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Abstract
Human UDP-glucuronosyltransferase 1A10 has been identified as the major isoform involved in the
biotransformation of a wide range of phenolic substrates, including native estrogens and their
oxidized metabolites. Our recent studies point to the F90-M91-V92-F93 amino acid motif of
UGT1A10, which was identified using photoaffinity labeling followed by LC-MS/MS analysis, as
a key determinant of the binding of phenolic substrates. In this report, we have evaluated the role of
F90, V92, and F93 in the recognition of estrogens by UGT1A10 using site-directed mutagenesis.
Kinetic studies using 5 mutants revealed that F90 and F93 are critical residues for the recognition of
all estrogen substrates. The substitution of F90 with alanine totally abolished the activity of this
enzyme toward all the estrogens investigated. Overall, sequential removal for the aromatic (FtoL)
and of the hydrophobic chain (FtoA and VtoA) from amino acids 90, 92, and 93 position effectively
alters estrogen recognition. This demonstrates that individual features of the native and hydroxylated
estrogens determine the specific binding properties of the compound within the binding site of the
human UGT1A10 and the mutants. The resulting activities are completely abolished, unchanged,
increased or decreased depending on the structures of both the mutant and the substrate. The novel
identification of UGT1A10 as the major isoform involved in the glucuronidation of all estrogens and
the discovery of the importance of the FMVF motif in the binding of steroids will help to elucidate
the molecular mechanism of glucuronidation, resulting in the design of more effective estrogen-based
therapies.
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INTRODUCTION
UDP-glucuronosyltransferases (UGTs) are a family of membrane-bound glycoproteins that
biotransform the largest number of endogenous and exogenous compounds of any phase II
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enzyme [1]. Glucuronidation reactions are catalyzed by UDP-glucuronosyltransferases
(UGTs), which comprise two families, UGT1 and UGT2 [2]. The isoforms of the UGT1A
subfamily are encoded by a single gene located on chromosome 2 and exhibit distinct, but
overlapping, substrate specificities [2]. UGTs from both families are of particular interest due
to their direct involvement in the biotransformation of estradiol (E2), and the 4-hydroxylated
catechol-estrogens (4-OH-CEs), which are know genotoxic [3].

Other drug metabolizing enzymes involved in the biotransformation and detoxification of
estrogens include cytochromes P450 (CYP450s) [4], sulfotransferases (SULTs) [5,6], and
catechol-O-methyltransferases [7]. CYP450s are capable of generating oxidative metabolites
of estrogens. The role of SULT1E1 in the formation of sulfated estrogens in target tissue is the
most recent finding regarding the conjugation of estrogen and its metabolites, and a potential
role for these enzymes in preventing cancer is clear. SULTs are abundant is estrogen target
tissues; however, they biotransform only very low concentrations of estrogens [8]. Analysis
of circulating estrogens in the human body reveals that sulfates and glucuronides are the most
abundant estrogen derivatives [8]. Under normal physiological conditions, these estrogen
metabolizing enzymes control the concentrations of these compounds. However, it has been
demonstrated that, under certain conditions, abnormal accumulation of estrogens in target
tissues may lead to the development of breast cancer [9].

The study of estrogen glucuronidation and the characterization of the specific UGTs involved
in the process is a relatively new undertaking [8,10–12]. Although several human UGTs have
been identified as being involved in the conjugation of various estrogen compounds in the liver
[13], intestine [12–14], and estrogen target tissues [15], the involvement of individual UGT
isoforms, specifically the extrahepatic UGT1A10, in the biotransformation of estrogens is a
more recent development [10,12,16,17]

Hydroxylated forms of native estrogens have been implicated in the initiation and development
of breast cancer. Specifically, the 4-hydroxylated metabolites of estrogen have been shown to
be associated with the development of estrogen-sensitive cancers in estrogen target tissues
[18]. A recent study showed that the concentration of 4-OH-CEs in breast cancer patients was
significantly higher than that of 2-OH-CEs, which are mainly found in normal breast tissue
[19]. 4-OH-CEs cause mutations in DNA by undergoing metabolic redox cycling to generate
electrophilic metabolites that react with DNA to form depurinating DNA adducts, leading to
mutations and ultimately to cancer [20,21]. UGTs, which have a higher capacity to metabolize
estrogens than do SULTs, can prevent the generation and accumulation of reactive estrogen
metabolites by facilitating their removal from the body [22].

Our laboratory has carried out extensive kinetic characterization of human UGT1A10 and
identified it as the major UGT isoform involved in the in vitro glucuronidation of all native
and CYP450-oxidized estrogens due to its high affinity and capacity for these substrates.
Moreover, since there is no information available on the structure of the estrogen binding site
of this enzyme, or of other enzymes and/or nuclear receptors that bind these compounds,
identification of the estrogen binding site of UGT1A10 was undertaken. Using photoaffinity
labeling, specific phenol probes, and LC-MS/MS sequencing, the F90-M91-V92-F93 amino acid
motif was identified as the phenol binding site of UGT1A10 [23]. Several mutations of this
motif were carried out by site-directed mutagenesis to confirm the importance of this site in
phenol binding, and in the present studies, these same mutated enzymes were investigated for
their ability to bind 7 different estrogens. As was the case for simple phenols, F90 and F93 were
found to be essential for the glucuronidation of estrogens by UGT1A10. The identification of
this estrogen binding motif in UGT1A10 is a novel discovery, which can be extrapolated to
other UGT isoforms and to other estrogen binding proteins.
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MATERIALS AND METHODS
Materials

[14C]UDP-glucuronic acid ([14C]UDP-GlcUA) (specific activity, 196 mCi/mmol) was
purchased from Perkin-Elmer Life and Analytical Sciences (Boston, MA). Estrone (E1),
estradiol (E2), estriol (E3), 2-OH-E2, 4-OH-E1, 4-OH-E2, and saccharolactone (saccharic
acid-1,4-lactone) were obtained from Sigma-Aldrich (St. Louis, MO). 2-OH-E1 was purchased
from Steraloids (Newport, RI). All other chemicals and solvents were of the highest quality
commercially available.

Cloning and expression of human recombinant His-tagged UGTs
Details of the cloning and expression of UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, and 1A10
in baculovirus-infected Sf9 insect cells as His-tagged proteins and the preparation of enriched
membrane fractions were reported previously [24,25].

Microsome Preparation
Total membrane fractions from insect cells expressing UGT1A10 and its mutants were
prepared as previously described [25]. Briefly, frozen baculovirus-infected insect cells were
disrupted by osmotic shock, followed by centrifugation at 40,000 x g at 4 ºC for 60 min. Cells
were then suspended in cold distilled water and centrifuged under the same conditions. The
final membrane pellets were suspended in washing buffer (25 mM Tris-HCl, pH 7.8 and 0.5
mM EDTA), homogenized with a glass tissue homogenizer, divided into aliquots and stored
at −70 ºC until use.

Activity Assays
UGT assays (30 μl total volume) contained 5 μl of buffer (1 M Tris, pH 8.0, 5 mM MgCl2, 5
mM saccharolactone), 5 μg of membrane protein, 250 μM unlabeled substrate (substrate
structures are shown in Fig. 1) and 4 mM [14C]UDP-GlcUA. Substrates were added, dissolved
in dimethyl sulfoxide (maximum final concentration: 2%). Controls omitting substrate were
run with each assay. Reactions were initiated by adding radiolabeled UDP-glucuronic acid,
and reaction mixtures were incubated at 37 ºC for 20 min, terminated by adding 30 μl ethanol,
and cooled on ice.

Aliquots (40 μl) of each sample were then applied to the preabsorbent layer of channeled silica
gel TLC plates (Baker Si250-PA, 19C, VWR, Sugarland, TX). Products and unreacted
substrate were separated by development of the plates in chloroform-methanol-acetic acid-
H20 (65:25:2:4, v/v). Glucuronides present on silica gel were identified by autoradiography of
the TLC plates for 3–5 days at −80 ºC. Silica gel containing labeled glucuronides or in
corresponding areas in control lanes was transferred to scintillation vials, and radioactivity was
quantified by liquid scintillation counting (Packard TRI-CARB 2100TR, Perkin-Elmer) as
previously described [26].

Enzyme Kinetics
For determination of Vmax and Km values, human recombinant UGT1A10 and its mutants were
incubated in the presence of varying estrogen concentrations (5 to 500 μM) at a fixed
concentration of [14C]UDP-GlcUA (4 mM) for 20 min. All incubations were performed in
duplicate, and glucuronidation activities are expressed in nanomoles per milligram of protein
per minute. Kinetic parameters were determined using Prism4 software (GraphPad Software,
San Diego, CA).
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Site-directed mutagenesis
The structures of the amino acids involved are shown in Fig. 2. A new derivative of the
mammalian expression vector pcDNA 3.1 (+) (Invitrogen), called pcDNA 3.39, was prepared
by replacing the Nhe1-Apa1 fragment of the multi-cloning site of pcDNA 3.1 (+) with the
similarly-digested fragment from the multi cloning site of Litmus 39 (New England BioLabs,
Ipswich, MA). The UGT1A10 gene was transferred from the pFastBac derivative pFB-XHC
[24] into pcDNA 3.39 and site-directed mutagenesis was performed on this construct,
pcDNA3.39-1A10, using the QuickChange Site-directed Mutagenesis Kit (Stratagene, La
Jolla, CA). Single point mutations were introduced into pcDNA3.39-1A10 according to
manufacturer instructions. A list of the mutagenic primers follows, written in the 5’ to 3’
direction, with the mutated nucleotides underlined:

F90A-for: 5’-GATCAGAACCGGGAAGCCATGGTTTTCGCCCATGC-3’

F93A-for: 5’-CGGGAATTCATGGTTGCCGCCCATGCTCAATGGAA-3’

F90L-for: 5’-CAGAACCGGGAATTGATGGTTTTCGCCC-3’

F93L-for: 5’-CGGGAATTCATGGTGCTAGCCCATGCTCAATG-3’

V92A-for: 5’-GAACCGGGAATTCATGGCCTTCGCCCATGCTCAAT-3’

Reverse complementary primer pairs of each mutagenic primer were also used in each reaction.
Constructs were then transformed into E. coli XL1-Blue and sequenced to verify the desired
mutation.

RESULTS
Glucuronidation of estrogens and their hydroxyl derivatives by human UGTs

Eleven human recombinant UGT proteins were evaluated for their ability to glucuronidate the
native estrogens, E1, E2, and E3, and their 2- and 4-hydroxy derivatives. Microsomal protein
(5 μg) from baculovirus-infected Sf9 insect cells, which were engineered to express individual
UGT enzymes, was used for all the 1A family proteins. This same set of enzymes has been
used in previous studies from our lab and have been show to have a high catalytic capacity for
a large variety of compounds, allowing for kinetic analyses be carried out under the optimal
conditions for each isoform [23,25,27,28]. UGT2B7 was over-expressed in HK293 cells.

In these experiments, all estrogens (200 μM) were screened using the standard procedures
presented in the Methods section. The results showed that E1 is glucuronidated primarily by
two UGT isoforms, UGT1A1 and 1A10, with rates of 1 and 28 nmol/mg protein/min,
respectively (Figure 3). E2 was conjugated mainly by UGT1A10 and UGT1A3, and, in both
cases, the rates (0.1 and 4.8 nmol/mg protein/min), were significantly lower than for E1. E3,
the major estrogen produced in pregnant women, was conjugated with the highest activity by
UGT1A10 (5 nmol/mg protein/min) and 2B7 (3 nmol/mg protein/min). Small but consistent
levels of glucuronidation of E3 by UGT1A1, 1A7, and 1A9 were also noted.

The product of the CYP450-catalyzed 2-hydroxylation of E1, was glucuronidated by the largest
number of recombinant UGTs with UGT1A10, 1A1, 1A3, 1A7, 1A8, and 1A9 displaying
activity towards 2-OH-E1. UGT1A10 glucuronidation of this hydroxylated derivative by was
approximately 14 nmol/mg protein/min. 2-OH-E2 was a much poorer overall substrate, being
glucuronidated only by UGT1A10, 1A1, 1A3, and 1A8, all of which displayed only modest
activity toward this substrate. UGT1A10, 2B7, and 1A8 were found to be the most effective
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isoforms in the glucuronidation of the genotoxic 4-OH-E1, while only UGT1A10 effectively
glucuronidated 4-OH-E2.

The most significant observation from these studies is that, under the same experimental
conditions, UGT1A10 exhibited the highest activity towards all the estrogens tested, with E1
being glucuronidated at much higher rates than any other estrogen evaluated. UGT1A10 also
catalyzed the conjugation of the 2- and 4-hydroxy metabolites. 2- and 4-OH-E1 and 4-OH-
E2 were glucuronidated at similar rates but the rate of 2-OH-E2 glucuronidation was
significantly lower.

Evaluation of the glucuronidation potency of a series of UGT1A10 mutants towards
estrogens substrates and comparison to wild type UGT1A10

In these experiments, 5 mutants were evaluated for their activity toward native estrogens and
their 2- and 4-hydroxyl derivatives (Figure 4). Removal of the aromatic ring from the side-
chain of F90 totally abolished the activity of this enzyme toward all estrogens investigated. The
F93A mutant showed significantly lower activity toward E1, E2, E3 and 2-OH-E1: however
with 4-OH-E1 and -E2, activities were unchanged while 2-OH-E2 glucuronidation was
increased slightly but significantly. In contrast, the more conservative mutation of F90 to L
(Figure 2) formed a mutant that displayed very low activity with E1, E2, E3, and 2-OH-E2, but
increased activity toward 2-OH-E1 and the 4-OH-E2. The F93L mutant had almost no activity
toward the three native estrogens and significantly lower activity toward all the hydroxylated
derivatives as compared to wild type UGT1A10. The catalytic activity of the V92A mutant
was significantly higher toward all hydroxylated estrogens. However, E1 and E2 were
glucuronidated at rates similar to those of the wild type enzyme, and with E3 a small decrease
in activity was detected.

Kinetic analysis of wild type and mutant UGT1A10 with E1, E2 and E3
Wild type UGT1A10 and its mutants were assayed in further detail to determine kinetic
parameters (apparent Km and relative Vmax) toward E1, E2, and E3 (Figure 5). The F90A and
F93L mutants exhibited little or no activity toward E1, E2, and E3 and were therefore excluded
from kinetic analysis. The change of F93 to alanine produced an enzyme with a 75% decrease
in activity (Vmax) toward E1 but a more than 6 fold increase in affinity (Km) (wt: 42.1 μM;
F93A: 6.3 μM). The F90L mutant showed severely impaired activity toward E1 with a decrease
in activity of 86%, and an increase in the affinity (12.3 μM).

For E2, the F93A mutant showed a slight impairment of activity with a Vmax value that
decreased by only 30%. The Km for this mutant decreased approximately 2 fold (wt: 13.8 μM;
F93A: 7.8 μM). The change of F90 to L produced an enzyme with a decrease in catalytic activity
toward E2 of 64%, and an almost 3 fold increase in affinity (4.9 μM).

E3 is the only substrate that was not glucuronidated by the F90L mutant. F93A was the only
mutant to show measurable activity towards this estrogen, with a decrease in activity of 59%
but a very similar Km value (wt: 38.8 μM; F93A: 46.7 μM).

Kinetic analysis of wild type and mutant UGT1A10 with 2-OH-E1 and 2-OH-E2
Analysis of the catalytic activity of the phenylalanine mutants with 2-OH-E1 and –E2 showed
a complete loss of activity for the F90A mutant (Figure 6). The F93A mutant had severely
impaired activity toward 2-OH-E1 with a decrease in activity of 99%. However, there was a
large increase in the affinity of this mutant for these two estrogens (wt: 130.5 μM; F93A: 10.2
μM). The change of F90 to L produced an enzyme with a 72% increase in the catalytic activity
toward 2-OH-E1 but a decreased affinity of more than 2 fold (291 μM), while the F93L mutant
had an increased affinity (82.3 μM) and a decrease in activity of 88% toward this substrate.
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Evaluation of the glucuronidation capacity of wild type UGT1A10 and its mutants toward 2-
OH-E2 showed that, in contrast to the other estrogens evaluated, saturation conditions were
not achieved at even at concentrations of 500 μM.

Kinetic analysis of wild type and mutant UGT1A10 with 4-OH-E1 and 4-OH-E2
Analysis of the glucuronidation activity of the phenylalanine mutants with 4-OH-E1 showed
a complete loss of activity for the F90A and F93L mutants (Figure 6), and the F93A mutant
showed a decrease in activity of 69%. Interestingly, there was a significant increase in the
affinity for this mutant (wt: 118.2 μM; F93A: 40.1 μM). The change of F90 to L produced an
enzyme with a decrease of catalytic activity toward 4-OH-E1 of 78%, but a decreased affinity
of more than 4 fold (25.5 μM).

The F90A and F93L mutants exhibited little or no activity toward 4-OH-E2 and were excluded
from kinetic analysis. The F93A mutant had a decrease in activity of 96%, and a significant
increase in the affinity (wt: 233.8 μM; F93A: 3.1 μM). The change of F90 to L produced an
enzyme with a significant increase of catalytic activity toward 4-OH-E2 112%, but with similar
affinity (292.7 μM).

DISCUSSION
Human UGTs are one of the most important classes of Phase II detoxification enzymes, due
to the fact that they accept the largest number of structurally diverse chemicals as substrates.
Yet, despite the large number of biotransformation reactions mediated by UGTs, relatively
little is known about the critical amino acids involved in the direct interactions of these enzymes
with naturally occurring substrates, drugs, or environmental pollutants. In our previous report,
the two phenylalanine residues of the F90-M91-V92-F93 motif located within the N-terminal
domain of UGT1A10 were identified as being critical to the binding and glucuronidation of
simple phenols [23]. This motif was identified using photoaffinity labeling followed by LCMS/
MS sequencing and site-directed mutagenesis. In those studies, two mutations of this motif,
F90A and F93A, were generated and evaluated with two specific phenolic compounds, 4-
nitrophenol and 4-methylumbelliferone [23]. The current study was undertaken to further
clarify the role of the previously identified FMVF motif of UGT1A10, and analysis of the two
previously generated mutants as well as 3 new mutants, F90L, F93L, and V92A, revealed that
the two amino acids, F90 and F93, are also critical for the glucuronidation of native estrogens
and their hydroxylated derivatives, while V92 only decreases the activity of this enzyme toward
E3.

In our previous work, we demonstrated that, in the UGT1A10 binding site created by the FMVF
motif, the phenylalanine residues, which have a neutral aromatic side chain, could associate
with the phenolic ring of pNP and 4-MU via hydrophobic aromatic ring stacking interactions
[23]. We identified F90 as being crucial for these interactions. As is evident from the present
studies with estrogens, the same amino acid residue is also indispensable for the binding of
both native estrogens and their hydroxylated derivatives (Figures 4, 5, and 6). The F90A mutant
had no activity toward any of the substrates investigated. On the other hand, the role of F93

seems to be slightly different for simple phenols and estrogen compounds, and the effect of
mutation of this amino acid depends strongly on the structure of the substrate. The most striking
observation is that, for both the 2-hydroxylated estrogens, the F93A mutant showed no
detectable activity. Therefore, for these hydroxylated estrogens, both F90 and F93 are crucial
for their activity. For simple phenols, the affinity of the F93A mutant decreased 3 and 10 fold
for 4-MU and pNP, respectively. With the exception of E3 (Km practically unchanged), both
native and hydroxylated estrogens showed an increase in affinity with F93A, from 2-77 fold
(Figure 5 and 6). In all cases, the activity was significantly decreased, reducing the
glucuronidation potency of this mutant, but the affinity for the substrates was increased.
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For the present studies, we also generated another set of more conservative phenylalanine
mutants, where the aromaticity of the side chain was removed and replaced with a medium
length four carbon side chain (Figure 2). This leucine substitution results in a slightly reduced
hydrophobicity and eliminates the potential ring-stacking interactions. Two very different
phenomena were observed for these mutants. For all the estrogens investigated, the F93L
mutation resulted either in either total elimination or severe reduction of glucuronidation
activity. On the other hand, the effect of the F90L mutant varied depending on whether the
substrate was a native or hydroxylated estrogen. With E3, the glucuronidation activity of this
mutant was totally abolished and with E1 and E2, the activity was severely diminished (8–9
fold). Interestingly, with 2-OH-E1 and 4-OH-E2 a significant increase in glucuronidation
potency was observed with this mutant.

Our previous sequence analysis of photolabeled UGT1A10 [23] suggested that V92, might also
be involved in the binding of phenolic substrates. Therefore, we generated the V92A mutant,
and evaluated its activity toward our estrogen substrates. Preliminary screening of this mutation
demonstrated that, with the exception of E3, the activity of this enzyme was either unchanged,
for E1 and E2, or significantly increased, for hydroxylated estrogens. Kinetic analysis of this
mutant has not yet been carried out.

Thus, it appears that the entire motif plays a role in the binding of estrogens. The hydrophobic
side chains at position 90 and 93 seems to be essential for specific binding of all estrogens.
Individual features of the native and hydroxylated estrogens determine the specific binding
properties of the compound within the binding site of the human UGT1A10 and the mutants,
resulting in activities that are completely abolished, unchanged, increased or decreased
depending on the structures of both the mutant and the substrate. Overall, these present studies
with estrogens totally confirm the findings of our previous studies with phenols that the FMVF
motif is most certainly the substrate binding site of UGT1A10 [23]. Studies with other
UGT1A10 substrates are underway.

In order to understand the significance of the identification of the estrogen binding site in UGTs,
we need to take into consideration the importance of estrogen glucuronidation itself. At
physiological concentrations, estrogens can be effectively excreted from the body after
sulfation catalyzed by SULTs [29] and this mode of detoxification is very effective at low
concentrations However, if estrogens accumulate in the body to levels above normal
physiological conditions, the SULTs do not have the capacity to clear the increased levels.
However, UGTs can, and do, effectively remove this excess. More importantly, the
biotransformation of estrogens via glucuronidation is the only metabolic pathway that can
effectively remove both native estrogens and their hydroxylated derivatives.

Therefore, glucuronidation of estrogens serves two different functions. First, by eliminating
the excess of native steroids, especially E2, which serve as the ligands for the estrogen receptors
(ERα and -β), glucuronidation can control the steady-state concentration of estrogenic ligands
for these receptors. Second, glucuronidation and elimination of hydroxylated estrogens from
circulation and from target tissues significantly protects against the development of breast
cancer caused by an excess of 4-hydroxylated estrogens.

In summary, the novelty of this work is that it represents the first identification of UGT1A10
as the major isoform responsible for the glucuronidation of all native estrogens and their
hydroxylated metabolites. This is also the first successful identification of crucial amino acids
involved in the estrogen binding site of this or any UGT isoform. It is anticipated that this
discovery will constitute a basis for the elucidation of the molecular mechanism of estrogen
glucuronidation. Moreover, the localization of the estrogen binding site in UGT1A10 could
allow better evaluation of glucuronidation activities of polymorphic variants of UGTA10 or
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other UGT isoforms involved in estrogen glucuronidation. This information can also be
extended to help determine the architecture of the estrogen binding site in other proteins such
as ER, CYP450s, SULTs, etc.
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Figure 1.
Structures of native estrogens and their hydroxylated metabolites.
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Figure 2.
Structures of amino acids used to create mutants.
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Figure 3. Glucuronidation activities of human recombinant UGTs toward native estrogens and
their hydroxylated derivatives
Glucuronidation activities of UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, and 1A10 were
measured using membrane fractions of recombinant UGTs expressed as His-tag proteins in
baculovirus infected Sf9 insect cells (10 μg). The substrate and co-substrate (UDP-GlcUA)
concentrations were 0.25 mM and 4 mM, respectively. The estrogen substrates were dissolved
in DMSO (final concentration 2%) and the reaction was incubated for 20 min. Reactions were
stopped by the addition of ethanol and products were separated by TLC and identified by
autoradiography. Specific activities are expressed in nmol/mg protein/min and shown with
standard deviations based on (2–6) experiments.
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Figure 4. Glucuronidation activities of estrogen human recombinant wild type UGT1A10 and its
mutants toward native estrogens and their hydroxylated derivatives
Glucuronidation activities of UGT1A10 and its mutants were assayed by incubating membrane
fractions of recombinant UGTs expressed as His-tag proteins in baculovirus infected Sf9 insect
cells (5 μg) ) with native and hydroxylated estrogens (250 μM for all but F93A, which was
measured at 200 μM) and UDP-GlcUA (4 mM) for 20 min at 37 °C. Reactions were stopped
by the addition of ethanol and products were separated by TLC and identified by
autoradiography. Specific activities are expressed in nmol/mg protein/min. The results were
analyzed by one way ANOVA followed by a Dunnett's Multiple Comparison Test.
Measurements that vary significantly from wild type are indicated. (*: p<0.05; **: p<0.01).
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Figure 5. Kinetic constants for E1, E2 and E3 by recombinant wild type UGT1A10 and mutants
Glucuronidation activities of recombinant wild type UGT1A10 (■) and the F93A (▲) and
F90L (▼) mutants were measured by incubating membrane fractions containing recombinant
UGT1A10 and its mutants (5 μg) with increasing concentrations (shown in the figure) of the
estrogens at a constant concentration of [14C]UDP-GlcUA (4 mM) for 10 min at 37°C.
Reactions were stopped by the addition of ethanol and products were separated by TLC and
identified by autoradiography. Curve fits and kinetic constants were determined using
GraphPad Prism 4 software. The graphical fits of the data from each of the analyses with each
substrate (mean ± SD of 4–6 determinations) are shown. Km values are given in μM, and
Vmax values are given in nmol/mg protein/min.
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Figure 6. Kinetic constants for 2-OH-E1, 2-OH-E2, 4-OH-E1 and 4-OH-E2 by recombinant wild
type UGT1A10 and mutants
Glucuronidation activities of recombinant wild type UGT1A10 (■) and the F93A (▲), F90L
(▼), and F93L (●) mutants were measured by incubating membrane fractions containing
recombinant UGT1A10 and its mutants (5 μg) with increasing concentrations (shown in the
figure) of 2-OH-E1, 2-OH-E2, 4-OH-E1 and 4-OH-E2 at a constant concentration of [14C]UDP-
GlcUA (4 mM) for 10 min at 37°C. Reactions were stopped by the addition of ethanol and
products were separated by TLC and identified by autoradiography. Curve fits and kinetic
constants were determined using GraphPad Prism 4 software. The graphical fits of the data
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from each of the analyses with each substrate (mean ± SD of 4–6 determinations) are shown.
Km values are given in μM, and Vmax values are given in nmol/mg protein/min.
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