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ARTICLE INFO ABSTRACT

Keywords: The African clawed frog, Xenopus laevis, is a versatile model for biomedical research and is largely similar to

Hydroxysteroid dehydrogenase mammals in terms of organ development, anatomy, physiology, and hormonal signaling mechanisms.

E”;;;g;e Steroid hormones control a variety of processes and their levels are regulated by hydroxysteroid dehydroge-
S

nases (HSDs). The subfamily of 20 3-HSD type 2 enzymes currently comprises eight members from teleost
fish and mammals. Here, we report the identification of three 20-HSD type 2 genes in X. tropicalis and X.
laevis and the functional characterization of the two homeologs from X. laevis. X. laevis Hsd20b2.L and Hs-
d20b2.S showed high sequence identity with known 20p-HSD type 2 enzymes and mapped to the two
subgenomes of the allotetraploid frog genome. Both homeologs are expressed during embryonic develop-
ment and in adult tissues, with strongest signals in liver, kidney, intestine, and skin. After recombinant ex-
pression in human cell lines, both enzymes co-localized with the endoplasmic reticulum and catalyzed the
conversion of cortisone to 20p-dihydrocortisone. Both Hsd20b2.L and Hsd20b2.S catalyzed the 20p-
reduction of further C,; steroids (17a-hydroxyprogesterone, progesterone, 11-deoxycortisol, 11-
deoxycorticosterone), while only Hsd20b2.S was able to convert corticosterone and cortisol to their 20 -
reduced metabolites. Estrone was only a poor and androstenedione no substrate for both enzymes. Our re-
sults demonstrate mu ltispecificity of 20 8-HSD type 2 enzymes from X. laevis similar to other teleost 20 -HSD
type 2 enzymes. X. laevis 20 $-HSD type 2 enzymes are probably involved in steroid catabolism and in the
generation of pheromones for intraspecies communication. A role in oocyte maturation is unlikely.
nadotropin year-round, and the embryos develop externally in simple
salt solutions [4]. Being transparent, every developmental stage can

20p-reduction
Steroid catabolism
Frog

1. Introduction

The African clawed frog, Xenopus laevis, has been used since decades
as versatile animal model for biomedical research [1]. Fundamental
mechanisms of vertebrate cell and developmental biology have been in-
vestigated using this model, such as vertebrate axis formation, cell cycle
regulation, cellular reprogramming [2], and biochemical signaling
pathways [1]. Further, human embryonic development and the basis
for human inherited diseases can be easily studied in wild type and ge-
netically engineered frogs, respectively [1,3]. X. laevis are robust
aquatic frogs tolerating a wide range of living conditions. Oviposition
of comparably large eggs is inducible by injection of human go-

easily be monitored or manipulated [1]. The embryos are therefore also
amenable for in vivo drug screening [1], especially for assessing terato-
genicity. Several tools for genetic manipulation, such as morpholinos,
transcription activator-like effector nucleases (TALENs), or CRISPR/
Cas, are established in X. laevis [1]. However, the frog has a paleote-
traploid genome (allotetraploidy), which arose by hybridization of two
parent species at around 17-18 million years ago [5]. Due to functional
redundancy, loss or silencing of genes occurred since then, but more
than 56 % of genes were retained as duplicates [5]. These duplicates on
individual subgenomes (designated as ‘L’ and ‘S’) are termed home-
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ologs [1,5]. In contrast, the closely related Western clawed frog Xenopus
tropicalis has a true diploid genome [1,5].

Amphibians have a common evolutionary history with mammals
that is estimated to be 100 million years longer than for example be-
tween zebrafish (Danio rerio) and mammals [6]. This results in broad
synteny at the genome level and in large similarities in organ develop-
ment, anatomy, and physiology [6,7]. Furthermore, X. laevis share
identical hormones, conserved receptors, and conserved mechanisms of
gene regulation with other vertebrate counterparts [8-10]. This also
holds true for steroid hormone signaling, rendering X. laevis a fre-
quently used model organism to study endocrine disruption [11-13] or
the mechanism of action of steroid metabolism disruption [14].

Steroids control a variety of vital processes, such as development,
reproduction, metabolism, salt and water balance, immune responses
[15], as well as metamorphosis in amphibians [16]. Steroid biosynthe-
sis as well as pre- and post-receptor metabolism are processes tightly
regulated by enzymes from different families, among which the hydrox-
ysteroid dehydrogenases (HSDs) are very important. HSDs perform oxi-
dations and reductions of hydroxyl- or ketogroups at positions C3, C11,
C17, or C20 of the steroid backbone and thereby regulate the intercon-
version of active and inactive hormones [17]. One group of the en-
zymes acting on the C20 position of steroids is the subfamily of 20p-
HSD type 2 enzymes, which consists currently of eight members, six
from teleost fish species (zebrafish, guppy, rainbow trout, tilapia,
Japanese eel, and orange spotted grouper) and two from mammals
(sheep and cattle) [18-20]. The level of characterization varies largely
between the 208-HSD type 2 members. Zebrafish 20p-HSD type 2 cat-
alyzes the efficient reduction of cortisone to 20p-dihydrocortisone [18]
and is involved together with 11p-HSD type 2 in the catabolism of the
stress hormone cortisol [21]. Both enzymes are ubiquitously expressed
in zebrafish and are upregulated upon cortisol treatment or a physiolog-
ical stressor [18,21]. 20p-Dihydrocortisone activated neither the gluco-
corticoid nor the mineralocorticoid receptor, but was found in large
quantities in both free and conjugated form in zebrafish holding water
[21]. This evidence supported the conclusion of 20p-HSD type 2 being
involved in cortisol catabolism and excretion. Recently, we established
that 20p-HSD type 2 from zebrafish, tilapia, rainbow trout, guppy,
sheep, and cattle are multispecific enzymes, which catalyze the conver-
sion of a plethora of Cy; steroids in vitro, implying further physiological
roles for this enzyme family [22]. Interestingly, the 20p-HSD type 2
from Japanese eel catalyzed the conversion of 11-ketoandrostenedione
to 11-ketotestosterone in vitro and was ubiquitously expressed with
stronger signals in liver, pituitary, and testis [19]. Yet, Japanese eel
20p-HSD type 2 is probably not involved in testicular 11-
ketotestosterone formation, because its mRNA was not regulated upon
gonadotropin stimulation [19]. The surprising 17p-hydroxysteroid de-
hydrogenase activity of Japanese eel 20p-HSD type 2 with androgens
was not observed for other teleost 203-HSD type 2 enzymes with the
substrate androstenedione [18,22]. Further putative 208-HSD type 2
members in spotted gar, fugu, medaka, stickleback, and common carp
were identified [20,23] but so far not characterized.

In this study, we expanded the family of 20p-HSD type 2 enzymes
by identifying two 208-HSD type 2 homeologs in the genome of X. lae-
vis and one ortholog in the genome of X. tropicalis. To understand their
physiological role, we performed a functional characterization of the
X. laevis enzymes including expression analysis during frog embryonic
development and in adult tissues, subcellular localization analysis, and
analysis of their substrate specificities using a panel of Cy; steroids as
well as androstenedione and estrone as substrates.
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2. Methods

2.1. Identification, analysis, and annotation of sequences

To identify 203-HSD type 2 members in the genome of X. laevis and
X. tropicalis, BLAST searches in EST and Nucleotide Collection data-
bases at the NCBI were performed using the zebrafish 208-HSD type 2
coding sequence as query. Sequences were considered suitable for fur-
ther analysis if they had a certain quality (more than 40 % identity at
alignment with the query sequence). Strongly truncated sequences
were removed from the analysis. Accession numbers of all sequences ex-
tracted are listed in Supplementary Table 1.

For phylogenetic analysis, the identified Xenopus candidate se-
quences were combined with known RNA and protein sequences of the
20B-HSD type 2, 178-HSD type 12, and 17p-HSD type 3 enzyme fami-
lies from teleost fishes and mammals, which were characterized in our
previous work [18]. Multiple alignment of protein sequences was con-
ducted using Blosum matrix and calculation of phylogenetic trees with
MEGA?7 software [24] applying the Neighbor-Joining method [25].
For testing of inferred phylogeny, a bootstrapping with 1000 replica-
tions was performed [26].

To identify the location of the identified 208-HSD type 2 homeologs
in the sub-genomes of X. laevis, BLAST analyses were carried out at
Xenbase (http://www.xenbase.org/, RRID:SCR_003280) [27]. For
this, the X. laevis candidate RNA sequences were compared to Xenopus
laevis J-strain 9.2 Genome using default parameters.

Protein sequence alignments were generated using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Pairwise protein se-
quence identities in % were determined using the BLAST 2 Sequences al-
gorithm at the NCBI [28,29].

2.2. Animal husbandry and tissue collection

All animal experiments were performed according to German legis-
lation for the protection of animals and approved by the Regierung von
Oberbayern, Miinchen, Germany. For X. laevis frogs, husbandry and
breeding protocols were approved under the permit # 55.2-1-54-
2532.0-95-2014. Adult frogs were kept in tanks with tap water at 18 °C
and 12 h light/dark cycles. In vitro fertilizations, culture, and anesthesia
of X. laevis embryos was performed as described previously [30]. Devel-
opmental stages were determined according to [31]. Embryos were
kept in 0.1 x MMR culture medium (0.1 M NaCl, 2 mM KCl, 1 mM
MgS04, 2 mM CaCl,, 5 mM HEPES, pH 7.8) at 22 °C. Embryos were col-
lected at developmental stages O (unfertilized eggs, 0 min post fertiliza-
tion (pf)), 5 (16-cell, 2 h 45 min pf), 8 (blastula, 5 h pf), 10.5 (gastrula,
11 h pf), 20 (neurula, 22 h pf), 30 (tailbud, 1.5 days pf), 40 (tadpole, 2
days 18 h pf), and 45 (swimming tadpole, 4 days pf), with four embryos
per sample for all stages up to stage 10.5, three embryos per sample for
stages 20 and 30, and two embryos per sample for stages 40 and 45.
Culture medium was removed and the embryos were snap-frozen in lig-
uid nitrogen. For tissue preparation from adults, the animals were anes-
thetized for 45 min in ice-cold water and killed by decapitation. Dis-
sected tissues (brain, eyes, liver, kidney (including the adrenal gland),
gonads, muscle, spleen, skin, heart, adipose tissue, intestine, and lung)
of both sexes as well as oocytes from the females were rinsed with PBS
and snap-frozen in liquid nitrogen.

2.3. Isolation of total RNA

Frozen tissue and embryo samples were kept on dry ice until the ad-
dition of 2-3 mL and 1 mL TRIzol reagent (Invitrogen), respectively.
The samples were homogenized using a rotor-stator (Heidolph Type DI-
AX900). Total RNA was extracted by the addition of 0.2 volumes of
chloroform, vortexing for 15 s, incubation at room temperature for
3 min, and centrifugation at 4 °C and 21,900 X g for 15 min. The su-
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pernatant was transferred to a fresh tube and mixed with 0.53 volumes
of 100 % ethanol. This mixture was applied to columns of the RNeasy
Midi Kit (Qiagen) and RNA was further purified including a DNase I di-
gestion step according to the manufacturer’s protocol. Amount and pu-
rity of isolated RNA was assessed using spectrophotometry (NanoDrop
ND-1000, ThermoFisher) prior to addition of 40 U RNase inhibitor (In-
vitrogen). RNA was stored at —80 °C until use.

2.4. Cloning of candidate sequences

1 pg of total RNA isolated from kidney of male X. laevis was reverse
transcribed into cDNA using the oligo-dT;g primer and the RevertAid
First Strand ¢cDNA Synthesis Kit (ThermoScientific) according to the
manufacturer’s protocol. Both 20p-HSD type 2 candidate sequences
were amplified by PCR using standard protocols. For primer sequences
refer to Supplementary Table 3. The obtained open reading frames were
cloned into the vector pPDONR201 (Invitrogen) using the Gateway Tech-
nology, verified by sequencing, and subcloned into modified pcDNA-
DEST vectors (pcDNAmyc/DEST and pDEST-530) [18] resulting in N-
terminally and C-terminally tagged constructs, respectively. N-
terminally myc-tagged constructs were Hsd20b2.L_pcDNAmyc/DEST
and Hsd20b2.S_pcDNAmyc/DEST, and C-terminally myc-tagged con-
structs were Hsd20b2.L,_pDEST-530 and Hsd20b2.S_pDEST-530.

2.5. Expression analysis by RT-PCR

500 ng each of total RNA isolated from different tissues and embry-
onic stages were reverse transcribed using the oligo-dT;g primer and the
RevertAid First Strand cDNA Synthesis Kit (ThermoScientific) accord-
ing to the manufacturer’s protocol. For RT-PCR, 1 pL. cDNA was added
to a total volume of 20 uL PCR reaction mix containing 1.5 mM MgCl,,
0.2 mM dNTPs, 0.5 uM primer, and 0.3 pL lab-made Taq polymerase.
PCR reactions were run on a RoboCycler (Stratagene) with 1 cycle
5 min at 95 °C, 35 cycles 45 s at 95 °C, 45 s at 54 °C, and 90 s at 72 °C,
and 1 cycle 90 s at 72 °C. PCR products were separated on 1% agarose
gels. B-Actin controls were included as control reactions. For primer se-
quences refer to Supplementary Table 3.

2.6. Cell culture

For subcellular localization analyses, the human cervix carcinoma
cell line HeLa was maintained in MEM medium (Gibco) supplemented
with 10 % fetal bovine serum (FBS Superior; Biochrom) at 37 °C and
5% CO, in a humidified atmosphere. For enzyme activity assays, the
human embryonic kidney cell line HEK293 was cultivated in DMEM
medium (Gibco) supplemented with 10 % fetal bovine serum (FBS Su-
perior; Biochrom) at 37 °C and 5% CO, in a humidified atmosphere.
The cells were frequently checked to be free of mycoplasma contamina-
tion using the My coAlert™ mycoplasma detection kit (Lonza) and the
My coAlert™ assay control set (Lonza).

2.6.1. Subcellular localization studies

5 x 10* HelLa cells were seeded per well in 6-well plates containing
glass coverslips. After 24 h, the cells were transiently transfected with
500 ng of expression plasmid encoding the respective 208-HSD type 2
and 500 ng of the plasmid pDsRed2-ER (Clontech) for staining the en-
doplasmic reticulum. Transfection was done using XtremeGENE 9
Transfection Reagent (Roche) according to the manufacturer’s instruc-
tions and the cells were studied after an incubation time of 24 h. Cells
were washed twice with PBS and fixed by incubation for 10 min in PBS
containing 3.7 % formaldehyde at growth conditions. For detection of
myc-tagged fusion proteins, cells were permeabilized with 0.5 % Tri-
ton-X100 in PBS for 5 min at room temperature (RT). After washing the
cells twice with PBS, unspecific binding sites were blocked by incuba-
tion of the cells in 3 % BSA in PBS for 30 min at RT. Immunochemical
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detection of the myc-tag was conducted by incubating the cells with pri-
mary (monoclonal mouse-anti-C-Myc (9B11); dilution 1:1,000; Cell Sig-
naling) and secondary (Alexa Fluor 488 goat-anti-mouse; dilution
1:2,000; Molecular Probes) antibodies in 3 % BSA in PBS for 1 h each at
RT. After washing the cells twice with PBS, counterstaining of the nu-
cleus was performed by incubating the cells for 2 min at RT in PBS con-
taining Hoechst 33342 (Invitrogen) diluted 1:5,000. Cells were washed
twice with PBS, mounted on slides with VectaShield mounting medium
(VectorLabs) and examined with an Axiophot epifluorescence micro-
scope (Zeiss) using a 63 X oil immersion objective. Three channel opti-
cal data were collected with the AxioCam MRm camera (Zeiss) and the
software AxioVision Rel. 4.6 (Zeiss). Pearson’s coefficients of colocal-
ization were determined using the Colocalization Finder plug-in for Im-
ageJ software on 10 pictures per analyzed construct.

2.6.2. Recombinant expression of 204-HSD type 2 homeologs for
enzyme assays and kinetic analyses

For testing the enzymatic activity with several substrates, the plas-
mids coding for the C-terminally myc-tagged 20p-HSD type 2 home-
ologs (Hsd20b2.L_pDEST-530 and Hsd20b2.S_pDEST-530) were trans-
fected into HEK293 cells. For each of the two expression plasmids, sev-
eral T75 flasks (3-8) of cells were transfected with 10 pg plasmid per
flask using the XtremeGENE 9 Transfection Reagent (Roche) according
to the manufacturer’s instructions. 48 h post transfection, cells were
harvested by trypsination and washed twice with PBS. From each indi-
vidual flask, an aliquot of 320 uL was separately collected and stored at
—80 °C for expression analysis by Western Blot. Afterwards, the remain-
ing cells transfected with the same plasmid were pooled and split into
aliquots containing 600 pg of total protein. The total protein content
was determined by the Bradford assay (Bio-Rad) using BSA as reference
protein [32]. Cell aliquots were stored at —80 °C until further use.

2.7. Confirmation of recombinant protein expression

Cell aliquots of transfected and untransfected HEK293 cells from
pooled cell batches containing 600 pg total protein were resuspended
in 300 pL H2O containing protease inhibitor (Pierce). Cell aliquots of
transfected and untransfected HEK293 cells collected from single cell
culture flasks (320 pL aliquots) were resuspended in 100 uL H,O con-
taining protease inhibitor. Resuspended cells were lysed by sonication
(6 cycles 15 s in sonication bath, 15 s on ice), and DNA was digested by
Benzonase (Sigma). Lysates were centrifuged at 700 x g and 4 °C for
10 min and the supernatants discarded. The pellets were resuspended
in 150 pL (for samples originally containing 600 g total protein) or in
75 uL (for samples collected from individual cell culture flasks) H,O
with protease inhibitor and the protein concentration was determined
by the Bradford assay (Bio-Rad) using BSA as reference protein [32].
Subsequently, samples were mixed with Laemmli buffer and heated to
95 °C for 15 min. 10 pg of total protein per sample were separated by
SDS-PAGE (10 % polyacrylamide gels) and transferred to a polyvinyli-
dene difluoride (PVDF) membrane (Millipore). The membrane was
blocked in Odyssey Blocking Buffer (Li-Cor) diluted 1:1 with PBS for
2 h at room temperature and incubated over night at 4 °C with the poly-
clonal rabbit-anti-p-actin antibody (A2066; dilution 1:1,000; Sigma)
and the monoclonal mouse-anti-C-myc antibody (9B11; dilution 1:200;
Cell Signaling) in Odyssey Blocking Buffer diluted 1:1 in 0.05 % Tween-
20 in PBS. After three washing cycles with 0.05 % Tween-20 in PBS, the
membrane was incubated with the secondary antibodies goat-anti-
mouse IRDye 800CW and goat-anti-rabbit IRDye 680RD (dilution
1:20,000; Li-Cor) in Odyssey Blocking Buffer diluted 1:1 in 0.05 %
Tween-20 in PBS for 2 h at room temperature. The signals were de-
tected with the Odyssey infrared imaging system (Li-Cor).
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2.8. Engyme activity assays

2.8.1. Determination of enzyme activity with 3H-labeled cortisone

For enzymatic assays with tritiated cortisone, cell aliquots contain-
ing 600 pg total protein were resuspended in 500 pL reaction buffer
(100 mM NaP; pH 7.3, 1 mM EDTA, 0.05 % BSA). Reactions consisted
of 140 pg total protein in 350 pL reaction buffer and 1 L tritiated cor-
tisone (cortisone [1,2-3H], final concentration 20 nM; American Radio-
labeled Chemicals). Reactions were started by the addition of 150 pL
NADPH (final concentration 600 uM; Serva) and incubated at 23 °C for
15 min with gentle shaking. The reactions were terminated by the addi-
tion of 100 pL stop solution (0.21 M ascorbic acid, 1% acetic acid (v/v)
in methanol). Untransfected HEK293 cells were used as controls. Reac-
tions were performed in triplicates. Steroids were extracted by solid
phase extraction (SPE) using Strata C18-E reverse phase cartridges
(100 mg/1 mL; Phenomenex) on a vacuum manifold (Varian sample
preparation 20 place manifold). The cartridges were activated with
two times 1 mL methanol and equilibrated with two times 1 mL water.
After the application of the sample, the cartridges were washed with
500 pL water. Steroids were eluted with two times 300 pL methanol
and eluates collected in vials. Steroids were analyzed by HPLC System
Gold (Beckman-Coulter) using a Reverse Phase Luna 5 pm C18 column
(125 X 4 mm LD., particle size 5 pm; Phenomenex) with 40 %
methanol (v/v) in water as running solvent coupled to online-
scintillation counter LB 506 D (Berthold). Conversion rates in percent
were obtained after integration of the substrate and product peak in
the chromatogram with the 24Karat software (Beckman-Coulter).

2.8.2. Determination of steady-state kinetic parameters

For kinetic analyses, aliquots containing 600 ug total protein were
resuspended in 250 pL or 600 pL reaction buffer for Hsd20b2.L or Hs-
d20b2.S, respectively. 140 pug and 600 pg of total protein per reaction
were used for Hsd20b2.S and Hsd20b2.L, respectively. Unlabeled corti-
sone was added (0.54-40.04 pM for Hsd20b2.L and 0.12-7.54 uM for
Hsd20b2.S). To monitor cortisone conversion, 20 nM tritiated cortisone
(American Radiolabeled Chemicals) was added to each reaction, and re-
actions were started by the addition of NADPH (final concentration 600
uM) in a total reaction volume of 500 pL. Assays were performed in
triplicates. Samples were incubated at 23 °C with gentle shaking for
15 min and 30 min for 20p-HSD type 2.S and 20p-HSD type 2.L, respec-
tively. Reactions were terminated by adding 100 pL stop solution.
Steroid extraction by SPE, separation by HPLC, and peak integration
was performed as described above. For the calculation of kinetic para-
meters, the percentages of substrate conversion were converted into
pmol min! mg™ total protein and the resulting values were taken as ini-
tial velocities. Michaelis-Menten kinetics were calculated by non-linear
fitting using the Enzyme Kinetics 1.3 add-on for SigmaPlot 12.0 (Systat
Software Inc.).

2.8.3. Screen for additional substrates by LC-MS/MS

To screen the X. laevis 208-HSD type 2 homeologs for other sub-
strates than cortisone, samples were prepared for liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS). Cell aliquots containing
600 pg total protein were resuspended in 600 uL reaction buffer. Reac-
tions consisted of 200 pg total protein in 890 pL reaction buffer and
10 pL steroid in methanol (stock solutions were concentrated as fol-
lows: 200 ng/mL progesterone, 200 ng/mL 11-deoxycorticosterone,
400 ng/mL corticosterone, 200 ng/mL 17a-hydroxprogesterone,
300 ng/mL 11-deoxycortisol, 600 ng/mL cortisol, 200 ng/mL an-
drostenedione, or 300 ng/mL estrone). Final substrate concentrations
in the reaction were as follows: 6.36 pM progesterone, 6.05 pM 11-
deoxycorticosterone, 11.55 pM corticosterone, 6.05 pM 17a-
hydroxyprogesterone, 8.66 pM 11-deoxycortisol, 16.55 pM cortisol,
6.98 pM androstenedione, and 11.09 pM estrone. Steroid concentra-
tions were chosen to be in the physiological range. Reactions were
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started by the addition of 100 pL. NADPH (final concentration 600 pM)
and incubated at 23 °C for 1 h with gentle shaking. The reactions were
terminated by the addition of 200 pL stop solution. Control reactions
contained either untransfected cells (200 pg total protein of untrans-
fected HEK293 cells, 10 pL of the respective steroid stock solution, and
600 pM NADPH) or only 10 pL of the respective steroid stock solution
(input control) in a total volume of 1 mL reaction buffer. Every reaction
was performed in triplicates.

For quantification of steroids, calibrator working solutions for glu-
cocorticoids and androgens with different steroid concentrations were
prepared in triplicates as described previously [22]. Calibrator working
solutions for estrone and estradiol (for concentrations of calibrator
stock solutions see Supplementary Table 4) were prepared similarly.
Addition of internal standard 13C-cortisol (Hydrocortisone-2,3,4-13Cs;
SigmaAldrich) to all samples was performed as described previously
[22]. Extraction of glucocorticoids and androgens by SPE, steroid sepa-
ration by liquid chromatography, steroid analysis by tandem mass spec-
trometry (MRM-based detection), and steroid quantification was per-
formed as described previously [22]. Samples containing estrogens
were extracted by SPE and evaporated to dryness as described previ-
ously [22]. The extracts were reconstituted in 1 mL 25/75 methanol/
water (v/v). Liquid chromatography and analysis of estrogens by tan-
dem mass spectrometry was done using the LC-MS/MS method of the
SteroIDQ kit (Biocrates) [33] with addition of the mass spectrometrical
parameters for the internal standard 13C-cortisol as in [22].

3. Results

Zebrafish 20p-HSD type 2 efficiently catalyzes the reduction of cor-
tisone to 20p-dihydrocortisone [18] and plays a vital role in the catab-
olism of the stress hormone cortisol [21]. Recently, we demonstrated
substrate multispecificity for several members of the 203-HSD type 2
family, which might imply additional physiological roles for the en-
zymes [22]. Here, we identified three novel members of the 20p-HSD
type 2 family in the genomes of X. laevis and X. tropicalis. The two X.
laevis homeologs were characterized in detail to understand their physi-
ological role.

3.1. Phylogenetic studies identify 203-HSD type 2 orthologs in the X. laevis
and X. tropicalis genome

To identify potential candidates for 20p-HSD type 2 orthologs in
the genome of X. laevis and X. tropicalis, BLAST searches using both
RNA and protein sequence of zebrafish 208-HSD type 2 (KM279631) as
input templates were performed. The search returned five X. laevis se-
quences with more than 44 % identity on the protein level, namely
XM_018253819, NM_001092608, NM_001086586, NM_001094901,
and XM _018259182. For X. tropicalis, we found two sequences, namely
XM_002941820 and NM_001017234. Since 20p-HSD type 2 enzymes
are closely related to 17p-HSDs type 3 and 12 and novel family mem-
bers cannot be annotated based on sequence identity alone [18], we
performed phylogenetic analysis to determine which Xenopus candi-
date sequence belongs to which enzyme family. In Neighbor Joining
analysis, two of the X. laevis sequences (NM_001092608 and
XM _018253819) clustered together with the 20p-HSD type 2 cluster,
two other sequences were found in the 17p-HSD type 12 cluster
(NM_001086586 and NM_001094901), and one sequence in the 17f-
HSD type 3 cluster (XM_018259182) (Fig. 1). For X. tropicalis, one se-
quence each clustered with the 208-HSD type 2 (XM_002941820) and
the 17p-HSD type 12 cluster (NM_001017234) (Fig. 1). Despite a high
sequence identity between 208-HSD type 2, 17p-HSD type 12, and 174-
HSD type 3 enzymes, all three families cluster separately. The separa-
tion of all three groups was supported by high bootstrap values.

To identify the location of the novel 20p-HSD type 2 homeologs in
the sub-genomes of X. laevis, BLAST analyses at Xenbase [27] were car-
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Fig. 1. By phylogenetic analysis, the HSD family membership of five X. laevis and two X. tropicalis protein sequences was elucidated, which revealed
three new members of the 20p-HSD type 2 family. The tree was constructed using the Neighbor Joining method. The percentage of replicate trees in
which the associated sequences clustered together in the bootstrap test with 1000 replications are given in percent at the individual dichotomy. Acces-
sion numbers can be found in Supplementary Table 1. Species abbreviations: bt, Bos taurus; dr, Danio rerio; hs, Homo sapiens; mf, Macaca fasciularis;
mm, Mus musculus; oa, Ovis aries; om, Oncorhynchus mykiss; on, Oreochromis niloticus; pr, Poecilia reticulata; rn, Rattus norvegicus; ss, Salmo salar; tf,

Tachysurus fulvidraco; x1, Xenopus laevis; xt, Xenopus tropicalis.

ried out. Both candidate sequences (NM_001092608 and
XM_018253819) mapped to the Xenbase Genepage-5863530. The first
candidate sequence NM_001092608 is identical to Xenbase Gene-ID XB-
GENE-17340570 and is located on chromosome 3.L. We named this en-
zyme 208-HSD type 2.L (gene symbol hsd20b2.L, protein symbol Hs-
d20b2.L). The second candidate sequence XM_018253819 is identical
to Xenbase Gene-ID XB-GENE-5863565 and is located in Scaffold 20.
We named this enzyme 208-HSD type 2.S (gene symbol hsd20b2.S, pro-
tein symbol Hsd20b2.S). The candidate sequence XM_002941820 from
X. tropicalis is identical to Xenbase Gene-ID XB-GENE-5863531 and is
located on chromosome 3. We named the enzyme 20p-HSD type 2 (gene
symbol hsd20b2, protein symbol Hsd20b2).

Pairwise protein sequence identities between enzymes from all three
HSD families 208-HSD type 2, 173-HSD type 12, and 173-HSD type 3
were very high (> 38.3 %; Supplementary Table 2), thus underlining a
high degree of identity between the enzymes. All previously character-
ized 20B3-HSD type 2 enzymes, including the novel orthologs from X.
laevis and X. tropicalis, share 45-91 % amino acid residue identity (Sup-
plementary Table 2). In addition, within the group of 17p-HSD type 12

and type 3 enzymes, a very high degree of amino acid residue identity
can be observed (58-93 % and 44-94 %, respectively). The pairwise se-
quence identity between 208-HSD type 2 and 178-HSD type 12 mem-
bers (42-51 %) as well as between 20p-HSD type 2 and 178-HSD type 3
enzymes (38-48 %) was also very high compared to sequence identities
commonly observed for SDR enzymes of unrelated families (~ 15-30
%) [34].

The sequence comparison of the X. laevis homeologs Hsd20b2.L and
Hsd20b2.S as well as the X. tropicalis ortholog Hsd20b2 with zebrafish
20p-HSD type 2 revealed a high degree (52.9-57.7 % identity) of con-
servation (Fig. 2). X. tropicalis 20p-HSD type 2 has a longer N-terminus
than the other sequences. Further differences are mostly present in the
C-termini of the sequences, which are also of different lengths. The typ-
ical conserved residues characteristic for SDR family members, such as
the TGxxxGxG motif for cofactor binding or the S-Y-K motif in the ac-
tive site, are well conserved in all three Xenopus 208-HSD type 2 or-
thologs (Fig. 2). X. laevis homeologs Hsd20b2.L and Hsd20b2.S share
87.0 % sequence identity (including only identical residues) and 91.6 %
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Fig. 2. Sequence comparison of the two X. laevis homeologs and the X. tropicalis ortholog of 20 3-HSD type 2 with the zebrafish enzyme show a high degree
of identity between the sequences. Clustal Omega was used for construction of the sequence alignment. Amino acid residues are in single letter code. Identi-
cal residues in all sequences are shaded in gray. Amino acid residues belonging to typical SDR motifs are depicted in bold above the alignment. Species ab-

breviations: dr, Danio rerio; x1, Xenopus laevis; xt, Xenopus tropicalis.

sequence similarity (including residues with similar physicochemical
properties and identical residues).

3.2. mRNA expression analyses of 204-HSD type 2 homeologs in X. laevis

We investigated the expression pattern of the two X. laevis 208-HSD
type 2 homeologs by performing RT-PCR in embryos of different stages
and in different adult tissues (Fig. 3). RT-PCR instead of qPCR was cho-
sen due to tissue sample limitations. We observed different expression
pattern for hsd20b2.L and hsd20b2.S. During embryonic development,
hsd20b2.L expression started at stage 10.5 and remained on a constant
level from stage 20 to stage 45. Hsd20b2.S expression was detectable
already at stage 0, but declined during stage 5 and 8. Afterwards, the
hsd20b2.S expression was visible with slightly variable intensity (Fig.
3). In adults, sex differences were observed in expression for both hs-
d20b2.L and hsd20b2.S. Hsd20b2.L was generally expressed in more tis-
sues than hsd20b2.S. In females, hsd20b2.L was expressed in high levels
in liver, kidney (including the adrenal gland), eyes, skin, and intestine,
while in males such strong signals were only observed in eye, intestine,
and skin. Moderate expression of hsd20b2.L was found in female ovary,
spleen, and oocytes, and in male liver and kidney (including the adrenal
gland). Slight expression of hsd20b2.L in both sexes was observed in
lung and brain as well as in female spleen and heart. In contrast, hs-
d20b2.S showed expression in fewer tissues and this in both sexes. The
transcript was expressed in both female and male kidney, eye, and in-
testine as well as in female skin (Fig. 3). The separate expression of hs-
d20b2.L and hsd20b2.S in kidney and adrenal gland was not deter-
mined, because the adrenal gland being very close to the anterior me-
dial border of the kidney was not dissected separately.

3.3. Subcellular localization studies

Since 20B3-HSD type 2 enzymes from several fish species were co-
located with the endoplasmic reticulum (ER) [18], we hypothesized
that 20p-HSD type 2 enzymes from Xenopus would co-localize with the
ER as well. Heterologous expression of the X. laevis 20p-HSD type
2 homeologs in HeLa cells showed that both proteins indeed co-
localized with the ER (Fig. 4). We obtained high Pearson’s correlation
coefficients for co-localization of the respective 208-HSD type 2 en-
zymes with the marker for the endoplasmic reticulum (Fig. 4) support-
ing the expected co-localization. The N- or C-terminal position of the
myc-tag on the expressed proteins had no influence on the localization
of the protein.

3.4. Determination of enzymatic activity and kinetic parameters with the
substrate cortisone

20p-HSD type 2 enzymes from teleost fish convert cortisone to 208-
dihydrocortisone, although with different catalytic efficiencies [18,22].
We assumed the Xenopus 20p-HSD type 2 to be able to catalyze the same
reaction and tested this hypothesis on the two X. laevis homeologs. Us-
ing similar amounts of total protein of transfected HEK293 cells ex-
pressing Hsd20b2.L and Hsd20b2.S, we observed that both homeologs
indeed catalyzed cortisone conversion (Fig. 5 A). Hsd20b2.S converted
more cortisone than Hsd20b2.L under the given reaction conditions, al-
though expression levels of Hsd20b2.S were lower than those of Hs-
d20b2.L as shown by Western Blot analysis (Fig. 5 B). We observed no
side products beside the substrate and product in all analytical runs.

Determination of kinetic parameters revealed that both enzymes
catalyzed the conversion of cortisone with different apparent veloci-
ties, because their apparent K, values differed from another (Table 1).
The related Michaelis-Menten kinetics are shown in Supplementary
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Fig. 4. Analyses of subcellular localization of X. laevis 20p-HSD type 2 homeologs showed that both enzymes co-localize with the endoplasmic reticulum. Panels A-
D show representative images for Hsd20b2.L. The panels depict the detection of recombinant N-terminally myc-tagged Hsd20b2.L by anti-myc-antibody (A), the en-
doplasmic reticulum by DsRed expression (B), and the nuclei by Hoechst 33342 staining (C), and the overlay of all panels (D). Magnification: 630 x . Panel E sum-
marizes the Pearson’s correlation coefficients of co-localization of the respective 203-HSD type 2 homeolog with the marker for the endoplasmic reticulum as mean
with standard deviation based on 10 images per construct.
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Fig. 5. Both X. laevis 20p-HSD type 2 homeologs catalyzed the conversion of cortisone to 20p-dihydrocortisone and are expressed in transfected HEK293
cells. 140 pg of total protein per reaction were incubated with tritiated cortisone for 15 min at 23 °C (n = 3). Cortisone conversion (shown as mean with
standard deviation) was observed in transfected cells, but not in untransfected control cells (A). Visualization of recombinant expression of C-terminally
myc-tagged 20f-HSD type 2 homeologs in HEK293 cells by Western Blot (B). 10 pg of total protein were separated by SDS-PAGE. p-Actin (at ~ 41 kDa)
and recombinant 20 p-HSD type 2 enzymes (~ 38 kDa) were detected by anti-p-actin and anti-C-myc antibodies, respectively, on the same blot using the
Li-Cor Odyssey imaging system. The complete Western blot is shown in Supplementary Fig. 4. M, molecular weight marker.

Table 1
Kinetic constants of X. laevis 208-HSD type 2 homeologs.

Enzyme Apparent Ky, (uM)  Apparent V,,,, (pmol min? mg™ total protein)
Hsd20b2.L.  20.7 = 4.1 89.9 = 8.9
Hsd20b2.S 3.8 + 0.6 166.4 = 12.9

Fig. 1. The conversion of cortisone by Hsd20b2.S being greater than by
Hsd20b2.L (Fig. 5 A) can be explained by the lower K, and the higher
Vimae fOr Hsd20b2.S, although Hsd20b2.S expression levels were lower.

3.5. Screen for additional steroidal substrates using LC-MS/MS

Teleost 20p-HSD type 2 enzymes possess multispecificity by catalyz-
ing the conversion of a range of Cy; steroids [22]. Thus, we analyzed
whether the X. laevis 20p-HSD type 2 isoforms are able to catalyze the
20f-reduction of several different steroids from the glucocorticoid
biosynthesis pathway, namely 17a-hydroxyprogesterone, progesterone,
11-deoxycortisol, 11-deoxycorticosterone, cortisol, and corticosterone.
Further, we investigated if both isoforms possess 178-HSD activity on
androgens and estrogens with androstenedione and estrone as sub-
strates. Steroid concentrations were used in physiological ranges. Ex-
periments were conducted in triplicates from three different cell
batches, each batch being an independent experiment consisting of four
individually transfected cell culture flasks. Western Blot showed similar
expression of recombinant proteins in individual culture flasks of each
cell batch (Supplementary Fig. 2). As observed before (Fig. 5 A), Hs-
d20b2.L showed stronger expression than Hsd20b2.S (Supplementary
Fig. 2).

The X. laevis 20p-HSD type 2 homeologs performed the 204-
reduction on several substrates. Both Hsd20b2.L and Hsd20b2.S cat-
alyzed the conversion of 17a-hydroxyprogesterone to 17a,208-
dihydroxyprogesterone and converted nearly all substrate under the
given conditions (Fig. 6 A). Progesterone was almost completely re-
duced to 20p-hydroxyprogesterone by Hsd20b2.S, but to a lesser extent
by Hsd20b2.L (Fig. 6 B). As observed previously [22], the untransfected

HEK293 cells converted a small proportion of progesterone into an un-
known metabolite not included in our LC-MS/MS method, visible in a
lower progesterone concentration measured in untransfected cells com-
pared to the input samples. 11-Deoxycortisol was accepted as substrate
by both X. laevis 203-HSD type 2 homeologs. Hsd20b2.S converted al-
most all 11-deoxycortisol to 20p-dihydro-11-deoxycortisol, while Hs-
d20b2.L converted only roughly 50 % of the substrate (Fig. 6 C). Also
11-deoxycorticosterone was almost completely reduced to 20p-
dihydro-11-deoxycorticosterone by Hsd20b2.S; however, Hsd20b2.L
catalyzed the conversion of this steroid only barely (Fig. 6 D).

Hsd20b2.S, but not Hsd20b2.L, converted both active glucocorti-
coid hormones cortisol and corticosterone to their corresponding 204-
reduced metabolites (Fig. 6 E, F). In comparison to the other Cy;
steroids that were mostly completely reduced by Hsd20b2.S, the en-
zyme catalyzed the reduction of cortisol and corticosterone only very
weakly.

Our investigation of the 17p-hydroxysteroid dehydrogenase activ-
ity revealed that both Hsd20b2.L and Hsd20b2.S produced small
amounts of estradiol when incubated with the substrate estrone (Fig. 6
G). Although the measured product concentration was extremely low,
the product formation was significantly different from the background
of untransfected HEK293 cells (Supplementary Fig. 3). In contrast, nei-
ther Hsd20b2.L nor Hsd20b2.S converted androstenedione to testos-
terone (Fig. 6 H).

In none of the analytical runs, side products beside the expected
products were observed.

4, Discussion

In several teleosts and mammals, 203-HSD type 2 enzymes are
known, and some members of this enzyme family have been character-
ized in detail [18,19,21,22]. Here, we report the identification of three
new members of this family derived from the African clawed frog, X.
laevis, and the Western clawed frog, X. tropicalis. We also report the
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Fig. 6. Enzymatic assays with X. laevis 20p-HSD type 2 homeologs with eight steroid substrates revealed substrate multispecificity. 200 pg of total protein of
HEK293 cells, either transfected for expression of 208-HSD type 2 enzymes or untransfected, were incubated with the substrates 17a-hydroxyprogesterone (A), prog-
esterone (B), 11-deoxycortisol (C), 11-deoxycorticosterone (D), cortisol (E), corticosterone (F), estrone (G), or androstenedione (H) and the cofactor NADPH. LC-MS/
MS was used to quantify substrates and products. Steroid concentrations are shown as mean values from triplicates of three different cell batches (n = 9) with stan-
dard deviations. Data for substrates are presented in white bars and those for the corresponding products in gray bars. Data for individual replicates are shown in
Supplementary Table 5. Single lowercase letters indicate a statistically significant difference in product formation between transfected and untransfected HEK293
cells: a, p-value between 0.01 and 0.001; b, p-value between 0.001 and 0.0001; c, p-value below 0.0001; ns, not significant. Note that the catalytic activities of Hs-
d20b2.L and Hsd20b2.S cannot be compared directly, because the expression levels of the enzymes differed (Supplementary Fig. 2).

characterization of the two homeologs from X. laevis. Our study is thus
the first description of amphibian 20p-HSD type 2 enzymes.

4.1. X. laevis Hsd20b2 homeologs and their ortholog X. tropicalis Hsd20b2
fit into the 204-HSD type 2 enzyme family

By phylogenetic analysis, the five identified 208-HSD type 2 candi-
date sequences in the genome of X. laevis and X. tropicalis could be
grouped into distinct clusters of 20p-HSD type 2, 17p-HSD type 12, and
17p-HSD type 3 enzymes. In all three clusters, the frog sequences were
located between the teleost and the mammalian sequences, reflecting
the vertebrate evolutionary lineage. The N-terminus of X. tropicalis 20p-
HSD type 2 was noticeably longer than the ones of zebrafish and X. lae-
vis 20p-HSD type 2 enzymes. This implies the presence of at least two
start codons that might entail alternative translation start sites in this
sequence [35]. The two 20p-HSD type 2 candidate sequences from X.
laevis were mapped to the individual subgenomes of X. laevis, giving
rise to the names Hsd20b2.L and Hsd20b2.S. Thus, the genes hsd20b2.L
and hsd20b2.S belong to the proportion of genes that were retained in
two homeologous copies in the allotetraploid genome of the frog [5].

Functional characterization of candidate 208-HSD type 2 enzymes
was conducted only for the X. laevis homeologs, because we had no ac-
cess to X. tropicalis tissue samples. The co-localization of both X. laevis
20p-HSD type 2 enzymes with the endoplasmic reticulum is similar to
that of teleost and mammalian 208-HSD type 2 enzymes that are also
associated with this compartment [18], presumably being anchored in
the ER membrane with an N-terminal transmembrane helix like 17f-
HSD type 3 [36]. The expression pattern of the X. laevis genes hsd20b2.L
and hsd20b2.S is remarkably similar to the expression pattern of teleost
hsd20b2. Zebrafish hsd20b2 was found with strongest signals in liver,
kidney (including the interrenal), intestine, gonads, and gills [18], and
hsd20b2 from Japanese eel showed strong expression in liver, testis, and
pituitary [19]. Zebrafish hsd20b2 was maternally provided to the
oocyte and showed expression throughout the embryonic development
[18]. In X. laevis, hsd20b2.S and to a lesser extent also hsd20b2.L were
present in stage 0, indicating maternal provision of both transcripts to

the oocyte. Both X. laevis Hsd20b2.L and Hsd20b2.S catalyzed the con-
version of cortisone to 20f-dihydrocortisone. This reaction is also cat-
alyzed by all characterized teleost orthologs from zebrafish, guppy,
rainbow trout, and tilapia [18,22]. Whether the 20p-HSD type 2 from
Japanese eel also catalyzes the 20p-reduction of cortisone has not been
analyzed so far [19].

The newly identified X. tropicalis 20p-HSD type 2 fits well into the
family of 20p-HSD type 2 enzymes from teleost fish and mammals
based on sequence analyses alone. For the X. laevis Hsd20b2.L and Hs-
d20b2.S, we could show that they integrate into this family not only by
high sequence identity but also by similar subcellular localization, the
catalysis of the 20p-reduction of cortisone, and the comparable tissue
expression pattern.

4.2. Cortisone is no physiological substrate for X. laevis Hsd20b2.L and
Hsd20b2.S

X. laevis Hsd20b2.L showed less 20p-reduction of cortisone than Hs-
d20b2.S under identical reaction conditions, although Western blot
analysis revealed that Hsd20b2.L was more strongly expressed than
Hsd20b2.S. Similar deviations between expression level and activity
were observed for other teleost and mammalian 20p-HSD type 2 en-
zymes as well [22]. However, the 208-reduction of cortisone by X. lae-
vis 208-HSD type 2 enzymes is most likely not a physiological reaction
happening in vivo. Two lines of evidence support this hypothesis. First,
our determination of kinetic parameters with Hsd20b2.L and Hs-
d20b2.S with the substrate cortisone revealed very high K;,; values in
the uM range (20.7 uM and 3.8 uM, respectively). It is unlikely that
such high cortisone concentrations appear in a living organism, and
thus, both enzymes would catalyze the 20p-reduction in vivo at subop-
timal velocities. Second, 17a-hydroxylated glucocorticoids such as 11-
deoxycortisol, cortisol, and cortisone seem to be absent in X. laevis.
When whole kidneys containing interrenal cells of X. laevis tadpoles
were incubated with 4C-labelled progesterone, the downstream
metabolites corticosterone and aldosterone were found in large quanti-
ties, but cortisol was never detected [37]. In humans, 17a-
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hydroxylated glucocorticoids arise from 17a-hydroxyprogesterone,
which is an intermediate steroid in the conversion of progesterone to
androstenedione [15]. The two-step reaction from progesterone to an-
drostenedione is catalyzed by cytochrome P450 enzyme CYP17
(P450c17, gene symbol CYP17A1), which first 17a-hydroxylates prog-
esterone yielding 17a-hydroxyprogesterone and then performs the
17,20-lyase reaction on the intermediate product thus forming an-
drostenedione [15]. However, human CYP17 has little to no 17,20-
lyase activity on 17a-hydroxyprogesterone [38], and androstenedione
is in humans predominantly formed from dehydroepiandrosterone
(DHEA) [39]. In contrast to human CYP17, the X. laevis CYP17 was
found to possess both 17a-hydroxylase and 17,20-lyase activity. Its
17,20-lyase activity was shown to be faster than its 17a-hydroxylase
activity [38]. Furthermore, the gene cyp17al is almost exclusively ex-
pressed in gonads, with stronger signals in testes than in ovaries and
very low levels in other tissues [5,27,40]. Based on the gonad-focused
expression of CYP17 and its strong 17,20-lyase activity, it is assumed
that all 17a-hydroxyprogesterone is instantly converted to androstene-
dione and is not available for 21-hydroxylation by CYP21 yielding
17a-hydroxylated glucocorticoids.

4.3. X. laevis Hsd20b2.L and Hsd20b2.S show substrate multispecificity in
vitro

Since cortisone is most likely not the physiological substrate for
both Hsd20b2.L and Hsd20b2.S, we performed a screen to identify
more putative physiological steroidal substrates for both enzymes using
our previously developed and validated LC-MS/MS method for gluco-
corticoids and androgens [22] as well as the method of the SteroIDQ kit
for estrogens [33]. This approach allowed the evaluation of both 17-
and 20p-HSD activity of X. laevis Hsd20b2.L and Hsd20b2.S in vitro.

The absence of 17p-HSD activity of both enzymes with the substrate
androstenedione is consistent with our previous data observed for
teleost and mammalian 20p-HSD type 2 enzymes [18,22] and in line
with data for tilapia 20p-HSD type 2, initially named 178-HSD type 12
[41], showing no 17B-HSD activity with androstenedione and estrone.
Interestingly, 20p-HSD type 2 from Japanese eel was able to convert 11-
ketoandrostenedione to 11-ketotestosterone in vitro [19], suggesting
that at least this member of the 208-HSD type 2 family possesses 17f-
reductive activity. Estrone to estradiol conversion might be possible for
the enzyme family, because the X. laevis 203-HSD type 2 enzymes had a
minor 17p-reductive activity on the substrate estrone. However, this
small product formation was only visible by our sensitive LC-MS/MS
set-up and would have been missed with other methodologies such as
thin-layer chromatography or UV-HPLC. However, due to the very
small estradiol formation, we believe that the 17p-reductive activity of
Hsd20b2.L and Hsd20b2.S is not relevant in vivo in X. laevis.

Both Hsd20b2.L and Hsd20b2.S had a strong 20p-HSD activity on
the Cy; steroids progesterone, 17a-hydroxyprogesterone, 11-
deoxycorticosterone, and 11-deoxycortisol. Most of these steroids were
converted to a lesser extent by Hsd20b2.L, with the exception of 17a-
hydroxyprogesterone that was almost equally converted by both en-
zymes. The active glucocorticoid hormones corticosterone and cortisol
were only weakly converted by Hsd20b2.S, but not by Hsd20b2.L. This
is in accordance to our findings with teleost 20p-HSD type 2 enzymes
[22] and might be explained by the bulky hydroxyl group at C11
(which is the common feature of cortisol and corticosterone) that can-
not be easily incorporated into the active site of the enzyme. As we used
Co; steroid concentrations in the low nanomolar range in our in vitro as-
says, the observed reactions are likely to occur in vivo as well.

Taken together, both 208-HSD type 2 enzymes from X. laevis show
substrate multispecificity, as we observed previously for the teleost and
mammalian 208-HSD type 2 enzymes [22]. The question whether X.
laevis 20p-HSD type 2 enzymes are only multispecific or promiscuous
needs to be unraveled in future research. Substrate multispecificity, the
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enzymes’ ability to catalyze the same chemical transformation on sev-
eral different substrates, is common for most enzymes [42,43]. Sub-
strate promiscuity is present if the enzyme converts structurally very
distinct substrates [42]. Among hydroxysteroid dehydrogenases, sub-
strate promiscuity is common, because several members convert not
only steroidal substrates but also prostaglandins, fatty acids with dif-
ferent chain lengths, retinoids, and bile acids [17,44,45].

4.4. Involvement of X. laevis Hsd20b2 isoforms in oocyte maturation is
unlikely

In vitro, several teleost 20p-HSD type 2 enzymes are able to pro-
duce the maturation inducing steroid (MIS) [22], which is either
17a,208-dihydroxy-4-pregnen-3-one (DHP, or 17,20p-P, or 17a,208-
dihydroxyprogesterone) or 17a,208,21-trihydroxy-4-pregnen-3-one
(20B-S, or 20B-dihydro-11-deoxycortisol) depending on the species
[46,47]. The MIS induces germinal vesicle breakdown, spindle for-
mation, chromosome condensation, and first polar body formation
[47]. It is a vital hormone for oocyte maturation in teleost fish [47].
For most known teleost 20p-HSD type 2 enzymes, the involvement in
MIS formation in vivo was not yet demonstrated. Only in masu
salmon (Oncorhynchus masou), the MIS biosynthesis might be as-
cribed to a 20B-HSD type 2 ortholog. In this species, an enzyme
named 17f-HSD type 12-like was discovered that catalyzed the for-
mation of 17a,20p-dihydroxyprogesterone from 17a-
hydroxyprogesterone [48]. Its mRNA was increased in follicles dur-
ing final oocyte maturation [48]. Since we believe that this enzyme
is actually a member of the 20p-HSD type 2 family [22], this would
be the first evidence of a potential 208-HSD type 2 enzyme involved
in oocyte maturation.

Progesterone itself, or any of its hydroxylated metabolites, is in con-
trast to teleost fish not actively involved in oocyte maturation in X. lae-
vis, although it was long believed to be [49]. Progesterone, as well as
other steroids such as pregnenolone or DHEA, trigger oocyte matura-
tion in isolated oocytes embedded into follicular cells [50,51]. How-
ever, thorough research established that androgens are the physiologi-
cal mediators of oocyte maturation [52]. Androgens were equally or
more potent activators of X. laevis oocyte maturation than proges-
terone and were more abundant in serum and ovaries of frogs stimu-
lated with human chorionic gonadotropin [52]. The effect of proges-
terone or pregnenolone inducing oocyte maturation was explained by a
two-cell model consisting of both follicular cells and the oocyte itself
that convert the precursors progesterone and pregnenolone into the ac-
tive androgen testosterone [38,49]. Since Co; steroids themselves are
not involved in oocyte maturation and both X. laevis 203-HSD type 2
enzymes did not catalyze the conversion of androstenedione to testos-
terone, an involvement of 208-HSD type 2 enzymes in this process
seems unlikely. However, the 208-reduced C; steroids formed by X. lae-
vis 208-HSD type 2 enzymes may have yet unknown roles in oocyte
maturation.

4.5. Potential role for Hsd20b2.L and Hsd20b2.S in steroid catabolism of
X. laevis

In humans, steroid catabolism is a two-phasic process that increases
the water solubility of the molecule and facilitates its efficient excre-
tion. The first phase alters biological activity and modifies functional
groups, which then serve as conjugation targets with glucuronides and/
or sulfates in the second phase [39]. Steroid catabolism is largely lo-
cated in the liver, but most peripheral tissues also possess the required
enzymes for steroid activation and inactivation [39]. Humans excrete
steroids mostly via bile or urine [39]. In teleost fish, steroid catabolism
is supposed to follow similar pathways as in humans, although fish pos-
sess an additional excretion route via the gills [53,54]. Even less is
known about steroid catabolism and steroid excretion routes in X. lae-
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vis. However, since X. laevis and humans share a high degree of evolu-
tionary conservation in terms of biochemical pathways and physiologi-
cal processes [1], it is assumed that steroid catabolism occurs along
similar lines.

Zebrafish 20p-HSD type 2 together with 11p-HSD type 2 catalyze
the formation of 20p-dihydrocortisone via cortisone from cortisol [21].
20p-Dihydrocortisone was present in both free and conjugated form in
large amounts in zebrafish holding water, underlining the importance
of 20p-HSD type 2 in inactivation and removal of the potent stress hor-
mone cortisol [21]. The multispecificity of teleost and frog 20p-HSD
type 2 enzymes might imply a general involvement of this enzyme fam-
ily in phase 1 of steroid catabolism, i.e., inactivating the steroid and
modifying its functional group at C20 for subsequent conjugation. The
20p-reduction increases the hydrophilicity of the steroid molecule, thus
facilitating glucuronidation or sulfation. 208-Dihydro-C,; steroids
were identified in human urine [55,56], in mouse urine [57], and in bile
of rainbow trout [58,59]. In X. laevis, there is no published evidence on
a profile of excreted Cy; steroids available. Yet, the expression pattern
of both hsd20b2.L and hsd20b2.S with strong signals in liver, kidney,
and intestine support a role for both enzymes in steroid catabolism.
Both genes were also strongly expressed in the skin of both sexes. Since
the skin of developing and adult frogs is permeable to small compounds
[1,11,60], the 20p-HSD type 2 enzymes might act as a front-line detox-
ification mechanism by converting active steroid hormones taken up by
the skin to inactive steroid hormones to prevent undesired steroid ac-
tion.

4.6. X. laevis Hsd20b2 isoforms may be involved in pheromone biosynthesis

The excretion of steroids, both free and conjugated, can have addi-
tional roles besides removing unneeded hormones. Aquatic vertebrates
such as fish and frogs, but also terrestrial vertebrates, use excreted com-
pounds as pheromones for communication, which influence several be-
haviors such as mating, aggression, or predator avoidance [61].
Steroids are information-rich molecules that can convey information
on willingness to mate or health status among conspecifics [61], as well
as on kin recognition in hierarchies or school forming [62], and can
synchronize gamete maturation and spawning interaction [63]. In
teleost fish, reproductive pheromones are often free or conjugated
steroid molecules that elicit reproductive behavior in both sexes [64].
For example, sulfated 17a,20p-dihydroxyprogesterone induced repro-
ductive behavior in goldfish and zebrafish [63,65], while roach (Rutilus
rutilus) responded to free and glucuronidated 17a,20p-
dihydroxyprogesterone among other steroids [66]. X. laevis tadpoles
detected a variety of sulfated pregnane-based steroids, while non-
sulfated steroids in most cases failed to activate the sulfated steroid-
responsive neurons [67]. 20p-Hydroxylated Cy; steroids were not tested
for their stimulatory potential so far. Those steroids tested, namely free
corticosterone, free cortisone, and cortisol-21-sulfate, elicited no re-
sponse in tadpoles [67]. However, tadpole and frog breeding water
contained a variety of sulfated steroids capable of activating sulfated
steroid-responsive neurons [67]. Unfortunately, the identities of these
sulfated steroids were not determined [67].

The information about intraspecies communication via pheromones
in frogs is limited [67], as is the information on the identity of involved
steroid molecules. Therefore, it is possible that both 20p-HSD type 2
variants of X. laevis are involved in the biosynthesis of molecules that
can act after possible conjugations as pheromones. Since both enzymes
are expressed already during embryonic development, a role of their re-
action products as reproductive pheromones seems less likely than a
role in sensing conspecifics. Yet, the function of possible reaction prod-
ucts might as well change during development and adulthood of the
frogs. Further research is needed to elucidate whether X. laevis 20p-HSD
type 2 enzymes are important pheromone synthesizing enzymes.
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5. Conclusion

Our work shows a detailed characterization of two novel 203-HSD
type 2 enzymes from X. laevis and the identification of their ortholog in
X. tropicalis. It is thus the first description of 208-HSD type 2 enzymes in
amphibians. The expression pattern, subcellular localization, and enzy-
matic activity of X. laevis 20p-HSD type 2 is comparable to previously
characterized members from the 20p-HSD type 2 family, with whom
the enzymes also share a high degree of identity. Both X. laevis 204-
HSD type 2 enzymes showed substrate multispecificity by catalyzing
the 20B-reduction of several C,; steroids, which is in accordance to
other teleost 208-HSD type 2 enzymes and common among hydroxys-
teroid dehydrogenases. Both frog 20p-HSD type 2 homeologs might
play a role in steroid catabolism by converting active steroid hormones
to inactive metabolites dedicated for further conjugation and removal
from the organism. A role for both enzymes in pheromone biosynthesis
for intraspecies communication is also possible, whereas an involve-
ment in oocyte maturation isless likely. The actual physiological role of
both 20p-HSD type 2 homeologs in X. laevis remains to be elucidated
for example by generating knock-down animals and characterizing
their physiology in detail.
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