incubation mixtures (all sub-
strates).

2.7.  Data analysis

Data points represent the mean of duplicate estimates. Kinetic
constants for 4MU, AZT, 11a-OHPro, TST and PPN glucuronida-
tionby UGT2B7,2B15, and each chimera were obtained by fitting
untransformed experimental data to kinetic models using the
non-linear curve fitting program EnzFitter (Biosoft, Cambridge,
UK). Parameter standard error estimates, 95% confidence
intervals, F-statistic and r? values were used to determine the
goodness-of-fit of the kinetic models. Models used included:

e The Michaelis-Menten equation:

= »

Table 2 - Chromatography conditions for the HPLC analysis of glucuronides

Substrate Detector Mobile phase gradient® Retention times (min) Calibration Calibration
wavelength (nm - : " standard range (uM
gth (nm) Time (min) Composition ge (bM)
4MU 316 0-3 96% A, 4% E 4MUG 3.5 4MUG 0.5-40
34 70% A, 30% E 4MU 5.8
4-10 96% A, 4% E
TST 241 0-1 96% B, 4% E TSTG 5.2 TSTP 1-5
1-9 35% B, 65% E TST 9.5
9-9.2 35% B, 65% E
9.2-15 96% B, 4% E
PPN 230 0-3.4 84% A, 16% E PPNG 3.5 PPNG 0.5-10
3.4-4.4 55% A, 45% E PPN 5.9
4.4-10 84% A, 16% E
AZT 267 0-10 100% C AZTG 3.1 AZTG 1-10
AZT 6.3
11a-OHP 241 0-1 85% D, 15% E 11a-OHPG 4.2 11a-OHP® 1-5
1-7 50% D, 50% E 11a-OHP 7.7
7-10 85% D, 15% E

& Mobile phase composition: (A) aqueous triethylamine (10 mM, adjusted to pH 2.5 with 12 M perchloric acid) containing 10% acetonitrile; (B)
water containing 5% acetonitrile; (C) aqueous acetic acid (20 mM) containing 10% acetonitrile; (D) 20 mM sodium acetate buffer (pH 4.3)

containing 5% acetonitrile; (E) acetonitrile.

 The use of TST as the calibration standard for TSTG formation was validated by confirming that TST and TSTG have similar molar extinction
coefficients at 241 nm. An authentic standard of 11a-OHPG was not available, but it is expected that 11a-OHP and 11a-OHPG would have
similar molar extinction coefficients at 241 nm based on data for other steroidal substrates.
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where v is the rate of reaction, Vy,,, the maximum velocity,
K the Michaelis constant (substrate concentration at 0.5
Vmax), and [S] is the substrate concentration.

e Substrate inhibition model:

Vmax (2)

VT T (Km/[S]) + S)/Ksi

where Kg; is the constant describing the substrate inhibition
interaction.

e The Hill equation, which describes sigmoidal kinetics:
_ Vmax[S]"

TS5 ¥

where Ssg is the substrate concentration resulting in 50% of
Vmax (@nalogous to K, in previous equations) and n is the Hill
coefficient.

Sigmoidal kinetic data were additionally fitted to the two-
site model described by Houston and Kenworthy [27]. The
model is based on a steady-state rapid equilibrium approach
and assumes two identical binding sites:

v [S|/Ks + BIS)faK?
Vmax 1+ 2[S]/Ks + [S]?/aK?2

(4)

where K; is binding affinity and « and g are interaction factors
which reflect changes in K and product formation (Kp), respec-
tively. For positive homotropic cooperativity (sigmoidal
kinetics), Vimax is equivalent to 2K, [E];, where [E]; is the total
enzyme concentration, and hence g=2 for this type of
kinetics.

3. Results
3.1. Substrates

4MU is a substrate of both UGT2B7 and UGT2B15 [21], and is
useful for screening the activity of chimeras. However, it was
necessary to identify compounds that differentiated the
substrate selectivity of each hybrid protein. Based on literature
data, AZT, 11a-OHPro, TST, and PPN were evaluated for
glucuronidation by UGT2B7 and UGT2B15. Consistent with
previous reports [18,28] only UGT2B7 glucuronidated AZT;
rates of GAZT formation were 6.8, 23 and 36 pmol/min mg at
substrate concentrations of 100, 500 and 3000 wM, respec-
tively. UGT2B7 shows activity towards 1la-OHPro [29].
UGT2B15 was shown here not to metabolize 11a-OHPro, while
rates of glucuronidation of this compound by UGT2B7 were 61,
171 and 260 pmol/min mg at 2.5, 10 and 50 pM, respectively.
Conversely, PPN is known to be a substrate of UGT2B15 [17] but
there are no reports of metabolism by UGT2B7. Here, UGT2B15,
but not UGT2B7, glucuronidated PPN; rates of PPN glucur-
onidation were 15, 23 and 26 pmol/minmg at substrate
concentrations of 2.5, 10 and 50 wM, respectively. The ‘relative’
Vmax Values for TST glucuronidation by UGT2B7 and UGT2B15
have previously been reported as 0.4 and 4.4 pmol/min mg,

respectively [20]. Rates of TST glucuronidation by UGT2B15
measured here were 2.0, 5.5 and 8.2 pmol/min mg at substrate
concentrations of 2.5, 10 and 50 pM, respectively. Although a
peak corresponding to TST glucuronide was observed in
chromatograms from incubations of TST (10 and 50 pM) and
UGT2B7, concentrations were below the limit of quantification
(equivalent to 0.5 pmol/min mg) of the HPLC assay employed.
Kinetic parameters for 4MU, AZT and 11a-OHPro glucuronida-
tion by UGT2B7 and 4MU, PPN and TST glucuronidation were
subsequently determined over a concentration range that
spanned the apparent Ky, (or Sso) for each substrate.

3.2.  Expression and activities of UGT2B7-UGT2B15
chimeras

All of the chimeras shown in Fig. 2 expressed in HEK293 cells.
Levels of expression of UGT2B15, UGT2B7-15, UGT2B15-7,
UGT2B7-15(61-104)-7, UGT2B15-7(61-193)-15, UGT2B7-15(61.157)-7,
UGT2B7-15(91-157-7, UGT2B7-15(61.91)-7, UGT2B7-15(1 104,
UGT2B7-15(157-103)-7, and UGT2B7-15(1_01)-7-15(157-193)-7 Tela-
tive to UGT2B7, were 0.86, 0.43, 0.54, 0.65, 0.18, 0.29, 0.38, 0.59,
0.28, 0.33, and 0.12, respectively (Fig. 3). The antibody
employed recognises all UGT2B subfamily proteins. Viax
values reported in Tables 3 and 4 have been normalized for
expression relative to UGT2B7, although we have refrained
from making quantitative comparisons involving this para-
meter given the inability to validate equivalent recognition of
all proteins by the antibody.

The UGT2B7-15 and UGT2B15-7 chimeras, constructed
using a common Sacl site at nucleotide 898, were devoid of
activity towards 4MU and the other substrates investigated
here. Since UGT 2B7 and 2B15 exhibit greatest sequence
dissimilarity in the amino terminal half of the proteins (Fig. 1),
chimeras were constructed whereby residues 61-193 of
UGT2B7 and 61-194 of UGT2B15 were exchanged. 4MU
glucuronidation by UGT2B7 exhibits sigmoidal kinetics
(Fig. 4A), which may be modelled using the Hill equation

Lane: 1 2 3 4 5 6 7

56 kDa NG VY iy e —

Lane: 8 9 10 11 12 13 14

56kDa W gty -
I e

Fig. 3 - Western blot analysis of UGT2B7 and UGT2B15
chimera expression in HEK293 cells. Cell lysate (50 png) was
resolved by SDS-PAGE, blotted on to nitrocellulose, and
probed with anti-UGT antiserum. Bands: UGT2B7 (lane 1),
UGT2B1S5 (lane 2), UGT2B7-15 (lane 3), UGT2B15-7 (lane 4),
UGT2B7-15(61-104)-7 (lane 5), UGT2B15-7(51103-15 (lane 6),
UGT2B7-15(91-194)-7 (lane 7), UGT2B7-15;-157)-7 (lane 8),
UGT2B7-15(91-157)-7 (lane9), UGT2B7-15(157_193)-7 (lane 10),
UGT2B7-15(;-01)-7 (lane 11), UGT2B7-15(1_91)-7-15(157-103)"
7 (lane 12), untransfected HEK293 cell lysate (lane 13), and
human liver microsomal protein (7.5 png) (lane 14).
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fitting experimental data to empirical models

PPNP AZTP 11a-OHPro®

TSTP

4MU?

Enzyme

Vm ax

Vmax

Sso (01’ Km)

297 +4
na

74+03

43 +0.5
na

na

na na na na 478 + 14
na

1.60 £+ .02

271+1

369 +2.2
417 £0.5
358 +12
360 + 13

356 +9

2B7

9.7 £ 0.01 2.2 +£0.04 34 +£0.14

6.5+ 0.02

17 £ 0.01
198 + 6

2B15

na na na

na

45 £+ 0.30
na

1.6 £0.05

na

2.2 £0.05

na

3.0+ 0.19
na?
na

2B7-15 (61-194)7

na na na

na

1.58 + 0.07
1.62 + 0.05
1.66 + 0.07

715 + 10
545 +7

2B7-15 (611577

na na na na na na

na

TS (@i

na na na na na na na

na

54+1.6

872 + 40

2B7-156192)-7

Values are shown as the parameter estimate + S.E. of the parameter fit.

? Initial rate data for 4MU glucuronidation were best fitted to the Hill equation except for: UGT2B15, which was fitted to the substrate inhibition equation (Ks; 1402 + 2.4 uM); and UGT2B7-151-194)-7,

which was fitted to the Michaelis-Menten equation.
® Data fitted to the Michaelis-Menten equation.

€ Vmax Values corrected for expression relative to UGT2B7.

d

no activity (i.e. undetectable glucuronide formation by the enzyme/chimera).

na=

Table 4 - Kinetic constants (Ks (1M), Vimax (pPmol/min mg)

and o) for 4MU glucuronidation derived from fitting
experimental data to a two-site model

Enzyme Kg [ — a

2B7 1798 + 28 302+2 0.06 + 0.002
2B7-15(1-157)-7 1608 = 45 716 £ 2 0.05 + 0.003
2B7-15(91-157)-7 1866 =+ 192 547 + 6 0.04 + 0.008
2B7-15(61-91)-7 4740 + 805 53+1 0.04 +0.013

Values are shown as the parameter estimate + S.E. of the para-
meter fit.

(Eq. (3), Section 2.7); the derived Sso was 369 uM (Table 3). In
contrast, 4MU glucuronidation by UGT2B15 followed ‘weak’
substrate inhibition kinetics (Fig. 4B), with derived apparent Ky,
and Kg; values of 417 and 1402 pM, respectively. The UGT2B7-
15(61-104-7 chimera, but not UGT2B15-7(1-103-15, glucuroni-
dated 4MU. 4MU glucuronidation by UGT2B7-15;-194)-7 exhib-
ited Michaelis-Menten kinetics (apparent K, 358 uM; Table 3).
UGT2B7-15(1-104-7 Was further shown to glucuronidate PPN
and TST, but not AZT and 11a-OHPro. The glucuronidation of
both substrates was well modelled using the Michaelis-Menten
equation, as was also observed with UGT2B15 as the enzyme
source (Fig. 4E and F). Furthermore, derived apparent K,,, values
for PPN and TST glucuronidation by UGT2B7-151-194)-7 Were
similar in magnitude to those determined for UGT2B15 (Table 3).

UGT2B7-15-7 chimeras that incorporated smaller domains
of UGT2B15 were subsequently generated: UGT2B7-15(1-157)-7,
UGT2B7-15(91157-7, UGT2B7-15(1-01y-7, UGT2B7-15(91-1007,
UGT2B7-15457.1937, and UGT2B7-1541_91)-7-15157-1037. Of
these, only the first three glucuronidated 4MU, but activity
towards the other substrates investigated here was not
detected. Given the relatively lower expression of UGT2B7-
15(91_194)7, UGT2B7-15(157_193)-7, UGT2B7-1561_01)-7-15157-193)7,
the content of HEK293 cell lysates expressing these proteins
included in incubations was increased to 3 mg/mL but activity
was still undetectable. UGT2B7-15(;-157)-7, UGT2B7-15(91-157)-7
and UGT2B7-151-91)-7 all exhibited sigmoidal 4MU glucuroni-
dation kinetics that were analyzed initially using the Hill
equation (Table 3).

3.3.  Two-site kinetic modelling of 4MU glucuronidation
kinetics

Kinetic data for 4MU glucuronidation by UGT2B7 and UGT2B7-
15(61-157)-7, UGT2B7-1591 1577 and UGT2B7-154.01)-7 Were
further modelled using the expression for a two-site model
(Eq. (4), Section 2.7). Derived kinetic constants are shown in
Table 4. Goodness-of-fit parameters (F-statistic, S.E. of fit (as a
percentage) and r* values) for fitting data to the two-site model
were equivalent to, or better than, fitting to the Hill equation
(data not shown).

4, Discussion

Chimeragenesis has been used previously to investigate
aglycone and cofactor binding domains of rat, rabbit and
human UGT2B subfamily enzymes [8-10]. Exchanging the
carboxyl terminal 230-232 residues of UGT 2B2 and 2B3, UGT
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Fig. 4 - Eadie-Hofstee plots for: 4-methylumbelliferone glucuronidation by UGT2B7 (panel A) and UGT2B15 (panel B);
zidovudine (panel C) and 11a-hydroxyprogesterone (panel D) by UGT2B7; and phenolphthalein (panel E) and testosterone

(panel F) glucuronidation by UGT2B15.

2B13 and 2B16, and UGT 2B4 and 2B7 generally resulted in the
synthesis of hybrid proteins that retained aglycone selectivity,
consistent with the hypothesis that aglycone selectivity is
associated with amino terminal residues. Here, exchanging
the amino terminal 298 or 299 residues of UGT2B7 and
UGT2B15 resulted in proteins that were devoid of enzyme
activity.

UGT2B7 and UGT2B15 share 78% amino acid identity (Fig. 1).
However, identity is greatest in the carboxyl terminal domain.

For example, identityis 72% between residues 1 and 300 and 84%
between residues 301 and 530. Between residues 60 and 194,
identity decreases to 59%. Thus, UGT2B7-1541-104-7 and
UGT2B15-7(61-193-15 chimeric proteins were synthesized; of
these, only the former was active. Notably, UGT2B7-151-194)-7
glucuronidated the UGT2B15 substrates PPN and TST, but not
the UGT2B7 substrates AZT and 11a-OHPro. Moreover, apparent
K, values for PPN and TST glucuronidation by UGT2B7-15(;-
104-7 were similar in magnitude. Other similarities were
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observed between these proteins with 4MU as the substrate.
4MU glucuronidation by UGT2B7 and UGT2B15 exhibit sigmoi-
dal and weak substrate inhibition kinetics, respectively.
Glucuronidation of this compound by the chimera followed
Michaelis-Menten kinetics, with a derived apparent K,,, similar
to that observed for UGT2B15. Taken together, these observa-
tions indicate that residues 60-194 of UGT2B15 are associated
with substrate selectivity and binding.

Chimeras incorporating smaller regions of UGT2B15 (resi-
dues 61-157, 91-157, 61-91, 91-194, 157-193, and 61-91 plus
157-193) were generated to further explore potential binding
domains. While none of these glucuronidated PPN and TST,
the chimeras that included residues 158-193 of UGT2B7 (viz.
61-157, 91-157, 61-91) glucuronidated 4MU. Like UGT2B7, the
61-157, 91-157 and 61-91 chimeras exhibited sigmoidal 4MU
glucuronidation kinetics (cf. weak substrate inhibition for
UGT2B15). Kinetic data were initially modelled using the Hill
equation. The Hill coefficient (n), which indicates the degree of
sigmoidicity, was similar for UGT2B7 and the three chimeras.
Derived Ssp values for 4MU glucuronidation by UGT2B7 and the
61-157 and 91-157 chimeras were also similar (356-369 pM),
while the Sso for UGT2B7-15(1-91)-7 Was somewhat higher
(872 pM). These data suggest that residues 158-193 of UGT2B7
contribute to the sigmoidal 4MU glucuronidation kinetics.
Clearly, however, residues outside this domain are necessary
for UGT2B7-like activity towards the prototypic substrates
AZT and 11a-OHPro.

We have demonstrated recently [21] that the sigmoidal
4MU glucuronidation kinetics observed with UGT2B7 are
equally well modelled by both the Hill equation and a
‘mechanistic’ model that assumes binding of substrate
(aglycone) at two equivalent sites [27]. The autoactivation
characteristic of 4MU glucuronidation by UGT2B7 results
from increased binding affinity for a second substrate
molecule in the two substrate bound complex, such that Kg
changes by a factor « < 1. Fitting data for 4MU glucuronida-
tion by UGT2B7 and the 61-157, 91-157 and 61-91 chimeras
gave essentially identical values of « (0.04-0.06), consistent
with marked cooperativity. As observed with fitting to the Hill
equation, derived Ks values for 4MU glucuronidation by
UGT2B7 and the 61-157 and 91-157 chimeras were similar
(1608-1866 pM), while the Ks for UGT2B7-15(1-01)-7 Was
higher (4740 pM). The kinetic analysis of the 61-157, 91-157
and 61-91 chimeras suggests thatresidues 158-194 of UGT2B7
are critical for facilitating the binding of two 4MU molecules
in the active site. Whether this sequence alters the archi-
tecture of the active site to accommodate two substrate
molecules or acts as a dimerization domain is unclear. There
is evidence to suggest that some UGTs may form homo- and
hetero-dimers [30-33]. Importantly, deletion of residues 152—
180 of UGT1A1 hasbeen shown to abolish homo-dimerization
of this enzyme [34]. Extensive non-specific binding of
compounds to the microsomal membrane may give rise to
sigmoidal kinetics, especially when the microsomal protein
content present in incubations varies with substrate [35].
However, non-specific binding is not the cause of differences
in kinetic properties observed between enzymes and chi-
meras with 4MU as the substrate since 4MU binds negligibly
to HEK293 cell lysate (A Rowland and JO Miners, unpublished
data).

As indicated previously, exchanging the carboxyl terminal
230-232 residues of UGT 2B2 and 2B3, UGT 2B13 and 2B16, and
UGT 2B4 and 2B7 generally resulted in the synthesis of hybrid
proteins that retained enzyme activity. UGT2B4-7 and
UGT2B7-4 chimeras constructed using the same common Sacl
employed in this work were both reported to glucuronidate 4-
hydroxyestrone and hyodeoxycholic acid [10]. However,
glucuronidation activity was extremely low necessitating a
16 h incubation; rates of 4-hydroxyestrone and hyodeoxy-
cholic acid by the UGT2B4-7 and UGT2B7-4 chimeras ranged
from 0.02 to 0.35 pmol/min mg. Activities were also low when
the carboxyl terminal residues from position 385 were
exchanged, although there was little effect on activity from
exchanging carboxyl terminal residues from position 469. Li
et al. [9] exchanged the amino terminal 231 residues of the
rabbit enzymes UGT2B13 and UGT2B16. Whereas the
UGT2B16-13 chimera retained activity and the substrate
selectivity characteristic of UGT2B16, UGT2B13-16 lacked
activity. Similarly, a UGT2B13-16 chimera that incorporated
only the 97 carboxyl terminal residues of UGT2B16 lacked
activity, although a UGT2B13-16(300-355-13 hybrid exhibited
activity, albeit relatively low. The results of the present study
are broadly consistent with these previous observations. In
particular, residues throughout the UGT2B7 sequence, or at
least to position 468, appear to be necessary for ‘normal’
catalytic activity of this enzyme. The reason for this is
currently unknown.

In summary, residues 60-194 of UGT2B15 are apparently
responsible for substrate binding and for conferring the
unique substrate selectivity of this enzyme. The glucuronida-
tion of several UGT2B7 substrates, such as 4MU, exhibit
sigmoidal kinetics consistent with the simultaneous binding
of two substrate molecules within the active site. In the
present study, sigmoidal 4MU glucuronidation kinetics was
associated with UGT2B7-15 chimeric proteins that incorpo-
rated amino acids 158-197 of UGT2B7. Whether this region of
UGT2B7 represents a dimerization domain is currently under
investigation.
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