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Abstract

The zebrafish genome contains a gene superfamily of 40 Ugt genes that can be divided into Ugtl, Ugt2,

and Ugt5 families. Because the encoded zebrafish UGT proteins do not display orthologous relationships

to any of the mammalian and avian UGT enzymes based on molecular phylogeny, it is difficult to predict

their substrate specificity. Here, we mapped their tissue-specific expression patterns. We showed that the

zebrafish UGT enzymes can be glycosylated. We determined their substrate specificity and catalytic

activity toward diverse aglycone substrates. Specifically, we measured mRNA levels of each of the 40

zebrafish Ugt genes in 11 adult tissues and found that they are expressed in a tissue-specific manner.

Moreover, functional analyses with the donor of UDPGA for each of the 40 zebrafish UGT proteins

revealed their substrate specificity toward ten important aglycones. In particular, UGT1A1, UGT1A7, and

UGT1B1 displayed good glucuronidation activities toward most phenolic aglycones

(4-methylumbelliferone, 4-nitrophenol, 1-naphthol, bisphenol A, and mycophenolic acid) and the two

carboxylic acids (bilirubin and diclofenac). Importantly, some members of the UGT5, anovel UGT family

identified recently, are capable of glucuronidating multiple aglycones with the donor cofactor of UDPGA.

In particular, UGT5A5, UGT5B2, and UGT5EL glucuronidate phenols and steroids with high specificity

toward steroid hormones of estradiol and testosterone, and estrogenic alkylphenols 4-tert-octylphenaol.

These results shed new insights into the mechanisms by which fish species defend themselves against vast

numbers of xenobiotics via glucuronidation conjugations, and may facilitate the establishment of zebrafish

asamodel vertebrate in toxicological, developmental, and pathological studies.
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I ntroduction

With a high-quality reference genome assembled and arepertoire of molecular genetics tools available, the

zebrafish has become a powerful vertebrate model for human biology and diseases (Howe et al., 2013;

Stegeman et al., 2010). The zebrafish has also emerged as a popular toxicological model for drug

discovery, endocrinology, and environmental chemical defense studies (James, 2011; Peterson and Macrae,

2012; Stegeman et al., 2010; Tokarz et a., 2013). The UDP-glucuronosyltransferases (UGTs) are an

important class of diverse Phase Il drug-metabolizing and detoxification enzymes that affect the drug

toxicity as well as its oral bioavailability (Meech et al., 2012; Wu et a., 2011). In mammals, UGTs are

encoded by two gene clusters. Ugtl and Ugt2 (Mackenzie et a., 2005; Owens et al., 2005). The

mammalian Ugtl clusters are organized in a tandem array of multiple highly-similar variable exons

followed by asingle set of four constant exons (Emi et al., 1995; Li and Wu, 2007; Mackenzie et al ., 2005;

Owens et a., 2005; Ritter et al., 1991; Zhang et a., 2004), similar to the organization of the protocadherin

(Pcdh) clusters (Wu, 2005). Each Ugtl variable exon encodes a signal peptide and the amino-terminal

aglycone-recognition domain. The constant exons encode a highly conserved donor-binding domain and

the carboxyl-terminal endoplasmic-reticulum (ER)-anchoring transmembrane segment. Alternative

splicing from each of the multiple variable first exons to the common set of downstream constant exons

generates the enormous molecular diversity required for metabolizing diverse small lipophilic chemicals.

In addition, characterization of the genetic variability of the UGT1 gene cluster in different human

populations has revealed ethnic specific diversity of UGT1 haplotypes and linkage blocks (Maitland et al.,

2006; Ménard et al., 2009; Saeki et al., 2006; Thomas et a., 2006; Yang et al., 2012). The mammalian

Ugt2 clusters include three Ugt2a genes and about a dozen Ugt2b genes (Mackenzie et ., 2005; Owens et
4
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a., 2005). The mammalian UGT enzymes catalyze the glucuronidation of a vast number of lipophilic
endaobiotics and xenobiotics with the UDP-glucuronic acid (UDPGA) as a donor cofactor (Meech et al.,

2012).

Glucuronidation has long been proven to be an important detoxification pathway for organic pollutantsin

fish species (Dutton, 1980; Stegeman et a., 2010). Glucuronidation by Phase Il enzymes converts

endogenous lipophilic metabolites into hydrophilic compounds, which are easily excreted in urine (James,

2011). For example, fish glucuronidate one or both propionic groups of the pigmental bilirubin and

excrete the conjugated bilirubin through bile (Clarke et a., 1992; Dutton, 1980). To date, limited

information is avail able on the specific piscine UGT isoforms that are responsible for the glucuronidation

of various xenaobiotics and endobiotics (Meech et a., 2012; Wu et a., 2011). We recently reported

identification of the complete repertoire of 40 Ugt genes and 5 Ugt pseudogenes in the zebrafish and

found that teleosts have many more Ugt genes than mammals (Huang and Wu, 2010). Specifically,

zebrafish Ugt genes can be divided into Ugtl, Ugt2, and Ugt5 families. Both Ugtl and Ugt2 clusters are

duplicated and organized into variable and constant regions. Every Ugtl and Ugt2 variable exon is

separately spliced to a common set of downstream constant exons in respective clusters (Huang and Wu,

2010). In addition, there are a set of 18 zebrafish Ugts genes whose entire open reading frames are

encoded by single large exons. These Ugt5 genes are found in the genomes of teleosts and amphibians but

not in mammals and may arise from retrotransposition (Huang and Wu, 2010). The expression patterns

and functions of none of these zebrafish Ugt genes are known.
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Here we report the expression patterns and catalytical functions of the entire zebrafish Ugt repertoire. In

particular, we characterized the glucuronidation functions of each of the 40 recombinant zebrafish UGT

proteins toward ten important aglycone substrates, including endogenous hormones or metabolites

(estradiol, testosterone, and bilirubin), exogenous drugs (4-methylumbelliferone, mycophenalic acid, and

diclofenac), as well as environmental toxins (4-nitrophenol, 1-naphthol, 4-tert-octylphenol, and bisphenol

A). We demonstrated for the first time that members of the UGT5 family proteins are true

glucuronosyltransferase enzymes utilizing UDPGA as the donor substrate. These results have important

implications on the catalytic mechanisms by which zebrafish phase Il drug-metabolizing UGT enzymes

metabolize endobiotics and xenobiotics. Our findings should also facilitate the development of the

zebrafish as amodel organism for drug screening and environment monitoring.
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Materials and M ethods

Materials.

4-Methylumbelliferone (4-MU), diclofenac sodium salt, 4-methylumbelliferyl B-D-glucuronide hydrate

(4-MU-G), 4-nitrophenyl B-D-glucuronide (4-NP-G), B-estradiol 3-(B-D-glucuronide) sodium salt (Ex-3G),

B-estradiol 17-(B-D-glucuronide) sodium salt (Ex-17G), uridine 5’ -diphosphoglucuronic acid triammonium

sat (UDPGA), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, USA).

1-Naphthol 3-D-glucuronide (1-naphthol-G) was purchased from Santa Cruz Biotech (Santa Cruz, USA).

B-Estradiol (E;), testosterone, and bilirubin were purchased from Adamas-beta (Shanghai, China).

4-tert-Octylphenol (t-OP) was purchased from Tokyo Chemical Industry (Tokyo, Japan). Mycophenolic

acid (MPA), 4-nitrophenal (4-NP), 1-naphthol, and bisphenol A (BPA) were purchased from Sangon

(Shanghai, Chind). TRIzol reagent and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad,

USA). Tag DNA polymerase and ribonuclease-free DNase | were purchased from Takara (Otsu, Japan).

AMYV reverse transcriptase and pGEM-T Easy vector were purchased from Promega (Fitchburg, USA).

Restriction endonucleases, T4 DNA ligase, and endoglycosidase H (Endo H) were purchased from the

New England Biolabs (Ipswich, USA). Cell culture medium, fetal bovine serum, and trypsin were

purchased from Thermo Fisher Scientific (Waltham, USA). The high-performance liquid chromatography

(HPLC)-grade methanol and acetonitrile were purchased from Merck (Darmstadt, Germany).

Methods.

Expression Profiling. We designed an isoform-specific primer pair for each member of the zebrafish Ugt

repertoire (Supplemental Table S1). The PCR product for each zebrafish Ugt gene spans at least one
7
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intervening intron to avoid contamination from the genomic DNA. The specificity of al of the primer

pairs was confirmed by sequencing the amplified PCR product for each member of the zebrafish Ugt

superfamily. Adult zebrafish (Danio rerio) of about 6 months were purchased from the Institute of

Biochemistry and Cell Biology, Shanghai Institute of Biological Sciences, Chinese Academy of Sciences.

Total RNA was isolated from various tissues of the adult zebrafish with the TRIzol reagent according to

the manufacturer’s instructions. The zebrafish Ugt cDNAs were amplified from total RNA by reverse

transcriptase polymerase chain reaction (RT-PCR). 20 ul of total RNA was treated with ribonuclease-free

DNase | at 37°C for 30 min. The first-strand cDNA was synthesized using 1 pug of DNase |-treated RNA

and 0.5 ug of random primers in the presence of the AMV reverse transcriptase in afinal volume of 20 .

1 ul of the RT product was added to a mixture containing 1 x PCR buffer, 250 uM dNTP, 0.25 uM

isoform-specific primers, and 1 unit of Tag DNA polymerase in atotal volume of 20 ul PCR reaction. The

PCR conditions were 94°C for 3 min; 35 cycles of 94°C, 30 sec; 57°C, 30 sec; 72°C, 40 sec; followed by

afina extension at 72°C for 7 min. The zebrafish p-actin was used as a control. The PCR product was

electrophoresed on a 2% agarose gel and visualized by ethidium bromide staining under UV light.

Recombinant UGT Production. We expressed each of the 40 zebrafish recombinant UGT proteins by

subcloning the corresponding cloned cDNA from the pGEM vector into the expression vector pcDNA3

(Huang and Wu, 2010). Briefly, the zebrafish Ugt open reading frame from each of the 40 pGEM-T

plasmids (Huang and Wu, 2010) was subcloned with primers (Supplementa Table S2) into the expression

vector pcDNA3 containing a myc tag, and confirmed by sequencing. It has been shown that the

C-terminal tag does not interfere with the glucuronidating activity of the recombinant human UGT protein
8
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(Zhang et a., 2012). For recombinant zebrafish UGT production, HEK293T cells were transfected at 90%

confluency in a10-cm dish with 12 ug of experimental or mock plasmids using Lipofectamine 2000. After

6 hrs, the medium was changed. The cells were then grown in the high-glucose Dulbecco's modified Eagle

medium (DMEM) supplemented with 10% fetal bovine serum, 4 mM L-glutamine, and 100 ug/ml

penicillin/streptomycin in a humidified incubator with 5% CO, at 37°C. The cells were harvested by

scraping and washed in a phosphate buffered saline 48 hrs after transfection. The cell suspension was

subsequently centrifuged at 500 g for 5 min. The pellet was resuspended with phosphate buffer (0.1 M, pH

7.4) containing dithiothreitol and phenylmethylsulfonyl fluoride. The resuspended cells were lysed by

sonication using an ultrasonic processor Uibra cell (Sonics & Materials, USA). 500 pl suspension of cells

was sonicated for four trains each of 5-second bursts, separated by at least 1 min of cooling onice. Lysates

were centrifuged at 12,000 g for 10 min. The supernatant fraction was aliquoted and the aliquots were

frozen at -80°C until used. The protein concentration was determined using the Bradford method with

bovine serum albumin as the standard.

Western Blot. The relative expression levels of individual recombinant UGT proteins were evaluated using

the Western blot analyses. Each of the 40 recombinant zebrafish UGT proteins was separated by 10%

SDS-PAGE and transferred onto a nitrocellulose membrane. The membranes were then probed with a

mouse anti-myc antibody (Millipore; 1:2,000 dilution) or a mouse anti-actin antibody (Abgent; 1:5,000

dilution). A goat anti-mouse IgG antibody (1:10,000 dilution) conjugated with IR dye 800CW

(Biosciences) was subsequently used as the second antibody. The expression of each UGT protein was

visualized and quantified using the Odyssey Infrared Imaging system (LI-COR Biosciences, USA).
9
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Endoglycosidase H (Endo H) Treatment. The supernatant fraction of the cell lysates containing

recombinant zebrafish UGT proteins was adjusted to 2 mg/ml with a glycoprotein denaturing buffer, and

denatured by heating at 100°C for 10 min. The denatured proteins (10 pg) were incubated with 250 U of

Endo H in 50 mM sodium citrate buffer (pH 5.5) at 37°C for 1 hr, and then subjected to 8% SDS-PAGE

and Western blot analyses.

Glucuronidation Activity Assay. The glucuronidation assay was performed as previously described

(Uchaipichat et al., 2004) with minor modifications. Briefly, 100 ul of the assay mixture contained 0.1 M

phosphate buffer (pH 7.4), 5 mM MgCl,, 200 ug of lysates containing recombinant proteins, and the tested

aglycone substrate. The lysate of HEK293T cells transfected with empty vector was used as negative

mock controls. After preincubating the assay mixture at 30°C for 3 min in a thermomixer (Eppendorf)

with automatic shaking, the reaction was initiated by the addition of 5 mM UDPGA. Incubation was

continued for 30-120 min before being terminated by adding 100 pl of ice-cold methanol or acetonitrile.

Both incubation times and protein concentrations in the assays were within the linear range of individual

UGT activities. After centrifugation at 14,000 g for 5 min, the supernatant was subjected to an HPLC

column (COSMOSIL 5C18-AR-Il) and analyzed for the presence of glucuronide conjugates in an HPLC

machine (Prominence LC-20A from Shimadzu) with a UV or fluorescence detector under the conditions

shown in Table 1. The limits of detection of the HPLC assays were determined at signal to noise ratios of

3 (Supplemental Table S3). The identities of the glucuronide conjugates were confirmed by running HPLC

with 4-MU-G, 4-NP-G, 1-naphthol-G, E,-3G, E;-17G, or with the glucuronidated products using mouse
10
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liver microsomes with or without UDPGA (data not shown). In particular, the identity of the mono- and

di-glucuronidated bilirubin was aso confirmed by a validation assay by using the recombinant human

UGT1AL proteins. Finally, the bilirubin glucuronidating activity of the recombinant zebrafish UGT1B7

was confirmed by three control experiments: with mock lysates, without bilirubin, or without UDPGA.

The activities were normalized to the relative expression levels of individual UGT proteins with UGT1A1

set as 1.0. All of the glucuronidation reactions were performed at |east three times.

For the initial screening of the zebrafish UGT activity, each of the 40 recombinant zebrafish UGT was

incubated with one of ten aglycone substrates (500 uM 4-MU, 2,500 uM 4-NP, 2,500 uM 1-naphthal, 200

uM BPA, 500 uM t-OP, 1,000 uM MPA, 500 uM E,, 500 uM testosterone, 150 pM bilirubin, or 2,500 uM

diclofenac). The glucuronidation assays were performed as described above but with a longer incubation

time of 12 hrs. When estradiol, testosterone, bilirubin, bisphenol A, or diclofenac was used as a substrate,

DM SO was added to the reaction mixture at a final concentration of 10%. This concentration of DM SO

does not inhibit the enzymatic activity.

Kinetic Analysis. For kinetic measurements, we used at least seven different aglycone concentrations and

adjusted the enzyme concentration so that no more than 5% of the substrate was consumed during the

reactions. In the case of 4-MU, the aglycone concentrations were between 7.5 and 1,000 uM for UGT1A7;

between 2.5 and 150 uM for UGT1B1. In the case of 4-NP, the aglycone concentrations were between 100

and 10,000 uM for UGT1A1, between 100 and 5,000 uM for UGT1A7, and between 50 and 10,000 uM

for UGT1BL1. In the case of 1-naphthal, the aglycone concentrations were between 5 and 1,000 uM for
1
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UGT1A1, between 2.5 and 150 uM for UGT1B1, and between 150 and 7,500 uM for UGT5A5. In the
case of BPA, the aglycone concentrations were between 25 and 500 uM. In the case of t-OP, the aglycone
concentrations were between 25 and 1,000 uM for UGT5A5 and between 50 and 1,000 uM for UGT5B2.
In the case of MPA, the aglycone concentrations were between 50 and 2,500 uM for UGT1A1l and
between 25 and 750 uM for UGT1BL1. In the case of E,, the aglycone concentrations were between 10 and
500 uM for UGT1B1 and between 5 and 250 uM for UGTS5EL. In the case of testosterone, the aglycone
concentrations were between 10 and 1,000 uM. In the case of diclofenac, the aglycone concentrations

were between 50 and 5,000 uM. All of the assays were carried out in duplicates.

The kinetic constants were estimated using nonlinear fitting of experimental data to the following kinetic

equations with Graphpad Prism 6.

The Michaelis-Menten eguation (eg. 1) (Johnson and Goody, 2011; Michaelis and Menten, 1913):

VinaxX[S]

“Kn T 151 @

\Y

where v is the rate of reaction, Vma 1S the maximum reaction rate, K, is the substrate concentration at

which the reaction rate is half of Vi, and [ is the substrate concentration.

The substrate inhibition equation (eg. 2) (Luukkanen et al., 2005):

VinaxX [S]

v=

[S]2 )
K;

K, + [S] +
where K; is the constant describing the substrate inhibitory potency.

12

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 11, 2014 as DOI: 10.1124/mol.113.091462
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #91462

For data showing both sigmoidal kinetics and substrate inhibition kinetics, the kinetic constants were

calculated using a modified Hill equation (eg. 3) (Hill, 1910; LiCata and Allewell, 1997):

Yk WX (81 o

e (f) (R

where K; is the dissociation constant of the ES complex, V; is the reaction rate in the presence of inhibition, and

nisthe Hill coefficient.

Goodness of fitting to the three equations was evaluated on the basis of standard deviations of the parameter
estimates at 95% confidence intervals, and R? values, and by visual inspection of the Michaelis-Menten
(Johnson and Goody, 2011; Michaelis and Menten, 1913) and Eadie-Hofstee (Eadie, 1942; Hofstee, 1959)

plots.

Intrinsic clearance (CL;y) was calculated as Vma/Km for both Michaelis-Menten kinetics and substrate
inhibition kinetics. For sigmoidal kinetics, maximum clearance (CLma) Was calculated with the following

equation (eg. 4) (Houston and Kenworthy, 2000):

CL _ Vmax (1’1 - 1)
max g % n(n — 1)/n

(4)

13
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Results

Tissue-Soecific Expression Patterns of the Zebrafish Ugt Gene Repertoire. We recently identified the

complete zebrafish Ugt gene repertoire and found that the zebrafish genome contains 40 putative

functional genes and 5 pseudogenes (Huang and Wu, 2010). To characterize their tissue-specific

expression profiles, we measured the expression pattern of each member of the zebrafish Ugt superfamily

in awide variety of tissues, including brain, eye, gill, heart, kidney, spleen, liver, intestine, ovary, testis,

and muscle, by using an isoform-specific semiquantitative RT-PCR method (Fig. 1, A-C). In addition,

quantitative real-time PCR experiments were performed for 8 representative members of the Ugt gene

superfamily in 4 representative tissues. The results were consistent with those from the isoform-specific

semiquantitative RT-PCR assays (Supplemental Fig. S1). The specificity of each primer pair was

confirmed by sequencing the amplicons. -actin was used as an internal control (Fig. 1D).

Ugtl Clusters. Members of the Ugtla subfamily display distinct tissue-specific expression patterns (Fig.

1A). Ugtlal is highly expressed in the liver, intestine, testis, and spleen, and at low levelsin the brain, gill,

ovary, and muscle. There are low levels of expression of Ugtla2 in the intestine and of Ugtla6 in the liver

and intestine. Ugtla3 and Ugtlad are mainly expressed in the liver, intesting, and testis. In addition,

Ugtlad isexpressed at low levelsin the gill and spleen. Ugtl1ab is predominantly expressed in the gill, and

moderately in the kidney and liver. Finally, Ugtla7 is expressed at high levelsin the gill and intestine, and

at very low levelsin the liver, kidney, and testis. Interestingly, none of the Ugtla subfamily is detectable

in the eye and heart (Fig. 1A).

14

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 11, 2014 as DOI: 10.1124/mol.113.091462
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #91462

Among members of the Ugtlb subfamily, Ugtlbl is expressed in all of the tissues examined (Fig. 1A).

The expression patterns of Ugtlb2 to Ugtlb5 are very similar in the fact that they are mainly expressed in

the intestine, liver, and kidney. In addition, Ugtlb2 is also expressed at low levels in the muscle, and

Ugtlb3 and Ugtlb4 at low levelsin the gill. Finally, Ugtlb7 is expressed at high levelsin the liver and at

low levelsin the brain, eye, spleen, intesting, testis, and muscle (Fig. 1A).

Ugt2 Clusters. Compared to members of the Ugtla and Ugtlb subfamilies, most members of the Ugt2a

subfamily are expressed in a broad range of tissues except Ugt2a4, which is only expressed in the liver

(Fig. 1B). In particular, Ugt2al, Ugt2a3, and Ugt2a5 are expressed in all of the tissues examined.

Specificaly, Ugt2al shows high levels of expression in al tissues except the brain and eye; Ugt2a3 is

highly expressed in the liver and intestine; Ugt2a5 is expressed at high levels in all tissues. Ugt2a2

exhibits modest expression in most tissues, including the intestine, liver, ovary, testis, kidney, spleen, and

muscle, and low levelsin the gill and heart. Finally, Ugt2a6 is expressed in most tissues except the brain

and muscle (Fig. 1B).

Members of the Ugt2b subfamily are expressed at high levelsin the liver and intestine except Ugt2b6 (Fig.

1B). In addition, Ugt2bl is also expressed in the spleen and at low levelsin the testis and kidney. Ugt2b3

shows low levels of expression in the testis. Ugt2b5 is expressed with high levels in the kidney and testis,

and low levelsin the gill and spleen. Finally, Ugt2b6 is expressed at low levels in the heart, spleen, liver,

ovary, and testis (Fig. 1B).
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Ugt5 Clusters. The Ugts genes encode a hovel family of UDP glucuronosyltransferases that have distinct

genomic organization and only exist in lower vertebrates (Huang and Wu, 2010). For members of the

Ugt5a cluster, Ugtbal and Ugt5a2 display similar expression profiles (Fig. 1C). In addition to high levels

of expression in the liver and intestine, Ugt5al and Ugt5a2 are also expressed at low levels in the eye, gill,

kidney, spleen, and testis. Ugt5a3 is only expressed at low levels in the liver and intestine (Fig. 1C).

Ugt5a4 is expressed at high levelsin the liver and intestine, and at low levelsin the gill and testis. Ugt5a5,

the most ancient gene in the cluster (Huang and Wu, 2010), is ubiquitously expressed in al tissues (Fig.

10).

Both Ugtbbl and Ugt5h2 have two alternative upstream 5" noncoding exons (ul and u2) and alternative

splicing from these two noncoding exons generate two variants for each of Ugtbbl and Ugt5b2 (Fig. 1C)

(Huang and Wu, 2010). Interestingly, we found that the two variants of Ugt5b1 and Ugt5b2 have different

expression patterns. The ul variant of Ugt5bl is expressed at high levelsin the gill and spleen, and at low

levelsin the heart, kidney, liver, intestine, ovary, and testis. The u2 variant of Ugt5bl is expressed at high

levelsin the gill, kidney, and spleen, and at low levels in the liver, intestine, ovary, and muscle (Fig. 1C).

The ul variant of Ugt5b2 is expressed at high levelsin all of the tissues except the heart. The u2 variant of

Ugtbb?2 is expressed at high levels in the eye, gill, and kidney, but at low levels in the ovary (Fig. 1C).

This observation suggests that the two upstream noncoding exons were differentially spliced in a

tissue-specific manner. The expression of Ugtbbh3 islimited to the intestine and liver, with ahigher level in

the intestine. Finally, Ugt5b4 is expressed at high levels in the brain, eye, gill, kidney, spleen, liver, and

intestine, and at low levelsin thetestis (Fig. 1C).
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There are three members of the Ugt5c cluster (Huang and Wu, 2010). Ugt5cl is expressed at low levelsin

the brain, spleen, intestine, and testis (Fig. 1C). Ugt5c2 is expressed at high levels in the kidney, spleen,

liver, intestine, and ovary, and at low levels in the eye and testis (Fig. 1C). Finaly, Ugtsc3 is highly

expressed in all tissues except in the gill (Fig. 1C).

Other members of the Ugts family, including Ugtsdl, Ugtsel, Ugtsfl, Ugtsgl, and Ugtsg2, are

non-clustered Ugt genes (Huang and Wu, 2010). Ugt5dl is expressed at high levels in the liver and

intestine, and at low levels in the spleen, testis, and ovary (Fig. 1C). Ugt5el is expressed in the eye, gill,

heart, kidney, and testis (Fig. 1C). Ugt5f1 and Ugt5gl are ubiquitously expressed in all tissues except the

eye and spleen (Fig. 1C). Interestingly, Ugt5g2 is only expressed at high levelsin the eye and at low levels

inthegill (Fig. 1C).

Glucuronidation Activities of the Zebrafish UGT Superfamily Proteins. Although glucuronidation is

known to be an important pathway in fish species, to date no member of the zebrafish UGT superfamily

has been shown to have catalytic glucuronidating activity (Dutton, 1980; James, 2011). To investigate the

biological function of individual members of the UGT superfamily in zebrafish, we expressed each of the

40 recombinant UGT proteins in HEK293T cells. We confirmed the expression of recombinant proteins

using Western blot analysis (Fig. 2A). Interestingly, we observed multiple bands for most UGT isoforms;

however, treatment of individual UGTs with Endoglycosidase H (Endo H) invariably resulted in asingle

polypeptide band (Fig. 2B). This demonstrated that the multiple bands are derived from different levels of
17
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the glycosylation of the same UGT enzyme.

We measured the glucuronidation activities of the zebrafish UGT enzymes, with UDP-glucuronic acid as

the donor, toward ten commonly used aglycone substrates, including three small phenols (4-MU, 4-NP,

1-naphthal), three complex phenols (BPA, t-OP, and MPA), two hormone steroids (E, and testosterone),

and two carboxylic acids (bilirubin and diclofenac) (Table 2) by using the HPLC system to separate the

conjugated glucuronide from the respective aglycone substrate (Fig. 3 and 4). The substrate (aglycone)

concentrations used to obtain the data shown in Table 2 were the same as that used in the initial screening

(see the method section). The HPLC chromatograms of glucuronidation assays with members of the

UGT1 and UGT2 families were shown in Fig. 3 for enzymes with strong activities toward specific

substrates and in the Supplemental Figure S2 for the others. The results for UGT5 were shown in Fig. 4.

UGT1 Family. Some members of the UGT1 family have strong glucuronidation activities toward most of

the phenals (except t-OP) and carboxylic acids (Table 2; Fig. 3 and S2). Moreover, UGT1 is the only

family with isoforms that can conjugate bilirubin and BPA. However, no member of the UGT1 family can

glucuronidate steroids (Table 2; Fig. 3 and S2), except UGT1Al and UGT1B1, which have trace

glucuronidation activities toward -estradiol at the 3'-OH position (Table 2; Fig. S2D and 3I).

Among the seven members of the UGT1A subfamily, UGT1A1 glucuronidates most of the substrates
except testosterone (Table 2), and is the most active isozyme involved in the glucuronidation of 1-naphthol

(Fig. 3A), BPA (Fig. 3B), MPA (Fig. 3C), and diclofenac (Fig. 3D). Multiple peaks appeared in the HPLC
18
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chromatogram after diclofenac was conjugated by recombinant zebrafish UGTSs, probably due to the

intramolecular rearrangement of acyl-glucuronides (Harada et al., 2009). Moreover, UGT1A1 also has

glucuronidation activities toward the coumarin derivative 4-MU (Fig. S2A), the small phenol 4-NP (Fig.

S2B), complex phenol t-OP (Fig. S2C), steroid E; (Fig. S2D), and endobiotic bilirubin (Fig. S2E).

UGT1A3 has high glucuronidation activity toward MPA (Fig. 3E) and low activity toward 4-MU (Fig.

S2F), 4-NP (Fig. S2G), 1-naphthol (Fig. S2H), BPA (Fig. S21), t-OP (Fig. S2J), hilirubin (Fig. S2K), and

diclofenac (Fig. S2L). UGT1A4 has a low activity toward 4-MU (Fig. 3F) and trace activities toward

4-NP (Fig. S2M) and 1-naphthol (Fig. S2N). Finally, UGT1A7 has strong activities toward 4-MU (Fig. 3G)

and 4-NP (Fig. S20) and weak activity toward 1-naphthol (Fig. S2P). Its activity toward 4-MU is the

highest among all zebrafish UGTs (Table 2).

Among the six members of the UGT1B subfamily, UGT1B1 has glucuronidation activities toward 4-MU

(Fig. S2Q), 4-NP (Fig. 3H), 1-naphthol (Fig. S2R), BPA (Fig. S25), t-OP (Fig. S2T), MPA (Fig. S2U), E;

(Fig. 3I), and bilirubin (Fig. S2V). In particular, UGT1B1 has high activities toward multiple phenols,

including 4-MU, 4-NP, 1-naphthol, and MPA, with its activity toward 4-NP the highest among the 40

zebrafish UGT isozymes (Table 2); however, its activities toward E; (3'-OH) and t-OP are very low (Table

2). Interestingly, UGT1B1 and two members of UGT1A (1Al and 1A3) conjugate a common set of

aglycone substrates, including all of the six phenols as well as bilirubin (Table 2), consistent with the fact

that these three genes are close paralogs (Huang and Wu, 2010). UGT1B2 has trace activities toward three

phenols 4-MU (Fig. S2W), 4-NP (Fig. S2X), and 1-naphthol (Fig. S2Y). Finally, UGT1B7 glucuronidates

bilirubin at the highest rate among all of the zebrafish UGTSs, suggesting its important role in bilirubin
19
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metabolism (Table 2; Fig. 3J).

UGT2 Family. Among members of the UGT2 family, we found that UGT2B3 has low glucuronidation

activities toward three phenols 4-MU (Fig. S2Z2), 4-NP (Fig. S2AA), and 1-naphthol (Fig. 3K). Moreover,

UGT2B6 has low glucuronidation activities toward 4-MU (Fig. 3L), 4-NP (Fig. S2AB), and 1-naphthol

(Fig. S2AC). Other members of the UGT2 family do not have detectable glucuronidation activity toward

the ten substrates examined.

UGT5 Family. In contrast to the variable and constant genomic organization of the Ugtl and Ugt2 families,

the zebrafish Ugts genes form a novel family with strikingly distinct genomic organization. The entire

open reading frame of each Ugt5 gene (except Ugtsg2) is encoded by a single large exon (Huang and Wu,

2010). In addition, they are the most abundant Ugt genes in teleosts. Among the seventeen zebrafish

UGT5s, we found that UGT5A4, UGT5A5, UGT5B2, UGT5C3, and UGT5EL have glucuronidation

activities toward at least one of the ten substrates (Fig. 4). None of the UGT5s is capable of

glucuronidating BPA and bilirubin (Table 2).

We found that UGT5A4 has very low glucuronidation activity toward t-OP (Fig. 4A). We detected a small

peak of the conjugated substrate t-OP-G for the recombinant UGT5A4 but not the mock in the HPLC

chromatograms (see the inset in Fig. 4A). In addition, this small peak disappeared when the donor

UDPGA was opted out of the glucuronidation assay (data not shown). Thus, UGT5A4 has low but

definitive glucuronidation activity toward t-OP.
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UGT5AS, the most ancient (Huang and Wu, 2010) and ubiquitously expressed member of the UGT5A

subfamily (Fig. 1C), is capable of conjugating phenals, steroids, and carboxylic acids, including 4-MU

(Fig. 4B), 4-NP (Fig. 4C), 1-naphthol (Fig. 4D), t-OP (Fig. 4E), MPA (Fig. 4F), E, (Fig. 4G), testosterone

(Fig. 4H), and diclofenac (Fig. 41). We noted that, when E, was used as an aglycone substrate, two

glucuronide peaks appeared (Fig. 4G). We confirmed that these two peaks corresponded to E;-3-G and

E>-17-G, respectively, by running HPLC with commercial E»-3-G and E,-17-G as the standards (data not

shown). The rate of glucuronidation at E, (17'-OH) is much higher than at E, (3'-OH), suggesting its

preference for the 17'-OH position of steroids (Fig. 4G). As expected, UGT5A5 aso glucuronidates the

steroid of testosterone at the corresponding position (17'-OH) (Fig. 4H).

For members of the UGT5B subfamily, we found that UGT5B2 is capable of conjugating 4-MU (Fig. 4J),

4-NP (Fig. 4K), 1-naphthol (Fig. 4L), t-OP (Fig. 4M), and E; (3'-OH) (Fig. 4N). Its activities toward t-OP

and E; (3'-OH) are the highest among al of the zebrafish UGTs (Table 2). Among members of the

UGT5C subfamily, only UGT5C3 conjugates 4-MU (Fig. 40) and t-OP (Fig. 4P).

Among the five members of the nonclustered Ugt5 genes, the extrahepatic UGT5EL glucuronidates 4-MU

(Fig. 4Q), 4-NP (Fig. 4R), and t-OP (Fig. 4S) at relatively low rates; however, its activities toward the

17'-OH position of E, (Fig. 4T) and testosterone (Fig. 4U) are the highest among all of the zebrafish

UGTs, suggesting its important role in metabolizing these two sex hormones.
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Kinetic Analyses. To further investigate the enzymatic properties of the zebrafish UGTSs, kinetic analyses
were carried out for six UGT isoforms with high glucuronidation activity. These isoforms include three
members each of UGT1 and UGT5 families (Table 3). We performed a series of glucuronidation assays
with various concentrations of aglycone substrates, and fitted the experimental data to the appropriate

equations (Fig. 5).

At high concentrations of aglycones, substrate inhibition was observed for all six UGT isoforms with the
exception of t-OP for UGT5A5 (Fig. 5). This may be a phenomenon of the mammalian expression system.
A mechanism based on the nonproductive accumulation of a dead-end ternary complex
(enzyme-UDP-substrate) has been proposed to explain the substrate inhibition phenomena of
glucuronidation reactions (Luukkanen et a., 2005). Our substrate inhibition data fitted well to the substrate
inhibition equation (eq. 2) (Table 3; R? = 0.9631 ~ 0.9992) (Fig. 5, A-H, J-L, and O-Q). The conjugation of
4-NP by UGT1B1 and 1-Naphthol by UGT5A5 showed both substrate inhibition and sigmoidal kinetics
(Fig. 5, | and M) and the data fitted well to a modified Hill equation (eg. 3) (Table 3; R? = 0.9959 and
0.9987, respectively). In the case of t-OP for UGT5AS5, the relatively low catalytic capacity of UGT5A5
(Tables 2 and 3) and low solubility of t-OP prevented us from observing the substrate inhibition. However,
the data fitted very well to the Michaelis-Menten equation (eg. 1) (Table 3; R? = 0.9992) (Fig. 5N). The
corresponding glucuronidation kinetic parameters were calculated from the appropriate models and listed

in Table 3.

UGT1 Family. UGT1A1 displays comparably high turnover rates (Vma) toward 4-NP, 1-naphthol, MPA,
22
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and diclofenac (Table 3). However, the apparent K, values for 1-naphthol and MPA are about one order of

magnitude lower than those for 4-NP and diclofenac. Thus, UGT1A1 has higher affinity and

glucuronidation efficiency (CLiy) toward 1-naphthol and MPA (Table 3). Although UGT1ALl is the

isozyme with the highest activity among al of the zebrafish UGTs toward BPA (Table 2), its efficiency

toward BPA islower than that toward 1-Naphthol and MPA (Table 3).

UGT1A7 conjugates 4-MU (Cl;y = 6.01) more efficiently than 4-NP (Cl;, = 0.62). Its catalytic efficiency
toward 4-NP is comparable to that of UGT1A1. For both UGT1A1 and UGT1A7 catalyzed reactions,

substrate inhibition was not significant (K; >> K, (Table 3).

UGT1B1 is the most efficient (CLin 0r CLa) isoform for phenolic aglycone glucuronidation (Table 3).

This may be partly due to its high affinity toward phenolic compounds. Its apparent K, values for phenolic

aglycones (4-MU, 4-NP, 1-naphthol, and MPA) are much lower than those of the other isoforms (Table 3).

In conjunction with its high-level expression in multiple tissues (Fig. 1A), these data suggest an important

role of UGT1B1 in in-vivo detoxification of phenolic compounds. Strikingly, 4-NP glucuronidation by

UGT1B1 showed significant substrate inhibition and autoactivation (Table 3, Hill coefficient = 1.75),

which was aso reported for several human UGTs (Uchaipichat et al., 2008). In contrast to its high

efficiency toward phenolic aglycones, UGT1B1 conjugates the steroid hormone E; at very low efficiency,

with a CL;, value of 0.094, which is about 2 orders of magnitude lower than that for phenolic aglycones

(Table 3). The substrate inhibition for UGT1BL1 is aso not significant as suggested by the high ratio of
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UGT5 Family. Although UGT5A5 displays the broadest substrate spectrum toward the ten aglycones

(Table 2; Fig. 4, B-I), its glucuronidation efficiency toward 1-naphthol and t-OP is very low (1-naphthol

ClLmax = 0.0017 and t-OP CL; = 0.0084) (Table 3). Its glucuronidation toward 1-naphthol also showed

both substrate inhibition and sigmoidal kinetics, with a Hill value of 1.11. Furthermore, the K; value of

UGT5AS toward 1-naphthol is much lower than the K value, suggesting a high substrate inhibition.

UGT5B2 conjugates t-OP much more efficiently and at a higher turnover rate than UGT5A5, with values

of clearance and Vi two orders of magnitude higher (Table 3). It also shows a strong substrate inhibition

(Ki < Km)-

UGT5EL displays not only the highest turnover rate but also the highest affinity for 17’-OH of E; and

testosterone, with K, values of 13.4 and 30.6 uM, respectively (Table 3). This suggests that UGT5EL

plays an important role in the homeostasis of these two steroid hormones in vivo. Finaly, the substrate

inhibition for these reactions is very weak (Ki/K, > 100).

In summary, our kinetic analyses demonstrate that diverse UGT enzymes have distinct affinity and

glucuronidation efficiency toward various aglycone substrates.
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Discussion

The genomic organization of the mammalian Pcdh and Ugt1 gene clustersis strikingly similar in that both

contain a tandem array of highly-similar variable exons followed by a common set of downstream

constant exons (Zhang et al., 2004). In contrast to the cell-specific expression of Pcdh genes in the brain,

members of the mouse Ugt1 cluster display tissue-specific expression patternsin awide variety of tissues,

especidly in the digestive and respiratory systems (Zhang et al., 2004). In addition, the variable and

constant genomic organizations of both the Pcdh and Ugtl clusters are conserved in zebrafish (Li and Wu,

2007; Wu, 2005). The zebrafish has become an important vertebrate model organism for developmental

biology, physiology, and pathology studies (Howe et al., 2013). Recently, there has been great interest in

developing the zebrafish as a vertebrate model organism for drug discovery as well as for environmental

toxicology (Hill et al., 2005; Peterson and Macrae, 2012). The full complement of the phase |

drug-metabolizing cytochrome P450 genes has been identified in zebrafish (Goldstone et a., 2010). We

recently identified the complete repertoire of the zebrafish phase |l drug-metabolizing Ugt gene

superfamily and found that they are divided into three families, Ugtl, Ugt2, and Ugt5 (Huang and Wu,

2010). These zebrafish Ugt genes do not display orthologous relationships to any of the mammalian or

avian Ugts, making it difficult to predict their substrate specificities. Here, we report the tissue-specific

expression patterns of the complete zebrafish Ugt repertoire. We also systematically analyzed their

substrate specificity and glucuronidation activity toward ten aglycone substrates and found that most

zebrafish UGTSs are true glucuronidating enzymes with UDPGA as the donor.

To develop the zebrafish as a model organism for toxicology screening in the drug discovery pipeline,
25
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elucidating the mechanisms by which drug-metabolizing enzymes conjugate aglycone substrates is an

important prerequisite (Peterson and Macrae, 2012). Moreover, large efforts have been undertaken to

develop the zebrafish as a sentinel model organism for environmental toxicants and agents (Carvan et al.,

2000; James, 2011). It isvital to systematically characterize the expression profiles as well as the catal ytic

functions of the complete zebrafish Ugt repertoire. Expression profiling anal yses revealed that members of

the zebrafish Ugt superfamily are expressed in a tissue-specific manner. For example, Ugtla2, Ugtlab,

Ugt2a4, and Ugt5g2 appear to be specifically expressed in the intestine, gill, liver, and eye, respectively.

In addition, several Ugt genes (Ugtlb5, Ugtla7, Ugt2b3, Ugt5a3, and UgtSbh3) are only expressed in two

to three organs, suggesting that they play important roles in organ-specific toxicity.

Interestingly, multiple zebrafish Ugt genes, especially members of the Ugtla, Ugt2a, Ugtsb, Ugtse, Ugtsf,

and Ugt5g subfamilies, are expressed in the gill which is the respiratory organ that interacts directly with

the xenaobiotics in the aguatic environment. These Ugt genes may be important in metabolizing large

numbers of chemical agents from the aquatic environment. In the kidney, most members of the Ugt2 and

Ugt5 families are highly expressed, while most members of the Ugtl family are expressed at low levels. In

particular, Ugt5el is enriched in the testis and gill, and it has the highest glucuronidation efficiency toward

hormone steroids (E, and testosterone, Table 3) as demonstrated by functional analyses. The steroid

glucuronides have been reported to serve as sex pheromones capable of inducing ovulation or attracting’

opposite sex (Van den Hurk et al., 1987). To investigate the functional significance of the tissue-specific

expression patterns of the Ugt repertoire, we systematically characterized the catalytic activities of the

encoded enzymes by expressing each of the 40 recombinant UGTs and then testing them with ten
26
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aglycone substrates in a glucuronidation assay with UDPGA as the donor. Interestingly, we found that
many of the recombinant zebrafish UGTs are N-glycosylated in HEK293T cells. The glycosylation of

zebrafish UGTs might affect their enzymatic activity or substrate specificity.

We found that zebrafish UGT1A1, UGT1AS, and UGT1B1 have high glucuronidation activity toward six

important phenolic aglycone substrates. 4-MU, 4-NP, 1-naphthol, BPA, t-OP, and MPA. 4-MU, a

coumarin derivative, has been used safely for many years as a cholagogue and is a promising therapeutic

agent targeting invasion and metastasis of many kinds of tumors via inhibition of hyaluronan synthesis

(Kakizaki et al., 2004). 4-NP is a common metabolite from a variety of compounds and a biomarker of

organophosphate insecticide exposure (Kaivosaari et al., 2011). 1-Naphthol, a prime substrate for human

UGT1AG, is a precursor to a variety of insecticides and a prominent component of Molisch's reagent. BPA

is a monomer for manufacturing polycarbonate plastics and epoxy resins and can be released during

autoclaving. It has hormone-like activities which disrupt the endocrine system and increase the risk of

obesity (Howdeshell et al., 1999). Among environmental alkylphenols, t-OP is the most estrogenic

(Routledge and Sumpter, 1997). MPA is the active metabolite of mycophenolate mofetil, a prodrug used to

prevent tissue rejection after organ transplantation (Wu et al., 2011).

Steroid hormones are mainly metabolized via glucuronidation (James, 2011). In human, steroid hormones

are predominantly glucuronidated by members of the UGT2 family (Sten et al., 2009). In zebrafish,

however, they are mainly conjugated by members of the UGTS family (Tables 2 and 3). UGT5EL is the

principal enzyme responsible for steroid conjugations, with high activity and affinity toward testosterone
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and E,. The Ugt5el gene is expressed in the extrahepatic tissues of the gill, heart, kidney, testis, and eye

(Fig. 10).

Bilirubin, a major breakdown product of heme catabolism, is excreted predominantly as glucuronide

conjugates in the bile. In zebrafish, we found that it is conjugated by several UGT1 enzymes at very low

rates. Among them, UGT1B7 has the highest glucuronidation activity toward bilirubin, mainly forming

the monoglucuronides (Fig. 3J). In addition, we found that UGT1B7 is specific toward bilirubin, with no

detectable glucuronidation activity toward any of the other nine aglycone substrates. Moreover, the

Ugtlb7 geneishighly expressed in the liver, which is responsible for bilirubin catabolism.

Diclofenac, a nonsteroidal anti-inflammatory drug widely used for reducing inflammation and relieving

pain, is primarily eliminated as acyl-glucuronide in mammals (King et al., 2001). Its acyl-glucuronide

forms covalent drug-protein adducts, possibly contributing to its immunogenicity and toxicity (King et al.,

2001). In zebrafish, UGT1A1 is the only isozyme that has a high rate of diclofenac glucuronidation (Table

2). However, kinetic analyses revealed a very high K, value of UGT1AL for diclofenac, indicating its low

afinity.

In summary, members of the zebrafish Ugt superfamily are widely expressed in various tissues. In

addition, some members of the zebrafish UGT5 family have glucuronidation activities toward multiple

aglycones. Specifically, the zebrafish UGT5A5 and UGT5EL predominantly glucuronidate the hormone

steroids of E, and testosterone, and the zebrafish UGT5B2 glucuronidates t-OP at the highest rate and
28
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several phenols at alower rate. Thus, UGT5 isanovel UGT family using UDPGA as the donor. Moreover,

some members of the zebrafish UGT1 family conjugate a wide range of compounds, including simple

phenols, bilirubin, carboxylic acids, coumarins, mycophenalic acid, and bisphenol A. Importantly, each of

these lipophilic compounds is conjugated by at least one member of the UGT superfamily, confirming that

these diverse 40 UGTs are the entire complement of the zebrafish phase |1 glucuronosyltransferases. These

results provide insight into the mechanisms by which zebrafish defend themselves against a vast number

of endobiotics and xenobiatics via glucuronidation conjugations, and lay the foundation for developing the

zebrafish asamodel vertebrate in toxicol ogical, developmental and pathological studies.
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Figurelegends

Figure 1. Tissue-specific expression profiles of the zebrafish Ugt gene repertoire. The expression of

the zebrafish Ugtl (A), Ugt2 (B), and Ugt5 (C) genes was measured by semiquantitative RT-PCR analyses

using isoform-specific primers spanning at least one intron. The expression of the zebrafish -actin gene

(D) was used as a control. The position of each primer is indicated by an arrow and their sequences are

listed in the Supplemental Table S1. The genomic organization of each cluster is shown above the

respective panels. Yellow and green boxes represent variable exons and constant exons of Ugtl and Ugt2,

respectively. Red and orange boxes represent exons of Ugt5 and -actin, respectively. Gray and blue boxes

represent pseudogenes (p) or relics (r) and noncoding exons, respectively. Variants ul and u2 refer to

aternative splicing of different 5 noncoding exons upstream of Ugt5bl and Ugt5b2. The gene names are

shown on the left. The tissue sources are indicated above each lane.

Figure 2. Expression (A) and Endo H treatment (B) of recombinant zebrafish UGT enzymes. Shown

are Western blots of the recombinant zebrafish UGT superfamily (A). Multiple bands were rendered to a

single band after the Endo H treatment (B). The name of each recombinant enzyme is indicated on the top

of each lane. The molecular weights of the markers are indicated on the |eft of the panel.

Figure 3. High glucuronidation activities of zebrafish UGT1 and UGT2 enzymes. Shown are the
HPLC chromatograms of strong glucuronidation activities of UGT1A1 toward 1-naphthol (A), BPA (B),
MPA (C), and diclofenac (D); UGT1A3 toward MPA (E); UGT1A4 toward 4-MU (F); UGT1A7 toward

4-MU (G); UGT1B1 toward 4-NP (H) and E, (1); UGT1B7 toward bilirubin (J); UGT2B3 toward
38
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1-naphthal (K); and UGT2B6 toward 4-MU (L) with the mock contral in the right half of each panel. The

glucuronide peak for each substrate is indicated by an arrow. The chemical structure for each substrate is

shown in the respective panel and the glucuronidation site is indicated in red color. Bilirubin-MG and

bilirubin-DG refer to the mono- and di-glucuronides of bilirubin, respectively. The mV (millivolt) or mAU

(milli Absorbance Unit) represents the measurement unit used by the fluorescence or UV detector,

respectively.

Figure 4. UGT5 glucuronidation activities toward aglycone substrates with the donor UDPGA.

Shown are the HPLC chromatograms of glucuronidation activities of UGT5A toward t-OP (A); UGT5A5

toward 4-MU (B), 4-NP (C), 1-naphthol (D), t-OP (E), MPA (F), E; (G), testosterone (H), and diclofenac

(N; UGT5B2 toward 4-MU (J), 4-NP (K), 1-naphthol (L), t-OP (M), and E; (N); UGT5C3 toward 4-MU

(0O) and t-OP (P); UGT5EL toward 4-MU (Q), 4-NP (R), t-OP (S), E; (T), and testosterone (U). The black

or grey lines represent glucuronidation assays of recombination proteins or mock controls, respectively.

The chemical structures for t-OP, E,, and testosterone and their glucuronidation sites are shown in the

respective panel. The glucuronide peak for each substrate is indicated by an arrow. Some assays shared the

same controls. The mV (milli Volt) or mAU (milli Absorbance Unit) represents the measurement unit used

by the fluorescence or UV detector, respectively.

Figure 5. Kinetic analyses of recombinant zebrafish UGT enzymes toward the aglycone substrates
with high glucuronidation activities. Shown are the glucuronidation kinetic plots (main plots) created by

using nonlinear fitting of experimental data of UGT1A1 toward 4-NP (A), 1-naphthol (B), BPA (C), MPA
39
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(D), and diclofenac (E); UGT1A7 toward 4-MU (F) and 4-NP (G); UGT1B1 toward 4-MU (H), 4-NP (1),

1-naphthol (J), MPA (K), and E; (L); UGT5A5 toward 1-naphthol (M) and t-OP (N); UGT5B2 toward

t-OP (O); UGT5EL toward E; (P) and testosterone (Q). Data in the panels A-H, J-L, and O-Q were fitted

to the substrate inhibition equation (eq. 2); data in the panels | and M were fitted to the modified Hill

equation (eg. 3); and data in the panel N was fitted to the Michaglis-Menten equation (eq. 1). The

corresponding Eadie-Hofstee plot was shown in the inset of each panel.
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Tablel1
HPL C analytical conditions used for the UGT activity assays
Substrate Eluent Flow rate Temperature Gradient Detection Quantitation
(A/B) (ml/min)  (°C) (nm)
4-Methylumbelliferone 0.05%TFA/Methanol 0.6 40 20-100-100-20-20%B Fluorescence Authentic standard
at 0-20-27-33-45 min 315/365
4-Nitrophenol 0.05%TFA/Methanol 0.6 40 20-100-100-20-20%B UV 320 Authentic standard
at 0-20-27-33-45 min
1-Naphthol 0.05%TFA/Methanol 0.6 40 20-100-100-20-20%B Fluorescence Authentic standard
at 0-30-37-43-55 min 290/330
4-tert-Octylphenol 0.05%TFA/Acetonitrile 0.6 40 20-95-95-20-20%B Fluorescence Parent compound
at 0-30-37-43-55 min 365/415 absorbance
Estradiol 0.05%TFA/Acetonitrile 0.5 40 Isocratic 40%B Fluorescence Authentic standard
210/300
Testosterone 0.05%TFA/Acetonitrile 0.5 40 20-95-95-20-20%B uv 241 Parent compound
at 0-30-37-43-55 min absorbance
Bilirubin 50 mM Ammonium 0.7 25 60-75-75-95-95-60-60%B UV 453 Parent compound
Acetate, pH3/methanol at 0-10-17-25-40-45-60 min absorbance
Bisphenol A 0.05%TFA/Methanol 0.6 40 20-100-100-20-20%B UV 278 Parent compound
at 0-30-37-43-55 min absorbance
Mycophenalic acid 0.05%TFA/Methanol 0.6 40 20-100-100-20-20%B uVv 250 Parent compound
at 0-30-37-43-55 min absorbance
Diclofenac 0.05%TFA/Acetonitrile 0.5 40 20-95-95-20-20%B uv283 parent compound
at 0-30-37-43-55 min absorbance

TFA, Trifluoroacetic Acid.
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Table 2
Glucuronidation activities of recombinant zebrafish UGT proteinstoward ten aglycone substrates
4-MU 4-NP 1-Naphthol BPA t-OP MPA Ex(3-G) Ey(17-G) Tedosterone Bilirubin  Diclofenac
UGT Glucuronidation activity (pmol/min/mg protein)
1A1 14.84+2.82 192.92+60.82 237.93+18.39 5.19+0.52 0.20+0.04 242.46+29.83 2.21+0.18 0 0 + 115.04+16.06
1A3  11.58+0.87 33.22+3.66 1.94+0.35 + 0.17+0.03 66.45+5.29 0 0 0 + +
1A4  1.76+0.23 + + 0 0 0 0 0 0 0 0
1A7 651.42+51.39 262.43+36.52 6.70+0.68 0 0 0 0 0 0 0 0
1B1  131.0946.03 316.13+24.93 53.75+5.72 + + 86.55+3.28 5.72+0.81 0 0 + 0
1B2 + + + 0 0 0 0 0 0 0 0
1B7 0 0 0 0 0 0 0 0 0 9.21+1.38 0
2B3  0.52+0.26 1.86+0.10 2.63+0.52 0 0 0 0 0 0 0 0
2B6 0.46+0.12 + + 0 0 0 0 0 0 0 0
5A5  1.80+0.36 14.02+¢1.13  3.59+0.64 0 1.67£0.06 + + 4,19+0.82 3.96+1.08 0 +
5B2  1.56+0.37 41.1442.86  2.92+0.79 0 79.55+2.21 O 8.02+1.14 0 0 0 0
5C3  9.39+1.90 0 0 0 + 0 0 0 0 0 0
5E1  9.13+1.54 53.11+12.61 0 0 + 0 + 76.43+2.42 390.52+61.23 0 0

Data were normalized with relative enzyme levels and were expressed as mean + S.D. derived from at least three determinations. Note that the substrate
edradiol (E) is glucuronidated on two different positions of 3'-OH and 17'-OH. For enzymes of UGT1A2, 1A5, 1A6, 1B3, 1B4, 1B5, 2A1, 2A2, 2A3, 2A4,
2A5, 2A6, 2B1, 2B5, 5A1, 5A2, 5A3, 5B1, 5B3, 5B4, 5C1, 5C2, 5D1, 5F1, 5G1, and 5G2, there are no detectable glucuronidation activities toward any of the
ten substrates examined. For UGT5A4, only trace activity was detected toward t-OP. 0: no detectable activity. +: trace activity.
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Table 3

Kinetic analyses of six zebrafish UGT enzymes with nine aglycone substrates

UGT Substrate Vinax Km(Ks) Ki vV, n CLint(CLmax) R?

pmol/min/mg UM UM pmol/min/mg ul/min/mg

1A1 4-NP 489.8+71.6 2428+542.9 6784+1852 0.20 0.9727
1-Naphthol® 460.0+93.6 159.8+58.5 184541229 2.88 0.9779
BPA® 26.4+2.3 106.7+15.8 510.9+102.9 0.25 0.9832
MPAP 332.1+14.3 334.3+26.0 6573+1162 0.99 0.9985
Diclofenac” 170.616.8 901.8+64.0 11051+1532 0.19 0.9992

1A7 4-MUP 855.2+74.1 142.4+22.2 2835+1056 6.01 0.9941
4-NP 471.2+46.0 764.5+116.8 2733+509.4 0.62 0.9958

1B1 4-MUP 250.0+20.3 17.7+2.46 94.8+15.3 14.1 0.9833
4-NFF 659.6+43.4 281.9+28.4 1931+182.8 128.3+10.3 1.75+0.16 1.18 0.9959
1-Naphthol® 88.3+5.6 47.6+4.5 243.0+40.4 1.86 0.9910
MPA® 225.7+22.5 60.9+12.5 594.8+135.7 3.71 0.9631
E,>¢ 8.82+0.77 93.6+14.4 1146+352.1 0.094 0.9957

5A5 1-Naphthol® 12.745.2 5316+2786 1655+612.7 0.78+0.11 1.11+0.08 0.0017 0.9987
t-OP? 2.80+0.057 334.0+16.1 0.0084 0.9992

5B2 t-OP° 429.7+76.2 859.3+179.4 389.4+97.0 0.50 0.9986

5E1 E"° 80.8+15 13.4+0.62 2579+647.7 6.70 0.9988
Testosterone” 477.1+13.7 30.6+2.7 3422+608.9 15.6 0.9936

Kinetic parameters are shown as mean + S.D. of parameter fit according to appropriate models. ®Michaelis-Menten model, "Substrate inhibition model,
°Substrate inhibition and Hill sigmoidal kinetics model, “The kinetic constants of UGT1B1 and UGT5EL toward estradiol (E,) were tested on the positions
3'-OH and 17’ -OH of edtradiol, respectively.
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Characterization of the Zebrafish Ugt Repertoire Reveals a New Class of Drug-metabolizing
UDP Glucuronosyltransferases

Yuanming Wang, Haiyan Huang, Qiang Wu

For publication in Molecular Pharmacology



Table S1

Primer sequences used for measuring the expression levels of each of the 40 zebrafish Ugt genes by
the semi-quantitative PCR analyses

Listed are primer names and sequences correspond to each of the 40 Ugt genes as well as the control actin
gene, respectively. The matching position of each primer is indicated by a forward or reverse arrow
showing in the Figure 1. Note that the sequences of the primers 2a5R and 2a6R as well as 2bR and 2b5R
are the same because of the extreme degeneration of gene sequences.

Primer name Primer sequence

lalF TCCTTTGCCGCAGCATGTAT
la2F AGCCCAAGGCTTGCAAACTA
la3F GCCACCAACTTTTTGCCAGC
ladF GGCAGAGGTGTATCAACCTGG
la5F GGATCATATCAGTGCTAGTGTTACTAA
la6F TTTCCTCTCCAACAAAGACTTGATA
la7F AGGACTCTTGTTCAGCCAGTG
laR ACTCTCTGGCTTTGGCTTCG
1blF TGGCTTCGAACTGGTTTTGT
1b2F GCTACAACCTGTCCAAACCCT
1b3F CTCTTGATGCTACGGCCACA
1b4F TGAATCGAAAGCCACAGCGT
1b5F TCAGCTCCAGAGCAATCCCT
1b7F TGCGAGGATTACCCTGTGGA
1bR TGGCATGGAGGACACCAAAG
2alF CGCTGTGGCCTCTGAGAAAA
2a2F GCCGTCGTTTGTACCGATCA
2a3F CGTCTTATGTTCCCGCAGCA
2a4F TGCTTACGGTTGATCGGCTG

2aR AGAAAACAACGACGCCGTGA
2a5F CATCTCCATGCGCGCTACTT
2a5R TGGGAGCCAGTGTTTCTGGA
2a6F CATGTTCCAGCTGACCACGA
2a6R TGGGAGCCAGTGTTTCTGGA
2b1F CTTTGACCTTCTTTCCAAACATC
2b3F CTGAGCGAATCTTCAACACACT
2bR CACTTTGTCTATCATAGACCCCA
2b5F CTCAAGACACTTTGTCCAGACT
2b5R CACTTTGTCTATCATAGACCCCA

2h6F TCCCAAGATGCTTTTGCTGT



2b6R
5aF
5alR
5a2R
5a3R
5a4R
5a5F
5a5R
5bulF
5bu2F
5b1R
5b2R
5b3F
5b3R
5b4R
5clF
5c1R
5c2F
5¢c2R
5c3F
5c3R
5d1F
5d1R
5elF
5e1R
5f1F
5f1R
5g1F
5g1R
5g2F
5g2R
actinF

actinR

AGAGCCCAGTGTGAAGACCA
CTGAGGGGAAATTCAAGCAG
TCCTGTGTTTGGAATTGTGATGGA
GCTGTCATATTGCAGGATTGCT
GTCCGTTAGTTGTAAGCCAGTT
GCTGTCATCTTGCATATTTCCT
GTGGTTGTATTTTCAGGCGG
AGGACCGTTTCTGTCTCCTG
TTGTTTGGACGTTGTCGAAG
CAGAGGCTCAGAACATCCAA
CGGGAACCTTCTCTCACAAT
AACCGTCCCTCAGTATGTGC
TGGTAATGACTTGCATCCCA
CCATGTTGAACCTTCCCTCAA
TGGAACCGTCCCTTAAAATGGT
GACGTCTATGCCAAAATAACTGT
CATCCATTCCTTTGGAGTCAGGT
GACAGAAGCATATGCCGGTC
GCTGCAAATTCCTCGTCCCA
TGCGAGTGAATCCTGTTGAG
TCGTCCATTCCTTTGGATTGTGG
CATGCATGAACAATTAAGGT
TCATATTGGAGTTTCAAGAATGC
CCACACTGCAAAACTTCAGG
TGCCATGTACTTGGGGTCCT
GTAGCAGCGAGCTCGTGAA
CGCCTGATCTGCAGCTGTCT
ATCAATCGGCATCATTGGTT
TAGCGACCTGTCTAACAGCA
CCCTCGTTTTCCTTTGGACT
TGGCCATCTTTATTTGTGACATC
TGGCATTGCTGACCGTATGC
GTCATGGACGCCCATTGTGA




Table S2

Primers sequences used for subcloning zebrafish Ugt open reading frames into the expression vector
pcDNA3

Listed are primer names and sequences correspond to each of the 40 Ugt genes. Note that the sequences of
the primers 2alr, 2a4r, and 2a5r as well as 2brl and 2b5r are the same because of the extreme degeneration
of gene sequences.

Primer name Primer sequence

lalf ATAAGAATGCGGCCGCAATGAGAACACTGCCTGTTCCTG

la2f ATAAGAATGCGGCCGCAATGGCTTGCTTGTGGTTGCTC

1a3f ATAAGAATGCGGCCGCAATGAAGAGAACACTGTTTGTTCCTG
laaf GGAATTCAATGGCTTGCTCGTGGTTGCT

1a5f GGAATTCAATGGCTTCCGTATTGCTCTTCT

1a6f ATAAGAATGCGGCCGCAATGGCTGCTTTTGTGTTGCTCT

la7f GGAATTCAATGAATGATAGAATTGTTAGAATGGCTG

lar CGGGGTACCTGCCTTCTTCTTCTTCTGAGATTTC

1b1f GGAATTCAATGCTGAAGAAGGGCTGGC

1b2f ATAAGAATGCGGCCGCAATGCGCTTAGGAGTGATATTTATTCT
1b3f ATAAGAATGCGGCCGCAATGCACTTAGGAGTGATATTCTGTCTAG
1baf ATAAGAATGCGGCCGCAATGCACTTAGGAGTGATAATCTGTCTAG
1b5f ATAAGAATGCGGCCGCAATGCATGGAGTGATATTTAATCTAGTGG
1b7f GGAATTCAATGGGACTGGTTGCATTTATCTG

1lbr CGGGGTACCGTCTTCCTTCCGCTTCTGTGT

2alf ATAAGAATGCGGCCGCCACCATGAGTCCCAGAGGAAGCAC
2alr CGGGGTACCCCGCTCCTTTTTATTCTTCTGTGTTTTCC

2a2f GGAATTCAATGATGAAGTGCTTATTAAAGCC

2a2r CGGGGTACCCTCCTTTTTATTCTTCTGTGTTTTC

2a3f ATAAGAATGCGGCCGCAATGACTTCAGGGGCTTTATTAGTG
2a3r CGGGGTACCCTCCTTTTTATTCTTCTGTGTTTTCC

2a4f ATAAGAATGCGGCCGCAATGACTTCAGGGGTTTTATTAGTGTG
2a4r CGGGGTACCCCGCTCCTTTTTATTCTTCTGTGTTTTCC

2a5f CCGCTCGAGAATGACTTCAGGGGCTTTATTAGTGT

2a5r CGGGGTACCCCGCTCCTTTTTATTCTTCTGTGTTTTCC

2a6f GGAATTCAATGACTTCGGGGACTTTATTAGTGT

2a6r CGGGGTACCCTCCTTTTTACTCTTTCTCTCAGGAC

2b1f ATAAGAATGCGGCCGCAATGAGACTCGTGGTCTGTTTTCTT
2b1r CGGGGTACCCTCTTTCTTGCTTTTCCTCTTTGAT

2b3f CCGCTCGAGAATGAGACTCGTGGTCTGTTTTCTT

2b3r CGGGGTACCCCGCTCTTTCTTGCTTTTCCTCTTTGAT

2b5f ATAAGAATGCGGCCGCCACCATGAGACTCGTGGTCTGTTTTCTT
2b5r CGGGGTACCCTCTTTCTTGCTTTTCCTCTTTGAT

2b6f ATAAGAATGCGGCCGCAATGAGACCGTTGGCGTGTT

2b6r CGGGGTACCCTCTTTCTTGCTTTTCCTCTTTGA



5alf
Salr
5a2f
5azr
5a3f
5a3r
5a4f
Sadr
5a5f
5abr
5b1f
5blr
5b2f
5b2r
5b3f
5b3r
5baf
5b4r
5c1f
5clr
5c2f
5c2r
5¢c3f
5¢3r
5d1f
5d1r
5elf
Selr
5f1f
5f1r
5g1f
5g1r
5g2f
5g2r

ATAAGAATGCGGCCGCAATGCATCATTCAGCACGTCTCTG
CGGGGTACCCTCACGCTTTACTTTCCTTCTAAATACA
ATAAGAATGCGGCCGCAATGCATTCCCACATCCATCTC
CGGGGTACCCTCACGCTTTACTTTCTTTCTGAATAA
ATAAGAATGCGGCCGCAATGCATCCCTCCACCCATCT
CGGGGTACCCTCATGCTTTACTTTCTTTCTGAATAAGC
ATAAGAATGCGGCCGCAATGACGCATCCCTCCACC
CGGGGTACCCTCACGCTTTACTTTCTTTCTGAATAAAC
GGAATTCAATGCCTTCCCTCCCTGCA
CGGGGTACCCTGAGTTTTTACTTTCTTTTTAAGCACTACTT
ATAAGAATGCGGCCGCAATGATTGGACAGACTTTTCAGCC
CGGGGTACCCTGAAGTTTGACTTTTGTTGTTCTCAT
ATAAGAATGCGGCCGCAATGAATGGACAGTGGTTTCAGGT
CGGGGTACCTTCATGTTTGATTTTTGTTTTTCTCATG
ATAAGAATGCGGCCGCCACCATGAATGGAAAGGTTTTTCACATG
CGGGGTACCCTCTCTTTTGTTTTTTGTTGTTCTCATG
ATAAGAATGCGGCCGCAATGAACAGAAAGGTTCTTCACATGC
CGGGGTACCTTGACGTTTGATTTTTGTTTTTCTCAT
ATAAGAATGCGGCCGCAATGGCACAACTATCAAAGAATACATTTTC
CGGGGTACCCTCAGTTTTTCTTTTTCGGCTACAAC
ATAAGAATGCGGCCGCAATGACACGAGTTCCAAATAATATGGTT
CGGGGTACCCTCAGTTTTTCTTTTTTGGCTACAACA
ATAAGAATGCGGCCGCAATGGCACCACTTTTTAAGAACCTT
CGGGGTACCCTCAGTTTTCCGTTTTCTGCTG
ATAAGAATGCGGCCGCAATGAAGTCATTTTTCAGCCAGTCA

CGCGGATCCTTCACTTTTACTTTTTCTCCTACAGCAT
ATAAGAATGCGGCCGCCACCATGCTGCTGCATCCTCAGAT
CGGGGTACCCCGCTCTTTTTTAGCTTTTATTTTCCTGACAC

CCGCTCGAGAATGGATATTATCTTTGTGGTCCAAATC
CGGGGTACCCCGATCCTGTTTTGCTCGATTTCTTTTTG
GGAATTCAATGGATATGAGCTCCAAATGGTTATC
CGGGGTACCGTCTACCTTCCTCTTCTTGATTGATTTC
ATAAGAATGCGGCCGCAATGCAAGGATGCATGTCCCTCGTTTTCCTTTGGACT
CGGGGTACCCTTTAGACCTTTTTTGTTCCAATCTCC




Table S3
The detection limits of the HPLC assay for the UGT enzymatic activity.

Authentic standard or parent compound Detection limit
(pmol/min/mg protein)

4-Methylumbelliferone-Glucuronide 0.25
4-Nitrophenol-Glucuronide 0.29
1-Naphthol-Glucuronide 0.36
Bisphenol A 0.55
4-tert-Octylphenol 0.14
Mycophenolic acid 0.060
Estradiol-3-Glucuronide 0.72
Estradiol-17-Glucuronide 1.23
Testosterone 0.074
Bilirubin 0.066
Diclofenac 0.30

The signal-to-noise ratio was set as 3.
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Supplemental Figure S1. Quantitative real-time PCR data are consistent with those of the
semi-quantitative RT-PCR. Shown are data (bar graphs in Panel A and copy numbers in Panel B)
from a set of real-time PCR experiments for 8 representative members of the Ugt gene superfamily in
4 representative tissues. These 8 Ugt genes are representatives of high, medial, and low expression
genes in the 4 tissues. The semi-quantitative PCR assays are consistent with real-time PCR results

very well.
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Supplemental Figure S2. Functional characterization of UGT1 and UGT2 glucuronidation activities toward additional endobiotic and xenobiotic
substrates. Shown are the additional HPLC chromatograms of glucuronidation activities of UGT1A1 toward 4-MU (A), 4-NP (B), t-OP (C), E, (D) and
bilirubin (E); UGT1A3 toward 4-MU (F), 4-NP (G), 1-naphthol (H), BPA (I), t-OP (J), bilirubin (K), and diclofenac (L); UGT1A4 toward 4-NP (M) and
1-naphthol (N); UGT1A7 toward 4-NP (O) and 1-naphthol (P); UGT1BI toward 4-MU (Q), 1-naphthol (R), BPA (S), t-OP (T), MPA (U), and bilirubin (V);
UGT1B2 toward 4-MU (W), 4-NP (X), and 1-naphthol (Y); UGT2B3 toward 4-MU (Z) and 4-NP (AA); and UGT2B6 toward 4-NP (AB) and 1-naphthol
(AC). The glucuronide peak for each substrate in the glucuronidation assay is indicated by an arrow. The black or grey lines represent glucuronidation assays

of recombination proteins or mock controls, respectively. It should be noted that some assays shared the same controls because they were done in the same

batches. The mV (milli Volt) or mAU (milli Absorbance Unit) represent the measurement unit used by the fluorescence or UV detector, respectively.
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