
ETH Library

Characterisation of a porcine 3β-
hydroxysteroid dehydrogenase/Δ5-
Δ4-isomerase gene to decrease
the level of androstenone

Doctoral Thesis

Author(s):
Teichman-Logischen Köhler, Adriana von

Publication date:
2001

Permanent link:
https://doi.org/10.3929/ethz-a-004311511

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-004311511
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss. ETH No. 14486

Characterisation of a porcine 3β-hydroxysteroid dehydrogenase/

∆5-∆4-isomerase gene to decrease the level of androstenone

A dissertation submitted to the

Swiss Federal Institute of Technology Zurich

for the degree of Doctor of Natural Science

presented by

Adriana von Teichman-Logischen Köhler

Dipl. Ing. Agr. ETHZ

born 5th of March 1970

citizen of St. Gallen

Prof. Dr. Dr. h.c. G. Stranzinger, examiner

Prof. Dr. R. Claus, co-examiner

Dr. H. Joerg, co-examiner

Zurich, 2001





Acknowledgements

I am very grateful to Prof. G. Stranzinger for giving me the opportunity to work

in research and to participate at international scientific meetings. I would also

like to thank him for his continuous support and the optimistic and friendly

atmosphere that he provided in our group.

I would like to thank Prof. R. Claus, Animal Husbandry and Performance-Based

Physiology, University of Hohenheim, Germany for his helpful advice on my

thesis and for accepting to be my co-examiner.

I am grateful to Dr. Hannes Joerg for introducing me into the field of molecular

genetics. The interesting discussions and advice were very useful to write my

dissertation.

Many thanks to Dr. Stefan Neuenschwander and Dr. Patricia Werner for the

use of their porcine adipose tissue cDNA library.

I would also like to express my gratitude to Prof. Bertram Brenig, Institute of

Veterinary Medicine, Department of Molecular Biology of Livestock, Goettingen,

Germany for screening the PAC library and providing me with a specific clone.

Thanks are also due to Francois Piumi, BAC-YAC Resource Center of the

Animal Genetics Department in INRA, France for screening the BAC library and

providing me with several clones.

Big thanks are due to Dasha and Antke for reading and offering very

constructive suggestions in formulating this thesis. Dr. Stefan Rieder,

Dr. Duangsmorn Suwattana and Spela I would like to thank very much for

showing me certain laboratory procedures. I am most grateful to Kathelijne,

Dagmar, Gerda, Regula, Susanna and Antonia for keeping everything in order

and thereby making our lives easier. For the wonderful times that we had

together, I would like to thank Dasha, Antke, Lara, Bozena, Spela, Mika,

Mutsumi, Marina, Pascal, Frederick, Toshi, Sem and Whoopy.

A big thank you to Chrigel and Benedikt who were always there to help me

when I had yet another computer problem.

I am grateful to the Swiss Federal Institute of Technology, Zurich, that

supported this project (credit number 0-20693-99). The Laur Foundation

assisted in the payment of the printing costs.

I am most grateful to my family in Ireland for their constant encouragement

through all my ups and downs during my time here. My very special thanks to

my husband Bruno for his constant support and patience throughout the time of

my thesis and for always showing interest in my project.





Table of Contents

Summary .....................................................................................................................I

Zusammenfassung.....................................................................................................III

List of Figures ............................................................................................................ V

List of Tables ............................................................................................................. VI

Abbreviations ........................................................................................................... VII

1 Introduction .........................................................................................................1

1.1 Boar taint ................................................................................................................. 2

1.1.1 Testicular steroids ..................................................................................................... 2

1.1.2 Indole compounds..................................................................................................... 7

1.1.3 Odour thresholds....................................................................................................... 7

1.2 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase.......................................... 8

1.2.1 Catalytic activity......................................................................................................... 9

1.2.2 3β-HSD types............................................................................................................ 9

1.2.3 Structure of the 3β-HSD types ................................................................................ 10

1.2.4 3β-HSD localisation................................................................................................. 11

1.2.5 Expression of the different 3β-HSD types............................................................... 11

1.3 Functional analysis of 3β-HSD using in vitro cell cultures............................... 12

1.4 Suppression of boar taint..................................................................................... 13

1.4.1 Feeding, housing, slaughtering habits, genetic disposition and breeding effect on

boar taint content in adipose tissue......................................................................... 13

1.4.2 Inhibition of biosynthesis of androst-16-ene steroids .............................................. 16

1.4.3 Immunisation against androstene steroids and GnRH ........................................... 17

1.5 Objective of the study........................................................................................... 17



2 Material and methods........................................................................................21

2.1 Materials................................................................................................................. 21

2.1.1 Solutions.................................................................................................................. 21

2.1.2 Chemicals and reagents ......................................................................................... 26

2.2 Methods ................................................................................................................. 30

2.2.1 Molecular genetic methods ..................................................................................... 30

2.2.1.1 RNA isolation ..................................................................................................... 30

2.2.1.2 RNA analysis ..................................................................................................... 31

2.2.1.3 Reverse transcription......................................................................................... 31

2.2.1.4 DNA Extraction .................................................................................................. 32

2.2.1.4.1 DNA extraction of plasmid-, BAC- and PAC-DNA ........................................ 32

2.2.1.4.2 DNA-Extraction from lambda phages ........................................................... 32

2.2.1.5 Measurement of DNA and RNA concentration.................................................. 33

2.2.1.6 Polymerase chain reaction (PCR) ..................................................................... 34

2.2.1.6.1 Primers ......................................................................................................... 35

2.2.1.6.2 Long range PCR ........................................................................................... 36

2.2.1.7 Sequencing........................................................................................................ 36

2.2.1.7.1 Sequencing analysis ..................................................................................... 37

2.2.2 Screening of porcine genomic and adipose cDNA library....................................... 38

2.2.2.1 Preparation of the bacterial culture.................................................................... 38

2.2.2.2 Plating of phage and bacterial mixture .............................................................. 38

2.2.2.2.1 Phage DNA transfer to membranes ............................................................. 39

2.2.2.3 Hybridisation solution......................................................................................... 39

2.2.2.4 Pre-hybridisation................................................................................................ 39

2.2.2.5 Labelling of probe .............................................................................................. 40

2.2.2.6 Hybridisation ...................................................................................................... 40

2.2.2.7 Post-hybridisation washing and exposure ......................................................... 41

2.2.2.8 Cutting clones out of agar.................................................................................. 41

2.2.2.9 Second and third screening............................................................................... 42

2.2.2.10 In vivo excision of cDNA clones .................................................................... 42



2.2.3 Subcloning............................................................................................................... 43

2.2.3.1 Preparation of the insert and plasmid vector ..................................................... 43

2.2.3.2 Insert-to-vector ratio and ligation ....................................................................... 43

2.2.3.3 Transformation .................................................................................................. 44

2.2.3.3.1 Colour selection of recombinant plasmids.................................................... 44

2.2.3.4 Subcloning and cloning into pGEM-T Easy vector ............................................ 45

2.2.3.4.1 A-tailing ......................................................................................................... 45

2.2.3.4.2 Ligation and transformation .......................................................................... 46

2.2.3.5 Preparation and storage of competent cells ...................................................... 46

2.2.3.6 Cryopreservation of plasmid BAC and PAC clones........................................... 46

2.2.4 Fluorescence in situ hybridisation (FISH) ............................................................... 47

2.2.4.1 Labelling of probe .............................................................................................. 47

2.2.4.2 R-banding .......................................................................................................... 47

2.2.4.3 Preparation of slides for hybridisation................................................................ 48

2.2.4.4 Hybridisation ...................................................................................................... 48

2.2.4.5 Amplification of the hybridisation signal............................................................. 49

2.2.4.6 Chromosome staining........................................................................................ 50

2.2.4.7 Analysis of microscope data.............................................................................. 50

2.2.5 Expression of porcine adipose 3β-HSD in mammalian cells .................................. 50

2.2.5.1 Ligation of coding sequence into expression vector pcDNA3.1(+).................... 50

2.2.5.2 Mammalian cell cultures .................................................................................... 51

2.2.5.3 Transfection of 293 cells with pcDNA3.1(+) ...................................................... 51

2.2.5.4 Cryopreservation and recovery of cells ............................................................. 52

2.2.5.5 3β-HSD enzyme activity .................................................................................... 52

2.2.5.6 Inhibition of 3β-HSD enzyme activity ................................................................. 53

2.2.5.7 Statistical analysis ............................................................................................. 54

3 Results ...............................................................................................................55

3.1 Porcine 3β-HSD ..................................................................................................... 55

3.1.1 Coding sequence .................................................................................................... 55



3.1.2 RT-PCR of coding region ........................................................................................ 59

3.1.2.1 Splicing variant .................................................................................................. 61

3.1.3 Intron sequences..................................................................................................... 61

3.1.4 Exon-intron-exon boundaries .................................................................................. 62

3.1.5 Analysis of a nucleotide shift ................................................................................... 62

3.1.6 Subcloned Lambda FIX........................................................................................... 64

3.2 Chromosome assignment of the 3β-HSD gene.................................................. 66

3.3 Expression of 3β-HSD in cell culture .................................................................. 67

3.3.1 Catalytic conversion ................................................................................................ 68

3.3.2 Inhibition trials ......................................................................................................... 70

4 Discussion .........................................................................................................73

4.1 Sequence analysis ................................................................................................ 73

4.1.1 Porcine 3β-HSD types............................................................................................. 75

4.1.1.1 Expression of 3β-HSD in porcine tissues .......................................................... 75

4.1.1.2 Screening porcine genomic library .................................................................... 76

4.1.1.3 Nucleotide shift .................................................................................................. 76

4.1.1.4 Intron length....................................................................................................... 77

4.2 Chromosome assignment.................................................................................... 78

4.3 3β-HSD expression in cell culture ....................................................................... 80

5 Conclusions and future perspectives ..............................................................83

6 References .........................................................................................................87

7 Appendix ............................................................................................................97

Curriculum Vitae .....................................................................................................103



Summary I

Summary

In most countries, including Switzerland, all male pigs used for pork production
are castrated at a very early age to prevent the production of boar taint, an
offensive off-odour. Androstenone is a pheromone produced in the testis and is
one of the main contributors to the unpleasant odour emanating from the
cooked meat of uncastrated boars. However, entire males as compared to gilts
and castrates, have a higher feed efficiency, grow faster and have more lean
meat and less fat in their carcass due to natural anabolic androgens produced
in the testes. Furthermore, avoiding castration would be beneficial to the
welfare of the animals and reduce production losses due to castration. The
enzyme 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase (3β-HSD) plays an
important role in the biosynthesis of all classes of hormonal and pheromonal
steroids in classical steroidogenic, for example the adrenal gland, the testis and
the ovary, as well as in peripheral tissues, such as adipose tissue and the skin.
The enzymes catalyse the oxidative conversion of ∆5-3β-hydroxysteroids to the
∆4-3-keto configuration. 3β-HSD is one of the enzymes involved in the
formation of androstenone which is stored in adipose tissue.

Two types of the 3β-HSD gene have been found in the human genome and six
types in the murine. In both species, the different types of the gene appear to
be expressed in an organ-specific manner. In order to identify the isoenzyme
involved in the production of androstenone, it is necessary to characterise the
different types of the 3β-HSD in the porcine genome. A porcine adipose tissue
cDNA library was screened using a cross species PCR-fragment as a probe.
One specific cDNA sequence for the porcine 3β-HSD enzyme was determined.
By means of fluorescence in situ hybridisation, the porcine 3β-HSD gene was
assigned to 4q16-21. This is in agreement with the comparative gene map
where both human 3β-HSD genes have been mapped to chromosome 1p13.
Various tissues were analysed by RT-PCR to identify and characterise further
members of the porcine 3β-HSD gene family. The adrenal gland, liver, ovary,
placenta and testis tissues displayed identical sequences to the one found in
the adipose tissue. Tissues that revealed different types in the human and
murine exhibited the same type in the porcine tissues, leading to a conclusion
that the porcine genome may contain only one type of 3β-HSD. Screening of a
porcine genomic DNA library revealed three clones all of which presented the
same known sequence. In the human and more so in the murine 3β-HSD
types, the lengths of introns 2 and 3 show considerable variation. However,
amplification of introns 2 and 3 from porcine genomic DNA produced one intron
length further supporting the assumption that only one 3β-HSD type exists.
Finally, the human 3β-HSD type I DNA sequence has one nucleotide less than
the human type II, a deletion 5 bp in front of the start-codon. A PCR
incorporating the region of this deletion was performed with human and porcine
genomic DNA and subsequently sequenced. A shifting of the nucleotide
sequence was observed in the human sequencing image, whereas the porcine
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image showed only one sequence. All applied molecular genetic methods lead
to the conclusion that the porcine genome contains only one type of 3β-HSD.

The coding sequence of the porcine 3β-HSD DNA was ligated into an
expression vector and transfected into mammalian cell lines. The conversion of
17α-hydroxypregnenolone to 17α-hydroxyprogesterone confirmed that the
cDNA cloned insert was the 3β-HSD gene. Cyproterone acetate, a 3β-HSD
inhibitor, was added to the incubation reaction and found to inhibit the enzyme,
while bicalutamide did not decrease the enzyme activity significantly.

As the porcine genome appears to contain only one type of the 3β-HSD
isoform, it will not be possible to produce an inhibitor that would block only the
androstenone pathway, which had originally been an objective. A 3β-HSD
enzyme inhibitor, suppressing all 3β-HSD reactions could be implemented at a
further stage of development of the entire males thereby allowing the
beneficiary advantages of the androgens to prevail during the greater part of
the growth. Inhibitors could be administered long enough before slaughter to
allow the androstenone production to cease, its concentration in adipose tissue
to be depleted and the inhibitor concentration to degrade so that no remains
persist in the carcass after slaughter.
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Zusammenfassung

Um die Bildung von Ebergeruch zu verhindern, werden Eber, die für die
Fleischproduktion vorgesehen sind, in vielen Ländern, so auch in der Schweiz,
innerhalb der ersten Lebenswochen kastriert. Das Pheromon Androstenon,
welches in den Hoden synthetisiert und im Fettgewebe gelagert wird, weist
einen intensiven urinartigen Geruch auf. Androstenon ist eines der
Haupwirkstoffe des Ebergeruches, das beim Erhitzen von Fleisch freigesetzt
wird. Die anabolischen Wirkungen der natürlich vorkommenden Androgene,
welche in den Hoden produziert werden, führen dazu, dass Eber, im Vergleich
zu Kastraten und Sauen, eine höhere Futterverwertung aufweisen, schneller
wachsen und einen höheren Anteil an magerem Fleisch im Schlachtkörper
haben. Ein Unterlassen der Kastration würde zudem das Wohlbefinden der
Tiere kurzfristig erhöhen und Produktionsverluste infolge des Eingriffes
reduzieren. Das Enzym 3β-Hydroxysteroid-Dehydrogenase/∆5-∆4-Isomerase
(3β-HSD) spielt ein wichtige Rolle bei der Synthese von Steroiden, sowohl bei
den klassisch Steroidproduzierenden Organen, wie beispielsweise der
Nebenniere, den Hoden und dem Ovar, als auch in nicht primär für den
Steroidstoffwechsel wichtige Organe, wie beispielsweise dem Fettgewebe und
der Haut. Es katalysiert die Umwandlung der ∆5-3β-Hydroxysteroide in die
∆4-3-Keto Form. 3β-HSD ist bei der Synthese von Androstenon beteiligt,
welches im Fettgewebe gelagert wird.

Bis heute wurden zwei Typen von 3β-HSD Isoenzymen im menschlichen
Genom, sowie sechs Typen im Genom der Maus gefunden. In beiden Spezies
werden diese Typen organspezifisch exprimiert. Um jenes Isoenzym zu
charakterisieren, welches bei der Produktion von Androstenon beteiligt ist,
müssen die unterschiedlichen 3β-HSD Typen im Genom des Schweines
identifiziert werden. Eine cDNA-Bibliothek aus Fettgewebe wurde mit der
Technik der in-situ-Hybridisierung untersucht. Die Sonde wurde mittels
"cross-species" PCR hergestellt. Fünf Klone wurden aus der Bibliothek isoliert
und sequenziert. Alle wiesen eine identische Sequenz auf. Das 3β-HSD Gen
wurde mit Hilfe von Fluoreszenz-in-situ-Hybridisation auf dem
Schweinechromosom 4q16-q21 zugewiesen. Dieses Resultat stimmt mit der
vergleichenden Genkarte vom Mensch überein, wo die zwei 3β-HSD Typen auf
Chromosom 1p13 liegen. Verschiedene Gewebe, welche beim Menschen und
der Maus unterschiedliche Typen des 3β-HSD Gens exprimieren, wurden
mittels RT-PCR untersucht, um einen weiteren Typen des 3β-HSD Gens zu
identifizieren. In der Nebenniere, der Leber, den Ovarien, der Plazenta sowie in
den Hoden wurde die schon bekannte 3β-HSD Sequenz gefunden, welche
identisch mit den Klonen aus der Fettgewebe-Bibliothek war. Aus einer
schweinespezifischen genomischen Bibliothek wurden drei Klone isoliert, deren
Sequenz den Klonen aus der cDNA-Bibliothek entsprachen. Intron 2 und
Intron 3 weisen, je nach 3β-HSD Typ, sowohl beim Menschen als auch
besonders bei der Maus eine unterschiedliche Nukleotidlänge auf, welche mit
Hilfe der PCR versucht wurde zu vervielfältigen. Für beide Introns wurde jedoch
nur ein Fragment erhalten. Fünf Basenpaare vor dem Startcodon enthält die
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humane 3β-HSD Typ I-DNA Sequenz ein Nukleotid weniger als die Typ II-DNA
Sequenz. Ein PCR-Fragment, welches die Region mit dem fehlenden Nucleotid
enthielt, wurde von genomischer Menschen- und Schweine-DNA vervielfältigt
und sequenziert. Das menschliche Sequenzbild zeigte eine Überlagerung von
zwei Sequenzen nach dem fehlenden Nukleotid vom Typ I. Das Bild der
Schweinesequenz hingegen zeigte nur eine einzige Sequenz. Die angewandten
molekulargenetischen Methoden weisen darauf hin, dass das Genom des
Schweines nur einen Typ des 3β-HSD Gens enthält.

Die kodierende Sequenz des 3β-HSD Gens des Schweines wurde in einen
Expressionsvektor ligiert und in Säugetierzellen transfektiert. Durch die
Umwandlung von 17α-Hydroxypregnenolon zu 17α-Hydroxyprogesteron wurde
die Isolierung des richtigen Gens bestätigt. Die Zugabe von Cyproteronacetat,
welches der Inkubationsreaktion beigegeben wurde, blockierte das Enzym
3β-HSD. Hingegen wurde die Enzymaktivität von Bicalutamid nicht signifikant
vermindert.
Da das Genom des Schweines diesen Untersuchungen zur Folge nur einen
Typ des 3β-HSD Gens enthält, wird es nicht möglich sein, nur die Synthese von
Androstenon zu blockieren. Wenn aber ein 3β-HSD Inhibitor zu einem späteren
Zeitpunkt in der Mast eingesetzt wird, würden die vorteilhaften Wirkungen der
Androgene bis dahin vorhanden sein. Die Inhibitoren müssten bis zu einem
gewissen Zeitpunkt vor der Schlachtung den Tieren verabreicht werden, damit
die Androstenonproduktion eingestellt wird, die Androstenondepots im
Fettgewebe abgebaut werden und die Inhibitoren bis zum Zeitpunkt des
Schlachtens nicht mehr im Schlachtkörper vorhanden sind.
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Introduction 1

1 Introduction

Raising entire male pigs instead of castrates for the production of pork has

advantages over the production of gilts and castrates. Entire males as

compared to gilts and castrates have a higher feed efficiency, grow faster and

have more lean meat and less fat on the carcass. Modern eating habits have

changed and consumers no longer desire pork from castrates, which have a

higher tendency to deposit fat, a commodity that until recently has been in high

demand (Bonneau, 1998). In some countries, such as Great Britain, Ireland,

Denmark, Spain and Australia intact male pigs are used for pork production.

However, in most other countries boars used for the production of pork and

slaughtered at a later stage are castrated at a very young stage of development

to avoid the potential for developing boar taint, a problem that is encountered

only in this species. Boar taint is an offensive and undesirable off-odour,

emitting a pronounced �perspiration-like� or �urine-like� odour, present in adipose

tissue and emanating from the meat of entire male pigs upon heating

(Bonneau, 1982). This odour has also become known as �boar odor� or �male

sex odor� (Gower, 1972). The main compounds responsible for boar taint are

5α-androst-16-en-3-one (androstenone) and 3-methylindole (skatole). Avoiding

castration would eliminate production losses through castration and would be

beneficial to the welfare of the animals. Furthermore, the advantageous effects

of the androgens, mainly testosterone, and the oestrogens secreted by the

gonads, and further increasing the anabolic potential, would be maintained

(Claus et al., 1994). In addition the increased nitrogen retention and reduced

contamination of the environment is another argument in favour of boars. For a

long time a reduced amount of fat in the carcass was an additional aspect for

consumers. Meanwhile, however, the intermuscular fat has decreased to values

of 0.7% and consequently has a negative influence on sensory criteria.
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1.1 Boar taint

The incidence of boar taint has often been evaluated by sensory analysis of

meat using both trained and consumer sensory panels. Not all people are

equally sensitive to boar taint. Skatole appears to be readily identifiable by the

entire population. The ability to smell androstenone, on the other hand, is

confined to a relatively small part of the population, and appears to be slightly

stronger in females (Moss et al., 1992). Due to variations in individuals and in

populations, different cooking and eating habits, and the various methods of

boar taint measurement, the results obtained from different research studies

are not always consistent.

1.1.1 Testicular steroids

The Leydig cells in the boar testis is the location where different classes of

steroids are synthesised from pregnenolone (Figure 1): the sex steroids

(androgens and oestrogens) and the C19-∆16 steroids (Brooks and Pearson,

1986). Many intermediate products which are further converted to testis specific

steroids are end products in other glands (e.g. the liver and the adrenal gland).

In consequence Figure 3 gives the complete outline on the metabolic pathways,

but does not automatically suggest that all the candidates are secreted into the

peripheral blood circulation. Nevertheless, when compared to other species the

boar testis secretes an unusual broad pattern of testicular steroids including

several representatives of the androgens and oestrogens. The C19-∆16

steroids act biologically as pheromones. Androstenone, a C19-∆16 unsaturated

steroid (Figure 1) has been named as the main testicular steroid causing boar

taint. It was first identified by Patterson (1968). This steroid, primarily

synthesised in the testes (Gower, 1972), is secreted into the circulation and,

due to its lipophilic property, accumulates in adipose tissue (Claus et al., 1994)

causing an off-odour when heated. Storage of androstenone in the adipose

tissue occurs due to a high production in the testes. It was demonstrated that

by stimulation with hCG (human Chorionic Gonadotropin) the concentrations of

both androstenone in the blood plasma and in the adipose tissue increased
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(Claus and Alsing, 1976; Lundstrom et al., 1978). The same result was

obtained in vitro, when porcine granulosa cells were treated with different

concentrations of hCG. The gene expression of 3β-HSD increased with higher

concentrations of hCG, while the concentrations of beta-actin, a household

gene, were not increased (Chedrese et al., 1990). In the case of a diminished

or ceased production (castration of old boars) androstenone is released from

the depot into the blood (Claus, 1976; 1979; Bonneau et al., 1982).

Once the androstenone is in the blood circulation it is also transported to the

salivary glands where it binds to a specific binding protein (pheromaxein),

resulting in its accumulation (Booth, 1984). A large amount of the androstenone

is reduced to androstenol (5α-androst-16-en-3α-ol and 5α-androst-16-en-3β-ol;

Figure 1) in the salivary glands, possessing a musk-like smell (Katkov et al.,

1972). Before mating the boar salivates profusely, releasing steroids, which act

as pheromones inducing a mating response in oestrus sows (Reed et al., 1974;

Perry et al., 1980). Apart from androstenone, four other steroid pheromones,

also synthesised in the testes contribute to boar taint (Figure 1; Brooks and

Pearson, 1989): 5,16-androstadien-3β-ol (androstadienol), 4,16-androsta-

dien-3-one (androstadienone), 5α-androst-16-en-3α-ol (androsten-3α-ol) and

5α-androst-16-en-3β-ol (androsten-3β-ol). These steroids, together with

androstenone, are known as the C19-∆16 steroids. Each of these C19-∆16

steroids has been characterised with a specific either urine/sweaty or

alternatively a musk-like odour with varying intensities (Claus, 1979).



Figure 1: Pathways of biosynthesis of the C19� �������	
�����������	�����������

oestrogens in adult boar testis (according to Brooks and Pearson, 1986).

The steroid reaction catalysed by the enzyme 3β-HSD is shown in the

figure.
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Figure 2: Metabolism of androstenone in the boar (according to Bonneau, 1982).

The half-life of androstenone differs, depending on its location. In the blood it is

very short (approximately 10 minutes), whereas in the fat it is several weeks

depending on the age of the animal (Claus, 1979). This is in agreement with the

fact, that an entire male should be slaughtered more than three weeks after

castration, after which time the androstenone content in the fat is decreased

below palatable levels because after castration the storage depots in the fat

release the androstenone to the blood system. Lundstrom et al. (1978), in an

attempt to estimate androstenone concentrations at slaughter, found that the

levels of plasma androstenone measured after hCG stimulation at 30 kg

liveweight could not predict the subsequent secretion capacity at 100 kg

liveweight.

Bonneau (1998) proposes two reasons as to why the levels of androstenone

vary so greatly between entire males. Firstly, each animal reaches maturity at a

different age, at which stage the production and accumulation of fat steroids

occurs. And secondly, because each animal possesses a different potential for

the magnitude of the androstenone production. Both of these factors are

genetically determined, accounting for the high heritability of the levels of fat

androstenone content.

Testis

SYNTHESIS

Blood plasma

CIRCULATION
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REVERSIBLE STORAGE
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Catabolism and

elimination in urine

       Elimination in saliva



Figure 3: Pathways of biosynthesis of C19� ��� ����	
���� 
�����	�	��
�	
���

glucocorticoids, androgens and oestrogens in adult boars (according to

Brooks and Pearson, 1986).

6 Introduction

O
H

O
H

H
O

H
 

�
C

 
 O

H

C
H

3

E
st

ro
ne

D
eh

yd
ro

ep
ia

nd
ro

st
er

on
e

4-
A

nd
ro

st
en

ed
io

ne

19
-H

yd
ro

xy
-4

-a
nd

ro
st

en
ed

io
ne

H
O

O
H

17
β-

E
st

ra
di

ol

H
O

O
H

A
nd

ro
st

en
ed

io
l

T
es

to
st

er
on

e

19
-H

yd
ro

xy
te

st
os

te
ro

ne

O
H

 O

  
  

O
H

  H
O

   
  

  H
2C

 O

C
or

tis
ol

C
or

tis
on

e

C
or

tic
os

te
ro

ne

20
β-

D
ih

yd
ro

pr
eg

ne
no

lo
ne

11
-D

eo
xy

co
rt

ic
os

te
ro

ne

18
-H

yd
ro

xy
co

rt
ic

os
te

ro
ne

A
ld

os
te

ro
ne

5,
16

-A
nd

ro
st

ad
ie

n-
3β

-o
l

 H
O

4,
16

-A
nd

ro
st

ad
ie

n-
3-

on
e

5α
-A

nd
ro

st
-1

6-
en

-3
-o

ne

5α
-A

nd
ro

st
-1

6-
en

-3
β-

ol
5α

-A
nd

ro
st

-1
6-

en
-3

α-
ol

H
O

H
H

O
H

  
 O

H
  

 O

C
 =

 O

C
H

2O
H

  H
O

   
 

 H
2C

  
 O

C
 =

 O

C
H

2O
H

  
 O

C
 =

 O

C
H

2O
H

H
O

  
 O

P
re

gn
en

ol
on

e

H
O

C
 =

 O

C
H

3

P
ro

ge
st

er
on

e

11
β-

H
yd

ro
xy

pr
og

es
te

ro
ne

11
-D

eh
yd

ro
co

rt
ic

os
te

ro
ne

C
 =

 O

C
H

3

O

  
O

C
 =

 O

C
H

3

H
O

  
 O

C
 =

 O

C
H

3

  
 O

17
α-

H
yd

ro
xy

pr
eg

ne
no

lo
ne

H
O

C
 =

 O

C
H

3

O
H

17
α-

H
yd

ro
xy

pr
og

es
te

ro
ne

11
-D

eo
xy

co
rt

is
ol

C
 =

 O

C
H

2 
�

 O
H

 O

C
 =

 O

C
H

3

O
H

 O

C
 =

 O

C
H

2 
�

 O
H

 O

 O

C
 =

 O

C
H

2 
�

 O
H

H
O

 O

O
H

C
 =

 O

C
H

2O
H

    
 O

   
  

�
C

 O

H
O

O O

 O

  
  

 H
O

   
   

 
  

  H
2C

 O

 O H
O

 O



Introduction 7

1.1.2 Indole compounds

The indole compounds comprising skatole and indole, are products of the

bacterial degradation of tryptophan in the large intestine of the pig (Figure 4).

Particularly skatole emits an intense faecal odour. These compounds are

absorbed from the gut, metabolised in the liver, partially excreted with the urine

and partially deposited in the adipose tissue (Abergaard and Laue, 1993).

Indole compounds have been found in the backfat of boars, castrates and gilts

with higher levels in boars (Lundstrom et al., 1980).

Figure 4: Microbial degradation of tryptophan in the intestinal tract (according to

Claus et al., 1994).

The reasons for higher levels of skatole in backfat of boars are discussed in

chapter 1.4.1.

1.1.3 Odour thresholds

The levels of androstenone in fat of entire males range between trace amounts

and 5 µg/g fat with some animals even exceeding these levels. The level

depends primarily on weight, stage of maturity and genotype (Bonneau, 1987;

Sellier and Bonneau, 1988; Bonneau et al., 1998). Odour thresholds have not

yet been firmly established but have been found to range between 0.5 µg/g fat

and 1 µg/g fat (Babol and Squires, 1995) and have also been seen to vary

between different countries. These variations can result from several factors

such as the use of different evaluation methods for boar taint, different

N
H

CH2 � CH � COOH
 

NH2
N
H
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perceptions for taint in different populations or different methods of preparing

meat due to diverse eating habits and the different breeds used for pork

production. In Spain, for example, consumers did not object to taint levels up to

1 µg/g in fresh meat from entire males. In dry cured hams, however, a negative

flavour was detected when androstenone levels were higher than 0.5 µg/g

(Diestre et al., 1990). In France Desmoulin et al. (1982) found that boars

exhibiting androstenone levels below 0.5 µg/g were found as acceptable while

for processed products the levels were higher with levels below 1 µg/g being

acceptable.

Thresholds for each of the five C19-∆16 steroids, namely androstenone,

androstadienol, androstadienone, androsten-3α-ol and androsten-3β-ol have

been proposed by Brooks and Pearson (1989). The concentrations of the four

latter compounds were, however, found to be very low in the fat and are

therefore considered to be less important in causing boar taint (Garcia-

Regueiro and Diaz, 1989).

Odour thresholds for skatole in fat tissue range between 0.2 and 0.25 µg/g.

Skatole levels in fat are strongly influenced by environmental conditions. Wet

feeding, cleanliness and good ventilation, low fibre diet and use of antibiotics

are all management factors which can influence skatole concentrations in the

adipose tissue (Lundstrom et al., 1988; Hansen et al., 1993; Kjeldsen, 1993).

Indole was found to have only a minor role in its contribution to boar taint, due

to its relatively weak odour (Moss et al., 1993).

1.2 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase

The 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase (3β-HSD) isoenzymes

play an essential role in the biosynthesis of all classes of hormonal and

pheromonal steroids in classical steroidogenic, as well as in peripheral tissues.

These steroids function in the development, growth and physiological

procedures of practically all mammalian tissues. Cholesterol, an important

precursor for hormonal and pheromonal steroids, is formed from acetyl CoA via

several intermediates, which in turn form pregnenolone (Brooks and Pearson,

1986; Figure 1). Pregnenolone and progesterone (Figures 1 and 3), a direct
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product of pregnenolone, serve as common steroid precursors in the

biosynthesis of hormones and pheromones. Four different classes of steroids

can be produced from pregnenolone. The classes with its most active members

are: 1) the sex steroids including testosterone, 5α-dihydrotestosterone,

androstenedione and 17β-oestradiol, 2) the C19-∆16 steroids which have been

found to be in higher quantities in the boar testes than other C19 steroids such

as testosterone (Gower, 1972), 3) the glucocorticoids including  cortisone,

cortisol, 11-dehydrocorticosterone and corticosterone and 4) the

mineralocorticoids including aldosterone (Brooks and Pearson, 1986).

1.2.1 Catalytic activity

The 3β-HSD isoenzymes catalyse the oxidative conversion of

∆5-3β-hydroxysteroids to the ∆4-3-keto configuration (Figure 1) and they also

function as 3-ketosteroid reductase. The enzyme 3β-HSD is essential for the

conversion of ∆5-3β-hydroxysteroids (androstenediol, dehydroepiandrosterone,

17α-hydroxyopregnenolone, pregnenolone and androstadienol) into the

corresponding ∆4-3-keto-steroids (testosterone, androstenedione,

17α-hydroxyprogesterone, progesterone and androstadienone; Figure 3). The

enzyme function is dependent on the presence of either NAD+ or NADPH as a

cofactor, some pathways showing a preference for a particular cofactor (Brooks

and Pearson, 1986).

1.2.2 3β-HSD types

The structures of several cDNAs encoding 3β-HSD isoenzymes have been

characterised in both the human and other vertebrate species. These different

types, although distinct from one another, are highly homologous. The isoforms

are identified by roman numerals in the chronological order in which they have

been isolated. The isoenzyme types I and II are found in humans (Luu-The et

al., 1989; Lachance et al., 1990; Lorence et al., 1990; Lachance et al., 1991;
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Rhéaume et al., 1991; Lachance et al., 1992), isoenzyme types I, II, III, IV, V

and VI in the murine (Bain et al., 1991; Bain et al., 1993; Abbaszade et al.,

1995; Abbaszade et al., 1997), isoenzyme types I, II, III and IV in the rat

(Simard et al., 1991a; Simard et al., 1993) and isoenzyme types I, II and III in

the hamster (Rogerson et al., 1995). Macaque (Simard et al., 1991b), bovine

(Zhao et al., 1989), equine (Boerboom and Sirois, 1997; Hasegawa et al.,

1998), chicken (Nakabayashi et al., 1995) and rainbow trout (Sakai et al., 1994)

have also been examined, but to date only one isoenzyme type has been

reported in these species.

Two functionally distinct groups have been reported in the murine. Types I, III,

VI, and most likely type II function as dehydrogenase (EC 1.1.1.145) and

isomerase (∆5→∆4, EC 5.3.3.1) in the biosynthesis of steroid hormones. The

dehydrogenase and isomerase activities have been shown to reside within a

single protein (Pelletier et al., 1992). Types IV and V only function as reductase,

converting the active androgen dihydrotestosterone into the inactive androgen

5α-androstane-3β,17β-diol (Abbaszade et al., 1995). The dehydro-

genase/isomerase enzymes depend on the presence of NAD+ as a cofactor,

while the reductase requires the presence of NADPH. This functional difference

is also reflected by the fact that an amino acid sequence identity of 93% has

been shown to exist between the murine isoenzyme types IV and V, while the

identity between these types and types I, II, III and VI is only approximately

74% (Abbaszade et al., 1997).

1.2.3 Structure of the 3β-HSD types

The 3β-HSD isoenzymes belong to a group that show a high conservation

within species as well as between different species. Four exons and three

introns have been shown to be present in the types that have been studied.

The human type I (Luu-The et al., 1989; Lachance et al., 1990; Lorence et al.,

1990) has 53 bp in the 5�-untranslated exon (exon 1) and 230, 165 and 1218 bp

in the three successive translated exons 2 to 4. These four exons are

separated by introns of 129, 3883 and 2162 bp. Exon 2 has 85 bp in the
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5�-untranslated region before the start-codon. The coding sequence encodes a

protein of 373 amino acids with a calculated molecular mass of 42 216 Da

(Luu-The et al., 1989).

1.2.4 3β-HSD localisation

The intracellular localisation of 3β-HSD remains controversial. Suggestions,

however, have been made that the enzyme 3β-HSD is an endoplasmatic

reticulum and mitochondrial membrane-bound enzyme. The enzymatic activity

in the microsomal fraction was much higher and it was suspected that the

activity in the mitochondrial fraction resulted through contamination (Luu-The et

al., 1988; Thomas et al., 1988).

1.2.5 Expression of the different 3β-HSD types

The human 3β-HSD enzyme is expressed in every human steroid synthesising

tissue, which is consistent with its function (Mason et al., 1997). The enzyme is,

however, also expressed in other tissues such as the liver and the kidney where

its role is not fully understood.

The different types of the 3β-HSD gene usually appear to be expressed organ-

specific. For example, the human type I 3β-HSD has been detected in the

placenta, skin and mammary gland (Lorence et al., 1990; Rhéaume et al.,

1991), whereas type II is predominantly expressed in the adrenal gland as well

as the gonads (Lachance et al., 1991; Rhéaume et al., 1991). Park et al.

(1996), however, observed that different types of the 3β-HSD gene can be

expressed in the same organ during fetal and postnatal development in the

murine and showed this to be the case in the murine liver. Payne et al. (1997)

furthermore, observed that 3β-HSD types I, II, III and V were expressed in the

same organ at different stages during ontogenesis.
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1.3 Functional analysis of 3β-HSD using in vitro cell cultures

An expression vector, containing the complete cDNA insert of the coding region

of a gene of interest, can be transfected into mammalian cell lines. This method

has been applied to measure the ability of the inserted 3β-HSD cDNA to

convert steroid substrates to their corresponding products. Expression of

3β-HSD in pcDNA3.1(+), can catalyse the conversion of androstenediol,

dehydroepiandrosterone, 17α-hydroxyopregnenolone, pregnenolone and

androstadienol to their respective ∆4-3-ketosteroids (Brooks and Pearson,

1986; Luu-The et al., 1989). In this conversion the enzyme functions as a

hydroxysteroid dehydrogenase/isomerase. The murine 3β-HSD type V has

been reported to function as a 3-ketosteroid reductase, showing no

dehydrogenase or isomerase activity (Abbaszade et al., 1995). In the porcine

C19-∆16 steroids, androstadienone is reduced to androstenone (Brooks and

Pearson, 1986).

Dumont et al. (1992) also demonstrated that the enzyme efficiently catalyses

the transformation of pregnenolone, dehydroepiandrosterone, and

dihydrotestosterone into progesterone, androstenedione and 5α-androstane-

3β,17β-diol, as well as performing inhibition studies. Expression vectors,

containing the 3β-HSD coding sequence and transfected into human cervical

carcinoma cells were incubated in the presence of radio-labelled pregnenolone,

dehydroepiandrosterone and dihydrotestosterone and the conversion to the

respective products was observed. Inhibitors of the 3β-HSD enzyme such as

cyproterone acetate, norgestrel, and norethindrone have been tested to obtain

a better understanding about the mechanism of action of 3β-HSD and on an

autosomic recessive disorder causing 3β-HSD deficiency (Takahashi et al.,

1990; Luu-The et al., 1991; Dumont et al., 1992).
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1.4 Suppression of boar taint

1.4.1 Feeding, housing, slaughtering habits, genetic disposition and

breeding effect on boar taint content in adipose tissue

Nutrition has been shown to have an effect on the level of boar taint in adipose

tissue. A high energy content in the ration has been demonstrated to stimulate

testicular development and thus also the androstenone concentration in the

adipose tissue at a given age (Claus et al., 1994). The composition of the diet,

however, affects the levels of skatole. Lundstrom et al. (1988) showed that the

skatole concentrations were on average higher for pigs on a low

nutrient-density diet than on a high-nutrient density diet, even though the total

energy and protein content in the two diets were the same. The level of skatole

has also been demonstrated to be influenced and decreased when pigs were

reared on wet feeding as opposed to dry feeding (Kjeldsen, 1993). Additional

tryptophan in the diet did not affect the level of skatole in the adipose tissue

(Bonneau and Desmoulin, 1981), possibly because amino acids are absorbed

in the small intestine and therefore never reach the large intestine.

It has been demonstrated that by changing the composition and ingredients of

the diet it is possible to influence the level of boar taint in carcasses. In contrast

to androstenone, the skatole concentrations are subject to many environmental

influences. Claus et al. (1994) demonstrated that by increasing the faecal pH,

through the feeding of bicarbonate, the skatole concentration was decreased

from an average of 132 (±77) to 78.9 (±54.9) ng/g during the one-week feeding

period. Similarly, it was shown that by adding a non-digestible fructooligo-

saccharide inulin to the ration for a week, the skatole concentrations in the

faeces and adipose tissue were lowered significantly. A combination of

bicarbonate and inulin lowered the concentrations of skatole so that no

individual exceeded 0.25 µg skatole/g fat, which is suggested as an acceptable

threshold. The addition of the antibiotic food additive, zinc bacitracin (Hansen et

al., 1997), or zeolite (Baltic et al., 1997) to the diet seven days before slaughter

is effective in reducing fat skatole levels. However, the use of antibiotics as
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growth stimulators has been a factor of great dispute in the last decade.

Withholding feed prior to slaughter has also been recommended to decrease

skatole levels, may however, lead to an increase in androstenone levels

(Andersson et al., 1997).

The androstenone concentrations have been shown to increase with carcass

weight. However, there was a tendency for lower androstenone concentrations

in leaner animals, namely animals that were classified higher at slaughter, or

were fed restrictedly (Lundstrom et al., 1985).

Breeding attempts for lower androstenone concentrations at slaughter-weight

turned out to be highly effective, as the capacity to produce androstenone is a

highly inheritable (h2 = 0.26, Jonsson and Andresen, 1979; h2 = 0.4, Hansson et

al., 1980) trait. However, by postponing pubertal development, this also delayed

the advantageous effects of the anabolic hormones, since maturity was also

delayed (Claus, 1979; Sellier and Bonneau, 1988).

Xue et al. (1996) demonstrated that different breeds have different tissue

concentrations of androstenone. Duroc and Hampshire were shown to have

higher concentrations of steroids in both the submaxillary gland and adipose

tissue, than Yorkshire of Landrace breeds. This is in agreement with findings by

Squires and Lou (1995). Bonneau et al. (1979) and Falkenberg and Blödow

(1981) found the Belgian Pietrain and the German Edelschwein to have higher

concentrations of androstenone than the Belgian Landrace and the German

Landrace, respectively. This further supports the well known effects of the

genotype that different breeds have different concentrations of the C19-∆16

steroids.

Levels of boar taint have been shown to be relatively low in Britain and Ireland,

due to the lower slaughter weight compared to the continent. Both consumer

and trained panels were not able to differentiate between entire males, gilts and

castrates (Rhodes and Krylow, 1975; Kempster et al., 1986; Wood et al., 1986).

In other studies the differences were found to be very small with no adverse

comments regarding boar taint being reported (Rhodes et al., 1971, 1972;

Cowan and Joseph, 1981). A probable reason for the low levels of boar taint

may be the low market weight of 65 kg (slaughtering weight at 85 kg) at which

pigs are slaughtered in these countries.
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The seasonal effect due to the decreased photo period in winter can have a

consequence on the androstenone concentration in adipose tissue of boars

(Claus et al., 1994) as this appears to stimulate the testicular function. It has

been observed, that steroid levels in the blood and the seminal plasma were

highest in autumn and early winter (Claus et al., 1983), which corresponds to

the mating season in the wild boar. Not only testosterone, but also

androstenone was found in higher concentrations in the blood plasma after

mating (Narendran et al., 1982). Skatole on the other hand has the highest

levels in the summer months and particularly in hot weather (Giersing-Linder,

1998).

When pigs are held in groups for fattening, particularly, from different litters,

aggression is often noticed (Giersing-Linder, 1998): dominance aggression and

competitive aggression, together with inter-male aggression and offensive

aggression have been argued to be all status-related. Consequently, they are

all essentially from the same category, as they have frequently been shown to

be androgen-dependent (Ellis, 1986) with increased testosterone and cortisol

values. Claus et al. (1994) similarly observed that in a fattening trial where

boars were raised in groups of two, the androstenone in one of the boars

regularly exceeded the levels of the subordinate boar, although all influencing

factors for both animals were identical. The pheromonal effects of

androstenone on aggression and reproductive behaviour in pigs has been the

subject of several investigations.

Giersing-Linder (1998) suggested that equal quantities of skatole were

produced in the gut of females as of males, and due to reduced metabolic

degradation in the liver in entire males, higher levels of skatole are absorbed

into the adipose tissue (Friis, 1993). It appears, however, that the main

determinant for skatole formation is the degree of apoptosis in the intestinal

tract as cell debris resulting from this apoptosis determines the amount of

tryptophan present for microbal skatole formation. Oestrogens in the boar are

known to increase mitosis and thereby the proliferation of the gut intestinal

cells. With a higher rate of mitosis, apoptosis increases to maintain a state of

equilibrium (Claus et al., 1996; Raab et al., 1998).
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Levels of androstenone are less affected by environmental conditions than

skatole. As a result it is necessary to apply a different approach to reduce the

androstenone content�s influence on total boar taint, while at the same time

taking the required precautions to keep skatole levels as low as possible. One

approach would be to market entire males before they reach sexual maturity.

Other methods that have been proposed include inhibition of the synthesis of

the androst-16-ene steroids by blocking the metabolic pathway (Squires, 1989)

and immunisation against the C19-∆16 steroids.

1.4.2 Inhibition of biosynthesis of androst-16-ene steroids

Several attempts have been undertaken to reduce the androstenone production

in porcine testes. Furthermore, the testicular androgen production should not

be diminished, thereby maintaining the growth efficiency of the entire male

without any risks of boar taint. The interest in this method would be to inhibit the

synthesis of the C19-∆16 steroid pheromones, while not affecting the androgen

and oestrogen production.

Andien-β synthase catalyses the reaction from 20β-dihydropregnenolone to

androstadienol (Gower, 1972). This reaction is catalysed by the enzyme

C17,20-hydroxylase/lyase which also catalyses the reaction of

17α-hydroxypregnenolone to dehydroepiandrosterone (Meadus and Squires,

1993). In an attempt to selectively inhibit the andien-β synthase activity,

however, the C17,20-hydroxylase/lyase was also inhibited (Turner and van

Leersum, 1988). The latter reaction is catalysed by the enzyme Cytochrome

P-450SCCII. Although there is no interaction between the C19-∆16-

steroid-pathway and the androgen-pathway (Brooks and Pearson, 1986) it has

not been possible to block one pathway without influencing the other pathway in

the same way.

Several substances have been applied to inhibit the activity of the 3β-HSD

enzyme (Takahashi et al., 1990). Cyproterone acetate is one of the 3β-HSD

inhibitors used in the treatment of prostate cancer, acne and hirsutism

(Takahashi et al., 1990; Gruber et al., 1998; Hartmann, 2001). It has also been
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shown to act as an anti-androgen, which binds to the androgen receptor and

thereby prevents binding of androgens to the receptor, thus suppressing the

tumour growth.

1.4.3 Immunisation against androstene steroids and GnRH

Immunocastration has been proposed as an alternative to a manipulation of the

steroid biosynthesis to prevent boar taint in entire male boars, through

neutralisation of the gonadotropin releasing hormone (GnRH). Although several

efforts have been made for a selective immunisation procedure against the

C19-∆16 steroids, until now active immunisation has mainly been considered.

However, the individual variation of the boars immune responsiveness to

immunisation, between breeds, as well as within a single breed, makes the

immunoneutralisation not predictable enough to use routinely (van der Lende et

al., 1993; Claus et al., 1994).

1.5 Objective of the study

In order to avoid surgical castration, which is no longer desired due to animal

welfare, meat sold from entire males should become more acceptable to

consumers. It has been observed that the meat from boars looks unattractive to

the consumer and lacks succulence and flavour (Kempster et al., 1986). The

main criticism, however, is the presence of boar taint, caused primarily by the

presence of androstenone and skatole in adipose tissue. As skatole has been

shown to be of little consequence in the fat of castrates and gilts as well as in

the fat of castrated old boars, the objective of the present project is to

concentrate on androstenone and its synthesis. Androstenone, a C19-∆16

steroid, is synthesised together with other steroids in the testes. Its synthesis is

closely linked to that of the anabolic testicular hormones. Several enzymes are

involved in its pathway of formation. One of these is andien-β-synthase

(20β-dihydropregnenolone → androstadienol; Figure 1). Several studies have

been carried out to inhibit this enzyme, which would have been a logic reaction
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to study. This inhibition, however, did not function specifically. As mentioned

above, the 3β-hydroxysteroid dehydrogenase/∆5-∆4-isomerase (3β-HSD)

isoenzymes (Figure 1) also play an important role in the biosynthesis. These

enzymes seem to bind substrate specifically to the different substrates

androstadienol, dihydropregnenolone, pregnenolone, 17α-hydroxy-

pregnenolone, dehydroepiandrosterone, androstenediol. Other species have

been shown to have more than one type of the 3β-HSD enzyme and as a result

the hypothesis was formed that the pig also has more than one type.

Particularly the human and porcine genome have been proven to show high

homology with one another, supporting this theory. By finding the different types

of the porcine 3β-HSD enzymes, the enzyme specific to the C19-∆16 pathway

could be determined, making it possible to block this pathway of synthesis

specifically.

The main aim is to sequence the 3β-HSD gene in the pig. Particularly in the

human and murine isoenzymes, the various types were found to be expressed

in different tissue, as the different types of the 3β-HSD gene appear to be

expressed in an organ-specific manner. This knowledge will be used to

determine whether the RNA expressed in various tissues of the pig belongs to

the same or to different �types� of the same isoenzyme. In a primary step the

complete coding sequence will be determined by screening a library and

sequencing the obtained clones. To support the hypothesis that different types

of 3β-HSD types exist, different methods will be applied to analyse this theory.

The human 3β-HSD types I and II have been mapped to human chromosome

1p13 (Berube et al. 1989). This position was later confirmed and refined to

1p13.1 (Morrison et al., 1991). Using this information in conjunction with the

comparative gene map (Rettenberger et al., 1995) it is possible to predict the

position of genes on the porcine genome. By means of fluorescence in situ

hybridisation (FISH), a method of mapping DNA sequences on metaphase

chromosomes, and a probe, containing part of the 3β-HSD DNA sequence, it

will be possible to confirm its position on the porcine genome.

In vitro systems have shown the ability of microsomes from porcine testes

tissue to convert 17α-hydroxypregnenolone to 17α-hydroxyprogesterone.
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Furthermore, in vitro systems have been established to examine the functioning

of porcine 3β-HSD in the conversion of androstadienol to androstadienone

(Cooke, 1996). Cell lines, transfected with vector systems, have been created

for in vitro culture. These vector systems are designed for a high level of stable

and transient expression of a gene in their host cells, allowing the expression of

single genes that have been ligated into the vector. In order to influence the

conversion of steroids in the testes, different inhibitors will be tested. Another

aspect will be to find a way to inhibit the production of only the C19-∆16

steroids, while at the same time maintaining the production of the androgens,

by inhibiting the specific pathway of androstadienol → androstadienone. This is

possible if a 3β-HSD enzyme type responsible only for this conversion is found.

Furthermore, the inhibiting capacities of cyproterone acetate and bicalutamide

will be tested. Cyproterone acetate is a known 3β-HSD inhibitor, which has the

advantage that it can be administered orally. Bicalutamide functions as an

anti-androgen and is a non-steroidal anti-androgen and can also be

administered orally. Should bicalutamide also function as a 3β-HSD inhibitor, its

application in the production of pork from entire males may be preferable.

Inhibition of the C19-∆16 steroid pathway would allow boars to benefit from the

positive advantages of hormones like testosterone, while at the same time the

disadvantages of boar taint would be eliminated.
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2 Material and methods

2.1 Materials

2.1.1 Solutions

Anti-fade solution 1,4-Diazo-bicyclo-2,2,2-octane 2.3% (w/v)

Tris HCl pH 8.0 20 mM

Glycerol 90% (v/v)

BrdU (0.5%) 5-Bromo-2-deoxyuridine 5 g/l

Dissolve in PBS buffer (0.5%)

DEPC H20 Diethyl pyrocarbonate 0.5 ml/l

Stir for 30 minutes and autoclave

Denhardts (100x) Ficoll 3g in 50 ml H20

Polyvinylpyrrolidon 3g in 50 ml H20

Bovine serum albumin 3g in 50 ml H20

Mix the 3 solutions with magnet

FSB buffer Potassium acetate pH 7.5 10 mM

MnCl2⋅4H2O 45 mM

CaCl2⋅2H2O 10 mM

Potassium chloride 100 mM

Hexamminecobalt trichloride 3 mM

Glycerol 10% (v/v)

Adjust to pH 6.4 with HCl

Filter through a 0.22 µm filter
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GT solution Guanidine thiocyanate 250 g

H2O 293 ml

tri-Sodium citrate dihydrate (0.75 M, pH 7.0) 17.6 ml

Sodium-N-lauroylsarcosinate (10%; w/v) 26.4 ml

LB agar NaCl 10 g/l

Tryptone 10 g/l

Yeast extract 5 g/l

Agar 20 g/l

Autoclave

LB medium NaCl 10 g/l

Tryptone 10 g/l

Yeast extract 5 g/l

Autoclave

LB/glycerol LB medium 50 ml/100 ml

Glycerol 50 ml/100 ml

Autoclave

Maltose (20%) D(+)-maltose monohydrate 200 g/l

Filter through a 0.22 µm filter

MOPS (10x) 3-Morpholino propane sulfonic acid 83.7g/l

Sodium acetate trihydrate 13.6g/l

EDTA 3.7g/l

Autoclave
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NZY agar NaCl 5 g/l

MgSO4�7H2O 2 g/l

Yeast extract 5 g/l

Casamino acids 10 g/l

Agar 15 g/l

Autoclave

NZY+ broth NaCl 5 g/l

MgSO4�7H2O 2 g/l

Yeast extract 5 g/l

Casamino acids 10 g/l

Autoclave

MgCl2 12.5 mM

Glucose 0.02 M

NZY top agar NaCl 5 g/l

MgSO4�7H2O 2 g/l

Yeast extract 5 g/l

Casamino acids 10 g/l

Agarose 7 g/l

Autoclave

P1 Tris HCl (pH 8.0) 15 mM

EDTA 10 mM

P2 NaOH 0.2 M

Sodium dedocylsulfate 1%

P3 (pH5.5) Potassium acetate (5M) 60 ml

Glacial acetic acid 11.5 ml

H20 28.5 ml

Autoclave
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PBS (1x) buffer pH 7.4 Na2HPO4�2H2O /KH2PO4 10 mM

NaCl 140 mM

Autoclave

RNA loading dye Bromphenol blue 0.04% w/v)

Glycerol 50% (v/v)

EDTA pH 8.0 1 mM

SDS (10%) Sodium-dedocylsulfat 100g/l

Mix with magnet on heating plate until fully dissolved

SM buffer NaCl 5.8 g/l

MgSO4�7H2O 2 g/l

Tris HCl (pH 7.5) 50 ml/l

2% (w/v) gelatine 5 ml/l

Autoclave

SOB medium with MgSO4 Tryptone 20 g/l

Yeast extract 5 g/l

NaCl 0.5 g/l

KCl (250 mM) 10 ml/l

MgCl2 (1 M) 10 ml/l

MgSO4 ⋅7H2O (2 M) 10 ml/l

Autoclave

Sodium phosphate buffer Na2HPO4⋅2H2O 26.7 g/l

(0.15 M) with 20% glycerol NaH2PO4⋅H2O 20.7 g/l

Glycerol 200 ml/l

Adjust to pH 7.4 with NaOH

Filter through a 0.22 µm filter

Solution D GT solution 50 ml

β-mercaptoethanol (14.3 M) 0.36 ml
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Sørensen�s phosphate buffer KH2PO4 9.073 g/l

pH 6.8 (0. 067 M) Na2HPO4�2H2O 11.87 g/l

Adjust to pH 6.8

Autoclave

SSC buffer (20x) pH 6.8 NaCl 175.3 g/l

tri-Sodium citrate dihydrate 88.2 g/l

Adjust to pH 6.8

Autoclave

TBE buffer (10x) Tris base 107.8 g/l

Boric acid 55 g/l

EDTA 4.9 g/l

Autoclave

TAE buffer (50x) Tris base 242 g/l

Glacial acetic acid 57.1 ml/l

EDTA (0.5 M, pH 8.0) 100 ml/l

Autoclave

TE buffer Tris HCl (pH 7.5) 10 mM

EDTA 1 mM

Autoclave

Tris HCl Tris base (1M stock solution) 121.16 g/l

Trizma HCl (1M stock solution) 157.6 g/l

Adjust to required pH mixing tris base and trizma HCl

Autoclave

X-Gal (2.5%) 5-Bromo-4-chloro-3-indolyl-β-D-
galactopyranoside

100 mg

N,N-Dimethyl-formamide 4 ml
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2.1.2 Chemicals and reagents

ABAM GibcoBRL 15240

ABI Prism BigDye terminators Applied Biosystems 4390244

Acetic acid (glacial; 100%) Merck 1.00063

Acetone Fluka 00580

Acridine orange Fluka 01660

Acrylamide/Bis 29:1 BIO-RAD Laboratories 161-0121

Agar GibcoBRL 30391-023

Agarose GibcoBRL 15510-027

Ammonium persulphate (APS) Fluka 09915

Ampicillin GibcoBRL 11593-019

AMV Reverse transcriptase (and buffer) Promega M5101

Androcur (cyproterone acetate) Schering AG

Avidin-FITC Vector Laboratories A-2011

100 bp ladder Amersham Pharmacia 27-4001

Benzene Merck 1.01783

Biotin-16-dUTP Boehringer Mannheim 1093070

Biotinylated goat anti-avidin Vector Laboratories BA-0300

Boric acid (H3BO3) Fluka 15660

Bovine serum albumin (BSA) Sigma A-7906

5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) Fluka 16665

5-Bromo-2-deoxyuridine (BrdU) Fluka 16880

Bromphenol blue Fluka 18030

Caesium chloride (CsCl) GibcoBRL 15542-012

Calcium chloride dihydrate (CaCl2⋅2H2O) Fluka 21098

Calf intestinal alkaline phosphatase Amersham Pharmacia Biotech E2250Y

Casamino acids Difco 0230-17-3

Casodex (bicalutamide) AstraZeneca AG

293 Cells GibcoBRL 11625

Cetyltrimethylammonium bromide (CTAB stock solution) Stratagene 200391

Chloramphenicol Fluka 23275

Chloroform Fluka 25690

dATP buffer Stratagene 300385

[α-32P]-dATP Hartmann Analytic GmBH FP-203: 20746

Dextran sulfate Amersham Pharmacia Biotech 17-0340-01

4�,6-Diamidino-2-phenylindole dihydrochloride (DAPI) Fluka 32670

1,4-Diazo-bicyclo-2,2,2-octane Fluka 33480
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Diethylaminoethyl (DEAE) Stratagene 200391

Diethyl pyrocarbonate (DEPC) Fluka 32490

N,N-Dimethyl-formamide Fluka 40250

Dimethylsulfoxide (DMSO) Fluka 41640

Dnase I Fluka 31133

DNTPs (dATP, dCTP, dGTP, dTTP) Amersham Pharmacia Biotech 27-2035-01

Dulbecco�s Modified Eagle Medium (DMEM) GibcoBRL 41965

Emulsifier-Safe  scintillation cocktail Packard BioScience S.A. 6013389

Ethanol (C2H5OH) Merck 1.00983

Ethidium bromide Sigma E-8751

Ethylenediaminetetraacetic acid (EDTA) Fluka 03610

ExAssist Stratagene 200400

Fetal calf serum (FCS) Seromed S 0213

Ficoll Sigma F-4375

Formaldehyde Fluka 47629

Formamide Fluka 47670

G-418 Sulfate (Geneticin ) GibcoBRL 11811-023

Gelatine Merck 4078

D(+)-Glucose monohydrate Merck 8342

Glycerol Merck 1.04094

Guanidine thiocyanate (GT) Fluka 50990

Hexamminecobalt trichloride Fluka 52740

Hifi Taq-DNA polymerase (and buffer) Boehringer Mannheim 1.732.650

Hydrochloric acid (32%; HCl) Merck 1.00319

17α-Hydroxypregnenolone Sigma H-5002

17α-Hydroxy[3H]pregenolone Amersham Pharmacia Biotech TRQ8489

17α-Hydroxyprogesterone Sigma H-5752

Isoamylalcohol (IAA; S(−)-2-Methyl-1-butanol) Fluka 65980

Isopropanol Fluka 59300

Isopropyl-thio-β-galactopyranoside (IPTG) Boehringer Mannheim 724815

Kanamycin Seromed A2510

kb  DNA marker Pharmacia Biotech 27-4004-01

Klenow (-) enzyme Stratagene 300385 and 300380

Lambda DNA Boehringer Mannheim 745782

Lambda DNA purification kit Stratagene 200391

Lambda FIX® II library Stratagene 097001b

Lambda® ZAP II cDNA library Stratagene 200400

Lipofectamine  reagent GibcoBRL 18324-012
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Loading buffer (sequencing) Applied Biosystems 401736

Magnesium chloride anhydrous (MgCl2) Fluka 63063

Magnesium sulphate heptahydrate (MgSO4�7H2O) Fluka 63140

D(+)-Maltose monohydrate Fluka 63419

Manganese chloride tetrahydrate (MnCl2⋅4H2O) Sigma M-3634

β-Mercaptoethanol Sigma M-6250

Methylen blue Fluka 66720

3-Morpholino propane sulfonic acid (MOPS) Fluka 69949

Nicotinamidadenindinucleotide (NAD+) Sigma N-4505

Nicotinamidadenindinucleotidphosphate (NADPH) Sigma N-7505

Non-essential amino acids GibcoBRL 11140-035

Nucleotide buffer Stratagene 300380

Opti-MEM®-I reduced serum medium GibcoBRL 31985

pBluescript® II SK (+)  Stratagene 212205

pcDNA3.1(+) expression vector Invitrogen Life Technologies V 790-20

PCR-Script  amp cloning kit Stratagene 211188

Pepsin Sigma P-6887

pGEM®-T Easy vector Promega A 1360

pGEM-T Easy rapid ligation buffer Promega A 1360

pGEM-T Easy T4 DNA Ligase Promega A 1360

Phenol Fluka 77610

ortho-Phosphoric acid (H3PO4) Merck 1.00573

Polyvinylpyrrolidon Sigma PVP-40

Porcine genomic Lambda® FIX II library Stratagene 097001b

Potassium acetate Fluka 60034

Potassium chloride (KCl) Fluka 60130

Potassium dihydrogen phosphate (KH2PO4) Fluka 60219

Prime-It® II random primer labeling kit Stratagene 300385

Pronase stock solution Stratagene 200391

QIAEX II Agarose gel extraction kit Qiagen AG 20051

QIAquick PCR purification kit Qiagen AG 8104

Random primer Stratagene 300385 and 300380

Recombinant RNasin® ribonuclease Inhibitor Promega N2511

Restriction enzymes (and buffer) Amersham Pharmacia Biotech and
Boehringer Mannheim

RNase A Fluka 83832

Salmon sperm DNA Sigma D-1626

Sodium acetate trihydrate Fluka 71188
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Sodium chloride (NaCl) Merck 1.06404

tri-Sodium citrate dihydrate Merck 1.6448

Sodium dedocylsulfat (SDS) Fluka 71729

Sodium dihydrogen phosphate monohydrate (NaH2PO4⋅H2O) Merck 6346

di-Sodium hydrogen phosphate dihydrate (Na2HPO4⋅2H2O) Fluka 71644

Sodium hydroxide (NaOH) Merck 6498

Sodium N-lauroyl-sarcosinate Fluka 61745

tetra-Sodium pyrophosphate decahydrate Fluka 71514

Sodium pyruvate Fluka 15990

SOLR cells Stratagene 200400

Stop Mix Stratagene 300385 and 300380

T4 Ligase (and ligation buffer) Boehringer Mannheim 481220

Taq DNA polymerase (and buffer) Amersham Pharmacia Biotech 270.799.03

TEMED Amresco 110-18-9

Trichloroacetic acid Fluka 91233

Tris base Sigma T-1503

Trizma HCl Sigma T-3253

Trypan blue Sigma T 8154

Trypsin Biochrom KG L2123

Tryptone (Bacto-tryptone) Difco 211705

Tween 20 Fluka 93773

Urea Fluka 02493

X-Gal Boehringer Mannheim 651745

Xylol Merck 1.08681

XL1-Blue MRA bacteria Stratagene

XL10-Gold Kan ultra competent cells Stratagene 200317

XL1-MRF� bacteria Stratagene 200400

Yeast extract Gibco BRL 30393-029
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2.2 Methods

2.2.1 Molecular genetic methods

2.2.1.1 RNA isolation

Total RNA was extracted from testicular tissue of an adult boar using the

guanidinium thiocyanate-caesium chloride method (Neuenschwander et al.,

1996). The tissue was cut into pieces of approximately 0.5 g.

Before homogenisation of the tissue the blender was cleaned thoroughly with

deionised water, followed by rotation in 1 M NaOH, three times in deionised

water and finally in solution D (SolD). The tissue was ground in a mortar

together with liquid nitrogen and then put into a falcon containing 4.5 ml SolD

and homogenised. The total volume was then made up to 8 ml with SolD. If

large particles were still present, the homogenised product was centrifuged for

5 minutes and the supernatant put into a new falcon tube. At this stage it was

possible to freeze the samples overnight at -20°C.

Between homogenising and centrifugation samples were kept at room

temperature. 4 ml of CsCl were placed into 13 ml ultracentrifuge tubes with the

8 ml homogenised sample and then equilibrated. The tubes were centrifuged at

90,000 x g for 20 hours at room temperature. The centrifuged product is made

up of the following layers: an RNA pellet at the bottom of the tube, a CsCl layer,

a band of DNA, SolD and finally a band of protein at the top. The upper 10 ml

of solution were removed with a vacuum pipette, thereby removing all proteins

and DNA. The remaining fluid was carefully poured out, and the tube dried by

standing it upside down for 5 minutes.

The top part of the tube was cut away with clean scissors and the remaining

tube, containing the shiny layer of RNA, was placed on ice. The RNA pellet was

resuspended in 400 µl DepC H2O, in two steps of 200 µl, and transferred to a

new eppendorf tube. 200 µl of water-saturated-phenol were added and the

mixture vortexed. 200 µl of chloroform (24:1, chloroform: IAA) were added and

the mixture again vortexed. The tubes were centrifuged at 15,000 x g for
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30 minutes at 4°C and the aqueous phase, containing the RNA, was removed

to a new tube. 1 ml of 100% ethanol was added to the aqueous phase and the

tube was centrifuged at 15,000 x g for 30 minutes at 4°C. The supernatant was

poured away and the pellet washed with 75% ethanol and again centrifuged for

5 minutes. After removing the supernatant the tubes were vacuum dried and

the pellet resuspended in 80 µl DepC H2O. Finally, the RNA concentration was

measured using the spectrophotometer as described in chapter 2.2.1.5.

2.2.1.2 RNA analysis

Electrophoresis of RNA was carried out to check the quality of the RNA. 5 µg of

RNA in 50% formamide, 33% formaldehyde and 1x morpholino propane

sulfonic acid (MOPS), were denatured at 60°C. RNA loading dye was added to

the probe to a final concentration of 12% before loading the RNA to a 1.25%

agarose/0.66 M formaldhyde/1x MOPS gel. After electrophoresis in running

buffer (1x MOPS) for 3-4 hours at 40-60 V the gel was stained with methylen

blue (0.02% in 10 mM Tris HCl pH 7.5) and then rinsed with water overnight

until the rRNA bands, 18S and 28S, became clearly visible. In general, 18S

rRNAs range from 1.8-2.0 kb, whereas the range of 28S rRNAs is about

4.6-5.2 kb (Farrell, 1993). Complete and intact RNA reveals the 28S band as

being twice as intense as the 18S band.

2.2.1.3 Reverse transcription

Using the oligo-(dT) primer (Table 1), reverse transcription (RT) was performed

in a final reaction volume of 25 µl. 2.5 µg total RNA, extracted from porcine

testis, and 4 µM primer were made up to a volume of 10 µl with DEPC H2O.

This mixture was denatured at 70°C for 5 minutes followed by cooling to 25°C

in 10 minutes. The mixture remained at 25°C for 2 minutes during which time

the following components were added: 1x RT buffer, 10 U RNasin, 4 mM

sodium pyrophosphate (pre-warmed to 40°C), 0.25 µM dNTPs and 10 U AMV

reverse transcriptase. RT continued at 42°C for 45 minutes, 50°C for

10 minutes, 55°C for 10 minutes, and finally 70°C for 15 minutes.
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2.2.1.4 DNA Extraction

2.2.1.4.1 DNA extraction of plasmid-, BAC- and PAC-DNA

A single colony from the transformation plates (plasmid DNA; see chapter

2.2.3.3) was incubated in 8 ml LB medium, supplemented with ampicillin

(50 µg/ml), at 250 rpm and overnight at 37°C. BAC and PAC stocks were kept

at -80°C and by means of a sterile pipette the top of the cryopreserved stock

was scraped and added to 8 ml LB medium in a falcon. The antibiotic

chloramphenicol (12.5 µg/ml) was added to BAC clones and kanamycin

(50 µg/µl) to PAC clones.

After growing the bacteria overnight, the cells were pelleted for 10 minutes at

approximately 3,500 x g, the supernatant was discarded and the cells

resuspended in 250 µl of P1. RNaseA was added to a final concentration of

100 µg/ml. 300 µl of P2 were then added to the suspension which was mixed by

inverting the tube gently several times and then left at room temperature for

5 minutes. 300 µl of P3 were finally added, and the mixture was left on ice for

5 minutes after which it was centrifuged for 20 minutes at 4°C and at

12,000 x g. The supernatant, containing the DNA was transferred into a new

eppendorf tube. An equal volume of isopropanol was added to the supernatant

to precipitate the DNA, put at -20°C for 10 minutes and then centrifuged for

20 minutes. The pellet was washed with 70% ethanol, centrifuged for 1 minute

and the supernatant removed. After allowing the pellet to dry at room

temperature, it was resuspended in approximately 70 µl 10 mM Tris HCl pH 8.0

in a water bath at 50°C. The concentration of the DNA was measured with the

spectrophotometer as described in chapter 2.2.1.5.

2.2.1.4.2 DNA-Extraction from lambda phages

Lambda DNA was extracted using the Lambda DNA Purification kit. At least

5,000 plaque forming units (pfu) were grown on an 82 mm diameter plate for

eight hours. 3 ml of SM buffer were poured onto the NZY top agar and shaken

gently overnight at 4°C. The SM buffer was removed and transferred into a

clean falcon tube. Chloroform was added to a final concentration of 5% (v/v)

and the mixture was shaken well. Residual debris was removed by centrifuging
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the tubes at 17,500 x g for 10 minutes and the supernatant put into a new tube.

DNase I was added to a final concentration of 20 µg/ml. After incubating the

suspension at room temperature for 15 minutes the tubes were centrifuged at

17,500 x g for 5 minutes. Approximately 1 ml of the supernatant was placed

into a clean tube, without taking any precipitate. 500 µl of DEAE cellulose slurry

were added to the new tube after mixing the contents of the tube vigorously.

The tubes were incubated at room temperature for 10 minutes and swirled

every 2 minutes, after which the tube was centrifuged for 1 minute and the

supernatant put into a clean tube. After adding EDTA to a final concentration of

20 mM, 15.4 µl of pronase stock solution (50 mg/ml) were added to the tube

and the tube was incubated at 37°C for 15 minutes. 5% CTAB stock solution

was added to a final concentration of 0.1% (v/v), and the suspension was

incubated at 65°C for 3 minutes and then cooled on ice for 5 minutes. The

samples were then centrifuged at 17,500 x g for 10 minutes and the

supernatant discarded. The pellet was gently resuspended in 200 µl of 1.2 M of

NaCl to which 500 µl of 100% ethanol were added and the contents gently

mixed by inverting the tube several times. After centrifuging the tubes at

17,500 x g for 10 minutes and removing the supernatant, the pellet was washed

with 70% ethanol. The pellet was dried at room temperature before

resuspending it in 100µl of 10 mM Tris HCl pH 8.0.

2.2.1.5 Measurement of DNA and RNA concentration

The quantity of DNA and RNA was determined using a spectrophotometer

(Perkin Elmer UV-VIS 550). This method is based on the fact that nucleic acids

in solution absorb a maximum of light at 260 nm. The optical density which

represents the absorption allows direct calculation of the nucleic acid

concentration:

OD260 . e . f µg

Concentration =
1000

  =
µl

An OD of 1 at OD260 corresponds to 50 µg/µl of double stranded DNA

(Sambrook et al., 1989). This value is represented by the extinction coefficient

OD260 - optical density at 260 nm

e - extinction coefficient

f - dilution factor
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in the formula. For RNA the corresponding concentration is 40 µg/µl. To

estimate the purity of the sample the OD280 is also measured. Salts, proteins

and other contaminants may cause the absorbency at 280 nm to vary

significantly. The calculation of the OD260:OD280 ratio provides an estimation

as to how pure the sample is. Pure DNA has a ratio of 1.8, whereas RNA has a

ratio of 2.

For very low concentrations of DNA (10-100 ng/µl) it is possible to estimate the

concentration using an agarose/ethidium bromide (EB) gel plate. Lambda DNA

standards (four dilutions of 0.5 µl corresponding to 10, 25, 50, and 100 ng/µl)

were loaded onto agarose/EB plates (1x TBE, 0.8% agarose and 1 µg/ml EB)

and the samples with unknown concentrations were also loaded along side

these standards. The plate is left at room temperature for 15 minutes after

which time the plate is viewed under UV light. The brightness of the standards

were compared to the samples and the concentration estimated by eye.

2.2.1.6 Polymerase chain reaction (PCR)

Approximately 100 ng of genomic DNA and 10-50 ng of plasmid, BAC and PAC

DNA was used for a PCR reaction. For RT-PCR, 5 µl of RT-product were

applied. PCR was carried out in a final reaction volume of 25 µl containing

1x PCR buffer, 0.4 µM forward primer, 0.4 µM reverse primer, 0.2 mM dNTPs

and 2.5 U Taq DNA polymerase. The PCR profile was 95°C for 5 minutes,

followed by 35 cycles at 95°C for 30 seconds, annealing temperature ranging

between 56°C and 58°C for 30 seconds and 72°C for 30 seconds, and a final

extension at 72°C for 7 minutes. For a PCR amplification after RT the profile

was the same, except that the program contained 40 cycles.

The obtained fragments were sequenced as described in chapter 2.2.1.7 to

determine whether they belonged to the gene of interest. Porcine specific

forward and reverse primers were designed from the porcine specific

sequences (Table 1).
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2.2.1.6.1 Primers

Table 1: Porcine 3β-HSD specific and standard primers.

Primer Sequence
Nucleotide position in

porcine 3β-HSD cds
Ta (°C)

HSDhumF2 5�-TGTCAATGTGAAAGGTACCCAGC-3� 56

HSDhumR4 5�-CACAAGGGAACCAACCCACTCC-3� 56

HSDhum/pF1 5�-CCCAGCATYTTCTGKTTCCTGG-3� -51→-30 56

HSDpEx2F2 5�-ATTTCTCGGTGCCCAGGTTTAGC-3� -24→-2 57

HSDpEx1F 5�-CTGGATGGAGCTGCCTTGTGAC-3� 5→26 57

HSDhum/pR1 5�-AGAAAATTCCTCTCTMAMTTCTGGT-3� 144→120 56

HSDpEx3F 5�-TCCAGAGCAAGATCAAGCTGACC-3� 149→171 58

HSDpEx3R 5�-TTGACCTTCATGACGGTCTCTCG-3� 302→280 58

HSDpR5 5�-ACAGGCCTCCAGCAGGAGCTG-3� 336→316 58

HSDpF3 5�-TCATCCACACCAGCAGCATAGAG-3� 359→381 58

HSDpF1 5�-ACCTCCCCAAAGCTACGATGACC-3� 780→802 58

HSDpR3 5�-GGAAGCTCACTATTTCCAGCAGG-3� 910→888 58

HSDpR1 5�-CAGATCTCGCTGCGCCTTCTTG-3� 1014→993 58

H1.3T7-4R 5�-GACAGAGCTCCCCTCACACCC-3� 1168→1148 57

Sp6 5�-ATTTAGGTGACACTATAG-3� 58

T3 5�-AATTAACCCTCACTAAAGGG-3� 58

T7 5�-TAATACGACTCACTATAGGG-3� 58

TVX 5�-TTTTTTTTTTTTTTTTTTVN-3� 58

Ta - annealing temperature

�K� - represents nucleotides �C� and �T�

�M� - represents nucleotides �A� and �C�

�N� - represents all nucleotides

�V� - represents the nucleotides �G�, �A� and �C�

�Y� - represents the nucleotides �T� and �G�



36 Material and methods

2.2.1.6.2 Long range PCR

This method permits the generation of PCR fragments over 1.5 kb and up to

10 kb. The reaction, requiring 100-750 ng of genomic DNA was performed in a

total reaction volume of 25 µl containing the DNA, 1x Expand High Fidelity Hifi

buffer, 0.2 mM dNTPs, 0.4 µM forward primer, 0.4 µM reverse primer and 2.6 U

of Expand  Hifi PCR System enzyme mix. The long range PCR profile

consisted of an initial denaturing step at 94°C for 2 minutes, followed by

10 cycles at 94°C for 15 seconds, 58°C for 30 seconds and extension at 68°C,

25 cycles with the same conditions, except that the extension phase had a

cycle elongation of 5 seconds more for each cycle. The duration of the

extension phase depended on the size of the fragment to be amplified.

One minute was calculated per 1.5 kb amplified. There was a final extension of

7 minutes at 72°C. The long range PCR reaction was loaded to an agarose gel

and fragments amplified were excised from the gel and purified using the

QIAEX II Agarose Gel Extraction kit. The DNA was ligated into pGEM®-T Easy

vectors (chapter 2.2.3.4), transformed into XL10-Gold Kan competent cells

(chapter 2.2.3.4.2) and the resultant clones sequenced (chapter 2.2.1.7). The

Hifi PCR system enzyme mix is a mixture of Taq DNA polymerase and Pwo

DNA polymerase, which does not add 3�-A overhangs, therefore requiring

A-tailing of a Pwo DNA polymerase PCR product (chapter 2.2.3.4.1) to be

performed before ligation into the pGEM-T Easy vector, containing 3�-T

overhangs at the cloning site.

2.2.1.7 Sequencing

DNA sequencing was performed either with QIAEX purified PCR products or

with plasmid clones, by the dideoxy chain-termination method. For DNA from

PCR amplifications approximately 5 ng per 100 bp was used, while for DNA

from plasmids 750 µg was used for the vector (~3,000 bp) as well as 250 µg for

every kb insert.

The sequencing reaction was carried out in a final reaction volume of 10 µl,

containing DNA, 0.16 mM primer and 4 µl of ABI Prism BigDye terminators. The

profile of the sequencing reaction was as follows: 5 minutes denaturation at



Material and methods 37

95°C followed by 30 cycles of 30 seconds at 95°C, 15 seconds at 50°C, and

4 minutes at 60°C. Samples were precipitated and resuspended in

formamide/loading buffer (v/v 5:1) to a final volume of 3 µl of which 1.5 µl were

loaded onto an ABI377 automated DNA sequencer (Applied Biosystems Inc.).

T3 and T7 vector primers of the pBluescript plasmid, T7 and Sp6 vector primers

of the pGEM-T Easy vector as well as porcine specific synthetic

oligonucleotides (Microsynth GmbH, Balgach, Switzerland), were used to

sequence both strands of the DNA.

Samples were loaded to a 4.5% acrylamide/bis (29:1) gel/6 M urea/1x TBE gel,

supplemented with 0.007% APS and 0.03% TEMED, on which the samples

were separated according to size by electrophoresis in the polyacrylamide gel.

The fluorescent signal was registered by a laser, recorded by a CCD camera

and transferred to the program ABI Prism 377XL Collection PE as they passed

by the laser. The collected fluorescent signals were analysed using the

Sequencing Analysis program (Version 3.4.1).

2.2.1.7.1 Sequencing analysis

The National Center for Biotechnology Information�s (NCBI) Basic Local

Alignment Search Tool (BLAST; Altschul et al., 1997) was used to determine

whether the obtained sequences showed a homology to existing sequences of

the 3β-HSD gene of other species in the GenBank. Alignments of pairs of

sequences were performed with the GCG sequence analysis software package

version 10 (Genetic Computer Group, Madison, WI, USA). An interactive editor

was used for entering and modifying sequences and for assembling parts of

existing sequences. Furthermore, nucleotide sequences were translated into

peptide sequences. The start-codon of the porcine 3β-HSD was taken from

homology fits with human, bovine and equine sequences.
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2.2.2 Screening of porcine genomic and adipose cDNA library

2.2.2.1 Preparation of the bacterial culture

XL1-Blue MRA bacteria and XL1-MRF� bacteria were spread onto LB agar

plates (82 mm diameter) and incubated overnight at 37°C. The XL1-Blue MRA

bacteria were used to screen the porcine genomic Lambda® FIX II library, while

the XL1-MRF� bacteria were used to screen the porcine Lambda® ZAP II

adipose tissue cDNA library (Werner et al., 1999). The LB agar plates with the

bacterial colonies were sealed with parafilm and stored at 4°C for approximately

a month. A single bacterial colony was taken and placed in a falcon tube

containing 15 ml of LB medium, 0.2% maltose and 10 mM MgSO4. The tubes

were placed in the shaker at 250 rpm for 3-4 hours at 37°C, after which time the

solution appeared milky. When the OD600 of the mixture was approximately

0.5, the suspension was centrifuged at 1,000 x g for 10 minutes and the

supernatant discarded. The pellet was resuspended in 10 mM MgSO4 to an

OD600 of 0.5 (approximately 15 ml) and stored at 4°C.

2.2.2.2 Plating of phage and bacterial mixture

600 µl of bacteria culture were incubated with 50,000 pfu from the porcine

Lambda® ZAP II adipose tissue cDNA library for 15 minutes at 37°C. The same

procedure was applied for screening the Lambda® FIX II porcine genomic

library. 6.5 ml of NZY top agar (50°C) were added to this incubated mixture

which was gently mixed (to prevent any bubble formation) and immediately

poured onto 20 previously prepared and pre-warmed NZY agar plates (137 mm

diameter). These plates were incubated overnight at 37°C and then put to 4°C

for about 2 hours to cool the agar. This procedure prevents the NZY top agar

sticking to the Duralon membranes after transfer of DNA from the plates to the

membrane.
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2.2.2.2.1 Phage DNA transfer to membranes

One 137 mm diameter Duralon-UV  membrane (Stratagene 420102) was

placed on each NZY top agar for 2 minutes, to make a DNA print of the phage

plaques on the membranes. This was followed by a denaturation step in which

the membranes were placed into a dish containing a 1.5 M NaCl/0.5 M NaOH

solution for 2 minutes, a neutralisation step in 1.5 M NaCl/0.5 M Tris HCl

(pH 8.0) for 5 minutes and finally an equilibration step in a 0.2 M Tris HCl

(pH 7.5)/2x SSC buffer for 30 seconds. To cross-link the DNA to the

membranes they were dried at 80°C for approximately 2 hours.

2.2.2.3 Hybridisation solution

The hybridisation solution consisted of 2.5x SSC, 50% dextransulfat formamide

(10 g dextransulfat per 50 ml formamide), 1% SDS and 5x denhardts. This

solution was prepared several hours in advance and placed in the incubator at

32°C so that the hybridisation solution was at the required temperature.

2.2.2.4 Pre-hybridisation

A step of pre-hybridisation was carried out before the actual hybridisation in

order to minimise background signal by reducing non-specific probe

hybridisation. 10 µg per ml hybridisation solution of denatured salmon sperm

DNA were added to the hybridisation solution just before the pre-hybridisation

step. Approximately half of the hybridisation solution, pre-heated to 32°C, was

used for the pre-hybridisation step while the remainder was kept heated at 32°C

for the actual hybridisation. The 137 mm membranes were placed into a

137 mm petri dish one by one and approximately 0.75 ml of pre-hybridisation

solution was placed between each membrane. When working with the smaller

82 mm diameter plates and Duralon membranes (Stratagene 420103),

approximately 0.6 ml hybridisation solution was used per membrane.
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2.2.2.5 Labelling of probe

Radioactive labelling of the DNA Probe was carried out according to the

random priming method. 30 ng of the DNA probe were labelled with

[α-32P]-dATP using the Prime-It® II Random Primer Labeling kit.

The DNA probe was denatured together with 10 µl of random primer at 95°C for

5 minutes. Subsequently 10 µl of 5x dATP buffer, 1 µl of Klenow (-) enzyme

and 5 µl of [α-32P]-dATP were added. This complete mixture was incubated at

38°C for 20 minutes. During this incubation step the single stranded DNA is

converted to a new double stranded DNA in a replication process incorporating

the [α-32P]-dATP. The incubation reaction was stopped by adding 2 µl Stop Mix

(0.5 M EDTA pH 8.0) and the reaction mixture was made up to 100 µl with TE.

To control whether the probe had been labelled properly, 1 µl was placed on a

small filter, which was put on a petri dish, and the radioactivity measured using

a Geiger-Counter. The small filter was then placed on a vacuum filter and

rinsed by allowing 12.5 ml of 5% trichloroacetic acid pass through it. The

radioactivity was measured a second time and the incorporation of the

[α-32P]-dATP should lie between 50-75% of the first measure.

2.2.2.6 Hybridisation

The labelled probe was denatured at 95°C for 5 minutes and immediately

placed on ice. The membranes were taken out of the petri-dish and the

pre-hybridisation solution was removed. The denatured labelled probe was

added to the remaining hybridisation mixture and mixed. 0.75 ml of the new

solution was added to each membrane to ensure that each membrane has

contact with the labelled probe. Using parafilm, the petri dish was carefully

sealed to avoid loss of the hybridisation solution through evaporation, placed in

a large plastic bowl and put into the incubator at 32°C for 16-20 hours. The

plastic bowl was placed on a shaker inside the incubator to ensure continuous

agitation of the probe on the membranes.
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2.2.2.7 Post-hybridisation washing and exposure

Post-hybridisation washing was carried out to remove any excess labelled

probe not specifically hybridised to the DNA on the membrane, thereby

decreasing background signal. In a first step the membranes were washed

twice in 1x SSC/1% SDS at room temperature for approximately 5 minutes. The

radioactivity of some membranes was measured between each washing step to

prevent loss of too much radioactivity. To increase stringency conditions the

membranes were washed in 1x SSC/1% SDS pre-heated to 45°C. The box

containing the solution and the membranes were continuously being shaken to

ensure that all membranes were equally washed. As soon as the signal had

decreased to values between 5-25 counts per minute on the Geiger-counter the

membranes were taken out of the solution and transferred side by side onto

saran wrap which was carefully sealed on all sides and then placed into

developing cassettes. In the dark room two FUJI Medical X-Ray films

(30 x 40 cm) were placed inside the box, one on each side of the membranes

and exposed at -80°C. One film was developed 4-6 hours after exposure to

control the signals as these can vary strongly after each hybridisation and

washing. Depending on the result of the developed film the second film was

developed either immediately or a few hours later if the signals had not been

strong enough.

2.2.2.8 Cutting clones out of agar

The developed film, the saran wrap containing the membranes, and the NZY

agar plates were placed on top of one another on an illuminating plate. Using

the large end of a sterile pasteur pipette the area presumably containing the

plaque of interest was cut out of the NZY agar and put into an eppendorf filled

with 1 ml SM buffer, incubated at room temperature for 15 minutes and

vortexed. 1 µl of the SM buffer was used for a PCR to investigate whether the

obtained clones contained the gene of interest. PCR was performed with

porcine specific primers as described in chapter 2.2.1.6. After the PCR,

chloroform was added to the SM buffer to a final concentration of 5%.
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2.2.2.9 Second and third screening

In order to obtain single clones, a second and if necessary a third screening

were carried out using the plaques that had been cut out from the previous

screening. It was assumed that there were approximately 200,000 pfu/µl cut out

of the NZY agar after the first screening. In the following screenings the

solutions containing the clones were diluted so that about 100 pfu and 500 pfu

were plated out onto 82 mm petri dishes. As described above the phages were

plated out onto NZY agar plates, prepared 2 days in advance, this time,

however, only using 2.5 ml NZY top agar. The transfer of DNA from the plate to

the 82 mm diameter Duralon-UV  membrane, pre-hybridisation

(0.6 ml/membrane), probe preparation, hybridisation (0.6 ml/membrane) and

washing was carried out as described above. Single plaques displaying a

positive signal on the developed film were cut out of the NZY top agar, this time

using the small end of the pasteur pipette. The phages were again screened by

PCR to see whether the obtained clones contained the fragment of interest.

cDNA clones from the Lambda® ZAP II adipose tissue cDNA library were

subject in vivo excision as described in the following paragraph. DNA from

single lambda genomic DNA clones were extracted using the method described

in chapter 2.2.1.4.2.

2.2.2.10 In vivo excision of cDNA clones

Single phage clones from the porcine adipose cDNA tissue library were subject

to in vivo excision. The Uni-ZAP XR vector permits the excision of the

pBluescript® II SK(-) phagemid, which is contained within the lambda phage

arms. Once the pBluescript, containing the cloned insert, has been excised

from the Uni-ZAP XR vector it is circularised and forms a circular DNA

molecule. 200 µl of XL1-MRF� cells (OD600 = 1), 1 µl of ExAssist helper phage

and 100 µl of phage stock (>1 x 105 pfu) were incubated for 15 minutes at

37°C. 3 ml of LB medium were added and the mixture was incubated for

3 hours with gentle shaking at 37°C. After heating the tubes to 65°C for

20 minutes they were centrifuged at 1,000 x g for 15 minutes and the

supernatant, containing the excised phagemid, was poured into new sterile
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tubes. 200 µl of freshly grown SOLR cells (OD600 = 1) were added to 10 µl and

to 100 µl of the excised phagemid solution, incubated at 37°C for 15 minutes

and 50 µl of the mixture were plated onto LB agar/ampicillin plates and

incubated overnight at 37°C. From this culture a single colony was used for

plasmid DNA extraction (chapter 2.2.1.4.1).

2.2.3 Subcloning

2.2.3.1 Preparation of the insert and plasmid vector

DNA extracted from a single lambda phage clone (chapter 2.2.1.4.2), obtained

from the Lambda® FIX II porcine genomic DNA library, was digested with a

restriction enzyme. The reaction mixture containing 1 µg of DNA, 1x buffer

(specific for the enzyme used) and approximately 7 U of the required restriction

enzyme was digested overnight at 37°C and separated on a 0.8% agarose/EB

gel. The required DNA fragments were excised from the gel and DNA extracted

using QIAEX.

If the restriction fragments were intended for ligation, a pBluescript® II SK (+)

vector was simultaneously digested with the same enzyme. Directly after

digestion the vector was dephosphorylated to prevent re-ligation of the vector.

Calf intestinal alkaline phosphatase (0.5 U/µg plasmid DNA) was incubated with

the digested plasmid for 1 hour at 37°C. The dephosphorylation reaction was

terminated by heating the reaction up to 60°C for 30 minutes. The digested and

dephosphorylated pBluescript vector was finally purified with the QIAquick PCR

Purification kit.

2.2.3.2 Insert-to-vector ratio and ligation

The ligation reaction was performed in a final volume of 20 µl. The insert and

the vector were mixed together at an insert-to-vector molar ratio of

approximately 2:1. 25 ng of the vector were used and two times the molar ratio

of the DNA fragment to be added was calculated. Insert, vector and H20 were

added together. This mixture was incubated at 45°C for 10 minutes to ensure
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that the sticky ends, obtained by digestion, were opened. The tubes were taken

out of the water bath and immediately put on ice and the remaining reagents,

1x ligation buffer and 2U of T4 ligase, added. The ligation reaction was

performed overnight at 4°C.

2.2.3.3 Transformation

Transformation was performed according to the PCR-Script  Amp Cloning kit

protocol. XL10-Gold Kan competent cells (see chapter 2.2.3.5) were thawed on

ice and gently mixed. 100 µl of the cells were pipetted into Falcon 2059

polypropylene tubes and 1.6 µl of XL10-Gold β-mercaptoethanol added. The

tubes were incubated on ice for 10 minutes and gently swirled every 2 minutes.

10 µl from the above ligation reaction were added to the transformation

reaction, the contents swirled and left on ice for 30 minutes. This was followed

by heat pulsing the tubes in a 42°C water bath for 30 seconds and then

incubating them on ice for 2 minutes before adding 450 µl of pre-heated (42°C)

NZY+ broth. This complete reaction mixture was incubated in a shaker at

approximately 50 rpm for 1 hour at 37°C. Meanwhile isopropyl-thio-β-

galactopyranosid (IPTG) and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside

(X-Gal) were spread onto the LB agar/ampicillin plates for colour selection

(chapter 2.2.3.3.1).

After the incubation the tubes were centrifuged at 1,000 x g for 5 minutes and

470 µl of the supernatant removed. The pellet was resuspended in the

remaining supernatant which was applied onto the LB agar/ampicillin plates

with a sterile spreader. The plates were incubated overnight at 37°C and then

sealed with parafilm and stored at 4°C for further use (see chapter 2.2.1.4.1).

2.2.3.3.1 Colour selection of recombinant plasmids

An important property of the pBluescript® II SK (+) and the pGEM-T Easy

(chapter 2.2.3.4) vectors is the presence of part of the β-galactosidase gene

(lacZ gene), which provides blue-white colour selection of recombinant

plasmids. The multiple cloning site (MCS) is located within the N-terminal region

of the lacZ gene. Although it lies within the open reading frame (ORF) of the



Material and methods 45

gene it does not disturb the enzyme�s functioning. The N-terminal part of the

lacZ gene is under the control of the lac promoter. The lacI gene, expressed by

the host cells (XL10-Gold Kan competent cells) inhibit the lac promoter. If IPTG

is added to the reaction, it binds to lacI, thereby inactivating it and allowing the

N-terminal part of the lacZ gene to be expressed. This N-terminal part joins with

the C-terminal part of the lacZ gene which is expressed by the host cell to form

the active β-galactosidase enzyme. This enzyme transforms the colourless

X-Gal substrate into the blue product. Bacterial colonies with plasmids not

containing an insert are blue, while colonies with plasmids containing inserts

remain white, as the N-terminal of the lacZ gene located in the MCS is

disrupted by the insert.

50 µl of both 2.5% IPTG and 2.5% X-Gal were evenly distributed on the

LB agar/ampicillin plates with a sterile spreader before the transformation

reaction was plated out.

2.2.3.4 Subcloning and cloning into pGEM-T Easy vector

The pGEM®-T Easy vector systems are convenient systems for the cloning of

PCR products. Vectors are provided with single 3�-terminal thymidine

overhangs at both ends. PCR products generated with Taq DNA polymerase

add a single deoxyadenosine to the 3�-ends of the amplified fragments, which

corresponds to the insertion site on the vector. PCR fragments generated using

DNA polymerases with proof-reading activity such as Pfu DNA polymerase,

Pwo DNA polymerase and Tli DNA Polymerase have blunt ends, requiring

A-tailing (chapter 2.2.3.4.1) to be performed prior to ligation.

2.2.3.4.1 A-tailing

This method was performed to add the 3�-A overhangs to insure efficient

cloning of insert to the vectors as the Hifi system is a mixture of Taq and Pwo

DNA polymerase which produces a mixture of A-tailed and blunt-ended PCR

fragments. A-tailing was carried out in a final reaction volume of 10 µl

containing 1x Taq DNA polymerase buffer with MgCl2, 0.2 mM dATP, 5 U Taq

DNA polymerase and approximately 200 ng of DNA (QIAEX product). The

complete mixture was incubated at 70°C for 30 minutes.
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2.2.3.4.2 Ligation and transformation

The ligation reaction, similar to that described in chapter 2.2.3.2, was made up

of the following components in a reaction volume of 10 µl. An insert-to-vector

molar ratio of approximately 2:1 was calculated. Insert DNA (QIAEX product),

50 ng pGEM-T Easy vector, 1x rapid ligation buffer and 3 U of T4 DNA Ligase.

The reagents were either incubated at room temperature for an hour or

overnight at 4°C, which increased the number of transformants. Transformation

was performed as described above (chapter 2.2.3.3), however, only 5 µl of the

ligation reaction were used.

2.2.3.5 Preparation and storage of competent cells

XL10-Gold Kan competent cells, scraped from the top of cryopreserved stock,

stored at -80°C, were grown overnight in 4 ml of LB medium supplemented with

kanamycin (50 µg/ml). 200 µl of this overnight culture were added to 150 ml

SOB medium (with 20 mM MgSO4) and grown to an OD600 of approximately

0.5. The cells were transferred to ice-cold 50 ml falcon tubes and left on ice for

10 minutes after which they were centrifuged at 3,300 x g for 5 minutes. The

supernatant was removed and cells resuspended in 20 ml ice cold FSB by

gently vortexing the pellet and then left on ice for 10 minutes. The cells were

again centrifuged at the same conditions as above and on having removed the

supernatant, the pellet was again resuspended in 4 ml ice cold FSB by gentle

vortexing. 140 µl of dimethylsulfoxide (DMSO) were added to the resuspended

cells, mixed gently by swirling and left on ice for 15 minutes. An additional

140 µl of DMSO were added to each tube, mixed gently and again put on ice.

400 µl aliquots of the suspension were dispensed into ice cold eppendorf tubes.

The tubes were immediately snap-frozen by immersing them in liquid nitrogen

and then transferred to -80°C for later use.

2.2.3.6 Cryopreservation of plasmid BAC and PAC clones

700 µl of liquid culture, grown until the late log phase, were added to 1 ml of

LB medium/glycerol, mixed well, snap-frozen in liquid nitrogen before

transferring to -80°C for long term storage.
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2.2.4 Fluorescence in situ hybridisation (FISH)

2.2.4.1 Labelling of probe

This method is very similar to the method described in chapter 2.2.2.5 with

small adjustments. 125 ng of porcine PAC DNA were digested with the

restriction enzyme Sau3AI. The digested DNA probe was mixed with 10 µl of

random primer and the mixture made up to 39 µl with sterile water. This mixture

was denatured at 95°C for 10 minutes and immediately placed on ice. Having

centrifuged the tube for 10 seconds, it was put back on ice and the remaining

reagents 40 µM biotin-16-dUTP, 1x nucleotide buffer (50 µM dATP, 50 µM

dGTP, 50 µM dCTP, 10 µM dTTP) and 5 U Klenow (-) enzyme were added.

The complete mixture was incubated for 25 minutes at 37°C, after which the

reaction was terminated by adding 2 µl of Stop Mix. In order to reduce

non-specific binding of the labelled probe to chromatin, cell debris and glass,

4 ng of denatured salmon sperm DNA were added. 4 ng of porcine genomic

competitor DNA were also added to prevent any unspecific signal from

repetitive sequences. To precipitate the DNA 0.1 volume of 3 M NaAc pH 5.0

and 2.5 volumes of 100% ethanol were added to the probe which was then put

to -80°C for 10 minutes, followed by centrifugation at 12,500 x g for 30 minutes.

The supernatant was removed and the pellet washed with 300 µl of 70%

ethanol, dried at room temperature, resuspended in 5 µl of TE pH 8.0 and

stored at 4°C until the slide was ready for hybridisation.

2.2.4.2 R-banding

RBA-banding was performed to identify the individual porcine chromosomes.

R-bands are produced using the fluorescent dye acridine orange. 5-Bromo-2-

deoxyuridine (BrdU) is incorporated mainly in the AT rich regions of the

chromosome. The fluorescent dye preferentially binds to the brome molecules,

producing a brighter band in the AT rich regions (Hediger, 1988). RBA-banding

can immediately be followed by FISH as the filter system of the microscope is

able to distinguish between FITC and acridine orange signals.
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BrdU was added to the cell cultures 6 hours prior to harvesting. Harvested cells

were dropped onto slides, which were then aged for 2-3 days at room

temperature. R-bands were produced by dipping the slide into a 0.2% acridine

orange solution for 45 seconds, and subsequently washed with deionised water

and left to dry in a dark box. A few drops Sørensen�s buffer pH 6.8 were put on

the dried slide which was covered with a coverslip. R-bands on metaphase

chromosomes were viewed with a fluorescence light microscope using a 63x oil

objective and appropriate filters. Ten well banded metaphases with no

overlapping chromosomes were photographed with Quantix -Camera

(Photometrics, Tuscon AZ) and electronically stored (IPLab from Scanalytics for

Windows, Version 2.311) for future comparison with FISH results. The slide

was then washed in xylol for 2 minutes to take away any oil remains and dried

at room temperature.

2.2.4.3 Preparation of slides for hybridisation

In order to obtain clear signals after hybridisation of the labelled probe to the

porcine metaphases there should be no interference through impure

substances also present on the slide. For this reason the slide was treated with

different reagents to eliminate as many impurities as possible. In a first step the

slide was treated with 150 µl of RNase A (100 µg/ml in 2x SSC) in a moist

chamber for 1 hour at 37°C followed by washing the slide 3 times in 2x SSC for

3 minutes at room temperature. This was followed by incubating the slide in a

pepsin solution (50 ng/ml pepsin in 10 mM HCl) for 10 minutes at 37°C and

washing the slide twice in 1x PBS pH 7.4 and once in a 1x PBS pH 7.4/50 mM

MgCl2.

The slide was dehydrated in 70%, 80% and in 95% ethanol dilutions for

3 minutes at room temperature and baked for 1 hour at 80°C.

2.2.4.4 Hybridisation

The DNA of the chromosomes on the slide was denatured for 2 minutes in

70% formamide/2x SSC at 70°C and then immediately placed into -20°C

70% ethanol, followed by 80%, 90% and 100% ethanol solutions, each for

3 minutes and dried at room temperature.
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10 µl of hybridisation mix [50% formamide/10% dextran sulfate/2x SSC/

0.05% tween 20] were added to 1 µl of the labelled probe. This mixture was

denatured in a 75°C water bath for 5 minutes and re-annealed at 37°C for

15 minutes. In this pre-annealing step, repetitive sequences of labelled probe

rapidly hybridise to interspersed repetitive sequences of the competitor DNA.

The unique sequence of the probe remains single stranded and is available to

hybridise to the target.

After the pre-annealing step, the hybridisation mix was immediately placed onto

the slide and covered with a 18 x 18 mm coverslip in the region where the

metaphases had been photographed. In order to allow hybridisation of the

probe to the chromosomes, the slide was placed in a moist chamber which was

sealed with parafilm and incubated overnight at 37°C. After 16-20 hours the

coverslip was removed and the slide was washed three times in 50%

formamide/2x SSC for 5 minutes at 42°C followed by three subsequent washes

in 2x SSC at 42°C. The slide was not allowed to dry after this last step.

2.2.4.5 Amplification of the hybridisation signal

To equilibrate to a lower stringency, the slide was incubated for at least

15 minutes in 4x SSC/0.05% tween 20.

This equilibration step was followed by a preincubation step where the slide is

placed into a 3% BSA/4x SSC/0.05% tween 20 solution for 15 minutes.

In order to detect signals the slides were treated with avidin-FITC (avidin

labelled with fluorescent isothiocyanate, an antibody to biotin), followed by

biotinylated goat anti-avidin and finally again with avidin-FITC. The procedure

for all three steps was exactly the same: 60 µl of either the avidin-FITC or the

biotinylated goat anti-avidin at a concentration of 10 µg/ml in preincubation

buffer were applied onto the slide. The slide was covered with a coverslip and

incubated in the moist chamber for 45 minutes at 37°C. After this incubation the

slide was washed three times for 5 minutes at 45°C in equilibration buffer.

The application of the biotinylated goat anti-avidin and the second layer of

avidin-FITC served to intensify the signal.
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2.2.4.6 Chromosome staining

After the last washing step the slide was carefully rinsed with deionised water,

dried at room temperature in the dark box and stained for 10 minutes in

4�,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (200 ng/ml).

Again the slide was rinsed with deionised water and left to dry.

To prevent fading of the signal, approximately 20 µl of anti-fade solution were

dropped onto the slide which was then covered with a coverslip.

2.2.4.7 Analysis of microscope data

After DAPI staining the chosen metaphases were analysed and photographed

with the 63x objective using a fluorescence microscope, the FITC filter and the

Quantix -camera. The metaphase pictures were electronically stored and

compared with the pictures of the same RBA-banded metaphases.

2.2.5 Expression of porcine adipose 3β-HSD in mammalian cells

2.2.5.1 Ligation of coding sequence into expression vector pcDNA3.1(+)

The cDNA insert in the porcine Lambda® ZAP II adipose tissue cDNA library

had been ligated to the EcoRI/XhoI cohesive ends of the Uni-ZAP XR vector

arms for directional cloning. The insert of the complete 3β-HSD cDNA clone

contained an XhoI restriction site within the coding region and therefore PCR

was performed to obtain the complete coding sequence. This PCR fragment

was subcloned into a pGEM-T Easy vector as described in chapter 2.2.3.4.

Once subcloned into this vector, a digestion was performed with EcoRI and the

insert, after loading to an agarose/EB gel, excision and purification, was ligated

into an identically cleaved pcDNA3.1(+) expression vector. The pcDNA3.1(+)

vector contains the neomycin resistance gene, designed for high level stable

and transient expression in mammalian hosts. The ligated pcDNA3.1(+) vectors

were transformed (chapter 2.2.3.3, without colour selection) into competent

cells and DNA was extracted from several recombinant plasmids, which were
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then sequenced to verify whether the insert had the proper orientation and the

identical sequence to the adipose tissue cDNA clone.

2.2.5.2 Mammalian cell cultures

Human embryonic kidney 293 cells were grown in Dulbecco�s Modified Eagle

Medium (DMEM), supplemented with 0.1 mM non-essential amino acids,

10% fetal calf serum (FCS), 1 mM sodium pyruvate and 5 ml/l Antibiotic-

Antimycotic (ABAM). The cells were incubated at 37°C in a humidified

atmosphere of 5% CO2 in air.

Although the 293 cells, serum-free medium adapted, have been selected for

their superior serum-free cell growth, supplemented DMEM was used in the

experiment as the serum-free medium inhibits the functioning of the

lipofectamine required for transfection of the vectors into the 293 cells.

2.2.5.3 Transfection of 293 cells with pcDNA3.1(+)

After the cells had reached approximately 90% confluency, they were

trypsinised. This was performed by removing all the medium, washing the cells

with 1x PBS and adding 1 ml of trypsin (0.25% trypsin/0.015% EDTA in PBS).

The cells were counted by the tryptan blue dye exclusion method (Freshney,

1987), using a hemocytometer chamber. 20 µl of 0.4% tryptan blue stain were

mixed with 10 µl of cells and 70 µl of PBS. After 5 minutes at room temperature

a hemocytometer was filled with the mixture and all viable cells were counted

with a microscope. 2 x 105 of these viable cells were seeded into a T-252 flask

with 2 ml of complete DMEM. Two separate solutions were prepared; one

containing 1.5 µg of the pcDNA3.1(+) clones and 100 µl of Opti-MEM®-I

reduced serum medium, and a second containing 15 µl of lipofectAMINE

reagent and 100 µl of Opti-MEM®-I reduced serum medium. The two solutions

were gently mixed together and incubated at room temperature for

approximately 30 minutes to allow the DNA-lipofectamine complex to form,

during which time the cells were carefully rinsed with Opti-MEM®-I reduced

serum medium. A further 800 µl of Opti-MEM®-I reduced serum medium were

added to the transfection reaction, gently mixed and added to the cells. After
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incubating the cells overnight, 1 ml of complete DMEM (containing twice the

normal concentration of serum), was added to the cells. Approximately

24 hours after transfection the medium was replaced by fresh complete DMEM.

72 hours after transfection the cells were split and 0.1 part was added to

complete DMEM containing the antibiotic G-418 Sulfate (Geneticin ) at a

concentration of 750 µg/ml, as a selection for transfected cells. It takes up to

3 weeks until the transfected cells reach 90-100% confluency.

2.2.5.4 Cryopreservation and recovery of cells

When the cells have reached 80-100% confluency, half of the culture was used

for cryopreservation and the other half put into a new flask for further growth.

After counting the cells as described above, they were diluted to

2-5 x 106 viable cells/ml in cryopreservation medium containing 5 parts of

complete DMEM, 2 parts of FCS and 1 part of DMSO. This solution was put to

4°C for 1 hour, followed by -20°C for another hour, 2-12 hours at -80°C and

finally stored in liquid nitrogen.

To recover cells from cryopreservation the tubes containing the cells were

rapidly thawed at 37°C and added to 3 ml of complete DMEM in a T-252 flask.

3-4 hours later the cells were viewed under the inverted microscope to see if

the living cells were attached. The medium was replaced with fresh complete

DMEM, as the DMSO in the cryopreservation medium inhibits cell growth.

2.2.5.5 3β-HSD enzyme activity

Both 3β-HSD transfected and 293 (untransfected) cells had been counted,

1 x 106 viable cells added to 6-well plates (33 mm diameter) and allowed to

attach overnight. The medium was removed from the wells, the cells washed

with 1x PBS and 1 ml of incubation buffer was added to the cells. The

incubation buffer consisted of 50 mM sodium phosphate buffer with 20%

glycerol (pH 7.4), 1 mM EDTA, 3-30 µCi 17α-hydroxy[3H]pregnenolone and

1 mM of either NAD+ or NADPH, as a cofactor for the enzyme. After incubating

the cells with the incubation buffer for one hour the buffer was removed and

poured into an eppendorf and stored at -20°C.
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From each incubation reaction 20 µl of buffer as well as 10 µg of unlabelled

17α-hydroxypregnenolone and 17α-hydroxyprogesterone were loaded onto thin

layer chromatography (Merck 1.05721.001; pre-coated TLC Plates, Silica

Gel 60, without fluorescent indicator) plates. All samples were analysed in

duplicate. The plates were briefly dried and then placed in a vessel containing a

4:1 mixture of benzene and acetone. After approximately 1 hour at 18-21°C the

solvents had passed nearly to the top of the plates, thereby separating the

components loaded to the plate. The plates were dried completely before being

sprayed with 40% phosphoric acid, whereby it was possible to see the bands of

the unlabelled 17α-hydroxypregnenolone and 17α-hydroxyprogesterone. The

plates were dried in the oven at 110°C and both bands marked under the UV

light. 17α-hydroxypregnenolone and 17α-hydroxyprogesterone were also run in

separate lanes to determine their positions.

All 17α-hydroxypregnenolone and 17α-hydroxyprogesterone bands were

carefully scratched off the TLC plates and put into separate scintillation vials

together with 9 ml Emulsifier-Safe  scintillation cocktail. The tritium radioactive

signal was measured as disintegrations per minute (dpm) for 10 minutes in the

β-counter (Tri-Carb LSCs with QuantaSmart  Software for the Windows NT®;

Packard BioScience S.A., Zurich, Switzerland ).

2.2.5.6 Inhibition of 3β-HSD enzyme activity

The same incubation reactions were prepared as with the transfected 3β-HSD

cells. For this experiment the buffer was only supplemented with NAD+ as a

cofactor. The incubation buffer was furthermore supplemented with either 50 µg

or 5 mg of two potential 3β-HSD inhibitors and the incubation repeated as

already described. These two inhibitors were Androcur, a cyproterone acetate

and Casodex, a bicalutamide. Exactly the same procedures were carried out as

described above, the bands were scratched off the TLC plates and put into

vials, scintillation cocktail added, and the vials measured for 10 minutes in the

β-counter.
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2.2.5.7 Statistical analysis

All statistical calculations were performed using the t-test. To compare the

radioactive emission of each substrate from its product, the percentage of both

17α-hydroxypregnenolone and 17α-hydroxyprogesterone from the total was

calculated. Significance is indicated by p-value (< 0.05 and < 0.001).
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3 Results

3.1 Porcine 3β-HSD

A PCR fragment of 887 bp was amplified from porcine genomic DNA with cross

species primers (HSDhumF2 and HSDhumR4; Table 1). The primers were

designed based on the human 3β-HSD type I which shares high identity and

similarity to human 3β-HSD type II. The primers also show high identity to the

homologous bovine and equine sequences. The obtained fragment was

sequenced to confirm that the amplification had been specific and porcine

specific primers were designed (HSDpF1, HSDpR1; Table 1).

3.1.1 Coding sequence

An adipose tissue cDNA library was screened with an [α-32P]dATP labelled

RT-PCR fragment. The probe was amplified from porcine testicular RNA with

primers HSDhumF2 and HSDpR1 (Table 1), producing a fragment of 718 bp.

The hybridisation temperature of the labelled probe to the DNA cross-linked to

the Duralon membranes was set at 32°C, a temperature at which sequences

showing homologies from 80% can hybridise. Five clones were obtained after

the second screening. All clones were first sequenced using the vector primers

T3 and T7 (Table 1). After confirming that the sequences contained the gene of

interest, new porcine specific primers were designed to sequence further on

into the clones. One of these clones (hereafter designated as p11.2) harboured

the complete coding sequence of the 3β-HSD gene. The other clones were

truncated lacking the 5�-end of the coding sequence. Figure 5 shows the

complete nucleotide and the deduced amino acid sequence of the porcine

3β-HSD p11.2 clone (GenBank accession number: AF232699). The position of

the putative ORF was deduced by comparison of the complete sequence with

the human, bovine and equine 3β-HSD sequences. The putative ORF has a
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length of 1122 nucleotides and was translated into an amino acid sequence,

and found to encode for a protein of 373 amino acids. The porcine 3β-HSD

protein was calculated to have a molecular mass of 41 851 Da.

     -172                 -151                          -121                           -91
        CAGGGATAATCAGTGCCAGATCTTGGGCCATCAGGAGACCAGAACCCAGGCTCTCTCTTCTGACTTGCAACAATCTTACAGG

                           -61                           -31                            -1
GCCACCCTCTCCAGGTTCGCCCGCTCATCCAGTCTGCTCCCCAGTGTTTTCTGGTTCCTGGCAAGTATTTCTCGGTGCCCAGGTTTAGCA

                            30                            60                            90
ATGGCTGGATGGAGCTGCCTTGTGACAGGAGGAGGAGGGTTTCTGGGTCAGAGGATCGTCCACTTGTTGCTGGAGGAGAAGGATCTGCAG
MetAlaGlyTrpSerCysLeuValThrGlyGlyGlyGlyPheLeuGlyGlnArgIleValHisLeuLeuLeuGluGluLysAspLeuGln
                            10                            20                            30

                           120                           150                           180
GAGATCCGGGTACTAGACAAAGTCTTCAAACCAGAAGTTCGGGAGGAATTTTCTAAGCTCCAGAGCAAGATCAAGCTGACCATGCTGGAG
GluIleArgValLeuAspLysValPheLysProGluValArgGluGluPheSerLysLeuGlnSerLysIleLysLeuThrMetLeuGlu
                            40                            50                            60

                           210                           240                           270
GGGGACATCCTGGATGAGCAGTGCCTGAAGGGAGCCTGCCAGGGGGCCTCCGTGGTCATCCACACTGCCTCTATCATCGACGTGGTCAAC
GlyAspIleLeuAspGluGlnCysLeuLysGlyAlaCysGlnGlyAlaSerValValIleHisThrAlaSerIleIleAspValValAsn
                            70                            80                            90

                           300                           330                           360
GCCGTTGGGCGAGAGACCGTCATGAAGGTCAATGTGAAAGGTACCCAGCTCCTGCTGGAGGCCTGTGTCCAGGCCAGCGTGCCGGTCTTC
AlaValGlyArgGluThrValMetLysValAsnValLysGlyThrGlnLeuLeuLeuGluAlaCysValGlnAlaSerValProValPhe
                           100                           110                           120

                           390                           420                           450
ATCCACACCAGCAGCATAGAGGTGGCTGGACCCAACTCCTACAGGGAGGTCATCCAGAACGCCTGCGAAGAAGACCGTCTCGAGACGGCC
IleHisThrSerSerIleGluValAlaGlyProAsnSerTyrArgGluValIleGlnAsnAlaCysGluGluAspArgLeuGluThrAla
                           130                           140                           150

                           480                           510                           540
TGGTCCGCGCCGTACCCCTTGAGCAAAAAGCTGGCTGAGAAGGCTGTGCTGGAGGCTAACGGCTGGGCTCTTCAGAACGGTGGTACCCTG
TrpSerAlaProTyrProLeuSerLysLysLeuAlaGluLysAlaValLeuGluAlaAsnGlyTrpAlaLeuGlnAsnGlyGlyThrLeu
                           160                           170                           180

                           570                           600                           630
CACACGTGTGCTCTGAGGCCCATGTATATCTACGGGGAGGGGAGCCCATTCATCTTTGCCCACATGAACAAGGCCCTGGAGAACAATGGC
HisThrCysAlaLeuArgProMetTyrIleTyrGlyGluGlySerProPheIlePheAlaHisMetAsnLysAlaLeuGluAsnAsnGly
                           190                           200                           210

                           660                           690                           720
GTCCTGACACACAACTCCAAGTTCTCCAGAGTCAACCCCGTCTACGTCGGCAACGTGGCCTGGGCCCACATTCTGGCCTTGAGGGCCCTT
ValLeuThrHisAsnSerLysPheSerArgValAsnProValTyrValGlyAsnValAlaTrpAlaHisIleLeuAlaLeuArgAlaLeu
                           220                           230                           240

                           750                           780                           810
CGGGACCCCAGAAAGGCCCTCAGCGTCCAGGGACAGTTCTACTACGTCGCAGACGACACACCTCCCCAAAGCTACGATGACCTCAATTAC
ArgAspProArgLysAlaLeuSerValGlnGlyGlnPheTyrTyrValAlaAspAspThrProProGlnSerTyrAspAspLeuAsnTyr
                           250                           260                           270

                           830                           870                           900
ACGTTGGGCAAGGAATGGGGCTTCTGCCTTGATTCCAGAAGGAGCCTTCCGCCCTCTCTGAGGTACTGGCTGGCCTTCCTGCTGGAAATA
ThrLeuGlyLysGluTrpGlyPheCysLeuAspSerArgArgSerLeuProProSerLeuArgTyrTrpLeuAlaPheLeuLeuGluIle
                           280                           290                           300

                           930                           960                           990
GTGAGCTTCCTGCTGAGTCCAATTTACAATTATCAGCCCCCCTTCAATCGCCACTTCGTGACCCTGTGCAACAGCGTGTTCACCGTCTCC
ValSerPheLeuLeuSerProIleTyrAsnTyrGlnProProPheAsnArgHisPheValThrLeuCysAsnSerValPheThrValSer
                           310                           320                           330

                          1020                          1050                          1080
TACAAGAAGGCGCAGCGAGATCTGGGCTACGAGCCGCTCTTCACCTGGGAGGAAGCCAAGCAGAAAACCAAGGCGTGGGTTGGCTCCCTG
TyrLysLysAlaGlnArgAspLeuGlyTyrGluProLeuPheThrTrpGluGluAlaLysGlnLysThrLysAlaTrpValGlySerLeu
                           340                           350                           360

Exon 3

Exon 4
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                          1110                          1140                          1170
GTGAAGCAGCACAAGGAGGCGCTGAAAACCAAGACTCACTGACCTGGGCTGATGACCACGTGGATGTGGGTGTGAGGGGAGCTCTGTCGA
ValLysGlnHisLysGluAlaLeuLysThrLysThrHisEnd
                           370

                          1190                          1230                          1260
GCTGTTCCCCCCACCCCGCCCCCCCCGCCCCCCACCGCCACTGGCTTCATACAGAAAGTAGGGGGTCACCTTCTTGTCTGCTTCTCGCCA

                          1280                          1320                          1350
CCAGAACCCTCCCCTGTCACTGGCGCAGGAGATGCTGTCTGCCCTCCCCGCCCTTCCGGGGAAGGACAAGGGGACTGGGCGTGGCCGCTG

                          1370                          1410                          1440
GCACCCAAGTCTCAGTTGCTGATTCTGAGCCTTTTGGGGGCTTCTTTGAACTTTGAGTTTTGCCTCTTCATTCCCTTTCCTTTGTTAAAT

                          1470                          1500                        1528
GCAAAAGCCTTTCTTTTAAAAGTATGTATCCCTTCACGCAGCTCCATGAAAATAATAAACGTTTTAATGACTCAAAAAAAAAAAAAAA

Figure 5: Porcine 3β-HSD nucleotide and amino acid sequence.

Nucleotide sequence of the porcine 3β-HSD gene and the deduced amino

acid sequence of clone p11.2 screened from the porcine adipose tissue

cDNA library. The putative coding sequence begins at the ATG, codon 1,

and ends at the TGA, codon 1122. The nucleotides (including the

start-codon �����) are numbered above the sequence, while amino acids

are numbered below the sequence. Nucleotides 5� of the start-codon are

given negative numbers. The putative polyadenylation signal is underlined

and the putative beginnings of exon 3 and exon 4 are also shown.

After comparison of the porcine 3β-HSD coding sequence with the same

sequence from other species in GCG the following identities and similarities

were found. The nucleotide sequence showed 85.7%, 81.8%, 79.4%, and

79.5% identity and the deduced amino acid sequence showed 84.1%, 76%,

75% and 74.8% similarity with the nucleotide and amino acid sequence of

bovine, equine, human type I and human type II 3β-HSD cDNA, respectively

(Figure 6; Table 2). The amino acid sequences of the murine

dehydrogenase/isomerase types I, III and VI share 68.1%, 68% and 68.4%

similarity with the porcine amino acid sequence and the reductase types IV and

V share 65.1% and 64.3% amino acid sequence similarity with that of the

porcine amino acid sequence. The clone p11.2 also contained 172 nucleotides

at the 5�-end of the start-codon. A canonical polyadenylation signal (AATAAA)

is located 371 bp after the TGA stop-codon (Figure 5).
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             1                                                   50
    porcine  MAGWSCLVTG GGGFLGQRIV HLLLEEKDLQ EIRVLDKVFK PEVREEFSKL
     human1  -T-------- A--------I R--VK--E-K -------A-G ----------
     human2  ~M-------- A--L------ R--V---E-K ---A---A-R ----------
     bovine  ---------- ---------I C--V------ ---------R ----------
     equine  ---------- A--------- R--V----V- ---A-----R ----------

             51                                                 100
    porcine  QSKIKLTMLE GDILDEQCLK GACQGASVVI HTASIIDVVN AVGRETVMKV
     human1  -N-T---V-- ------PF-- R---DV--I- ---C----FG VTH--SI-N-
     human2  -NRT---V-- ------PF-- R---DV--V- ---C----FG VTH--SI-N-
     bovine  -------L-- ---------- -----T---I ----V---R- --P---I-N-
     equine  ---V---V-- -------F-- R------A-- --------T- LFNPQVT-N-

             101                                                150
    porcine  NVKGTQLLLE ACVQASVPVF IHTSSIEVAG PNSYREVIQN ACEEDRLETA
     human1  ---------- ---------- -Y-------- ----K-I--- GH--E---NT
     human2  ---------- ---------- -Y-------- ----K-I--- GH--EP--NT
     bovine  ---------- ---------- ----T----- ------I--D GR--EHHES-
     equine  --E------- --S-----I- -Y---VA--- ------I--- GH--AH---K

             151                                                200
    porcine  WSAPYPLSKK LAEKAVLEAN GWALQNGGTL HTCALRPMYI YGEGSPFIFA
     human1  -P----H--- -------A-- --N-K----- Y--------- -----R-LS-
     human2  -PT---Y--- -------A-- --N-K--D-- Y------T-- ----G--LS-
     bovine  --S---Y--- -------G-- ----K----- Y--------- -------LS-
     equine  --S---Y--- -------A-- -LP-K----- Y-------F- ------TLYY

             201                                                250
    porcine  HMNKALENNG VLTHNSKFSR VNPVYVGNVA WAHILALRAL RDPRKALSVQ
     human1  SI-E--N--- I-SSVG---T ---------- ---------- Q--K--P-IR
     human2  SI-E--N--- I-SSVG---T ---------- ---------- ---K--P--R
     bovine  Y-HG--N--- I--NHC---- ---------- ---------- ---K-VPNI-
     equine  L-HEG-N--- I----C---- A-------I- ----M----- ---K--P-I-

             251                                                300
    porcine  GQFYYVANDT PPQSYDDLNY TLGKEWGFCL DSRRSLPPSL RYWLAFLLEI
     human1  -----ISD-- -H----N--- --S--F-LR- ---W-F-L-- M--IG-----
     human2  -----ISD-- -H----N--- --S--F-LR- ---W---LT- M--IG----V
     bovine  -----ISD-- -H-------- --S------- ---M---I-- Q---------
     equine  -----ISD-- --------T- --S-K----- ---MR--IF- K---------

             301                                                350
    porcine  VSFLLSPIYN YQPPFNRHFV TLCNSVFTVS YKKAQRDLGY EPLFTWEEAK
     human1  -----R---T -R------I- --S-----F- --------A- K--YS-----
     human2  ---------S --------T- --S-----F- --------A- K--YS-----
     bovine  ---------K -N-C----L- --S-----F- ---------- ---Y------
     equine  ---------K -R---D--L- -WQ-----F- -------M-- ----S-----

             351                   373
    porcine  QKTKAWVGSL VKQHKEALKT KTH*
     human1  ---VE----- -DR---T--S --Q*
     human2  ---VE----- -DR---T--S --Q*
     bovine  ----E-I--- ------T--- -I-*
     equine  KR-TE-IDA- -EP-Q----- --L*

Figure 6: Alignment of the amino acid sequences of the porcine, human types I and

II, bovine and equine 3β-HSD gene.

Comparison of the deduced amino acid sequences of the porcine, human

types I and II, bovine and equine 3β-HSD gene. Dashes (-) represent

amino acids that are identical to the porcine 3β-HSD amino acid sequence

and the stop-codons are represented by a star (*).
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3.1.2 RT-PCR of coding region

Primers, HSDpEx2F2 and H1.3T7-4R (Table 1), amplifying a fragment of

1192 bp, which contains the complete coding sequence, were designed from

the cDNA clone p11.2.

RNA was extracted from the adrenal gland and from liver, ovary, placenta and

testis tissue. RT using the TVX primer (Table 1) was followed by a PCR with the

primers amplifying the complete coding sequence. The PCR fragment was

subcloned into a pGEM-T Easy vector and DNA was extracted from three

clones from each gland and tissue. After sequencing the coding sequence from

all clones, fourteen of the fifteen clones revealed exactly the same sequence,

which also shared 100% identity to the sequence of the cDNA clone p11.2 from

the adipose tissue cDNA library. The clone displaying a different sequence is

described in chapter 3.1.2.1.
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Table 2: Comparison of the coding sequence and amino acid sequence of the

porcine 3β-HSD gene with other species.

The murine 3β-HSD types written in normal lettering refers to types that are

known to function as dehydrogenase/isomerase while cursive lettering

refers to murine 3β-HSD types functioning as reductase. Furthermore, the

GenBank accession number to which the sequences were compared are

given in the table.

Identity (%)

Species Coding

sequence

Amino acid

sequence

GenBank accession

number

Human Type I 79.4 75 X53321

Human Type II 79.5 74.8 M67466

Bovine 85.7 84.1 X17614

Equine 81.8 76.0 AF031665

Murine Type I 72.8 68.1 M58567

Murine Type II 72.9* 67.8* M75886

Murine Type III 72.7. 68.0 M77015

Murine Type IV 71.9 65.1 L16919

Murine Type V 72.0 64.3 L41519

Murine Type VI 72.9 68.4 AF031170

* - The murine type II nucleotide and amino acid sequences are incomplete. The

available nucleotide sequence only starts at bp 318 (starting from the start-codon)

of the porcine 3β-HSD p11.2 and the amino acid sequence consists of 265 amino

acids at the 3�-end.
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3.1.2.1 Splicing variant

One of the clones produced by RT-PCR of the coding region from testis tissue

RNA revealed a different sequence to the other clones from the testis tissue, as

well as to all sequences obtained from other porcine tissues. The nucleotide

sequence included the last 78 bp (Figure 7) belonging to the 3�-end of intron 2

(see chapter 3.1.3). The remaining sequence was 100% identical to other

porcine cDNA clones sequenced.

Figure 7: Clone from testis tissue containing a splicing variant.

Alignment of the region of the sequence from the clone p11.2 and the

clone from the testis tissue showing a splicing variation. The CTA in bold

represents the putative end of exon 2 and the AGC in bold represents the

beginning of exon 3. The extra basepairs in the testis sequence are

represented by dots (.) in the porcine sequence. The numbering was taken

over from the p11.2 sequence.

3.1.3 Intron sequences

The porcine specific primers HSDpF3 and HSDpR3 (Table 1) were used to

screen a porcine BAC library. Five BAC clones (735G11, 750E1, 1047D11,

1076A3, 805C5) were obtained. The PCR products of all clones were

sequenced with the primers HSDpF3 and HSDpR3 to confirm that the

amplification was specific.

Long range PCR was performed with primers amplifying the complete

sequences of intron 2 and intron 3 using clone 1076A3 as a DNA template.

Primers were chosen from the flanking exons. It was assumed that the

           131            145
    porcine  GGGAGGAATT TTCTA..... .......... .......... .......... ..........
pGEMtestis2  GGGAGGAATT TTCTAACCTG GGTCAAAGGC GGTCAAAGGC CACCTTTATC AGGAAACTTC

                                                          146              162
    porcine  .......... .......... .......... .......... ...AGCTCCA GAGCAAGATC
pGEMtestis2  AAGACCCAGA AGCCTTGCAG TGACCTGAGT CCTGTTCATG CAGAGCTCCA GAGCAAGATC
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exon-intron-exon boundaries were situated in the same positions as in the

human 3β-HSD DNA. Primers HSDpEx1F and HSDpEx3R were used to amplify

intron 2, and the primers HSDpEx3F and HSDpR5 amplified intron 3 (Table 1).

PCR conditions were followed as described in chapter 2.2.1.6.2 and the

annealing temperatures were set at 57°C. The size of the introns was estimated

by viewing the PCR fragment on an agarose/EB gel. The vector primers T7 and

Sp6 were primarily used to sequence into the introns, which had been cloned

into pGEM-T Easy vectors for simplified sequencing. Further specific primers

were designed to sequence the complete introns. Intron 2 was found to contain

3,490 bp (Appendix, Figure 14) and intron 3 contained 3,283 bp (Appendix,

Figure 15).

3.1.4 Exon-intron-exon boundaries

The boundaries between the exons and introns were determined by comparing

the cDNA sequence of the clone p11.2 from the adipose tissue cDNA library

with the sequences of the introns. Sequences from the human types I and II

were then used to establish whether the putative porcine exon-intron-exon

boundaries corresponded. Figure 5 shows the boundaries at which the introns 2

and 3 are positioned. Introns 2 and 3 have been given the same numbers as

the human 3β-HSD gene, although intron 1 has not yet been determined.

3.1.5 Analysis of a nucleotide shift

A deletion of one nucleotide �T� is located 5 bp in front of the start-codon,

located in exon 2, of the human type I 3β-HSD gene when compared to human

type II (Figure 8). Two primers were designed for amplification of a fragment

incorporating this missing bp. A forward primer (HSDhum/pF1; Table 1) was

designed 23 bp at the 5�-end of the missing bp and a reverse primer was

designed 1 bp before the end of exon 2 (HSDhum/pR1; Table 1). The primers

were designed using the human type I, the human type II and the porcine

3β-HSD cDNA sequences. The ten base pairs at the 3�-end of both the forward
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and the reverse primer were the same in all three sequences. The extra

nucleotide �T� is located eight nucleotides upstream from the start-codon of the

human type II sequence.

Figure 8: Alignment of exon 2 of the human types I and II and the porcine 3β-HSD

gene.

The sequence of the complete exon 2 from the human types I and II and

the porcine 3β-HSD. The boxes represent the location of the primers

HSDhum/pF1 and HSDhum/pR1 and the exact sequence of the primers

are also shown. The letter �Y� represents the nucleotides �T� and �G�, the

letter �K� represents �C� and �T� and finally the letter �M� represents an �A�

and a �C�. The position of the start-codons for the three genes are indicated

in bold.

The primers amplified a PCR fragment from human and porcine DNA and the

PCR reaction was loaded to an agarose/EB gel. The fragments of the human

and porcine reaction both showed the expected size. After excision and QIAEX

the fragments were sequenced in both directions with the same primers also

used for the PCR amplification.

             -85                                                           -27
     human1   CCTCTCCAG GGTCACCCTA GAATCAGATC TGCTCCCCAG CATCTTCTGT TTCCTGGtga
     human2   CCTCTtCtG GGTCACgCTA GAATCAGATC TGCTCtCCAG CATCTTCTGT TTCCTGGCAA
    porcine   CCTCTCCAG GtTCgCCCgc tcATCcagTC TGCTCCCCAG tgTTTTCTGg TTCCTGGCAA

            -26                          1                                  34
     human1  GTGaTTCCTG CTACTTTGGA T.GGCCATGA CGGGCTGGAG CTGCCTTGTG ACAGGAGCAG
     human2  GTGTTTCCTG CTACTTTGGA TTGGCCAcGA tGGGCTGGAG CTGCCTTGTG ACAGGAGCAG
    porcine  GTaTTTCtcG GTgCccAGGt TTaGCaATGg CtGGaTGGAG CTGCCTTGTG ACAGGAGGAG

             35                                                             94
     human1  GAGGGTTTCT GGGaCAGAGG ATCaTCCGCC TcTTGGTGaA GGAGAAGGAg CTGAAGGAGA
     human2  GAGGGcTTCT GGGTCAGAGG ATCGTCCGCC TGTTGGTGGA aGAGAAGGAa CTGAAGGAGA
    porcine  GAGGGTTTCT GGGTCAGAGG ATCGTCCaCt TGTTGcTGGA GGAGAAGGAt CTGcAGGAGA

             95                                                   145
     human1  TCAGGGTCTT GGACAAGGCC TTCgGACCAG AATTGAGAGA GGAATTTTCT A
     human2  TCAGGGcCTT GGACAAGGCC TTCAGACCAG AATTGAGAGA GGAATTTTCT A
    porcine  TCcGGGTacT aGACAAaGtC TTCAaACCAG AAgTtcGGGA GGAATTTTCT A

HSDhum/pF1: CCCAG CATYTTCTGK TTCCTGG

HSDhum/pR1: AGAAAATTCCTCTCTMAMTTCTGGT
end exon 2
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Figure 9: Part of sequencing image of the human 3β-HSD genes.

The arrow pointing to the second nucleotide �T� belongs to the human

type II sequence (bp -5 in Figure 8). Underneath the red peak (�T�) is a

smaller black peak (�G�) which belongs to human type I. In the sequence

following the arrow, the shifting between the two sequences can be seen.

The sequencing analysis program allotted �N�s when the peaks of two

nucleotides were of the same strength.

The human sequencing image showed the nucleotide shift and the two

sequences of the two human types can be seen within the one image

(Figure 9), with the sequence of human type II always shifted one nucleotide

behind that of human type I. The porcine sequence showed only one clear

sequence which was calculated to have 100% identity to the porcine cDNA

clone p11.2 sequence.

3.1.6 Subcloned lambda FIX

In an attempt to find another type of the 3β-HSD enzymes, a porcine genomic

lambda FIX library was screened. A PCR probe of 552 bp, amplified with the

primers HSDpF3 and HSDpR3, was labelled with [α-32P]dATP. Three clones

were obtained. All of the clones was digested with the restriction enzymes

BamHI and HindIII, in separate reactions. Simultaneously pBluescript® II SK (+)
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had been digested with the same restriction enzymes and all digested products

were loaded to the same agarose/EB gel. The three lambda clones revealed

the same BamHI and HindIII digestion pattern. The BamHI digestion of the

lambda clones contained approximately 8 bands and the HindIII digestion had

exactly 4 fragments (Figure 10). All of the HindIII fragments from one of the

lambda clones were subcloned into the identically cleaved

pBluescript® II SK (+) and sequenced. H1, the longest of the fragments

subcloned, had a size of just over 6 kb. Both ends of the clone were sequenced

with the vector primers T3 and T7. The T7 end of the clone contained the

sequence of exon 4 of the 3β-HSD gene. Further primers were designed to

sequence into the clone. The T7 end of the clone contained 232 bp of intron 3

and exon 4.

Figure 10: Agarose gel image of pBluescript® II SK(+) and digested lambda clone.

Agarose gel electrophoresis of 1) undigested plasmid DNA, 2) BamHI
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The other clones H2, H3 and H4 were also sequenced in from the vectors with

the primers T3 and T7. By analysis of the obtained sequences it was shown

that they did not contain any part of the 3β-HSD gene.

3.2 Chromosome assignment of the 3β-HSD gene

The porcine specific primers, amplifying a fragment of 235 bp (HSDpF1 and

HSDpR1; Table 1) were used to screen a PAC library (Al-Bayati et al., 1999). A

single PAC clone (IVMPAC714D9A472) was obtained.

After confirming, by sequencing, that the PAC clone contained the gene of

interest it was used as a probe and labelled with biotin-16-dUTP for FISH. The

fluorescence signals were present on one pair of chromosomes, which after

examination of the same RBA-stained metaphase was assigned to

chromosome 4. The porcine 3β-HSD gene was mapped to the long arm of

chromosome 4, in the region 4q16-q21 (Figure 11).

Figure 11: FISH with a porcine 3β-HSD probe.

a) Porcine RBA-stained metaphase. The arrow indicates the chromosome

4�s b) the same metaphase after FISH with the PAC clone as probe. The

fluorescent signals are visible on the q arm of chromosome 4 (arrows).

a b
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3.3 Expression of 3β-HSD in cell culture

For directional cloning the inserts for the porcine adipose cDNA library had

been ligated into Uni-ZAP® XR vectors with EcoRI and XhoI cleaved ends. The

insert of the complete 3β-HSD cDNA clone p11.2 from the adipose tissue cDNA

library contains an XhoI restriction site at position 439. For this reason it was

not possible to solely cut out the insert and ligate this into a pcDNA3.1(+)

expression vector.

Using the primers HSDpEx2F2 and H1.3T7-4R the ORF of the cDNA insert was

amplified by PCR and cloned into pGEM-T Easy vector. The 3�-end of the

HSDpEx2F2 forward primer is located 1 bp in front of the ATG start-codon. The

sequence contained the Kozak translation initiation sequence (the nucleotide

�G� or �A� at position -3 and the nucleotide �G� at position +4 of the coding

sequence) required for proper initiation of translation (Kozak, 1987; Kozak,

1990; Kozak, 1991). After DNA extraction from the plasmids four clones were

sequenced with the primers T7, Sp6, HSDpF3 and HSDpR3, to avoid clones

that contained mistakes from Taq polymerase. These primers covered the

complete ORF. The sequences of two of the clones showed 100% identity to

the original template. One of these clones and the expression vector

pcDNA3.1(+) were digested with the enzyme EcoRI, loaded to an agarose/EB

gel. The DNA insert was excised from the gel, purified by QIAEX and ligated

into the pcDNA3.1(+) vector. DNA was extracted from 6 clones and all were

sequenced with the T7 primer. Three clones were positioned in the forward

orientation. One of these was taken for transfection into the 293 cells.

The antibiotic G-418 Sulfate was added to the transfected 293 cells in culture to

select for cells containing the pcDNA3.1(+) which contains the neomycin

resistance gene. Approximately 3 weeks after transfection, the cells were

confluent.
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3.3.1 Catalytic conversion

In one trial 28.8 µCi of radio-labelled 17α-hydroxypregnenolone was added to

the incubation buffer. After the incubation of one hour, the steroids were

separated by TLC on silica gel plates. The substrates and metabolites were

identified by comparison with reference steroids (Figure 12).

Figure 12: Image of the thin layer chromatography plates.

TLC plates with the image of the three substances:

17α-hydroxypregnenolone, 17α-hydroxyprogesterone and cyproterone

acetate. 17α-hydroxypregnenolone moves slower than

17α-hydroxyprogesterone and is therefore always below the latter band.

The band for 17α-hydroxyprogesterone, only barely visible in the above

image, was clearly visible after treatment with phosphoric acid.

Cyproterone acetate, an inhibitor of 3β-HSD, was used in the experiment.

In the left two lanes the 50 µg of cyproterone acetate loaded are slightly

visible, while in the right two lanes containing 5 mg, the inhibitor appears as

strong bands.

All dpm values were converted into proportions of the total amount of

17α-hydroxypregnenolone and 17α-hydroxyprogesterone for all calculations.

The control untransfected cells revealed a very low conversion from

17α-hydroxypregnenolone to 17α-hydroxyprogesterone in incubations

supplemented with both NAD+ and NADPH (between 1.3 and 1.9%; cursive in

Tables 3a and 3b). In a further trial 3.2 µCi of radio-labelled

cyproterone acetate

17α-hydroxyprogesterone

17α-hydroxypregnenolone
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17α-hydroxypregnenolone were used. Also here the control cells converted a

small proportion (between 2.5 and 3.1%) of the substrate to the product in trials

with both NAD+ and NADPH.

Table 3: In vitro conversion values from 17α-hydroxypregnenolone to

17α-hydroxyprogesterone.

The values for conversion from 17α-hydroxypregnenolone to

17α-hydroxyprogesterone are given in dpm as the percentage converted

from the total starting amount. Cursive denotes results from the first trial for

the 293 control cells and the transgenic 293 cells. Reactions were

performed in the presence of a) the cofactor NAD+ and b) the cofactor

NADPH

a)
NAD+

17α-hydroxy-

pregnenolone

17α-hydroxy-

progesterone
% converted

293 cells
237,015 3,220 1.3

(control)
260,567 4,548 1.7

18,392 595 3.1

20,669 563 2.7

3β-HSD 142,903 56,380 28.3

(transfected cells)
156,928 64, 219 29.0

876 9,684 91.7

1,173 9,765 89.3
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b)
NADPH

17α-hydroxy-

pregnenolone

17α-hydroxy-

progesterone
% converted

293 cells 236,027 4,140 1.7

(control) 236,180 4,643 1.9

17,657 512 2.8

16,068 408 2.5

3β-HSD 103,127 52,720 33.8

(transfected cells) 95,743 59,662 38.4

1,108 10,313 90.3

1,955 10,939 84.8

The trials using cells transfected with pcDNA3.1(+), containing the 3β-HSD

insert, showed a conversion from substrate to product. No significant difference

was found between the reactions using NAD+ or NADPH (P < 0.05). In the first

trial, in which 28.8 µCi of radio-labelled 17α-hydroxypregnenolone were used,

there was a conversion with rates lying between 28 and 38%. The conversion

values were much higher for the second trial, when 3.2 µCi of radio-labelled

substrate were used, lying in a range of 84 and 91%.

3.3.2 Inhibition trials

The second trial containing 3.2 µCi of radio-labelled 17α-hydroxypregnenolone

was repeated with four additional reactions. These four reactions were

supplemented with the cofactor NAD+ only. The first two were supplemented

with either 50 µg or 5 mg of the cyproterone acetate, Androcur and the second

two were supplemented with either 50 µg or 5 mg of the bicalutamide, Casodex.
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After the incubation, reactions were collected as previously described. The

incubation reactions containing cyproterone acetate showed a reduction in

conversion to 17α-hydroxyprogesterone (Table 4a). The incubations containing

50 µg showed approximately 21% conversion and the incubations containing

5 mg showed approximately 17% conversion.

The incubations treated with bicalutamide showed a low inhibition of the

3β-HSD enzyme (Table 4b): reactions containing 50 µg revealed an

approximately 84% conversion, while the incubation with 5 mg revealed an

approximately 71% conversion. All reactions treated with cyproterone acetate

and bicalutamide had a significant decrease (P < 0.05) in conversion of

substrate to product when compared to the 3β-HSD transgenic cells reactions

not containing any inhibitors.

Table 4: In vitro conversion values from 17α-hydroxypregnenolone to

17α-hydroxyprogesterone with inhibitors.

The values for conversion from 17α-hydroxypregnenolone to

17α-hydroxyprogesterone are given in dpm as the percentage converted

from the total starting amount. Reactions performed in the presence of

a) cyproterone acetate and b) bicalutamide.

a)
Cyproterone acetate treated

17α-hydroxy-

pregnenolone

17α-hydroxy-

progesterone
% converted

50 µg 13,128 3,365 20.4

13,555 3,971 22.7

5 mg 17,728 3,385 16.0

17,248 4,016 18.9
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b)
Bicalutamide treated

17α-hydroxy-

pregnenolone

17α-hydroxy-

progesterone
% converted

50 µg 2,016 11,423 85.0

2,035 10,414 83.7

5 mg 5,084 14,044 73.4

6,366 13,348 67.7
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4 Discussion

The present study describes the characterisation of a single type of 3β-HSD

found in the pig and its mapping to porcine chromosome 4. Furthermore, the

coding sequence of 3β-HSD was inserted into an expression vector and

transfected into mammalian cells. The ability of the 3β-HSD enzyme, expressed

in the cells, to convert 17α-hydroxypregnenolone to 17α-hydroxyprogesterone

was analysed in the presence and the absence of potential enzyme inhibitors.

4.1 Sequence analysis

To determine the coding sequence of the 3β-HSD gene a porcine Lambda®

ZAP II adipose tissue cDNA library was screened. The primers chosen for

screening the cDNA library were constructed from exon 3 and exon 4 of the

human 3β-HSD gene, amplifying a fragment covering part of exon 3 and most

of exon 4. The amplified sequence is highly conserved among the known types

of the 3β-HSD gene within the same species as well as between different

species. Hybridisation of the labelled probe to the Duralon membranes was

carried out under low stringent conditions with the objective of allowing the

probe to hybridise to more 3β-HSD gene types, if present in the library. Of the

5 clones isolated from the cDNA library all were 100% identical.

The coding sequences of the human 3β-HSD types I and II show 94% identity.

Hybridisation conditions for the screening of the porcine adipose cDNA library

were chosen for probe-to-target sequence homologies of 85-90%. With a probe

length of over 700 bp at the 3�-end of the gene, which shows the highest

homology between other types from other species, and the low hybridising

temperature, annealing to similar sequences would be expected. This lead to

the conclusion that the adipose tissue cDNA library contains only one type of

the 3β-HSD gene.

The expression of the 3β-HSD gene in porcine adipose tissue is in agreement

with the findings by Labrie et al. (1991), that the 3β-HSD enzyme is found in rat
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adipose tissue. Subsequently, however, Labrie et al. (1992) found that the

adipose tissue of female rats expresses types I and II, and none were detected

in male adipose tissue. For the construction of the porcine cDNA library, RNA

was extracted from the tissue of several female pigs. As the human genome

shows a higher homology to the porcine genome than to the murine species

and as various human tissues and organs have been described to only contain

one type of 3β-HSD this supports the result of finding only one type in the

porcine adipose tissue.

The porcine 3β-HSD gene encodes a protein of 373 amino acids, which is the

same for the human 3β-HSD type I (Luu-The et al., 1989; Lorence et al., 1990;

Lachance et al., 1990; Lachance et al., 1992). Other types known in other

species have also been found to contain 373 amino acids. The only exception

is the human type II protein which contains 372 amino acids (Lachance et al.,

1991; Rhéaume et al., 1991). The bovine 3β-HSD was reported to have a

molecular mass of 42 093 Da (Zhao et al., 1989), and the human 3β-HSD type I

a molecular mass of 42 216 Da (Luu-The et al., 1989) which are both

approximately the same as the molecular mass of the porcine 3β-HSD gene,

which was calculated to be 41 851 Da.

Due to higher similarities with the murine dehydrogenase/isomerase types I, II,

III and VI, than to the reductase types IV and V (Table 2), the described porcine

type seems to function as a dehydrogenase/isomerase. Comparison of the

amino acid sequences revealed no significant differences between similarities

to human type I and type II, therefore it is not possible to determine the

corresponding type in a sub-classification where, the dehydrogenase/isomerase

types were divided into units depending on the organ or tissue of the enzymes

expression (Clarke et al., 1993).

A splicing variant was found in a clone containing the complete coding region

from the porcine testis. Although RNA splicing can be regulated to produce

different forms of a protein from the same gene (alternative splicing), the

various human and murine 3β-HSD types only exhibit single nucleotide

differences within the ORF. The coding region of plasmid clone p11.2 had

exactly the same sequence as the clone from testis tissue apart from the

additional sequence (intron 3) in the testis clone. As the human and murine
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3β-HSD genes do not show alternative splicing this clone was assumed to

derive from an mRNA variant.

4.1.1 Porcine 3β-HSD types

The human, murine and rat 3β-HSD isoenzymes have been extensively

investigated over the last decade. To check the hypothesis that only one

3β-HSD type exists in the porcine genome other approaches were applied:

tissue specific expression, screening of genomic library, nucleotide shifting and

intron length analysis.

4.1.1.1 Expression of 3β-HSD in porcine tissues

Murine 3β-HSD type I is expressed in classical steroidogenic tissues, the

adrenal glands and the gonads. Types II and III are expressed in the liver and

the kidney, with type III being the major isoform expressed in the adult liver

(Abbaszade et al., 1995). Murine 3β-HSD type IV is expressed almost

exclusively in the kidney of both sexes (Clarke et al., 1993), and expression of

3β-HSD type V is observed only in the male liver starting late in puberty

(Abbaszade et al., 1995). The adult mouse 3β-HSD type VI appears to be the

only isoform expressed in the skin and is also expressed in the testes, but to a

lesser extent than 3β-HSD type I (Abbaszade et al., 1997). Abbaszade et al.

(1995) performed an RT-PCR specific for the murine 3β-HSD type V. An

amplified fragment was observed in the kidney, the male liver and testes and

none was found in ovaries of female mice, the adrenal glands or the liver of

both sexes. The porcine genome is related closer to the human genome than to

the rodent species murine and rat. The human type I 3β-HSD has been found

to be expressed in the placenta, the mammary gland and the skin (Rhéaume et

al., 1991) and type II in the adrenal gland, the ovaries and testes (Labrie et

al., 1992). Sequencing of RT-PCR products from porcine adrenal gland, liver,

ovary, placenta and testis tissue revealed only one type of 3β-HSD. This

allowed the assumption to be made, that only one type of 3β-HSD gene exists

in the pig. This is supported by the fact that the tissue that revealed different
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types in the human and murine all showed the same type in the porcine. If on

the other hand, the primers used for RT-PCR would be specific for only one

type, no amplification product would have been present, thus confirming that

only one type is present.

4.1.1.2 Screening porcine genomic library

The porcine genomic library was screened with a probe of 550 bp from the

3�-end of the 3β-HSD gene. Similarly as with the porcine adipose tissue cDNA

library, hybridisation conditions were kept at low stringent conditions. In spite of

the favourable conditions for hybridisation of the probe to DNA with homologies

from 85%. The 3 clones obtained from the library were assumed to be the

same as they all had the same digestion pattern after digestion with the

restriction enzymes BamHI and HindIII. One of these lambda clones was

subcloned and sequenced. Part of intron 3 and exon 4 of the 3β-HSD gene

were contained within one of the subclones. Exon 4 was 100% identical to the

porcine adipose tissue cDNA sequence, and therefore also of the same type.

4.1.1.3 Nucleotide shift

If the porcine genome contains a second type of 3β-HSD, like the human

genome, it could contain the same deletion as the human type I. The deletion is

located 5 bp in front of the start-codon, when compared to the human type II.

This knowledge was applied to amplify a PCR fragment which included the

section where the human type I has one nucleotide less. At least 10 nucleotides

at the 3�-end of both the forward and the reverse primer were 100%

complementary to the corresponding regions on the human types I and II and

porcine 3β-HSD sequences. The sequencing image clearly showed that the

porcine template amplified one fragment, whereas a shifting of the sequence

could be viewed from the human sequenced fragment. At the position where

the human type I is missing the nucleotide there were two peaks (Figure 9) for

�G� (type I) and �T� (type II). In the sequence following the two peaks, the

nucleotide with the stronger fluorescence dominates and at positions where

both nucleotides have a fluorescence of similar strength an �N� was assigned by

the sequencing analysis program (Figure 9). This overlapping of two sequences
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within the one sequencing image was also observed by Joerg et al. (1996)

when sequencing a PCR product from an animal heterozygous for a deletion in

the MSHR gene.

4.1.1.4 Intron length

The human and murine sequences reveal different lengths of their introns

(Lachance et al., 1990, 1991; Clarke et al., 1996). Particularly intron 2 and

intron 3 show the greatest variation within a species as well as between species

(Table 5). The porcine introns 2 and 3 were amplified to see whether different

lengths could also be observed. However, only one fragment was obtained by

long range PCR for both introns 2 and 3, and from this it was not possible to

determine whether only one porcine 3β-HSD exists. The primers were chosen

from the cDNA clone p11.2 from the adipose tissue. As only one band was

obtained from the PCR reactions for intron 2 and intron 3 the designing of the

primers can be questioned as these were constructed on the basis of only one

sequence and their specificity may be for the type already available. However, it

may be added that, at 57°C, the annealing temperature was set lower than the

primers require for an amplification, allowing an annealing to the template even

when the specificity was not 100%.
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Table 5: Intron size of the 3β-HSD gene human types I and II and murine types I, II,

III and IV.

Species Gene type Intron 1 (bp) Intron 2 (bp) Intron 3 (bp)

I 125 3,883 2,168Human

II 132 3,851 2,228

I 126 ~1,900 ~2,800

II - ~3,000 ~1,200

III - - ~1,300

Murine

IV 432 ~6,500 ~3,700

Data for the human genes is from Lachance et al. (1990, 1991) and data

for the murine genes is from Clarke et al. (1996)

The above arguments all support the evidence that the porcine genome

contains only the one 3β-HSD type described and characterised from the

porcine adipose tissue cDNA library.

4.2 Chromosome assignment

In the murine, the 3β-HSD isoforms have been found to be closely linked on

chromosome 3 (Bain et al., 1993). In the human the two known types have also

been shown to be in close genetic linkage (Russell et al., 1994) and have been

allocated to chromosome 1p13.1 (Morrison et al., 1991). The segment on

murine chromosome 3 containing the 3β-HSD genes shows conservation of

gene order with the corresponding region of human chromosome 1.
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Figure 13: Porcine chromosome 4 and human chromosome 1.

Porcine chromosome 4 (according to INRA) and human chromosome 1

(according to NCBI – the human/murine homology map). Both

chromosomes show the region of the NGFB gene and the human

chromosome furthermore includes the region of the 3B-HSD types I and II.

The porcine PAC clone, containing the 3β-HSD gene, was mapped to

chromosome 4q16-4q23. This is in agreement with the comparative gene map

(Rettenberger et al., 1995). Human chromosome 1, which contains the 3β-HSD

genes, was shown to correspond to the evolutionarily conserved fragments

located on porcine chromosomes 4, 6, 9, 10 and 14. The porcine chromosome

region 4q15-23 contains the nerve growth factor beta (NGFB; Lahbib-Mansais

et al., 1994; Rohrer et al., 1996) gene which lies at position p13 on human

chromosome 1, the same position as the human 3β-HSD genes are located at

HHSSAA11

SSSSCC44

p15

p14

p13
p12
p11
q11
q12

q13
q14
q15
q16

q21

q22
q23
q24
q25

p36.3

p36.1

p34.3
p34.1

p32

p31

p22

p21

p13

p12

q11

q12

q21
q22
q23
q24
q25

q31

q32

q41

q42
q43
q44

p36.2

p35
p34.2
p33

p11

NGFB gene

NGFB/3βHSD1/3βHSD2
gene location at 1p13.1



80 Discussion

(Figure 13) and supporting the presence of the porcine 3β-HSD found in this

position (Figure 11). This finding is compatible with the result found by Tosser-

Klopp et al. (1998) using the somatic cell hybrid panel where a positive PCR

result was obtained for the porcine 3β-HSD gene for chromosome 4 as well as

for the q21-q23 region on the same chromosome.

4.3 3β-HSD expression in cell culture

In the biosynthesis of the C19-∆16 steroid pheromones, the mineralocorticoids,

the glucocorticoids and the androgens from their respective precursors, the

action of 3β-HSD is required as the first step of enzymatic catalysis to form the

corresponding ∆-4 3-keto-steroid structure (Katkov and Gower, 1970; Brooks

and Pearson, 1986; Dumont et al., 1992). This is the step in which

17α-hydroxypregnenolone is converted to 17α-hydroxyprogesterone. Cell

cultures transfected with the coding sequence of the 3β-HSD catalysed this

reaction. The control untransfected cells did not induce this conversion. This

specific conversion showed that the sequence transfected into the mammalian

cells encoded for the expected 3β-HSD enzyme.

In the first trial the conversion of 17α-hydroxypregnenolone to

17α-hydroxyprogesterone was performed with 28.8 µCi

17α-hydroxy[3H]pregnenolone. In the reactions using NAD+ as a cofactor the

conversion was just under 30% and in the reactions using NADPH the

conversion was just over 30%. In the second trial, a much smaller amount of

substrate (3.2 µCi) was used and the conversion rates rose to approximately

90%. Comparison of the two trials lead to the assumption that the enzyme had

been a limiting factor, accounting for the lower conversion rates in the first trial.

The repeat with a lower level of the labelled substrate demonstrated that the

3β-HSD enzyme catalyses this reaction, with most of the substrate being

converted to 17α-hydroxyprogesterone.

The murine 3β-HSD types I, II, III and VI and the human types I and II function

as dehydrogenase/isomerase (Clarke et al., 1996). This is the same enzymatic

activity as observed in the cell cultures transfected with the porcine 3β-HSD
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coding sequence. This supports the theory that the known porcine 3β-HSD also

belongs to the dehydrogenase/isomerase types.

Addition of two potential 3β-HSD inhibitors to the cell culture systems was

tested. The addition of the 3β-HSD inhibitor cyproterone acetate caused the

conversion to 17α-hydroxyprogesterone to lie at approximately 20%. This

decrease is in agreement with Takahashi et al. (1990), where cyproterone

acetate was also found to have a relatively high inhibitory effect on 3β-HSD.

Cyproterone acetate is a potent steroid inhibitor with progestational activity

(Takahashi et al., 1990; Gruber et al., 1998). Bicalutamide, on the other hand is

an anti-androgen and did not show any inhibitory effect, although the

conversion was slightly decreased in the 293 cell cultures transfected with

3β-HSD. The application of the bicalutamide would be of interest in vivo as

amides have a wider range of half-life than the steroid-like structures in the

body.

Katkov and Gower (1970) demonstrated that androstadienol is converted to

androstadienone by the action of 3β-HSD-isomerase in the presence of NAD+

acting as a cofactor. Clarke et al. (1996) furthermore, made a classification of

the human, murine and rat 3β-HSD isoforms, also classifying which cofactor,

NAD+ or NADPH, was preferentially used by the enzyme. Human types I and II

are both NAD+ dependent and the murine types I, II, III and VI were also

classified as NAD+ dependent. A higher identity was found between the porcine

3β-HSD gene and the murine dehydrogenase/isomerase isoenzymes, which

are NAD+ dependent, than to the reductase isoenzymes, which are NADPH

dependent. In the cell cultures, however, no significant difference was found in

the affinity of either NAD+ or NADPH to the enzyme 3β-HSD. The porcine

3β-HSD enzyme seems to function equally in the presence of both cofactors.

This affinity of the 3β-HSD enzyme for both NAD+ and NADPH could in fact be

an indication that the enzyme functions in the presence of both cofactors and

may be a further indication that only one type of the 3β-HSD gene exists in the

porcine genome.
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Cooke (1996) suggested that due to the selective effects of cyanoketone and

trilostane, two 3β-HSD inhibitors, on the 3β-HSD enzyme in the androgen and

C19-∆16 biosynthesis in the pig, the reaction is catalysed either by separate

enzymes or by separate non-interacting sites on a single enzyme. The latter

statement could explain why only one type of the 3β-HSD genes was found and

depending on the location and the substrate to be catalysed a different site is

active on the enzyme.
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5 Conclusions and future perspectives

It was initially assumed that the porcine genome, like the human and murine

genome, also contained more than one 3β-HSD type. After applying several

tests, however, only one sequence was obtained for the porcine 3β-HSD gene.

Screening of the porcine adipose tissue cDNA library revealed the complete

ORF of the 3β-HSD gene. The screening of a porcine genomic library displayed

the same sequence for exon 4 as well as part of the sequence of intron 3. All

three clones found in the genomic library showed the same digestion pattern

and were therefore assumed to contain the same 3β-HSD type. In the human

and mouse genome the different types appear to be expressed tissue-specific

(Clarke et al., 1993). Tissues and glands were chosen that had different types

first of all the human, but the type-specific expression in rodent species was

also taken into consideration. Various tissues were examined by RT-PCR to

see whether another type could be found. All 3β-HSD sequences from the

adrenal gland and from liver, ovary, placenta and testis tissue, except for one

with a splicing variant from the testis tissue, exhibited the identical sequence.

Particularly the murine types, but also the human 3β-HSD types show

considerable variations in the lengths of introns 2 and 3. PCR with porcine

genomic DNA of these introns produced one intron length. Finally, the human

3β-HSD type I has one nucleotide less than the type II. A PCR incorporating the

region of this deletion was performed with human and porcine genomic DNA

and subsequently sequenced. A shifting of the nucleotide sequence was

observed in the human sequencing image, while the porcine image showed one

definite sequence.

 The combination of the separate tests carried out to find a new 3β-HSD type

showed that the porcine genome only contains one type. The porcine genome

therefore, does not appear to have one specific 3β-HSD isoenzyme to convert

androstadienol → androstadienone. As a consequence it will not be possible to

produce an inhibitor which would block the 3β-HSD enzyme catalysing only this

reaction, which had originally been an aim.
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In a follow-up project to this study it would be of great interest to examine other

pathways catalysed by the 3β-HSD enzyme by means of in vitro cell cultures as

described in the present study. Differences in the biosynthesis of the C19� ��

steroids, mineralocorticoids, glucocorticoids and androgens catalysed by the

3β-HSD enzyme in the adult boar (Brooks and Pearson, 1986; Figure 3) could

be tested. The conversions of androstadienol to androstadienone,

pregnenolone to progesterone, dehydroepiandrosterone to 4-androstenedione

and androstenediol to testosterone could be compared with each other to see

whether the known 3β-HSD enzyme shows a higher of lower activity for one

particular pathway.

It has been shown possible to produce inhibitors which only block the synthesis

of androgens by blocking the pathway of specific P450C17 enzymes (Hartmann,

2001). Similarly, in an attempt to selectively inhibit the andien-β synthase

activity, the C17,20-hydroxylase/lyase was also inhibited (Turner and van

Leersum, 1988). So far, no selective inhibitors have been found for enzymes of

the C19-∆16 steroid pathway. Should, however, one type be responsible for the

conversion the of ∆5-3β-hydroxysteroids to the ∆4-3-keto configuration it may

be possible to produce an anti-3β-HSD which will only block the C19-∆16

steroid pheromone pathway. A new approach could be to intervene at another

stage of the C19-∆16 pathway. The conversion of androstadienone to

androstenone, the major pheromone responsible for boar taint, is catalysed by

4-ene-5α-reductase (Brooks and Pearson, 1986). Although this is the same

pathway as used to reduce testosterone to 5α-dihydrotestosterone, a highly

active androgen, it may be possible to block the former reaction with a specific

5α-reductase inhibitor. The best known inhibitors are 4-MA and finasteride

(Takahashi et al., 1990; Martel et al., 1993; www.FocusOnMedications.com/).

The preliminary aim was to inhibit the production of the C19-∆16 steroids during

the development of the animal. A 3β-HSD enzyme inhibitor, suppressing all

3β-HSD reactions could, however, be implemented at a further stage of

development of the entire males. This would allow the beneficiary advantages

of the androgens and oestrogens, secreted by the gonads, to prevail during the

greater part of the growth before slaughter. The inhibitor would be used
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approximately two or three weeks before slaughter. After this time span the

androstenone content in the adipose tissue is decreased below palatable

levels, similar to those observed in gilts or castrates (Claus, 1976; Bonneau et

al., 1982). The inhibitors given to the animals would also need to be completely

degraded with no remains in the carcass after slaughter.

The importance of finding a suitable inhibitor to selectively inhibit the production

of the C19-∆16 steroids would allow the development of future strategies and

possibilities in pork production.
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7 Appendix

       1  ACTGGATGGA GCTGCCTTGT GACAGGAGGA GGAGGGTTTC TGGGTCAGAG

      51  GATCGTCCAC TTGTTGCTGG AGGAGAAGGA TCTGCAGGAG ATCCGGGTAC

     101  TAGACAAAGT CTTCAAACCA GAAGTTCGGG AGGAATTTTC TAGTAAGTGA

     151  ACTCTAGTTA TGGGTGTGTA GCTCCATTTT AAACCCTGCA TTGGTGTGGG

     201  GAGGGGGTTC TTGTCTAGCA GTTTCAGGAA AACTGTAATC CAATCAAGGC

     251  TAATCCTATG TCTTTGCAAA GGCAATCACA GATGGGGTAA TAGAAAGACA

     301  CCGAGCTGGG TGTCTGGAGA TGAGTCCGGT CCTGACCAAG AACTAGAGAG

     351  GGAGCCGCAG CCCCGGCCAC TTCTGCTTCT AGGCGTCTTT TCTTTTCATC

     401  TGGAAAATCA CATATCAGTT TTCTCTTTTG TCAACAAGTC TTTAACATTC

     451  TGAAGATTTT TTTGACTTGT CACTTGCTTT GCACCGTCTG CAAAGGGCAA

     501  GCAAGTGCCA TTAACCCCTG GGTCCCTACC CCTCTTGATT GTCCCTGCAG

     551  ACTAATGGGT CTCTTTGTGG CTTCACTTAA CATTGCCGGT GAACCAGAAG

     601  GGAGTGAAGT GAGTGACTGA GAGAGAGAGA GTGAGAGAGA GAGAGCGAGA

     651  GAGAGAGTGA GAGAGAGAGA GCGAGCGAGA GAGTGAGAGA GAGAGAGAGA

     701  GAGGGAGAGA CAGATAGAGA GACAGAGGGA GGTAGGGAGG GAGGAAGAGA

     751  GGGAGTAGGA GAGAGAGGGG AGTGGAAGGG GGGCCTGGGC GTGCAGCGAG

     801  GGAGCCCGAA ACAGAATGAG AGGCAGCAGA CAACAGACAC ACCTCCTGTG

     851  GACAGGTGCC GTGCTGGATG CAGAGGCTTC TGGAAGGAAA ATAATAGAGA

     901  ATGCTCATGG AGTTCTTTCT GTGCCAGGCA GTGGGCTAGG TGTTTTTTCG

     951  TTTGTCCCCT CATTTGCCCC TCATCACAGC CCTCTGGGAT GGGTAAGAGT

    1001  ATCCTCCTGT TTTAAAGATG AGAATACAGG CACAGGGGAG TACAGCCCAT

    1051  GCAGGCTGCT GCAACGAAAA GAAAAGCAGG CTGGGTAGCT TATGACAAGA

    1101  AATTCATTTC TCACAGTTCT AGAGTCTAGA AGTCCAAAAT CAAAGCAGGA

    1151  TCACCTTTCT TGCATTGCCT CAGATGGTGG AAGAGGCTAG AGATCCCTGG

    1201  GGTGTTTTTG TTTTTTTTTT TCTTCCCACA CCTGCAGCAT ATACAAGTTG

    1251  AATCTGAACT GCAGCTGTGA CCTGTGCCAC AGCTGTGACC TATAACCCGC

    1301  TGTGCTGGGC AGGGGATCGA ACCTGATCCA CAGCAAAGAC AATGCAGGAT

    1351  CCCTAACCCG CTGTGCCACA GTGGGAACTC CTCTCTGGGT TCTTTTATAA

    1401  GAACACTAAT GCCATTCATG TGGGCTCTAC CCTCATGACC TAATCACCTC

    1451  CCCAAGGCCT CCAGCTCCTA CGCCATCACA CTGGCATTAG GATTTCAAAG

    1501  AAGTGGATTT GAGGGGACAC AAACACACAG ACATAGCTGA GGTTAATGAA

    1551  CTAGTCAAGG TCCTCCATCT GGAGAAGAGC AAAGCTGGAT TTGAACCCAC

    1601  CCAGGCAGTC CGGCTGCAGT GTCTGTGCTC TTAAGCACTA GGTTGCCTGA

    1651  AGGCTTCTCT CCAGGCCTCC TTCCAACCTC GCTCACACCA CGTAAGCAAC
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    1701  TGTATACTCA GTCCATGTAG AACACTTGCC ACATCCACAG AGCCTTGGAG

    1751  GAGGGAGCTA TGGCTCCACA GGGGAGGCAC CCACAGCGCC CTCTGCTGGT

    1801  GTCTCTGCAT CCCTGCAGAC TAATGGGTAA GCAATTTCCT CCCTTGGCTC

    1851  TGGGCTTCAG GGCAGAGCAG TTCCTTTGAG CCCCTCTGCT GCAGTTAGCG

    1901  TGGAGAGAGA GGCACAGCGA AGGGAAAGGG AGGGCAGAGG TGGGAACATG

    1951  ATCAGAAAAT TCTTCTCTCA GGCTAACTCC TCTGCCTTTT CTCCACTTCC

    2001  TGGCCTTTTC AGAGTGAAAG AAAGAGACTG GGGCTGAGCT AATTTTGGCA

    2051  GAGGCTTAGA TGGTTTTTCC AAGTTGCAAC CCAGGAAGGA CGTTCTCCAG

    2101  CCCCGAATAT TTCACTGTGG ATTTCTCTCC ACTGTTCTCT GGCCTCCACT

    2151  GCCAATTTCA CTTATACTGC TGTATCCTTA CTCTGCCTCC GAAAAGTGCC

    2201  AGCCCTAGGG CGTGGGTGAT GGGAAAGGGA GCAAGGCTAG AAGGCAGGGG

    2251  GACAGCCTGG AGTCTCTGTT AGAAGGGCAT CTTATACTGC CCCTTACCCT

    2301  CTCTGAGCCT CAATCTCCTC ACCTCTAAGG TGGAAATCAG AATCCCCCTC

    2351  TCACGAGAGA GCTGTGAAAG GAAAACTAAA AGTTGTGTGC AAAGCCAAAA

    2401  GCCCAAAATA AGCGCAGGAT ATTTATCCAA ATGGTAGGAG TGTGGCATTT

    2451  ATTTCCCTGG CTGATTGGAG GTGATAACAT TACTGGTGGT GTTACTCCCA

    2501  GTGGGCTTCA GAGACCCTGA TGTTGTATCC ACGGCCAGTG GCAAGACGGC

    2551  CAGATTGCCA GTCCCTCGGT GGCTGGCTCC TTTCCAGCAC TGACACCTGC

    2601  TTTTGATGGT CTCTAATAAG AGTCCTTTCA AGTCCATCCA TCATTCGGGC

    2651  CCATCCTAAA TTCCTATTGG CAAGCGCCAG CATCCTCCTG ATCACTCCAG

    2701  GGGAATACGG AGGGCTGTCT TTGACTCTCC CTCTCAGCCC GGCTCAAGTA

    2751  AGAACAGAAC CTGCCAAGGT AAGGTCTGAA AGTCGAACCT TGCATTCCTC

    2801  TGCTCTCCTG GGCTCCCAGT GCTGGATCCC TGGTTGCATC CTCCTCGTGT

    2851  GAAAGGTGAT GTAGACAGTG TGAACAACCC CTCCATCTCC TTGCTTTCTC

    2901  TTAAATCCCC TGCTTCCATC TCCTTTATAA CAGCACGGCT AGGGTTAACT

    2951  TCCTACGCCA CAGCTCTGTT GCCTTCCTCC TTTAATTCCA CACCCGTTCA

    3001  CGATTCCTCA TTCCCTACAG CATCACATTC AAATCTGCTC CTTGATGCAC

    3051  TTTATAAACG TCCCATGAGT CTCTATCAAT TTTGCGTTTC AGGCCCTTTT

    3101  TGGGGGGAGG GGCCTGCACC CGCGGGCATG TGGAGGTTCC CAGGCTAAGG

    3151  GTTGAATCGG AGCTGCAGCT GCCGGCCTAC AACACAGCCA CAGTGACGCC

    3201  AGATCCGAGC TATGTCTGCG ACCTACACCA CAGCTCACAG TAACACGGGA

    3251  TCCTTAACCC ACCGAGTGAG GCCAAGGATG GAACCTGTGT TCTCATGGTT

    3301  ACTGGTTGGG TTCATTACTG CTGAACCACA AGGGGAGCTC CCCAGGCACT

    3351  CTTGACTCCT CAGTGCTCAA ACTCTTTTTT GGCATCAGAT GGGATGGGAA

    3401  GAGATATTTT GCTCTTTCCC AGTAAATGCC ACACATTCTG ATCCCAACAA

    3451  ATGCCACACA TTCTGATTTC TGTGCCTTTG TTTACTTGTT CCTTCCATGG

    3501  AATATACCTC CCTCCCTGCC AACCTCCCCC CCCCCCATCC ACCTGTCTTT

    3551  GAAGACCTGG GTCAAAGGCC ACCTTTATCA GGAAACTTCA AGACCCAGAA

    3601  GCCTTGCAGT GACCTGAGTC CTGTTCACGC AGAGCTCCAG AGCAAGATCA
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    3651  AGCTGACCAT GCTGGAGGGG GACATCCTGG ATGAGCAGTG CCTGAAGGGA

    3701  GCCTGCCAGG GGGCCTCCGT GGTCATCCAC ACTGCCTCTA TCATCGACGT

    3751  GGTCAACGCC GTTGGGCGAG ATACCGTCAA AAAGGTCAA

Figure 14: Porcine 3β-HSD intron 2 nucleotide sequence.

The putative beginning of intron 2 is at bp position 143, denoted in bold as

GTA. The putative end of intron 2 is at bp position 3632 and the last three

nucleotides of the intron are underlined, CAG.

       1  TCAGAGCAAG ATCAAGCTGA CCATGCTGGA GGGGGACATC CTGGATGAGC

      51  AGTGCCTGAA GGGAGCCTGC CAGGGGGCCT CCGTGGTCAT CCACACTGCC

     101  TCTATCATCG ACGTGGTCAA CGCCGTTGGG CGAGAGACCG TCATGAAGGT

     151  CAATGTGAAA GGTACAGGAT CCTGGGGGAG CGGGAGGGAG GGGCATGTGA

     201  GGACCAGAAG CCAGGCTAAG GAAGGAGGAG GAGCCTGGGG AACACCTGCT

     251  GGGTGGGTGC CAAGGGTTTT TGCTTGTCAC CACAAAGAGA GAAGTCAAAT

     301  TTTGGACTTG CCTTTCAAGC TATCAGCCTC AGTTTTTCAG GTGAGGAAAC

     351  TAGGGCTGAG AAAAGTTAAG TGTCTTGTCC AGATGGGGGG AATGAAATGG

     401  CTGGGATTGA AACCCACCTC CCGGGTGGCT CCAAAGGCCA TGGAAGCTCT

     451  TTCTTTTGCT GCTGTCAAGT GCACTTTTAG TCAAGTGCTG ACTAAATGCC

     501  AACCTCCAAC TTCTTGCTCT CCGCCTGCCT CCTGCCTCCC TGGGGCTGGA

     551  ACGAGACCTT ACCAGTGCTT CCTTGGTCAT CACGTTAACC TTCTGCGTGG

     601  CTCTAAGGTG GTGGCCACAC CACCTCCCAG AATGAAAATC TTTATGACAT

     651  GAGGTGCCCC CGAGTCATTT GGGAACAACA GGCCCCAGCT CTGGGCTGGT

     701  CTCCTTCGGG CCAGACTTCC TGCACAGGAT CTCCAAGGGT TAAGAGATTG

     751  CCTAGCCCCT GCCCACTCAC CTTCCAGAGG GACCCCCTCA CCCAGAACAC

     801  TAGCAAAACT CGTTCCCGGT GATCTGGCAG GACAGAATTA TCCAGCATGG

     851  ATCTTCTCAT AATACTGTCT TAATAAGAAT AGTTTCCCCG TTATCCACAT

     901  GACCGCCTCC TCAGCTCACT ACCAGGTCTA TCACTGAAGC GTGGGTCCTA

     951  GCCCGGTACC CAAGGACACC CTCCTTAGGT CCCTATCACC TGGATGCTTG

    1001  GTAGCTCTTC CTGAATCGTG GCTTTCCAAC TTCCTTTGAA TCTAGATGCC

    1051  TTCGCTCAAG GGATTAGCTT AAATCCTTTA TTAGCCTGCT CTGTAGTATT

    1101  ATCCCTCTGA CCCCTGGAGG CCAATCCCTC TAGGACCACA GCACCCCAAC
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    1151  CCCCTAGCCC ATCTGCCTTC CATGCCCTGC CCACCAGAGT TAGTCTTTGC

    1201  ACAGACGCCC CTTCCCAAAG CAATTCGCTG TTTTTGCATC TCTGGCCTAA

    1251  AGTAGCAAAG TCTCAAAAGA AACCCTTTCT CTATTCGGCT TAGCCCCCCA

    1301  ACCCCCAAGA TCCCCCCCTC CCCACCACTG CCAGGAGGGT GCAGAGATTA

    1351  ACCAGTTTGT AGTTTTCGGT CCCTCTCTCA TCATTTCTAC TCTCCTCAGC

    1401  TCCCAGCACC TGAGCCTTTG AAATCCCTGA GATGTGTTAG AGGTCTCTGT

    1451  TGAGTAAAAC TAGTATCAGT GTCAGGTTTA GAGAAGACCT GGCAGTGATA

    1501  GTCATTGCTC CCTCTGCAGG TGAATTAGCT CTGAATTCTC TCTGCTTCTA

    1551  CATTTAGTTT TTTTTTTTTT AAATGAAGGC GTCTCTCCTG AAAATCAAAT

    1601  TGCACAAAAC ACTTACAAAG CATGTTTTAA AAATACCACC CACAAAAAAT

    1651  GATGCTTTAC CCAGGAAAAT CCTTTCTTCG ATAAGGAAGG CGCTCTGGAT

    1701  TATCTTCAAG AGGTAAAATT CTACTCCGCT TTACGAGTCT CCAAATCCCA

    1751  CCCATTGCAG ATTTTACCAG CAGAGGGCGG ACTCTTCCTG TTCTTCGCCA

    1801  GGCTCAACAT ACAAGGCCCC AGGGCAGGGC TCCACAATTA TAGATAAAAG

    1851  ATTTTTTATC GCCTCTGCTT TTCATATCCG GGTAAACGGA GTCACAGCCA

    1901  GATTTAGGAA GTGCCTTTGT AGAGAAAACA CCAGGAACAG AGTCTGGATC

    1951  TCCAGCTTCT CCCCAGAACC CACAATCAGG TGCTCACTGA CTCAAAAAAA

    2001  TTCCTTGTGA CAAGTTTTTA TAGATCTTCA AAGAAATGAG AAAAATACAA

    2051  ACACTTCAAT GTATATTTAA GAATATATAT ATATATATAA CCACAGAGTT

    2101  CCCGTTATGG CTCAGTGGGT TAAGAGCCTG ACAAAGTATC TGCGAAGAAG

    2151  TGGGTTTGAT CCCTGGCCCT CCTCAGCGGG TTAAGGATCT GGCTGTGGCA

    2201  AGCTGTGGCA TAAGTCACAG ATGCAGCTTG GATCCCGTGT TTCTGTGGCT

    2251  GTGGCATAGA CCAGCAGCTG CAGCTCTGAT TCGACTCCTA GCCTGGGACC

    2301  TTCCACATGC TGCAGGTGCG GCCGTCGAAA GGAAAAACAA AGTATAGGGG

    2351  ATCTATATAC AACTCTCTGT GCATGTGAGT GTATGTGATG TGAGTCCTTC

    2401  AACTGTCCTC TTTTGCCTAA GGACTAGCGC TTTCCATATT CTAAGAGTAT

    2451  GGTCTCCTCA CTTTTTTTTT TTTTTTTTTT TTTTGGCTTT TCTTTTTTTG

    2501  CTATTTCTTG GGCCACTCCC GCGGGATATG GAGGTTCCCA GGCTAGGGGT

    2551  TGAATCGGAG CTGTAGCCAC TGGCCTGCGC CAGAGCCACA GCAACGCTGG

    2601  ATCCGAGCTG CGTCTGCAAC CTACACCACA GCTCACGGCA ACGCCAGATC

    2651  CTTAACCCAC TGAGCAAGGG CAGGGACCGA ACCTACAACC TCATGGTTCC

    2701  TAGTCGGATT CGTTAACCAC TGTGCCATGA TGGGAACTCC CCTCCTCACT
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    2751  TTTTAAGTGC AAATAGCCTG TCTTTGGGAG TTCCCACTGT GGCTCAGCAG

    2801  TAACAAACAT GACTAGTATC CATGAGAGTG CGGGTTTGAT CCCTGGCCTT

    2851  GCTCAGTGGG TTAAGTATCT GGCGCTGTCA TGAGCTGTGG TGTAGGTTGG

    2901  GGATGCGTTG CTGTGACTCA GCTGTATCTC CAATTTGACT CCTAGCCTGA

    2951  GAACTTCCAT ATGCCGGGGA GTGTGGCCCT AAAAAGACAA AAAAAGAAAA

    3001  AGAGAGAGAG ACAGGAAGGA AGAAAGGAAG GGTGGGAGAA AAAGAAAAAG

    3051  AAAGGGACCT AAAAAGACAA CAAACAAACA AATAGCCTGT CTTTAATGAG

    3101  GTAGTAGAGA GGATAAATGA TAATTTTAAA ATCTCCTTAC TCTGCCAAAT

    3151  ATAAAGTGGC CTCTTGTCCT TTTCCAAAAT TGAAGGCACA GGCACAGATC

    3201  CATGAACTCC AAAAGCTTAG AAATGCTCAC CCTCCAGAAC CCAAGCCTTG

    3251  GTCTCTTTTC ATTTGTGCTT TTTTCCCTCT GGCTGAAGCA CGGTCAGATC

    3301  TCAGCCAGAG ACATACAAGA TACACTCCTG AGGTGCAAGA CCCACCTGGC

    3351  CGGTGGGGCA GGGCGGGGGG TGCAGACACG GTCTCTGGCC TGGCTGGCTC

    3401  CAGGCTCTTT CCTGACAGTG ACGGTGTGTG CTCTCCGTGG GCAGGTACCC

    3451  AGCTCCTGCT GGAGGCCTGT

Figure 15: Porcine 3β-HSD intron 3 nucleotide sequence.

The putative beginning of intron 3 is at bp position 162, denoted in bold as

GTA. The putative end of intron 3 is at bp position 3444 and the last three

nucleotides of the intron are underlined, CAG.
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