Ff T

HEINRICH HEINE

UNIVERSITAT DUSSELDORF

The control of the honeybee sex determination pathway

by alternative splicing

Inaugural-Dissertation

zur Erlangung des Doktorgrades der
Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Inga Nissen

aus Haan (Rheinland)

Dusseldorf, Marz 2012



aus dem Institut fiir Evolutionsgenetik

der Heinrich-Heine-Universitat Disseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Disseldorf

Referent: Prof. Dr. Martin Beye

Korreferent: Prof. Dr. Laura Rose

Tag der mundlichen Priifung: 20.4.2012



Erklarung

Die hier vorgelegte Dissertation habe ich eigenstandig und ohne unerlaubte Hilfsmittel
angefertigt. Die Dissertation wurde in der vorgelegten oder in dhnlicher Form noch bei
keiner anderen Institution eingereicht. Ich habe bisher keine erfolglosen

Promotionsversuche unternommen.

Inga Nissen Diisseldorf, den 23. Méarz 2012



Contents

Contents

CRAPLEN ...ttt bbbttt s st 6

AllZEMEINE EINIEITUNE ..veeeiiiiiee et s s e e s sbae e e s s sbae e e s snaaees 7
I.I  Die Geschlechtsbestimmung bei der Honigbiene Apis mellifera ............ccccoevveeeeicieeieccineeennnne, 7
LIl Die Geschlechtsdetermination bei der Taufliege Drosophila melanogaster ........................ 11
LI Die Geschlechtsdetermination beim Seidenspinner BombyxX mMori.........cccccveevcueieenceeeeennnen. 15
I.IV  Tra2 - ein wichtiger Faktor der Geschlechtsdetermination..........c.ccccceeeeiiieiiciiieeccciee e, 16

L.V SpleiBen - ein wichtiger Mechanismus bei der Regulation der Geschlechtsdetermination. 18

I.V.I  Das SpleiRen eukaryotischer pra-mRNAS ........ccoiiiiiiiiiiiie e 18

[RYAI Cis-regulatorische Sequenzen helfen bei der Spleiistellenerkennung.........ccccccvveenne 20
LV SR-Proteine und SR-ahnliche Proteine und ihre Rolle beim alternativen SpleiRen...... 21

I.VI Fragestellungen und Ziele der Arbeit.........ooe i e 22

L L=EY=] o I OO PP P PP PPPRTRPTON 24
Chapter II: Manuscripts and additional experiments...............cccocooveveiiveinnene, 25

Manuscript I: The Am-tra2 gene is an essential cofactor of female splice regulation at two

levels of the complementary sex determination hierarchy of the honeybee..................... 26
Y o1y o - Lot AT POV URTO PP 27
T ageTe [¥To1 4T ] o HA PP PST PP USRPRON 28
Materials aNd METNOMS ....cc.uiiiieiee ettt st e e 31
RESUIES ettt ettt ettt et et e s b e s bt et e bt e bt e bt e sb et sat e et e e b e e b e e bt e nneeene e et e e reenreen 34
BT o{ U1 o [PPSR PRSP 43
ST o L= g T=T o) - Y D | - TP 49
RETEIENCE ISt .iiniieiieeeieee et e sb e st sttt e b e b e s bt e st e st e e b e ebeenneens 51

Manuscript Ill: Fem and Am-Tra2 proteins direct female specific splicing of the Am-dsx pre-

mRNA by activation of the female splice donor site in the honeybee Apis mellifera......... 57
Y o 3] 1 o= Yot AR 58

[} 4 e Ye [§ Lot o] o FUEEET TR 59



Contents

Materials aNd IMEIOGS ........cuuiiiiiiiee e e e e s bee e e e sbee e s e s beeeeenanes 62
RESUILS ettt ettt et e e st e e e e s b bt e e e s b et e e e s bte e e e s b ee e e e e b eeee e e beeeeeebaeeeenbeaeeeareeeeenanees 65
DT ol ¥ (1] o o [ PP OPPPPPPP 75
U] o]0 (=l g Y=l gL =Y AV D | = PO R 79
2] =Y =T o T N ) PSPPSR 87
Additional experiment: RNA Electro Mobility Shift Assay.............ccccooeveiriecininirereeee, 93
CRAPLEI ...ttt ettt ettt s b 98
ZUSAMMENTASSUNE ceeiiiiiiieiiiiiee ettt ee ettt e e e st e e e s ae e e e s abae e e s sabaeeesssbeeeesnabeaeessassaaeessssaeeesnnsens 99
SUMIMIAIY .eiieeeeeei e e e e e ettt rre e e e e e e et e et t e eeeeeeeeeassana e aeaesssesssnnassaeeeessassssnnnnsaeeeessssssnnnnseeeeesnnnes 100
(=T o O] PP 101

DANKSAGUNG ..vveeeiiiiee e ettt ettt e e ettt e e st e e s st e e e e sttt e e e s abae e e s abaaeeesabaeee e e nbaaeeenaraaeesenareeeeanns 113



Chapter |

Chapter |



Chapter | Allgemeine Einleitung

Allgemeine Einleitung

Im Laufe der Evolution haben sich in der Natur viele verschiedene Mechanismen entwickelt,
die die Geschlechtsdifferenzierung in den unterschiedlichen Organismen regulieren.
Insbesondere die initialen Signale fir die Einleitung der maéannlichen oder weiblichen
Entwicklung weisen ein breites Spektrum an Determinationsfaktoren auf, wozu unter
anderem Umwelteinfliisse als auch genetische Faktoren zdahlen. Wahrend bei Reptilien
beispielsweise die Temperatur der entscheidende Determinationsfaktor ist (Bull, 1980),
findet man u.a. bei Saugetieren, Vogeln, der Taufliege Drosophila melanogaster und dem
Fadenwurm Caenorhabditis elegans geschlechtschromosomal gekoppelte Systeme (Erickson
and Quintero, 2007; Cline and Meyer, 1996; Graves, 1995; Schartl, 2004). In etwa 20% aller
Tierarten wird die haplodiploide Geschlechtsbestimmung verwirklicht. Prinzipiell entwickeln
sich dabei aus unbefruchteten Eizellen mannliche Tiere, die nur einen Chromosomensatz
aufweisen und aus befruchteten Eizellen weibliche Tiere mit zwei Chromosomensatzen (Bull,

1983).

Il Die Geschlechtsbestimmung bei der Honigbiene Apis mellifera

Die Honigbiene weist eine besondere Variante der haplodiploiden Geschlechtsbestimmung
auf: die haplodiploide komplementdre Geschlechtsdetermination. Hier entscheidet der
allelische Zustand am geschlechtsbestimmenden Lokus (Sex Determining Locus - SDL) Gber
das Geschlecht des Individuums (Whiting, 1943). Im Falle der Honigbiene handelt es sich
dabei um das multiallelische Gen complementary sex determiner (csd), wobei man bisher 15
verschiedene Allele nachweisen konnte (Hasselmann et al.,, 2008; Hasselmann and Beye,
2004). Liegt csd am SDL im heterozygoten Zustand vor, entwickeln sich Weibchen, wahrend
bei hemi- oder homozygotem Allelzustand die mannliche Entwicklung eingeleitet wird (Abb.
1). In der Natur kommen allerdings nur diploide Weibchen und haploide Mannchen vor, da
die unfruchtbaren diploiden Drohnen im friihen Larvenstadium von den Arbeiterinnen

gefressen werden.

Wie durch RNA-Interferenz (RNAi) Experimente gezeigt werden konnte, ist die heterozygote
Form der aktive Zustand von csd. In genetisch weiblichen Embryonen fiihrt die Repression
der c¢sd Transkription zur Entwicklung von Méannchen. Genetisch mannliche Embryonen
werden durch das Ausschalten des Gens csd in ihrer Entwicklung nicht beeinflusst. (Gempe

et al., 2009; Hasselmann et al.,, 2008). Die einzelnen csd-Allele kodieren fiir SR-dhnliche
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Abb. 1: Komplementare Geschlechtsbestimmung der Honigbiene

In der Honigbiene entscheidet die allelische Zusammensetzung des c¢sd-Gens am
geschlechtsbestimmenden Lokus Uber das Geschlecht der Nachkommen in der F1-Generation.
Diploide (2n) Nachkommen mit zwei verschiedenen csd-Allelen (heterozygoter Allelzustand; A/C
oder B/C) sind weiblich. Haploide (n) Nachkommen mit nur einem csd-Allel (A oder B;
hemizygoter Allelzustand) oder zwei identischen csd-Allelen (homozygoter Allelzustand; hier:
A/A) sind méannlich.

csd: complementary sex determiner; (2n) diploid; (n) haploid; P: Generation der Eltern; F1:
Nachkommen der ersten Generation

Proteine, die sich in Sequenz und Molekulargewicht unterscheiden. Hauptverantwortlich fiir
diese Unterschiede ist die sogenannte Hypervariable Region (HVR) am Carboxy-terminalen
(C-terminalen) Ende von Csd. Zuséatzlich zur HVR besitzen Csd-Proteine eine Prolinreiche
Region (PR) und eine Arginin-/Serin-reiche Domane im C-Terminus (Beye et al., 2003; Beye,

2004), die vermutlich flir Protein-Protein-Interaktionen wichtig sind.

Das Gen csd ist durch eine Genduplikation aus dem Gen feminizer (fem) hervorgegangen und
ist ihm in der geschlechtsbestimmenden Kaskade (bergeordnet (Abb. 2A). Im aktiven
Zustand beeinflusst Csd in seiner Eigenschaft als SR-dhnliches Protein das

geschlechtsspezifische SpleiBen des fem-Gens und leitet so den weiblichen Entwicklungsweg
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ein. Das mannchenspezifische fem-Transkript setzt sich aus 12 Exons zusammen und kodiert

fiir ein nicht funktionales Protein (Abb. 3A). In Weibchen wird ein alternativer SpleiBdonor in

s A
LTS EANVLAS LN

| Lons Y| 423
Csd | | rs IRVEZY! 407 2a

Apis mellifera | RS W 419 aa

!
b 77% 72%.
]

Fem ' Rs | RS Lﬁ 403 aa
Drosophila melanogaster Tra | RS I iii| 197 aa

Abb. 3: Schematische Darstellung der alternativen Spleivarianten des feminizer (fem) Gens der
Honigbiene (A) und der Domanenstruktur der Proteine Complementary Sex Determiner (Csd),
Feminizer (Fem) und Transformer (Tra) (B) (nach Hasselmann, 2008).

(A) Das Gen fem wird geschlechtsspezifisch gespleiSt. Das Startkodon (ATG) in Exon 2 wird in beiden
Geschlechtern benutzt. Mannliches fem-Transkript (oben) besteht aus 12 Exons und umfasst einen
offenen Leserahmen (ORF) von 510 bp, der fiir kein funktionales Protein kodiert. In Weibchen (unten)
wird ein alternativer SpleiRdonor in Exon 3 benutzt, wodurch direkt auf Exon 6 gespleift wird. Durch
die damit verbundene Entfernung des mannchenspezifischen Stopkodons (TGA), wird ein Stopkodon
am Anfang von Exon 12 benutzt (TAA). Das weibliche fem-Transkript hat einen ORF von 1206 bp und
kodiert fiir das SR-dhnliche-Protein Fem. (B) Die Domanenstruktur des Fem-Proteins ist im Vergleich zu
drei Csd-Proteinen und dem Protein Transformer (Tra) aus D. melanogaster dargestellt. Die Csd-
Proteine besitzen eine RS-Doméne (Arginin/Serinreiche-Domaéne), eine Hypervariable Region (HV) und
eine prolinreiche Region (PR). Das Fem-Protein besitzt im Gegensatz zum Csd-Protein eine weitere RS-
reiche Domane, dafir aber keine Hypervariable Region. Das Protein Transformer (Tra) in D.
melanogaster ist nur halb so groR wie das Fem-Protein und weist nur eine RS-Domane und eine PR-
Domane auf. Arginin/Serinreiche Domanen (RS) sind in gelb dargestellt, prolinreiche Domanen (PR) in
blau und die Hypervariable Region (HV) in griin. Exons sind durch Boxen, Introns durch Linien
dargestellt. Kodierende Bereiche sind dunkelgrau, bzw. dunkelblau dargestellt, nicht kodierende
hellgrau, bzw. hellblau.

10
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Exon 3 benutzt; der hintere Teil von Exon 3, sowie die Exons 4 und 5 werden
herausgespleifit. Dadurch wird auch das Stoppcodon entfernt, das in Mannchen die
vorzeitige Termination der Translation bewirkt (Abb. 3A). Das weibchenspezifische
Transkript kodiert wie csd fiir ein SR-dhnliches Protein und nimmt eine wichtige Funktion in
der weiteren Geschlechtsdeterminationskaskade ein (Hasselmann et al., 2008; Gempe et al.,
2009). Ein Vergleich der Aminosduresequenzen von Csd und Fem zeigt, dass sie (iber 70%
Sequenzidentitat aufweisen (Abb. 3B) (Hasselmann et al., 2008). Das Fem-Protein besitzt wie
Csd-Proteine eine RS-reiche und eine PR-Domadne im C-terminalen Bereich. Das Protein weist
keine HVR-Region auf und besitzt eine zusatzliche RS-reiche Domadne im N-terminalen
Bereich (Gempe et al., 2009) (Abb. 3B). In Weibchen beeinflusst das Protein Fem das
geschlechtsspezifische Spleilen der Apis mellifera doublesex (Am-dsx) pra-mRNA. Das
weibchenspezifische Am-dsx-Transkript setzt sich aus 7 Exons zusammen, wadhrend in
Maéannchen das weibchenspezifische Exon 5 (ibersprungen und direkt von Exon 4 auf Exon 6
gespleilt wird (Abb. 4A). Beide Transkripte kodieren fiir Transkriptionsfaktoren, die eine
zinkfingerartige Domédne (DM-Domane) besitzen und sich nur durch ihr C-terminales Ende
unterscheiden (Cho et al., 2007) (Abb. 4B). Zusatzlich zu seiner Funktion als Spleifregulator
von Am-dsx ist das Fem-Protein im Verlauf der Ontogenese fiir die Aufrechterhaltung des
weibchenspezifischen Status verantwortlich, indem es autoregulativ flir das SpleiRen der

eigenen pra-mRNA in den weibchenspezifischen Zustand sorgt (Gempe et al., 2009).

L1l Die Geschlechtsdetermination bei der Taufliege Drosophila melanogaster

Die genauen molekularen Mechanismen, die zur Einleitung der weibchen- oder
mannchenspezifischen Entwicklung des Honigbienenembryos fihren, sind auf den drei
Regulationsebenen c¢sd, fem und Am-dsx noch weitgehend unbekannt. Am besten
untersucht wurde die Geschlechtsdeterminationskaskade der Taufliege Drosophila
melanogaster (Abb. 2B). Das initiale Signal ist hier das Verhéltnis von
Geschlechtschromosomen zu Autosomen (X:A), bzw. die Dosis an Numeratorgenen, die auf
dem X-Chromosom lokalisiert sind, im Verhéltnis zu Denominatorgenen, die auf den
Autosomen liegen (Erickson and Quintero, 2007; Cline and Meyer, 1996; Schitt and
Nothiger, 2000). Je nach Dosierung der X-Chromosomen wird nun entweder die mannliche

(X:A = 0,5) oder die weibliche Entwicklung (X:A = 1) eingeleitet. Wahrend der konstitutive

11
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d ATG TAG

400 bp (exons)

= 5000 bp (introns)

9 Am-DsxF P :
T amose

Abb. 4: Schematische Darstellung der alternativen SpleiBvarianten des Apis mellifera doublesex
(Am-dsx) Gens (A) und der Am-Dsx Proteine (B) (nach (Cho, 2007) und eigenen Daten (nicht
publiziert)).

(A) Das Gen Am-dsx wird geschlechtsspezifisch gespleit. Das Startkodon (ATG) in Exon 2 wird in
beiden Geschlechtern benutzt. Weibliches Am-dsx-Transkript (oben) besteht aus 7 Exons und
umfasst einen offenen Leserahmen (ORF) von 831 bp. Das weibchenspezifische Exon 5 (rot) wird in
Mannchen (unten) herausgespleit, wodurch das weibchenspezifische Stopkodon (TGA) entfernt
wird. Stattdessen wird ein Stopkodon (TAG) am Ende von Exon 6 benutzt, was zu einem ORF von
1008 bp fiihrt. (B) Beide Transkripte kodieren fiir Transkriptionsfaktoren, die zwei
Oligomerisierungsdoméanen (OD; schwarze Balken) enthalten. Die aminoterminal gelegene OD1 ist
in beiden Geschlechtern identisch und besteht aus einer atypischen Zinkfingerdomane im Amino-
Terminus, wahrend sich die carboxyterminal gelegene OD2 zum Teil im geschlechtsspezifischen
Proteinabschnitt (rot, bzw. blau dargestellt) befindet. Exons sind durch Boxen, Introns durch Linien
dargestellt. Kodierende Bereiche sind dunkelgrau, bzw. dunkelrot dargestellt, nicht kodierende
hellgrau, bzw. hellrot.

sex-lethal- (sxI) Promotor Sxlp,, in beiden Geschlechtern aktiv ist und das komplette sx/-
Transkript produziert wird, kann der weibchenspezifische Promotor Sxlpe nur beim richtigen
Verhaltnis von Numerator- zu Denominatorgenen aktiviert werden (Parkhurst and Ish-
Horowicz, 1992). Dieser erzeugt eine verkirzte sx/ pra-mRNA, der das Stoppcodon fehlt, das
in Mannchen zur vorzeitigen Termination der Translation fuhrt. Das weibchenspezifische

Transkript kodiert fiir das SxI-Protein, das nach Deaktivierung des Promotors Sxlpe durch

12
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positive Rickkopplung Uber Sxlp,, die Synthese von weibchenspezifischen Transkript

aufrechterhilt (Keyes et al., 1992; Bell et al., 1991).

Sobald das SxI-Protein in weiblichen Embryonen exprimiert wird, nimmt es die Rolle des
Schliisselregulators in der weibchenspezifischen Geschlechtsdetermination der Taufliege ein.
In seiner Eigenschaft als RNA-Bindeprotein ist das Sxl-Protein nicht nur fir das
autoregulatorische SpleiBen seiner eigenen pra-mRNA verantwortlich, sondern auch fir das
geschlechtsspezifische Spleien der male-specific lethal-2 (msl-2) und transformer (tra) pra-

MRNAs.

MSL-2-Proteine sind in Mannchen an der X-chromosomalen Dosiskompensation beteiligt,
indem sie zusammen mit anderen Genen fiir die Hypertranskription der X-chromosomalen
Gene sorgen (Gilfillan et al., 2004; Bashaw and Baker, 1995). Die Regulation erfolgt tiber das
SpleiBen von Intron 2 der msl-2 pra-mRNA. In Weibchen bindet das SxI-Protein zundchst an
mehrere RNA-Bindestellen in Intron 2 und verhindert somit dessen Entfernung. Da Intron 2
Teil der 5’'UTR ist, wird durch diesen SpleiRprozess der offene Leserahmen (ORF — open
reading frame) von ms/-2 nicht beeinflusst, jedoch die Proteinexpression im Cytoplasma: im
Anschluss an den SpleilRprozess bindet das SxI-Protein an Bindestellen im 5‘- und 3’UTR von
msl-2  Transkripten und inhibiert die Translation, wodurch im Weiteren die
Hypertranskription X-chromosomaler Gene verhindert wird. In Madnnchen wird das Sxl-
Protein nicht exprimiert, Intron 2 wird herausgespleit und die Expression von MSL-2-
Proteinen wird ermoglicht (Bashaw and Baker, 1997; Gebauer et al., 1999; Kelley et al.,
1997).

Auch fiir die geschlechtsspezifische Expression von Tra-Protein und somit fur die
Geschlechtsdetermination, ist das Sxl-Protein von essentieller Bedeutung. In beiden
Geschlechtern besteht die pra-mRNA von tra aus 3 Exons, jedoch unterscheidet sich das
SpleiBschema durch Verwendung unterschiedlicher SpleiRakzeptoren in Exon 2. Dabei
konkurriert SxI in Weibchen mit dem Spleiffaktor U2AF um die Bindung an der
mannchenspezifischen Spleilstelle und wirkt somit als Repressor (Valcarcel et al., 1993).
Daraufhin kommt es zur Verwendung einer schwdcheren Spleiistelle in 3’-Richtung,
wodurch das mannchenspezifische Stoppcodon entfernt wird (Boggs et al., 1987). In
Weibchen kodiert das tra-Transkript fir ein SR-dhnliches Protein mit einer RS-Doméane und

einer C-terminalen prolinreichen Region (Boggs et al., 1987). Tra ist ein Ortholog des zuvor

13
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erwahnten Fem-Proteins der Honigbiene (Abb. 3B), und es wird angenommen, dass die
beiden Proteine einen gemeinsamen evolutiondaren Vorfahren haben (Hasselmann et al.,

2008).

Anders als SxI wirkt Tra als aktivierender SpleiBregulator beim weibchenspezifischen
SpleiRen der doublesex (dsx) pra-mRNA. In Abwesenheit von Tra kommt es zur Bildung des
mannchenspezifischen Transkripts dsx, das sich aus den Exons 1-3, sowie 5 und 6
zusammensetzt. In Weibchen wird durch die Expression von Tra ein schwacher
SpleiBakzeptor aktiviert, wodurch von Exon 3 direkt auf Exon 4 gespleit wird. Am Ende von
Exon 4 befindet sich eine Polyadenylierungsstelle, die die Transkription der
weibchenspezifischen mRNA dsx” beendet (Hedley and Maniatis, 1991; Burtis and Baker,
1989). Da Tra eine RNA-Bindedomane fehlt, kann der SpleiRregulator den weiblichen
SpleiRprozess nicht alleine einleiten und wird von einer Reihe von SpleiRfaktoren
unterstitzt, darunter das SR-Protein Transformer2 (Tra2). Dabei assoziieren Tra und Tra2
zusammen mit anderen SR-Proteinen zu einem SpleiRregulationskomplex und binden Gber
die RNA-Bindedomdne von Tra2 an sechs Sequenzwiederholungen eines exonischen
Spleienhancers (ESE-exonic splicing enhancer) und ein purinreiches Element (PRE) in Exon 4
(Tian and Maniatis, 1993; Lynch and Maniatis, 1996, 1995). Dies fuhrt zur Aktivierung des
etwa 300 Nukleotide strangaufwarts gelegenen schwachen Spleillakzeptors von Exon 4 und
dem Einschluss des weibchenspezifischen Exons durch die SpleiRmaschinerie (Sciabica and
Hertel, 2006). Doch sind die Tra/Tra2-Bindestellen nicht nur essentiell fir die Initiation von
weibchenspezifischem  SpleiRen, sondern auch fir die Verwendung der
weibchenspezifischen Polyadenylierungsstelle (Hedley and Maniatis, 1991; Burtis and Baker,
1989). Die dsxESE Sequenzen bestehen aus einem charakteristischen, 13 Nukleotid langen
Motiv (TC(T/A)(T/A)C(A/G)ATCAACA) (Nagoshi and Baker, 1990; Inoue et al.,, 1992), das
mittlerweile ebenfalls in dsx-Genen anderer Dipteren identifiziert wurde (Hediger et al.,
2004; Saccone et al., 2008; Lagos et al., 2005). Beim Seidenspinner Bombyx mori als auch bei

der Honigbiene, ist dieses Motiv nicht vorhanden (Cho et al., 2007; Suzuki et al., 2001).

Das weibliche, wie auch das mannliche dsx-Transkript kodieren flr Transkriptionsfaktoren,
die geschlechtsspezifisch die Aktivitdt der finalen, phénotyppragenden Gene der
somatischen Geschlechtsbestimmungskaskade kontrollieren (Burtis et al., 1991). Dsx" und

Dsx™ besitzen zwei Oligomerisierungsdominen (OD1 und OD2), die wichtige Schnittstellen
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fur DNA- und Proteininteraktionen sind. Die OD1 ist in beiden Proteinen identisch und
besteht aus einer atypischen Zinkfinger-Domane (DM-Domaéane). Durch Verwendung der
unterschiedlichen Spleiflstellen unterscheiden sich die beiden Proteine jedoch im C-
terminalen Bereich und somit in der Sequenz der OD2, wodurch die weibchen- und
mannchenspezifische Regulation der Zielgene gesteuert wird (An et al., 1996; Coschigano
and Wensink, 1993; Burtis et al.,, 1991; Cho and Wensink, 1997; Sanchez et al., 2001;
Keisman et al., 2001; Williams et al., 2008).

LIl Die Geschlechtsdetermination beim Seidenspinner Bombyx mori

In allen diesbeziiglich untersuchten Lepidopteren hangt die Geschlechtsdetermination von
der Zusammensetzung der Geschlechtschromosomen ab. Wahrend Mannchen
homogametisch sind (ZZ), besitzen Weibchen entweder nur ein Geschlechtschromosom (Z0)
oder zwei unterschiedliche Geschlechtschromosomen (ZW). Es wird angenommen, dass es
sich bei dem Z0/ZZ-System um das urspringliche handelt (Traut and Marec, 1996), wobei
vermutlich die unterschiedliche Dosis von einem oder mehreren Genen auf dem Z-
Chromosom Uber das Geschlecht bestimmt. In Bombyx mori findet man das ZW/ZZ—System
(Abb. 2C). Hier wird ein ,feminizing“-Faktor auf dem W-Chromosom vermutet (Hashimoto,
1933), der jedoch noch nicht genauer bestimmt werden konnte. Durch Anwesenheit des W-
Chromosoms werden regulative Vorgdnge ausgelost, die zur weiblichen Entwicklung fihren.
Am Ende dieser Kaskade steht wie bei Apis mellifera und Drosophila melanogaster das Gen
doublesex (Bm-dsx), das ebenfalls geschlechtsspezifisch gespleilit wird und fir
Transkriptionsfaktoren mit einer DM-Domane kodiert (Ohbayashi et al., 2001). Bei
Expression eines Bm-dsx Minigens in Hela-Zellextrakt tritt anders als bei D. melanogaster,
das weibchenspezifische Spleillen als voreingestellter Weg auf (Funaguma et al., 2005). In
Mannchen wird das weibchenspezifische SpleiRen durch die SpleiBinhibitoren BmPSI
(Bombyx mori P-element somatic inhibitor) und BmIMP (Bombyx mori IGF-Il mRNA binding
protein) verhindert, was sowohl durch RNAi Experimente in mannlichen Zellen, als auch
durch Ko-Expression der beiden Proteine in weiblichen Zellen gezeigt wurde (Suzuki et al.,
2010, 2008). Bmpsi wird nicht geschlechtsspezifisch exprimiert und kodiert fiir ein Ortholog
des zuerst in D. melanogaster identifizierten PSI-Proteins. Das Protein enthalt wie PSI vier

RNA-Bindemotive des KH- (hnRNP K-homology) Typs, sowie im C-Terminus zwei
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hintereinander auftretende Wiederholungen eines 30 Aminosdure langen Motivs, der PSI-AB
Domane (Suzuki et al., 2008). Das Gen Bmimp ist auf dem Z-Chromosom lokalisiert und wird
mannchenspezifisch exprimiert. Es kodiert fur ein Protein mit vier KH-Domanen und ein
RNA-Bindemotiv des RRM-Typs (Suzuki et al., 2010). Sowohl Bm-PSI als auch Bm-IMP binden
im weibchenspezifischen Exon der Bm-dsx pra-mRNA spezifisch an das CE1 Motiv, eine 20
Nukleotid lange, UA-reiche Sequenz, die drei Wiederholungen eines UAA-Motivs enthalt
(Suzuki et al., 2010, 2008). Der partielle Austausch dieser Region gegen ein Sequenzmotiv
aus dem Gen P25 fiihrte zu weibchenspezifischem SpleiBen in mannlichen Zellen (Suzuki et
al., 2008). Neben ihrer Bindung an das CE1-Element, interagieren die Proteine Bm-IMP und
Bm-PSI auch miteinander. Dabei wird durch Bindung des Bm-IMP-Proteins an Bm-PSI-Protein
die Bindeaffinitat von Bm-PS| an das CE1-Element erhoht, was im Endeffekt vermutlich das

mannchenspezifische SpleiRen der Bm-dsx pra-mRNA fordert (Suzuki et al., 2010).

Diese Erkenntnisse, sowie die Abwesenheit von typischen Tra/Tra2-Bindestellen, lassen
vermuten, dass das Bombyx mori Ortholog des Tra2-Proteins (Bm-Tra2) nicht in die

Geschlechtsbestimmung involviert ist.

I.IV  Tra2 - ein wichtiger Faktor der Geschlechtsdetermination

Orthologe des tra2-Gens wurden in den Insektenordnungen Diptera, Lepidoptera,
Hymenoptera und Coleoptera isoliert oder annotiert (Burghardt et al., 2005; Salvemini et
al., 2009; Sarno et al.,, 2010; Amrein et al., 1990; Mattox et al., 1996; Niu et al., 2005),
unter anderem auch in der Honigbiene Apis mellifera (Dearden et al., 2006). Alle tra2-
Transkripte kodieren durchweg fiir SR-Proteine und besitzen neben einer RNA-
Bindedomaéne (RBD) ein oder meist zwei RS-reiche Domanen (Amrein et al., 1990; Mattox
et al.,, 1996). Bei mehreren Dipteren (Drosophila melanogaster, Musca domestica,
Ceratitis  capitata, Anastrepha obliqua) ist das Gen Am-tra2 in die
Geschlechtsdeterminationskaskade involviert (Burghardt et al., 2005; Salvemini et al.,

2009; Sarno et al., 2010; Amrein et al., 1990; Mattox et al., 1996).

In Drosophila melanogaster wurden vier alternative SpleiBprodukte von tra2 beschrieben,
die fur drei Isoformen des Tra2-Proteins kodieren (Tra2?®*, Tra2??® und Tra2'”®) (Amrein et

al., 1990). Das Protein Tra2 ist in den geschlechtsspezifischen Spleillprozess der doublesex
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pra-mRNA involviert und aktiviert dort den weibchenspezifischen SpleiRakzeptor. Diese
Aufgabe ibernehmen insbesondere die lingeren Isoformen Tra2?®* und Tra2?*, die
konstitutiv in somatischem Gewebe und in weiblichen Keimzellen exprimiert werden
(Amrein et al.,, 1990; Mattox et al., 1990, 1996). Neben seiner Aufgabe in der
weibchenspezifischen Geschlechtsdetermination ist das Protein Tra2??® essentiell fir die
Spermatogenese in mannlichen Keimzellen. Dort wird es fir die Prozessierung der
exuperantia (exu) und der alternative-testes-transcript (att) mRNA bendtigt (Mattox et al.,
1996; Hazelrigg and Tu, 1994; Madigan et al., 1996). Da die mannliche Fertilitdt auch von
der richtigen Dosierung des Tra2?*®-Proteins abhangt, kontrolliert das SR-Protein seine
Expression in den mannlichen Keimzellen Uber einen autoregulativen Mechanismus.
Dabei reprimiert das Tra2??®- Protein die Entfernung des M1 Introns, was zur Entstehung
eines Transkripts fihrt, das aufgrund des Fehlens der N-terminalen RS-Domane fir die
verkiirzte und vermutlich funktionslose Isoform Tra2'’”® kodiert (Mattox et al., 1996;

McGuffin et al., 1998; Mattox and Baker, 1991; Mattox et al., 1990; Amrein et al., 1990).

Eine weitere Rolle spielt das Tra2-Protein im Nervensystem von D. melanogaster, wo es
zusammen mit Tra-Protein den weibchenspezifischen Spleifdonor der fruitless pra-mRNA
aktiviert. Dieser Prozess wird durch Bindung von Tra- und Tra2-Proteinen an drei
Wiederholungen desselben 13 Nukleotid langen Sequenzmotivs reguliert, das auch beim
doublesex SpleilRen essentiell fir die Tra/Tra2-Bindung ist (Ryner et al., 1996; Heinrichs et
al., 1998).

Auch in den Dipteren Musca domestica, Ceratitis capitata und Anastrepha obliqua wurde
die Rolle des Gens tra2 bei der Geschlechtsbestimmung untersucht. Durch Ausschalten
der tra2-Transkription mittels RNAi wurde ein Einfluss auf das weibchenspezifische
SpleiRen der pra-mRNA von tra sowie von dsx beobachtet. Fir alle drei Arten wurde
postuliert, dass das Tra2-Protein sowohl eine direkte Rolle bei der (Auto-)regulation des
Spleilprozesses der tra pra-mRNA spielt, als auch beim SpleiBen der dsx pra-mRNA. Diese
These wird durch die Anwesenheit von Tra/Tra2-Bindemotiven in den
weibchenspezifischen Exons der jeweiligen dsx pra-mRNA unterstiitzt (Hediger et al.,
2010; Burghardt et al., 2005; Salvemini et al., 2009; Sarno et al., 2010). Fiir das tra2-Gen
von Bombyx mori (Bm-tra2) wurde bisher noch keine geschlechtsspezifische Funktion

beschrieben, wobei der unterschiedliche Mechanismus des Bm-dsx Spleilens, sowie das
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Fehlen von Tra/Tra2-Bindestellen in Bm-dsx gegen eine dhnliche Funktion wie der von
tra2 in D. melanogaster spricht (Suzuki et al., 2001, 2010, 2008; Niu et al., 2005). In der
Honigbiene wurde ebenfalls ein tra2-Gen beschrieben (Dearden et al., 2006), allerdings
ist bisher weder etwas Uber die Anzahl moglicher SpleiRvarianten bekannt, noch Uber
dessen Funktion. Die fir D. melanogaster typischen Tra/Tra2-Bindestellen fehlen in Am-

dsx allerdings genauso wie in Bm-dsx (Cho et al., 2007).

IV SpleiBen - ein wichtiger Mechanismus bei der Regulation der
Geschlechtsdetermination

Das alternative SpleiRen ermoglicht einem Gen fur mehrere Transkripte und somit auch fir
verschiedene Proteine zu kodieren. Unter anderem spielt der Prozess des alternativen

Spleillens eine duBerst wichtige Rolle in der Geschlechtsdetermination.

I.V.I Das SpleiRen eukaryotischer pra-mRNAs

Beim Spleiflen werden aus der pra-mRNA, die nicht kodierenden Introns entfernt und die
Exons zu einer kodierenden Sequenz zusammengefiigt. Die Entfernung des Introns erfolgt
durch zwei aufeinanderfolgende Transesterreaktionen (Abb. 5). Im ersten Schritt attackiert
die 2'OH-Gruppe des Adenosins der Verzweigungsstelle (branchpoint), die sich
strangaufwarts vom SpleiBakzeptor befindet, die Phosphodiesterbindung an der
Exon/Intron-Grenze. Dadurch liegt das strangaufwartsgelegene Exon frei vor, wahrend das
Intron eine Lariatstruktur ausbildet, die mit dem zweiten Exon verbunden ist. Im nachsten
Schritt attackiert nun die 3-OH Gruppe des freien Exons die Phosphodiesterbindung am
Intron/Exon-Ubergang des strangabwirts gelegenen Exons. Dadurch bildet sich eine neue
Phosphodiesterbindung aus, die beiden Exons werden miteinander verbunden und das

Intron-Lariat wird freigesetzt (Krdmer, 1996; Staley and Guthrie, 1998).

Die SpleiRreaktion wird im Zellkern von einem sogenannten Spleilosom, einem
Ribonukleoprotein-Komplex, der aus zahlreichen Proteinen und finf nukledren
Ribonukleoproteinpartikeln (snRNPs) besteht, durchgefiihrt. snRNPs setzen sich aus
Proteinen zusammen, die fest mit einer kleinen uracilreichen RNA (U snRNA) assoziiert sind

(Zhou et al., 2002; Will and Liihrmann, 1997; Kramer, 1996).
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Abb. 5: Schematische Darstellung der SpleiBreaktion (verdndert nach Baralle, 2005). Das
SpleiBen findet in zwei Transesterreaktionen statt. Im ersten Schritt der SpleiRreaktion attackiert
die 2‘Hydroxylgruppe (2‘OH) des Adenosins (A) der Verzweigungsstelle durch einen nukleophilen
Angriff die Phosphodiesterbindung an der 5 Spleiistelle.  Dadurch entsteht eine 2°-5'-
Phosphodiesterbindung an der Verzweigungsstelle und eine freie 3‘OH —Gruppe am 5‘ Exon
(blau). Im zweiten Schritt der Umesterung attackiert die freie 3‘OH-Gruppe des 5‘Exons (blau) die
3‘Spleilstelle des strangabwaérts gelegenen Exons (tlirkis). Dadurch wird das Intron-Lariat
freigesetzt und die beiden Exons werden verkniipft.

Das Spleilosom erkennt Sequenzmotive, die das 5 und 3‘-Ende eines Introns markieren, die
SpleilRdonoren (5’'Spleil3stelle) und die SpleiRakzeptoren (3’SpleiRstelle) (Maniatis and Tasic,
2002). Der erste Schritt bei der Assemblierung des SpleiRosoms ist die Bildung des
sogenannten E-Komplexes (E=early) (Michaud and Reed, 1993, 1991), durch Bindung der
U1snRNP an den SpleiRdonor. Dabei kommt es zu Bildung eines RNA-Duplex zwischen der
U1snRNA und 11 Nukleotiden des SpleiRdonors (Freund et al., 2003; Kammler et al., 2001;
Mount et al., 1983; Zhuang and Weiner, 1986), wahrend die weiteren Komponenten des

U1snRNP zur Stabilisierung des Duplex beitragen (Du and Rosbash, 2002). An den
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SpleiRakzeptor binden drei Proteine, die sich auch untereinander stabilisieren: SF1 (splice
factor 1) bindet an die Verzweigungsstelle, wahrend U2AF65 und U2AF35, die 65 kDa und
die 35 kDa Untereinheit des U2AF (U2 auxiliary factor)-Proteins an den Polypyrimidintrakt,
bzw. an das AG-Dinukleotid der 3’'Spleil3stelle binden (Berglund et al., 1998; Banerjee et al.,
2004; Selenko et al., 2003). Im néachsten Schritt wird unter Umsetzung von ATP der A-
Komplex gebildet (Michaud and Reed, 1991). Dabei wird SF1 an der Verzweigungsstelle
durch U2snRNP ersetzt, wodurch sich die Verzweigungsstelle vorwolbt (Kramer, 1996; Staley
and Guthrie, 1998). Im néachsten Schritt der SpleiRosom-Assemblierung, der Bildung von
Komplex B, kommt das U5eU4/U6 tri-snRNP hinzu, womit das SpleiRosom vollstandig ist
(Boehringer et al., 2004). Als nachstes kommt es zu Wechselwirkungen von U5snRNP mit
Exonsequenzen an der 5’Spleiistelle und an der 3’SpleiRstelle (Newman, 1997). Erst
nachdem die SpleiRstellen korrekt angeordnet wurden, 16st sich U6 snRNP (Lamond et al.,
1988) wahrend einer intramolekularen Umordnung von U4snRNP, wodurch die
Basenpaarung von U6 snRNP mit U2 snRNP ermoéglicht wird (Madhani and Guthrie, 1992;
Ryan and Abelson, 2002). Das hat die Verdrangung von U1l durch U6snRNP zur Folge,
wodurch letzteres mit dem 5’Ende des Introns in Wechselwirkung treten kann (Staley and
Guthrie, 1999; McManus et al., 2007). Damit ist die erste Transesterreaktion abgeschlossen.
Fir die zweite Umesterung kommt es zu einer weiteren Umordnung der RNA im Spleifosom,
durch die das freie 5‘Exon neben dem 3’Exon zu liegen kommt. Dadurch kann die 3’OH-
Gruppe des 5’Exons einen nukleophilen Angriff auf die 3’Spleil3stelle durchfiihren, die beiden
Exons werden miteinander verbunden und das Intron-Lariat wird freigesetzt (Staley and

Guthrie, 1998).

ILV.Il Cis-regulatorische Sequenzen helfen bei der Splei3stellenerkennung

Ein wichtiger Faktor beim pra-mRNA Spleiflen ist die Erkennung der Exons bzw. der 5 und
3’SpleiRstellen durch das SpleiBosom. Zwar gibt es Merkmale, die den Intron/ Exon-
Ubergang charakteristisch markieren, insbesondere die ersten (GU) und letzten (AG) beiden
Nukleotide eines Introns sind fast immer gleich, doch passt die Sequenz der einzelnen
SpleiRdonoren und —akzeptoren nicht immer zu ihrer Konsensussequenz. Hinzu kommt eine
groBe Anzahl an kryptischen Spleistellen, die zwar Ahnlichkeit zur Konsensussequenz
zeigen, normalerweise aber nicht benutzt werden. Eine unterstiitzende Rolle bei der
Spleillstellenerkennung nehmen kurze cis-regulatorische Elemente ein, die sich meist im

ndaheren Bereich um die Spleiflstellen befinden. Dabei unterscheidet man im Exon die
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sogenannten exonischen spleiRaktivierenden (ESE — exonic splicing enhancer) und
spleifinhibierenden (ESS — exonic splicing silencer) Elemente, sowie im Intron die
intronischen spleiBinhibierenden (ISS — intronic splicing silencer), bzw. die intronischen
spleilRaktivierenden Elemente (ISE - intronic splice enhancer). Diese Sequenzen werden von
den sogenannten nicht-snRNP-Proteinen gebunden, die per Definition zwar an der
SpleilRreaktion beteiligt sind, aber keine stabilen Komponenten von freien snRNP-Partikeln
sind (Lamm and Lamond, 1993). Zu dieser Gruppe an SpleiRfaktoren gehdren unter anderem
Proteine der SR- und der hnRNP-Familie (heterogenous nuclear ribonucleoprotein) (Smith

and Valcarcel, 2000), die sowohl aktivierend als auch inhibierend wirken kénnen.

I.V.IIl SR-Proteine und SR-dhnliche Proteine und ihre Rolle beim alternativen
SpleiBen

Das erste beschriebene SR-Protein war das Protein SF2/ASF (Krainer et al., 1990; Ge and
Manley, 1990). Seitdem wurde eine grofle Anzahl weiterer Mitglieder dieser Proteinfamilie
in Metazoen und auch in Pflanzen identifiziert. Eine Gemeinsamkeit dieser Proteine ist die
Anwesenheit von mindestens einer RNA-Bindedoméane (RBD) im N-terminalen Bereich und
der Arginin-Serin-reichen (RS-reichen) Doméane im C-Terminus (Graveley, 2000). Die 80-90
Aminosauren lange RNA-Bindedomane ist notwendig fiir die sequenzspezifische Bindung des
Proteins an die RNA und bildet eine typische BaBBap-Struktur aus, bestehend aus vier
antiparallelen B-Faltblattern und zweit -Helices (Nagai et al., 1990). Innerhalb der RBD
befinden sich zwei hochkonservierte Bereiche, die als RNP-1 (K/R-G-F/Y-G/A-F/Y-V/I/L-X-F/Y)
und RNP-2 (I/V/L-F/Y-1/V/L-X-N-L) bezeichnet werden (RNP — ribonucleoprotein consensus
peptide) und Teil des B1- und des B3-Faltblatts sind. Die Aminosaduren im RNP-1 und RNP-2
Motiv sind direkt an der Erkennung der RNA beteiligt (Amrein et al., 1994; Nagai et al., 1990;
Dreyfuss et al., 1988; Merrill et al., 1988), was unter anderem fiir das RNP-1 Motiv von Tra2
gezeigt wurde (Amrein et al., 1994). Die RS-reiche Domaéne variiert in den verschiedenen SR-
Proteinen in Ldnge und Anzahl der Arginine und Serine, wobei die Starke einer RS-Domane
direkt mit der Anzahl an RS-Dipeptiden korreliert (Graveley, 2000; Graveley et al., 1998).
AuBerdem hangt die Fahigkeit eines SR-Proteins als SpleifRaktivator zu wirken vom
Phosphorylierungsstatus der RS-Domdne ab, da dieser Einfluss auf die subzelluldre
Lokalisation sowie auf die Interaktion zwischen SR-Proteinen hat (Gui et al., 1994; Xiao and
Manley, 1998; Yeakley et al., 1999; Wang et al., 1998; Colwill et al., 1996). Die RS-Domane

vermittelt die Interaktion mit anderen SR-Proteinen und den sogenannten SR-dhnlichen
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Proteinen. SR-dhnliche Proteine besitzen wie die SR-Proteine eine RS-reiche Doméne, jedoch
kein RNA-Bindemotiv. Beispiele aus der Geschlechtsdeterminationskaskade sind Tra in
Drosophila melanogaster (Boggs et al., 1987), sowie Fem und Csd in der Honigbiene (Beye et
al., 2003; Hasselmann et al., 2008). Wahrend manche SR-Proteine und SR-dhnliche Proteine
eine generelle Funktion als Spleilproteine haben, also in den Prozess des konstitutiven
Spleilens involviert sind, spielen viele SR-Proteine und SR-dhnliche Proteine wie Tra und
Tra2, insbesondere beim alternativen Spleif3en eine grof3e Rolle. Durch Bindung an ESE, ESS,
ISE oder ISS Elemente kdnnen die SR-Proteine die Aktivierung der SpleiRakzeptoren und
Spleifdonoren beeinflussen. Meist wirken SR-Proteine durch Bindung an ESE-Sequenzen als
SpleiRaktivatoren, jedoch wurde auch eine inhibitorische Funktion beobachtet (Smith and
Valcarcel, 2000). Tra2 wirkt beispielsweise in Drosophila melanogaster beim Spleien der
doublesex sowie der fruitless pra-mRNA einerseits als Spleilaktivator, hat aber beim

autoregulativen SpleiRen der eigenen pra-mRNA eine inhibitorische Wirkung.

I.VI  Fragestellungen und Ziele der Arbeit

Die Entscheidung, ob sich aus einem Bienenei ein Drohn oder eine weibliche Honigbiene (A.
mellifera) entwickelt, hangt von einer Reihe verschiedener Faktoren der
Geschlechtsdeterminationskaskade ab. Bislang sind mit csd, fem und Am-dsx drei Gene
bekannt, die in der haplodiploiden komplementidren Geschlechtsdetermination eine
wichtige Rolle spielen. Dabei ist der heterozygote Allelzustand des csd-Gens das initiale
Signal, das die weibliche Entwicklung einleitet und das alternative Spleien der fem pra-
MRNA beeinflusst. In der Kaskade ist das Gen fem- dem csd-Gen untergeordnet und sorgt
zum Einen in einem positiven autoregulativen Spleillprozess fiir die Aufrechterhaltung des
weiblichen Signalwegs und zum Anderen fiir die Entstehung von weibchenspezifischem Am-
dsx-Transkript. Ob Csd- und Fem-Proteine direkte Regulatoren des alternativen SpleilRens
der fem- und Am-dsx-pra-mRNA sind oder ob es noch weitere Regulationsebenen in der
Geschlechtsdeterminationskaskade der Honigbiene gibt, ist bislang jedoch ungeklart. Da
weder Csd- noch Fem-Proteine eine RNA-Bindedomane besitzen, die die Interaktion der
Proteine mit der jeweiligen pra-mRNA vermitteln konnte, vermuten wir, dass noch
mindestens ein weiteres Protein in die SpleiBprozesse involviert ist. Ein potentieller

Interaktionspartner von Csd- und Fem-Proteinen, der als Kofaktor die Interaktion mit der
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fem- bzw. der Am-dsx-pra-mRNA vermitteln kénnte, ist das Protein Am-Tra2. Beim Am-Tra2-
Protein handelt es sich um das Ortholog des Tra2-Proteins der Taufliege D. melanogaster.
Bei D. melanogaster vermittelt das Tra2-Protein zusammen mit dem Tra-Protein, einem
Ortholog des Fem-Proteins, das weibchenspezifische SpleiRen der dsx-pra-mRNA. Ein Ziel
dieser Arbeit ist es deshalb, neben der Charakterisierung des Am-tra2-Gens, den Einfluss der
Transkription des Am-tra2-Gens auf das geschlechtsspezifische SpleiRen der fem- sowie der
Am-dsx-pra-mRNA zu untersuchen. Dafiir soll das Am-tra2-Gen in weiblichen Embryonen
mittels RNA-Interferenz herunterreguliert werden. Im Weiteren habe ich mich auf die
Aufklarung der Am-dsx-pra-mRNA Spleiregulation fokussiert. Um zu Uberpriifen, ob das
Fem-Protein und weitere potentielle SpleiBproteine direkt an der Am-dsx SpleiRRregulation
beteiligt sind, soll in Schmetterlingszellen ein in vivo Spleilassay etabliert werden: Dabei
kann mittels Koexpression der Proteine Fem wund Am-Tra2 sowie des Am-dsx
Minigenkonstrukts, der Einfluss dieser Proteine auf das SpleilRen der Am-dsx-pra-mRNA
untersucht werden. AbschlieBend soll der Mechanismus der Am-dsx-SpleiRregulation

untersucht werden.
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Thesen

Folgende Thesen kdnnen im Rahmen dieser Arbeit aufgestellt werden:

1)

2)

3)

4)

5)

Das Honigbienen-Ortholog des Gens transformer 2 (Am-tra2) wird alternativ, aber
geschlechtsunspezifisch gespleiflt. Es existieren mindestens sechs SpleiSvarianten,

die fiir Isoformen des SR-Proteins Am-Tra2 kodieren.

Die Ergebnisse von RNA Interferenz Experimenten zeigen, dass die Transkription von
Am-tra2 in der geschlechtsbestimmenden Kaskade Einfluss auf das weibchen- und
mannchenspezifische Spleilen der fem-pra-mRNA sowie das weibchenspezifische
Spleilen der Am-dsx-pra-mRNA hat. Wi&hrend der Embryogenese ist die

Transkription von Am-tra2 auBerdem essentiell fir die Vitalitat der Larve.

Mit einem Am-dsx-Minigenkonstrukt kann mittels eines in vivo Spleiassays das
geschlechtsspezifische SpleiBen der Am-dsx-pra-mRNA in Sf21-Zellen nachgestellt
werden. Der mannchenspezifische SpleiBweg ist voreingestellt und unabhadngig von
der  Expression honigbienenspezifischer  Proteine. Fir  Bildung des
weibchenspezifischen Transkripts ist die Expression von Fem-Protein notwendig. Die
alleinige  Expression von Am-Tra2-Protein ist nicht ausreichend um
weibchenspezifisches Spleillen zu bewirken. In Kombination mit Fem-Protein hat es

eine steigernde Wirkung auf die Bildung von weiblichem Am-dsx-Transkript.

Im Bereich vor dem weibchenspezifischen SpleiRdonor der Am-dsx-pra-mRNA
befinden sich zwei Wiederholungen eines Hexamer-Motivs (AAAGAG), die in
Abhangigkeit von Am-Tra2- und Fem-Protein als exonische spleifdsteigernde Sequenz

(ESE) wichtig fur die Aktivierung eines SpleiRdonors sind.

Obwohl die einzelnen Komponenten der dsx-SpleiRregulation von Honigbiene und

Taufliege konserviert sind, ist der Mechanismus des dsx-SpleiBens evolviert.
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Abstract

Heteroallelic and homo- or hemiallelic Csd (Complementary sex determiner) proteins
determine sexual fate in the honeybee (Apis mellifera) by controlling the alternative splicing
of the downstream gene fem (feminizer). Thus far, we have little understanding of how
heteroallelic Csd proteins mediate the splicing of female fem mRNAs or how Fem proteins
direct the splicing of honeybee dsx (Am-dsx) pre-mRNAs in the absence of an RNA binding
domain (RBD). Here, we report that the honeybee tra2 gene (Am-tra2), which is a cofactor of
female dsx splicing in Drosophila melanogaster, is an essential component of female splicing
of the fem and Am-dsx transcripts in the honeybee. The Am-tra2 transcripts are alternatively
(but non-sex-specifically) spliced, and they are translated into six protein isoforms that all
share the basic RBD/RS (arginine-/serine) domain structure. Knockdown studies showed that
the Am-tra2 gene is required to splice fem mRNAs into the productive female and non-
productive male forms. We suggest that the Am-Tra2 protein is an essential cofactor of
heteroallelic Csd proteins that can mediate the direct binding and splicing of fem pre-mRNAs
that is implementing the female pathway. Am-Tra2 together with Fem proteins may also
promote the splicing of more female fem mRNAs. This positive autoregulatory splicing loop
maintains the female-determining state in honeybees, a process that has also been reported
in some other dipteran insects. In males, the Am-Tra2 proteins may enhance the switch of
fem transcripts into the non-productive male form when heteroallelic Csd proteins are
absent. The Am-Tra2 protein is also an essential cofactor for Am-dsx female splice
regulation, although the proposed canonical protein binding sites for this regulation are
absent in the honeybee Am-dsx gene. We also showed that the Am-tra2 gene has an

essential function in honeybee embryogenesis that is unrelated to sex determination.
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Introduction

In contrast to the well-studied sex chromosome system in Drosophila melanogaster (Cline
and Meyer, 1996; Erickson and Quintero, 2007), sex in the honeybee (Apis mellifera) is
determined by heterozygosity at the complementary sex determiner (csd) gene (Beye et al.,
2003). Bees that are heterozygous at the csd locus develop into females, whereas bees that
are homozygous or hemizygous at csd develop into males. Queens in honeybee colonies lay
unfertilized eggs to produce fertile males (drones) and fertilized eggs to produce females
that either differentiate into workers or queens; queen fate is determined by specific
feeding of the queen larvae with royal jelly (Kucharski et al., 2008; Kamakura, 2011). Diploid
males, homozygous for the csd gene, do not survive in a colony because they are eaten by
worker bees shortly after they hatch from the egg. The csd gene translates into an SR-type
protein that has at least 15 major allelic variants (Beye, 2004; Hasselmann et al., 2008) which
differ at an average of approximately 6% of their amino acid residues in the putative
specifying domain (PSD) (Hasselmann et al., 2008; Hasselmann and Beye, 2004). Females
express heteroallelic Csd proteins that direct female splicing of feminizer (fem) pre-mRNAs
(Hasselmann et al., 2008; Gempe et al., 2009). These female fem transcripts are also
translated into SR-type proteins that are required for female differentiation. The Fem
proteins promote the female splicing of the Apis mellifera dsx (Am-dsx) transcripts, which
express a transcription factor of the DM type, a protein with a female-specific carboxy-
terminal end (Dearden et al., 2006; Cho et al., 2007). In addition, Fem proteins direct splicing
of their own pre-mRNAs into the productive female form, which generates an
autoregulatory feedback loop that maintains the female state throughout development
(Gempe et al., 2009). In the absence of Csd protein activity in males (homo- or hemiallelic
Csd proteins), fem transcripts are spliced into the male form, which contains a translational
stop codon in exon 3 that causes premature translation termination (Gempe et al., 2009). As
a consequence, Am-dsx pre-mRNAs are spliced into the male variant expressing a Dsx
protein (Gempe et al., 2009), which has a male-specific carboxy-terminal end as part of the

oligomerization domain 2 (OD2) (Cho et al., 2007).

The csd gene is thus the primary signal of sex determination in the honeybee. The csd
gene evolved recently in the honeybee lineage by gene duplication of an ancestral copy of
the fem gene (Hasselmann et al., 2008). Although substantially diverged in sequence, the

fem gene is the ortholog of the sex-determining gene transformer (tra) of D. melanogaster.
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Thus far, we have little understanding of how the heteroallelic Csd proteins mediate fem
splicing or how Fem proteins direct Am-dsx pre-mRNA splicing (Gempe and Beye, 2011).
Both proteins lack an RNA-binding domain (RBD), which is suggestive of a cofactor that can

directly interact with the respective RNA sequence.

In this study, we explored the role of the tra2 gene of the honeybee (Am-tra2
(Dearden et al., 2006)) in regulating the sex-specific splicing of the fem and Am-dsx
transcripts. The honeybee Am-dsx pre-mRNAs lack the Tra/Tra2 protein canonical binding

sites, suggesting that the sexual splice regulation of dsx transcripts has evolved.

In D. melanogaster, the RNA-binding protein Tra2 acts together with the Tra protein
to promote the female splicing of dsx pre-mRNAs (Burtis and Baker, 1989; Inoue et al., 1992;
Hedley and Maniatis, 1991; Lynch and Maniatis, 1996, 1995; Sciabica and Hertel, 2006;
Amrein et al., 1990). D. melanogaster females express in somatic tissues two major protein
isoforms of the Tra2 proteins (Tra2?®* and Tra2??®) that, together with the Tra proteins,
activate a weak 3’ splice acceptor site in dsx pre-mRNAs by binding to the six repeats of a 13-
nucleotide exonic splicing enhancer (ESE) sequence and a single purine-rich element (PRE).
This activation leads to the inclusion of the female exon 4 in female dsx mRNAs (Burtis and
Baker, 1989; Inoue et al., 1992; Hedley and Maniatis, 1991; Lynch and Maniatis, 1996, 1995;
Sciabica and Hertel, 2006). Splicing of honeybee Am-dsx has putatively evolved in that
respect compared to D. melanogaster, as Am-dsx pre-mRNAs lack the canonical binding sites

of Tra/Tra2 proteins.

The tra2 gene has also been characterized in other dipteran species, including Musca
domestica, Anastrepha obliqua and Ceratitis capitata (Burghardt et al., 2005; Salvemini et
al., 2009; Sarno et al., 2010), as well as in the lepidopteran insect Bombyx mori (Niu et al.,
2005). All Tra2 proteins share the same domain structure of a single RBD that is flanked by
two arginine-/serine-rich (RS-rich) regions. In D. melanogaster, three Tra2 protein isoforms
have been identified that vary in the length of the amino terminal RS-rich region (Amrein et
al., 1990). The RBD consists of 80-90 amino acids that form a BaBBap barrel-like topology.
One side of the B-sheet surface (B1 and B3) of the RBD exposes two sequence elements,
RNP-1 and RNP-2, that are directly involved in RNA recognition (Amrein et al., 1994; Nagai et
al., 1990; Dreyfuss et al., 1988; Merrill et al., 1988).
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In the dipteran insects M. domestica, C. capitata and A. obliqua, RNAi knockdown
studies of the tra2 gene showed that Tra2 proteins are also involved in female splicing of tra
mRNAs (Burghardt et al., 2005; Hediger et al., 2010; Salvemini et al., 2009; Sarno et al.,
2010). The authors suggest that Tra2 proteins act as cofactors in the autoregulatory splicing
loop in which Tra/Tra2 proteins direct the female splicing of tra transcripts and thus the
expression of Tra proteins. In the lepidopteran insect B. mori, the function of Tra2 proteins in
sexual regulation of the Bm-dsx transcripts is not known. In this species, male splicing of Bm-
dsx transcripts requires the splicing inhibitor (Bm-PSl) and the male-specific IMP (Bm-IMP)
proteins. The activation of the female exon splicing is repressed in males by the binding of
the Bm-PS| and the male-specific Bm-IMP proteins to the 20-nucleotide CE1 motif of the
female exon (Suzuki et al., 2010, 2001, 2008).

In the male germline of D. melanogaster, the Tra2?%

protein isoform has an
additional function in spermatogenesis in controlling the splicing of the exuperantia (exu)
and alternative-testes-transcript (att) transcripts (Mattox et al., 1996; Hazelrigg and Tu,
1994; Madigan et al., 1996). In the testes, Tra2?%® proteins negatively affect their own

expression by promoting the splicing of tra2'”

mMRNAs, which produce no functional protein
(Mattox et al., 1996; McGuffin et al., 1998; Mattox and Baker, 1991). This negative feedback

loop controls the level of Tra2 expression, which is critical for proper spermatogenesis.

In this study, we report the cloning and functional analysis of the A. mellifera Am-tra2
gene. Our study showed that the Am-tra2 gene serves as a cofactor in female-specific
splicing of fem and Am-dsx transcripts. Furthermore, we show that Am-tra2 has a vital

function in embryogenesis that differs from its reported functions in other species.
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Materials and Methods

Bee Sources

Diploid female embryos were derived from the progeny of queens inseminated by semen
from a single drone having a different sex allele than that of the queen. Haploid male
embryos were collected from colonies that were headed by a virgin queen. These non-mated

gueens laid unfertilized male eggs that we induced by repeated CO, treatments.
RNA extraction, cDNA synthesis and PCR

Total RNA was extracted using the TRIzol protocol (GIBCO BRL Life Technologies, Germany).
The first-strand cDNA from mRNA was generated by reverse transcription using an oligo-dT
primer following the protocol of the supplier (Fermentas). We quantified the amount of
cDNA in our samples in a NanoDrop ND-1000 spectral photometer and adjusted the amount
of cDNA prior to PCR amplification. PCR was performed using GoTaq Flexi DNA Polymerase
(RNAi experiments) according to the protocol of the supplier (Promega, Mannheim,
Germany) and Taq polymerase (RACE and transcriptional analysis of Am-tra2 throughout
development). All RT-PCR fragments were resolved by agarose gel electrophoresis and
stained with ethidium bromide. We amplified cDNA fragments of the elongation factor 1la
(ef-1a) gene using oligonucleotides #EM033 and #EMO034 for the semiquantitative studies

across samples (supplementary data, table S1).

Characterization of Am-tra2 gene

To determine the entire sequences of the Am-tra2 transcripts, we performed 5’ and 3’ rapid
amplification of cDNA ends (RACE) experiments following the manufacturer’s instructions
(FirstChoice RLM-RACE kit; Ambion). The cDNAs were generated from male and female RNA
samples of honeybee embryos. Gene-specific primers for RACE reactions were designed
from the sequence of the Am-tra2 gene model at the NCBI web site (NCBI Reference
Sequence: XM_001121070.2) (supplementary data, table S1). All RACE products were cloned
into the pGEM®-T vector (Promega), and both strands were sequenced. We translated the
mMRNA sequences into the amino acid sequence, and we predicted the protein domains by

the similarity to domains in the PROSITE database (http://www.expasy.org/prosite/). The
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GenBank accession numbers are JQ518311 (Am-tra2?®®), JQ518314 (Am-tra2?®%), 1Q518312
(Am-tra2®*®), 10518314 (Am-tra2?°?), JQ518313 (Am-tra2?*%), 1Q518316 (Am-tra2®*).

Transcriptional studies of the Am-tra2 gene throughout development

Total RNA was extracted from male and female eggs (0-6 h, 9-24 h, 33-48 h, 72 h), larvae (L1
and L4 instar), pupae (3 days before hatching from comb), adult heads and germline tissue
(testes of L4 larvae and ovaries of virgin queens). We amplified cDNA fragments using
oligonucleotides #359 and #421 (supplementary data, table S3) that span the complete open
reading frame (ORF) of all six Am-tra2 splice variants. The identity of the amplicons of the

male and female L1 larvae and pupae were verified by sequencing.

Functional studies of the Am-tra2 gene

RNAi knockdown was induced in early embryogenesis at the syncytial stage (0-4 h after egg
deposition) in females (Beye et al., 2003, 2002). Am-tra2 dsRNA-1, encompassing the region
from 322 to 767 bp (446 bp long), was generated using oligonucleotides #22M and #23M
(supplementary data, table S3) from cloned cDNAs of the Am-tra2?® transcript following the
protocol previously described (Hasselmann et al., 2008; Beye et al., 2003, 2002). Am-tra2
dsRNA-2, encompassing the region from 108 to 499 bp (392 bp long), was generated using
oligonucleotides #591 and #592 (supplementary data, table S1) from cloned cDNAs of

285 The dsRNAs were dissolved in ddH,0 and injected at a concentration

transcript Am-tra2
of 4-200 pg per embryo (supplementary data, table S1). In the control samples, we only

injected ddH,0 (Roth).

We counted the number of embryos showing normal development approximately 70 hours
after egg deposition and the number of hatched L1 larvae 77-80 hours after egg deposition.
All embryos that showed malformed embryos, necrotic tissue within embryos or lack of

segmentation pattern 70 h after injection were classified as aberrant.

To study the effect of Am-tra2 knockdown on the splice patterns of fem and Am-dsx, we
collected embryos and L1 larvae from dsRNA-treated and non-treated samples 77-80 hours

after egg deposition. Treated embryos and controls were reared in the incubator at 35°C
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until an age of 77-80 hours or until reaching the L1 larval stage, respectively, and were then

frozen in liquid nitrogen.

Fragments corresponding to the female fem mRNAs were amplified using oligonucleotides
#412 and #523 (supplementary data, table S3) that are composed of a part of exon 3 and
exon 6 (size, 177 bp). We amplified fragments (size, 458 bp; exon 3-4 and part of exon 5)
corresponding to the male fem mRNAs using oligonucleotides #410 and #566
(supplementary data, table S3). We only counted female fem splice products as female-
specific if the fragments showed stronger ethidium bromide staining intensities than those in
males (see for instance, Fig. 4B, lanes 31-35). We used oligonucleotides #417 and #418
(supplementary data, table S3) to amplify exons 4-5-6 (size, 1.2 kb) and exons 4-6 (size, 392
bp), which correspond to the female and male Am-dsx transcripts, respectively. The female
Am-dsx transcripts were also specifically amplified by oligonucleotides #417 & #419

(supplementary data, table S3) (size, 188 bp) that encompass exon 4-5.

Phylogenetic and molecular evolutionary sequence analyses

We utilized nine tra2 sequences from different insect species to compare the phylogenetic
and molecular relationships: Tribolium castaneum (GenBank:XP_968550.2), Acromyrmex
echinatior (GenBank: EGI70155.1), Drosophila melanogaster (NCBI Reference Sequence:
NP_476764.1), Bombyx mori (GenBank: NP_001119705.1), Nasonia vitripennis (GenBank:
XP_001601106.1), Sciara ocellaris (GenBank: CBX45935.1), Ceratitis capitata (GenBank:
ACC68674.1), Musca domestica (GenBank: AAW34233.1) and Anastrepha obliqua (GenBank:
CBJ17280.1).
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Results

Genomic organization of the tra2 gene in the honeybee

The existence of the tra2 gene in the honeybee genome was predicted by the similarity of its
RBD to those of other insects (Dearden et al., 2006). We isolated Am-tra2 transcripts that
included the 5’ and 3’ untranslated regions (UTRs) and three different polyadenylation sites
(Fig. 1) using RACE experiments with cDNA preparations from both male and female
embryos. Using cDNA preparations from embryos and pupae of males and females, we
performed RT-PCRs to amplify the entire open reading frame (ORF) of Am-tra2 with
oligonucleotide primers that bound the 5 and the 3’ ends of the ORF. As a result, we

detected up to six splice variants (Fig. 1) that were not sex-specific in embryos or pupae. The

285 284 253 252

six splice variants in embryos were Am-tra2*>>, Am-tra2"", Am-tra2”>>, Am-tra2”>°, Am-

234 233 285 284

tra2””" and Am-tra2”" and the four transcript variants in pupae were Am-tra2°™>, Am-tra2°"",

253 252

Am-tra2”>” and Am-tra2”>“ (Fig. 1). Three splice variants showed major sequence differences
in exon 2. The other three are minor variants of the other three major variants that differ in
three nucleotides in exon 4. All transcripts express essentially the same protein that harbors
a RBD flanked by two RS-rich domains but differ in the length in the first RS domain (RS1)
(Fig. 1 A-C). The RBD amino acid sequence has the strongest similarity (61 to 85% sequence
identity) to the Tra2 proteins of a variety of insects (Nasonia vitripennis, Tribolium
castaneum, Acromyrmex echinatior, B. mori, Sciara ocellaris, D. melanogaster, M. domestica,
C. capitata and A. obliqua) (Burghardt et al., 2005; Salvemini et al., 2009; Sarno et al., 2010;
Amrein et al., 1990; Mattox et al., 1996; Niu et al., 2005; The Tribolium Genome Sequencing
Consortium, 2008; Nygaard et al., 2011), supporting our notion that we have identified the

Tra2 ortholog of the honeybee (Fig. 2).

285

The largest transcript, Am-tra2°>>, consists of 1401 nt and 5 exons and harbors an

ORF coding for 285 amino acids (Fig. 1A). The other two major transcript variants (Am—tr02253

and Am-tra2*

) consist of 6 exons in which different parts of exon 2 are spliced out. These
two variants are produced by sharing the same splice donor but using two alternative splice
acceptors. They are 1248 nt and 1305 nt long and are putatively translated into 253- and
234-amino-acid proteins, respectively (Fig. 1B and C). All three major splice variants have
minor splice variants that utilize an alternative splice acceptor site at exon 4, producing

single-serine amino acid deletion in the RS2 domain of the putative protein (Fig. 1D).
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Figure 1: Genomic organization of the Am-tra2 gene and the alternative spliced mRNAs.

Schematic representation of the intron and exon organization (presented as lines and boxes,
respectively). The alternatively spliced transcripts are indicated by the connecting lines between
exons. The three alternative polyadenylation sites are labeled A,. The scale denotes the relative
size of the introns and exons. The 5’- and 3’-UTRs are presented in grey and the ORF in blue boxes.
Below the genomic organization, the domain structure and relative size of the predicted Am-Tra2
proteins are shown (RS, arginine/serine rich domain; RBD, RNA binding domain). Superscript of Am-
Tra2 proteins denotes the number of amino acids in that particular protein isoform. (A) Am-Tra2*®°,
Am-Tra2’® (B) Am-Tra2®>?, Am-Tra2®* (C) Am-Tra2>* and Am-Tra2**. (D) Alternatively spliced
variants in exon 4 producing tri-nucleotide and single amino acid differences. This splicing affected
all three transcripts shown in A-C that are denoted as the Am-tra2’®, Am-tra2*? and Am-tra2’®
transcripts. SA; and SA, label the alternative splice acceptors in exon 4.
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Am-Tra2 has a typical Tra2 RBD that has evolved in the RNP-1 element

We compared our deduced amino acid sequence with those of dipteran (D. melanogaster,
M. domestica, S. ocellaris and A. obliqua), coleopteran (T. castaneum), lepidopteran (B. mori)
and other hymenopteran (N. vitripennis (wasp) and A. echinatior (ant)) insects to identify
shared structural features of Tra2 proteins in holometabolous insects. We were only able to
unambiguously align the amino acid sequences for the RBD and neighboring regions, but not
for other parts of the protein (supplementary data, Fig. S1), suggesting that the RBD is
evolutionary constrained. All Tra2 proteins in the different organisms share the two RS
domains, but the arginine- and serine-rich sequence is highly diverged (supplementary data,
Fig. S1), suggesting that these domains are faster-evolving and evolutionarily less

constrained than the RBD.

A B
RNP-2
RNP-1
Hymenoptera Apis mellifera RCLGVFGLSIFTTEQQVHE JAKTGHS KGYCEVYFESLEDAKVAKEQCAGMEIDGRRMRVDYSIT
Nasonia vitripennis . .« ... ... c.S 3 ....KRPUEEEEEE. .. ......... LLAL L. I.......

Acromyrmex echinatior . .+« ... IQ. e Voo, R.
Coleoptera | Tribolium castaneum . . . . .. DE
Lepidoptera | Bombyx mori . .. ...
Sciara ocellaris . ... ..

Drosophila melanogaster. .

Diptera  [Musca domestica . .. .. .
Ceratitis capitata ’ e
Anastrepha obliqua ..

W W W W m W W

Figure 2: The RBD domain of the honeybee Am-Tra2 protein and its relation to the Tra2 RBD
domain of other holometabolous insects. (A) The phylogenetic relationship of the members of
the different insect orders used in this comparison (Savard et al., 2006). (B) Amino acid sequence
alignment of Tra2 RBDs of Apis mellifera, Nasonia vitripennis, Acromyrmex echinatior, Tribolium
castaneum, Bombyx mori, Sciara ocellaris, Drosophila melanogaster, Musca domestica, Ceratitis
capitata and Anastrepha obliqua. Dots indicate amino acids identical to the predicted Am-Tra2
RBD of the honeybee. Boxes denote the RNP sequence elements.

In D. melanogaster, the RBD domain of Tra2 protein binds to ESEs, which is
comprised of six nearly identical 13-nucleotide-long sequences. Similar motifs have also
been detected in the dsx gene sequences of other dipteran insects, but are lacking in the
Am-dsx pre-mRNAs of the honeybee. We next studied the sequence similarities within the
RBDs of Tra2 proteins of different holometabolous insects (Fig. 2). The RBD amino acid
sequence diverges in relation to phylogenetic distance. The RBD domains of the
hymenopteran species honeybees, N. vitripennis and A. echinatior, show a pairwise
sequence identity of 82 to 85%, whereas RBDs of the honeybee and dipteran species have

pairwise sequence identity of 61 to 68%. Within the RBD of the Am-Tra2 protein, there are
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two putative RNP (ribonucleoprotein consensus peptide) elements (Fig. 2) which directly
interact with the RNAs (Amrein et al., 1994; Nagai et al., 1990; Dreyfuss et al., 1988; Merrill
et al., 1988). In the eight-amino-acid-long honeybee RNP-1 sequence element, we detected
3 amino acid differences compared with that of D. melanogaster. A mutation in the first
amino acid of RNP-1 has been shown in D. melanogaster to be essential for female dsx
splicing (Amrein et al., 1994). Interestingly, this functional important first amino acid has
especially evolved from amino acid R to K within the Hymenopteran lineage (Fig. 2). We
propose that the target RNA sequences of RNP-1 element in the Am-Tra2 protein

correspondingly evolved and thus differ from those found in D. melanogaster.

Am-tra2 transcript variants are not sex-specifically regulated and are transcribed

throughout development

In D. melanogaster, the tra2 gene produces three transcript variants that translate into three
Tra2 protein isoforms (Tra2264, Tra2’*® and Tr32179) which differ in the length of the first RS
domain (Amrein et al., 1990; Mattox et al., 1996). Tra2?®** and Tra2??® are expressed in
somatic tissues in both sexes and are involved in dsx regulation. To identify sex-specific
transcripts and the relative abundance of transcripts throughout development in the
honeybee, we simultaneously amplified all tra2 transcript variants in 0-6 h, 9-24 h and 33-48
h old embryos; L1 and L4-L5 larvae; and pupae by semiquantitative RT-PCR (Fig. 3A). The

transcripts are most abundant in the embryonic to larval stages in both sexes. However, the

285 284

level of expression substantially decreases at the pupal stage. The Am-tra2“™> and Am-tra2
transcripts, which are translated into the largest RS domain-containing proteins of all the
transcripts, have the highest level of expression (Fig. 3A). The Am-tra2*3/ Am-tra2®>
transcripts are present in sizeable amounts in early embryos, whereas the Am-tra2** | Am-

233

tra2°" transcripts are apparently minor splice products. In D. melanogaster, there is a male-

226 proteins derived from

specific tra2 transcript, tra2’”®, whose splicing is mediated by Tra2
the general tra2?%® transcript. This negative feedback loop at the level of splicing regulates
proper Tra2 protein expression in the germline, which is essential for correct sperm
formation (McGuffin et al., 1998). To identify a similar role of the Am-tra2 gene in sperm
formation of the honeybee, we specifically searched for sex-specific Am-tra2 transcripts in

the female (ovary tissue) and male (testis tissue) germ lines (Fig. 3B). We detected no sex-
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specific transcripts, suggesting that Am-tra2 mRNAs are not sexually spliced in male germ

cells.
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Figure 3: Semiquantitative transcriptional profile of Am-tra2 transcripts throughout male and
female development (A) and in somatic and gonadal tissue (B).

Fragments of Am-tra2 transcripts spanning the entire open reading frame (ORF) were amplified by
RT-PCR, resolved by agarose gel electrophoresis and stained with ethidium bromide. We used
amplification of the cDNAs of the “housekeeping” gene elongation factor 1a (ef-1a) as a relative
control to semiquantify Am-tra2 transcripts across samples (Beye et al., 2003). All the fragments in
0-6-h-old embryos and pupae were cloned and sequenced. Ovaries were dissected from virgin
queens and testes from L4 larvae; heads are from adult bees. L1, larval stage 1; L4-L5, larval stages
4 and 5. For the embryonic stages, the hours (h) after egg deposition are indicated.
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Taken together, these results indicate that Am-tra2 transcripts are not sex-specifically

285 284

spliced, that Am-tra2*®> and Am-tra2*>" are the dominant transcripts and that the relative

amount of Am-tra2 decreases at the pupal stage.

Knockdown of the Am-tra2 gene affects embryonic viability and female splicing of the fem

and Am-dsx transcripts

Table 1: Development of Am-tra2-dsRNA treated female embryos.

Treatment/ amount of Embryos Number of embryos Hatched L1 larvae
injected dsRNA per injected showing normal
embryo development after ~70h
N N % N %
non-treated 683 594 86.9 365 53.4
ddH,0 406 182 44.8 97 23.9
Am-tra2 dsRNA-1
200 pg 92 0 0 0 0
100 pg 25 0 0 0 0
75 pg 60 0 0 0 0
40 pg 20 0 0 0 0
20 pg 53 0 0 0 0
4 pg 40 5 12.5 2 5.0
Am-tra2 dsRNA-2
224 pg 27 0 0 0 0
96 pg 100 15 15 0 0
67 pg 104 38 36.5 0 0
56 pg 105 14 13.3 4 3.8
33 pg 146 31 21.2 6 4.1
4 pg 155 29 18.7 9 5.8

The number of individuals (N) and the relative proportions (%) with respect to the total number of
initially injected embryos are shown.

In the honeybee, the primary signal csd mediates, in the heteroallelic condition, the female
splicing of fem transcripts. The downstream target of csd, the fem gene, is required to direct
splicing of Am-dsx pre-mRNAs and its own fem transcripts (Gempe et al., 2009), the latter of
which establishes a positive feedback loop of self-regulated fem female splicing (Gempe et
al., 2009; Pane et al., 2002). Although substantially diverged in sequence, the fem gene and
the tra gene of D. melanogaster are orthologs, whereas the csd gene was derived by gene

duplication of an ancestral copy of the fem gene (Hasselmann et al., 2008). As Csd and Fem
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proteins harbor no RBD but have similar sex-determining and splice regulation functions as
the Tra protein in D. melanogaster (Gempe et al., 2009), we proposed that Am-Tra2 protein
is the RNA-binding cofactor that is essential for fem and Am-dsx splicing. To study the role of
the Am-tra2 gene in female splicing, we induced Am-tra2 knockdown by RNAi in 0-3-hour-
old female embryos. We injected two dsRNAs that target either the region expressing the

RS1 and RRM domains (dsRNA-1) or the entire RS1 domain (dsRNA-2).

Table 2: The production of female and male fem and Am-dsx transcripts in 72- to 80-hour-old

individuals in response to embryonic Am-tra2 dsRNA-2 treatment.

Treatment Number | Number of individuals with transcripts
of fem Am-dsx
embryos solely solely | male and solely solely | male and
male | female female male | female female

non-treated
controls

males 10 9 0 0 10 0 0
females 14 1 8 5 1 12 1
treated females

ddH,0 15 0 8 15 1 13 1
dsRNA-2 (33 pg) 12 6 0 1 12 0 0
dsRNA-2 (4 pg) 11 0 4 7 1 1 9

No embryo reached larval stage L1 when we injected approximately 200 pg of dsRNA-1 or
dsRNA-2 per embryo (Table 1). This is an amount that is substantially below the
approximately 900 pg of dsRNA per embryo that we repeatedly used in previous studies, in
which we observed no lethal effect (Beye et al., 2003; Hasselmann et al., 2008). Null mutant
data suggest that the tra2 gene in D. melanogaster is not essential for viability (Watanabe,
1975; Fujihara et al., 1978). Therefore, we further reduced the amount of Am-tra2-dsRNAs
until we observed fully developed L1 larvae (Table 1). At concentrations of 56 pg of dsRNA-2
and 4 pg of dsRNA-1 per embryo, we obtained the first viable L1 larvae, but at a very low
frequency (5% compared to 24% in our ddH,O-treated controls). Even when we further
reduced the dsRNA-2 concentration from 56 pg to 4 pg per embryo, the hatching rate did
not substantially improve, suggesting that knockdown of Am-tra2 caused some general

lethality during embryogenesis. None of the hatched L1 larvae reached the L4 stage (data
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not shown), suggesting that we cannot study the direct role of Am-tra2 in morphological
sexual differentiation. Taken together, our knockdown results suggest that the Am-tra2 gene

is essential for embryogenesis in the honeybee.

We proposed that in addition to a vital role for Am-tra2 in embryogenesis, Am-tra2
possibly has another function in sex determination, specifically in promoting female-specific
splicing of the fem and Am-dsx transcripts. The knockdown of the fem and the csd genes,
which regulate female splicing and sex determination, had no general effects on lethality,
suggesting that the putative role of Am-tra2 in activation of the female pathway did not
cause the embryonic lethality (Beye et al., 2003; Gempe et al., 2009). To study the sex-
determining role of the Am-tra2 gene, we injected 4 pg or 33 pg of dsRNA-2 in embryos and
studied after 77-80 hours the splice patterns, irrespective of whether the larvae hatched. If
Am-tra2 promotes female splicing, we expected that knockdown of this gene would induce

male-like splice patterns in these females.

The injection of 4 pg of dsRNA-2 (Table 2) induced male splicing of Am-dsx mRNAs in
females (Fig. 4A, lanes 1-10), which is entirely absent in the control embryos (Fig. 4A, lanes
21-30), which produce only the Am-dsx female splice product. This result suggests that the
Am-tra2 gene is essential to promote female splicing of Am-dsx transcripts. The 4 pg dsRNA-

2 treatment, however, did not affect the splicing of female fem mRNAs (Fig. 4B, lanes 1-10).

The treatment of female embryos with the higher concentration of 33 pg of dsRNA-2
per embryo compromised female splicing of the fem mRNAs (Fig. 4B, lanes 11-20) compared
to our control embryos (Fig. 4B, lanes 26-35; Table 2), indicating that Am-Tra2 protein is also
required for fem female transcript splicing. In contrary to our expectation, the knock down
of Am-tra2 gene in females produced not the alternative, male splice form of the fem
transcripts. We consistently observed in the 33 pg-treated females the absence of the male
fem transcript (Fig. 4B, lanes 11-20). This result suggests that Am-Tra2 protein may also have
a role in splicing the fem pre-mRNAs into the male form. Taken together, these results
suggest that Am-Tra2 promotes female splicing of the productive female fem mRNAs and

possibly also of the non-productive male fem mRNAs.
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Figure 4: Sex-specific splicing of the fem and Am-dsx transcripts in Am-tra2 dsRNA-2 treated
embryos.

The male and female Am-dsx (A) and fem (B) mRNAs of individuals 77-80 hours after egg-laying
were studied using semiquantitative RT-PCR. Early embryos were injected with 4 pg of Am-tra2
dsRNA-2 (lanes 1-10), 33 pg of Am-tra2 dsRNA-2 (lanes 11-20) or ddH,0 (lanes 21-25). The
untreated (labeled as n.i.) female and male controls are shown in lanes 26-30 and 31-35,
respectively. NC denotes our control PCR in which no cDNA was added (lane 36). Fragments
corresponding to the fem female (size of 188 bp) and male (size of 449 bp) mMRNAs and the Am-dsx
female (size of 1.2 kb and 188 bp), and male (size of 392 bp) mMRNAs were resolved by agarose gel
electrophoresis and stained with ethidium bromide. We used amplification of the cDNAs of the
“housekeeping” gene elongation factor 1a (ef-1a) as a relative control to semiquantify Am-tra2
transcripts across embryonic samples.
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Discussion

Heteroallelic Csd proteins determine honeybee femaleness and set the downstream
regulator of the sex determination cascade, fem, into the female mode by alternative
splicing (Beye et al., 2003; Hasselmann et al., 2008). The Fem proteins in females maintain
the female-determined state by promoting female splicing of the fem mRNAs (positive
autoregulation) and direct female splicing of the Am-dsx transcripts (Hasselmann et al.,
2008; Gempe et al., 2009). In this study, we showed that the Am-tra2 gene, an ortholog of
the tra2 gene of D. melanogaster, is a component of the honeybee sex-determination
hierarchy. The Am-tra2 proteins are required to regulate female and male splicing of fem
mMRNAs and female splicing of the Am-dsx mRNAs. In addition, we showed that the Am-tra2

gene has an essential role in embryogenesis that is not related to sex determination.

We characterized the Am-tra2 gene in the honeybee and showed that the deduced
Am-Tra2 proteins share the same domain structure as other Tra2 orthologs described thus
far (Salvemini et al., 2009; Burghardt et al., 2005; Sarno et al., 2010; Mattox et al., 1996;
Amrein et al., 1988; Goralski et al., 1989; Bandziulis et al., 1989). Am-Tra2 protein contains a
RBD that is supposed to directly interact with the pre-mRNA and two flanking RS-rich
domains that provide a potential surface for an interaction with other proteins, such as Tra
proteins (Sciabica and Hertel, 2006; Graveley, 2000; Hoshijima et al., 1991; Amrein et al.,
1988). We identified six splice variants of Am-tra2 mRNAs that translate into proteins that
differ in the length of the first RS domain and in the absence/presence of one amino acid
(serine) in the second RS domain. The six splice variants are not sex-specifically regulated
throughout development, suggesting that Am-Tra2 proteins are constitutively expressed.
However, we observed that the level of Am-tra2 transcription substantially decreases at the
pupal stage, which possibly relates to Am-tra2’s function in sexual and embryonic
differentiation. We also showed that the Am-tra2 gene is not sex-specifically spliced in the
gonadal tissues (Fig. 3B). This finding is in contrast to the germline specific control of tra2

226

transcripts in males of D. melanogaster. Here, the Tra2°”” protein directs splicing of the

179 226

tra2”’” transcript in the fruit fly germ line, thereby regulating the level of Tra2°*” protein
expression that is critical for proper sperm formation (McGuffin et al., 1998; Mattox et al.,

1990).

43



Chapter Il Manuscript |

When we repressed Am-tra2 gene by injecting 4 pg of dsRNAs into early embryos, we
observed a sizeable reduction of the female Am-dsx but not of the female fem splice
variants, suggesting a role for the Am-tra2 gene in the regulation of female Am-dsx mRNA
splicing (Fig. 5). Our result suggests a conserved role of the Am-Tra2 protein in Am-dsx
regulation, although the canonical binding motif to which Tra2 proteins are supposed to bind
is absent in the Am-dsx gene. This finding suggests that the Tra2 protein binding sites have
evolved in the honeybee. In D. melanogaster, Tra2, together with the Tra proteins, binds to
six repeats of a 13-nucleotide motif (TC(T/A)(A/T)C(A/G)ATCAACA) on the dsx pre-mRNA and
promotes the activation of the weak female splice acceptor that directs the production of
the female dsx transcripts. In other dipteran species (M. domestica, C. capitata, Bactrocera
oleae and different Anastrepha species), the canonical Tra/Tra2 binding motifs are
consistently present in the dsx genes (Hediger et al., 2004; Ruiz et al., 2005; Saccone et al.,
2008; Ruiz et al., 2007; Lagos et al., 2005) and are apparently utilized to promote female
splicing (Burghardt et al., 2005; Salvemini et al., 2009; Sarno et al., 2010). We conclude that
the Am-Tra2 protein is an essential, constitutively expressed cofactor that, together with the

female-specific Fem protein, directs the female processing of dsx transcript.

Consistent with an evolved binding site of the Fem/Am-Tra2 proteins, we identified
several amino acid replacements in the RBD that affect the designated binding nucleotide
sequence of the RNA. We found three amino acid sites in the RNP-1 sequence element that
diverged with respect to the D. melanogaster sequence. The RNP-1 and RNP-2 sequence
elements are part of the RBD, which has a BaBpap barrel-like structure. The RNP sequence
elements have exposed positions at the surface of B-sheets B1 and B3 and are used to bind
directly to the ribonucleotide sequence (Amrein et al., 1994; Nagai et al., 1990; Dreyfuss et
al., 1988; Merrill et al., 1988). Mutation of the first amino acid arginine of the RNP-1
sequence element in D. melanogaster abolishes the female processing of dsx pre-mRNAs
(Amrein et al.,, 1994). This critical arginine amino acid residue in the RNP-1 sequence
element is replaced in the honeybee by a lysine. These findings support our conclusion that

the corresponding Fem/Am-Tra2 protein binding sites diverged from this of the fruitfly.

The role of the Tra2 protein in regulating female splicing of dsx transcripts in the silk moth B.
mori is thus far not known. The canonical Tra/ Tra2 binding sites are also absent in the Bm-

dsx gene, and female transcripts are constitutively produced, even when splicing is studied
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Figure 5: Model of the role of the Am-Tra2
protein in honeybee sex determination. Am-
Tra2 protein is necessary for splicing of the
productive female and fem and Am-dsx
mRNAs. It is also required to splice the non-
productive male fem splice form. In females,
the Am-Tra2 protein either acts as a cofactor of
heterozygous Csd proteins (Csd*/Csd®) or as a
cofactor of Fem proteins (fem™ positive
autoregulatory loop) to promote female
processing of the fem pre-mRNAs (fem"). Am-
Tra2 protein is also a cofactor that directs
together with Fem protein female-specific
splicing of the Am-dsx pre-mRNA (Am-dsx’). In
males, Am-Tra2 protein directs splicing of male
fem mRNAs in the absence of active Csd
proteins (homoallelic Csd*/Csd* or Csd"
proteins) and/or Fem proteins.

in Hela cell nuclear extracts (Suzuki et
al., 2001). The latter result suggests
that the constitutive female splicing
does not require Bm-Tra2 activity,
although this has not been shown thus
far by functional studies. Factors that
inhibit the female splicing and that
determine maleness have been
characterized. The male-specific Bm-
IMP proteins and the Bm-PSI proteins
bind together to the CE1 sequence at
female exon 4 (Suzuki et al., 2010,
2001, 2008) to repress the activation of
the female exon in the Bm-dsx pre-

MRNA.

With the honeybees in the
phylogeny at the base of
holometabolous insects (Savard et al.,
2006), our comparison across the
different insect orders suggests that
the role of Tra2 proteins in regulating
female dsx splicing is the ancestral

state in holometabolous insects.

When we repressed the Am-
tra2 gene by injecting 33 pg of dsRNAs,
we also observed a reduction of the
productive female and the non-
productive male fem splice variants.

This result indicates a function of the

Am-tra2 gene also on the level of splicing of the fem gene. We have previously shown that in

females, Fem as well as heteroallelic Csd proteins direct the processing of fem pre-mRNAs

45



Chapter Il Manuscript |

(Gempe et al., 2009). Fem proteins maintain the female state using a positive feedback loop,
whereas the heteroallelic Csd proteins are the initial signal that determines femaleness. Our
results presented here suggest that the Am-Tra2 protein acts as an essential cofactor of
female fem transcript splicing (Fig. 5). We suggest that the Am-Tra2 protein is a required
cofactor of heteroallelic Csd proteins in females that mediates the binding and splicing of
female fem pre-mRNAs. In males, where the active, heteroallelic Csd proteins are absent,
the Am-Tra2 proteins may enhance the switch of the fem transcripts into the non-productive

male form.

The fem gene is an ortholog of the tra gene of dipteran insects. In D. melanogaster,
Tra2 proteins are not deployed in regulating female splicing of tra transcripts. Female tra
MRNA processing in this species is regulated by the Sx| proteins (Bell et al., 1991; Valcércel et
al., 1993; Bell et al., 1988; Sosnowski et al., 1989). In contrast, Tra2 proteins in the dipteran
insects M. domestica and C. capitata are, as in the honeybee, required to splice tra
transcripts into the female form (Burghardt et al., 2005; Salvemini et al., 2009; Hediger et al.,
2010). In these dipteran species, Tra2 proteins are evidently cofactors of an autoregulatory
loop in females in which the maternally provided Tra proteins mediate female tra mRNAs.
The reinforced production of more female fem mRNAs and Fem proteins implements female
differentiation. The presence of a male-determining factor, M, apparently impairs this tra
positive regulatory loop, resulting in male tra pre-mRNA splicing and male differentiation
(Hediger et al., 2010; Pane et al., 2002). In addition, honeybee Am-Tra2 proteins are also
required to produce the male fem transcripts. This finding suggests that Tra2 proteins in the
honeybee can directly mediate the splicing of the male fem transcripts that are non-
productive and are not required for male differentiation (Gempe et al., 2009). This tra2 gene

function has not been reported in other insects.

Our knockdown studies in early embryos also showed that the Am-tra2 gene is
essential and has a vital role in embryogenesis. We suggest that this lethal effect during
embryogenesis is not caused by unspecific effects due to our dsRNA method, as we (i)
targeted two different regions of the transcript with our dsRNAs, (ii) observed lethal effects
with dsRNA concentrations that were substantially below that of previous experiments (4-40
times) that showed no lethal embryonic effects (Beye et al., 2003; Hasselmann et al., 2008)

and (iii) the viability of embryos did not further increase above approximately 5% when we
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decreased the dsRNA concentration by 1/10% (Table 1). Our previous results showed that
knockdown of the components of the sex-determination hierarchy produced no lethal
embryonic outcome (Gempe et al.,, 2009; Hasselmann et al., 2008; Beye et al., 2003),
suggesting that the lethal effects of the Am-tra2 gene are not related to the regulation of sex
determination. This additional role in embryogenesis is absent in other dipteran insects
(Watanabe, 1975; Fujihara et al.,, 1978; Salvemini et al., 2009; Burghardt et al., 2005),

suggesting that this function is an evolved feature in insects.

Taken together, our results suggest that the Am-tra2 gene is a non-sex-specifically expressed
cofactor that is essential for generating the productive female and non-productive male fem
transcripts. We suggest that the Am-Tra2 protein is a required cofactor of heteroallelic Csd
proteins that mediates binding to fem pre-mRNAs and directs female fem splicing. This
process initiates the primary signal csd by activating the female pathway. It may promote a
positive regulatory loop in females in which Fem, together with the Am-Tra2 proteins,
mediates the production of more female fem mRNAs, which is a role that has also been
reported in some other dipteran insects. In males and in the absence of active, heteroallelic
Csd proteins, Am-Tra2 may enhance the switch of fem transcripts into the non-productive
male form. We also showed using knockdown experiments that the Am-Tra2 protein is an
essential cofactor of female Am-dsx splice regulation. Although the canonical Tra/Tra2
protein binding sites are absent in the Am-dsx gene, this Am-Tra2 protein function is shared
with the Tra2 proteins of other dipteran insects, suggesting an ancestral role. In addition, the
Am-tra2 gene has an essential function in honeybee embryogenesis that is unrelated to sex

determination and has thus far not been reported in other insects.
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Supplementary Data

Table S3: Sequences of oligonucleotides that were used

to synthesize dsRNA

#22M: tra-2_ds_FOR

TAATACGACTCACTATAGGGCGAAGTCGTAGTCGCAGCCGTAGTCGTT

#23M: tra-2_ds_REV

TAATACGACTCACTATAGGGCGACTGGTGTTGGTGTATGAGCTCGTTG

#591

TAATACGACTCACTATAGGGAGTCGTAGTGCAAGTCCTAGAAGACC

#592

TAATACGACTCACTATAGGGATTTTCCCTGTTTCCAACATGAC

to analyze Am-dsx splicing

#417

CTATTGGAGCACAGTAGCAAACTTG

#418

GGCTACGTATGTTTAGGAGGACC

#419

GAAACAATTTTGTTCAAAATAGAATTCC

to analyze fem splicing

#412

CTGATTTTTCAATATTTACAGCTAAAACTGTAC

#523 CAACATCTGATGAACTTAAACGG
#410 TGAAGTTAATAACATATTTTTAATTCATCAATGAAG
#566 TGTACCATCTGAAGATTCTAATTTTTCG

to amplify elongation factor-1a

H#EMO33 CGTTCGTACCGATCTCCGGATG
#EMO034 GCTGCTGGAGCGAATGTTAC
in 5’RACE experiments

5’RACE OLLI: | TGAACGGCTTCGTG

in 3’RACE experiments

#33M (3'RACE J1 OUTER)

ACT CTC GCG AAT GTG ATA GGA CCAT

#34M (3'RACE J2 INNER)

TCA CACTCC CGCAGT CCAATGTCAT

3’RACE OLLI AGAACAGTGTGCAG

to clone full ORF of Am-tra2

#359 GATCGGATCCATGAGTGACATTGAGCGAAGTAGTAG
#421 TGACACGCGTTTAATATCGACGTGGTGAATAAGAGC
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A.m

D.m

B.m

A.m

D.m

B.m

RNP-1

A.m. EQQVHHIFSKYGPVERIQVVIDAKTGHSKGYCFVYFESLEDAKVAKEQCAGMEIDGRRMRVDYSIT

D.m. QHKVRELFNKYGPIERIQMVIDAQTQRSRGFCFIYFEKLSDARAAKDSCSGIEVDGRRIRVDFESIT

B.m. EQQINHIFSKYGPVDKVQVVIDAKTGRSRGFCFVYFEDMEDAKIAKNECTGMEIDGRRIRVDYSIT

A.m. H-—-—————— LHDRG---WDGPRR----RDSSYRGSYRRSPSP-YYNRRRGRYDRSRSR—SYSPRRY
D.m. RG-KAPRSFSPRRGRRVYHDRSASPYDNYRDRYDYRNDRYDRNLRRSPSRNRYTRNR-SYSRSRSPQLRRTSSRY
B.m. ISSRGDNGYDRRRDRDDCYYRGGGGGGGYRE----RDYYHRGYRHRSPSP-HYRRTR-RYERERSY—---SPRRY

Figure S1: Multiple Sequence Alignment of the Tra2 proteins of Apis mellifera (A.m.),
Drosophila melanogaster (D.m.) and Bombyx mori (B.m). The RNA recognition motif
(RRM) is highlighted in black, and the linker region is highlighted in dark grey. The
arginine-serine rich motifs (RS1 and RS2) are shown in light grey. The RNP-1 and RNP-2
sequence elements are marked by black bars.
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Abstract

Molecular analysis of the diversity of sex determination systems can contribute in our
understanding of how and why pathways and gene functions evolved. Sex in the honey bee
(Apis mellifera) is determined by heterozygosity of the complementary sex determiner (csd)
gene. This sex-specific signal is realized by a cascade of genes that involves the feminizer
(fem) and the Apis mellifera-doublesex (Am-dsx) gene. We have previously reported that Csd
proteins control the female-specific processing of the fem transcript encoding the Fem
protein, while Fem proteins are required to promote female specific splicing of Am-dsx
transcripts. However, it is still unknown whether Fem protein is the direct regulator of
female Am-dsx splicing and how this process is molecularly regulated. To analyze the
molecular control of splice regulation of female and male Am-dsx transcripts, we have
developed an in vivo splice assay in Sf21-cells by using Am-dsx minigene constructs to mimic
sex-specific Am-dsx splicing. Beside Fem proteins, we co-expressed Am-Tra2 protein as a
candidate protein that has the ability to directly interact with the pre-mRNAs and analyzed
the Am-dsx splicing products. Here we report that both proteins, female specific Fem and
non-sex-specific Am-Tra2 proteins are direct regulators of alternative splicing of the Am-dsx
minigene transcripts. Fem and Am-Tra2 proteins activate the splice donor site of the female
exon that requires exonic splice enhancer sequences (AAAGAG) within the region 20
nucleotides upstream of the splice donor site. In Drosophila melanogaster Tra and Tra2 also
direct splicing of female dsx transcripts, but here the proteins are activating a splice acceptor
site in the female exon by using other ESE sequences. This suggests that the underlying
mechanism of producing the sex-specific transcription factor Dsx in these insects has

diverged.
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Introduction

Sex in the honeybee (Apis mellifera) is determined by the heteroallelic
combination of the complementary sex determiner (csd) gene (Beye et al., 2003) in
contrast to the well studied sex chromosome system of Drosophila melanogaster (Cline
and Meyer, 1996; Erickson and Quintero, 2007). More than 15 allelic variants of this
complementary sex determining gene are segregating in honeybee populations
(Hasselmann et al.,, 2008; Hasselmann and Beye, 2004) that differ at an average of
approximately 6% of their amino acid residues in the putative specifying domain
(Hasselmann et al., 2008; Hasselmann and Beye, 2004). Bees heterozygous at the csd
gene are females, whereas bees homozygote or hemizygote (haploid individuals) at csd
are males. In the honeybee colonies queens lay unfertilized eggs to produce fertile males
(drones) and fertilized eggs to produce females that either differentiate into workers or
gueens as determined by worker’s differential feeding of larvae with royal jelly (Kucharski
et al., 2008; Kamakura, 2011). Diploid males in a colony do not survive because they are
eaten by worker bees shortly after they hatch from the egg. The csd gene translates into
an SR-type protein (Beye, 2004) that in the heteroallelic constitution is required for
female differentiation and directs the female splicing of fem pre-mRNAs (Hasselmann et
al., 2008; Gempe et al., 2009). This has been shown by fem and csd gene knockdown
studies. The female spliced fem mRNAs translate into Fem proteins that mediate the
splicing of the female Am-dsx mRNAs. In males, the activity of the primary signal csd that
newly evolved in the honeybee lineage (Hasselmann et al., 2008) and the downstream
target gene fem are not required. In the presence of homoallelic or hemiallelic Csd
proteins, non-productive fem mRNAs are generated by introducing a premature
translational stop codon into exon 3 during the splice process (Gempe et al., 2009). In the
absence of active Fem protein Am-dsx pre-mRNAs are spliced into the male mode, lacking
female exon 5. The alternative spliced Am-dsx transcripts in males and females translate
into transcription factors that differ in a part of their C-terminal sequence (Dearden et al.,

2006; Cho et al., 2007).

Here, we study the splice control of Am-dsx transcripts in honeybees. Dsx
orthologs are transcription factors of the DM type that have an atypical zinc-finger
domain in common and are key players in aspects of sexual differentiation in insects,

crustacean, nematodes and mammalians (Vincent et al., 2001; Keisman and Baker, 2001;

59



Chapter Il Manuscript Il

Christiansen et al., 2002; Keisman et al., 2001; Kopp et al., 2000; Sanchez et al., 2001;
Sanchez and Guerrero, 2001; Williams et al., 2008; Raymond et al., 1998; Hediger et al.,
2004; Suzuki et al., 2003; Kato et al., 2011; Matson et al., 2011) by integrating sex-specific
information within the general developmental program. In dipteran species including D.
melanogaster, Ceratitis capitata, Anastrepha obliqua, Musca domestica, Bactrocera oleae
(Ruiz et al., 2005, 2007; Hediger et al., 2004; Saccone et al., 2008; Lagos et al., 2005;
Burtis and Baker, 1989; Hoshijima et al., 1991), as well as in the lepidopteran insect
Bombyx mori (Ohbayashi et al., 2001; Suzuki et al., 2001, 2003) and the hymenopterans A.
mellifera and Nasonia vitripennis (Oliveira et al., 2009; Cho et al., 2007), dsx is sex-specific
regulated by an alternative splicing process. These female and male dsx mRNAs translate
Dsx proteins which have the N-terminal regions in common, but have sex-specific
sequences in segments of the oligomerization domain OD2 (An et al., 1996; Oliveira et al.,
2009; Ruiz et al., 2007, 2005; Hediger et al., 2004; Saccone et al., 2008; Lagos et al., 2005;
Cho et al., 2007; Ohbayashi et al., 2001). The sex-specific peptides of Dsx proteins control
the transcription of target genes which are necessary for somatic male and female
differentiation by binding to cis regulatory elements (Burtis and Baker, 1989; Coschigano

and Wensink, 1993; Sanchez et al., 2001; Keisman et al., 2001; Williams et al., 2008).

In females of D. melanogaster, the splicing of the dsx transcripts is directly
regulated by the Tra and Tra2 proteins. The SR-type protein Tra together with Tra2
protein directly interacts with Exonic Splicing Enhancers (ESEs) and a purine rich element
(PRE) located in exon 4 to activate a weak splice acceptor site (3" splicing site) what leads
to the inclusion of the female-specific exon 4 (Burtis and Baker, 1989; Inoue et al., 1992;
Hedley and Maniatis, 1991; Lynch and Maniatis, 1996, 1995; Sciabica and Hertel, 2006;
Tian and Maniatis, 1993). The ESEs are located ~300 nt downstream of the splicing
acceptor site and consist of six repeats (dsxRE) of a 13-nucleotide (nt) sequence with the
consensus motif (TC(T/A)(T/A)C(A/G)ATCAACA) (the so called dsx repeat elements
(dsxRE)). This Tra/Tra2 binding motif has been observed in other dipteran species that
suggests a canonical motif for Tra/Tra2 dependent dsx splice regulation (Salvemini et al.,
2009; Hediger et al., 2004; Burghardt et al., 2005). The inclusion of the female dsx exon 4
results in the usage of a female specific polyadenylation site that causes cleavage of
female transcripts ~570 nt downstream of the Tra/Tra2 binding sites. In contrast in males

a polyadenylation signal terminates transcription after the male specific exon 5 (Hedley
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and Maniatis, 1991). In D. melanogaster males, dsx pre-mRNAs are spliced into the male

form in the absence of Tra proteins (Hoshijima et al., 1991; Burtis and Baker, 1989).

In the lepidopteran insect B. mori in which females are heterogametic (ZW
chromosomes) and males homogametic (ZZ) the mechanism of sexual regulation of dsx
splice control differs, although like in the D. melanogaster dsx gene, the female specific
exons are retained. Female splicing is regulated by default and requires no additional
signal from the sex-determining pathway. Unlike in D. melanogaster, the female-specific
exon 5 of Bm-dsx gene has a strong 3' splice (acceptor site) site and the canonical
Tra/Tra2 binding sites are apparently absent in the Bm-dsx gene. Male splicing of the Bm-
dsx transcripts, however, requires the male-specific B. mori IGF-Il mRNA binding (Bm-IMP)
proteins (Suzuki et al., 2001, 2008, 2010). Together with P-element somatic inhibitor (Bm-
PSI) proteins (Suzuki et al., 2001, 2008, 2010) they mediate the exclusion of the female-
specific exon 4 by binding to the Exonic Splicing Silencer (ESS) element CE1. CE1 is a 20

nucleotides long sequence that is located in exon 4 and has reiterated UAA motif.

Here we study how female and male splicing of the Am-dsx transcripts is regulated
in the honeybee in the absence of canonical D. melanogaster Tra/Tra2 binding sites. The
Fem protein, like Tra in D. melanogaster is a female-specific factor that directs female
splicing of Am-dsx pre-mRNAs. The Fem protein (403 aa) has substantially diverged in the
amino acid sequence compared to the predicted D. melanogaster Tra ortholog (197 aa)
and has an N-terminal region (212 aa) that is entirely absent in the Tra protein of the
fruitfly. We have thus far no information how male Am-dsx mRNA processing is controlled

and whether a male-specific factor is required.

In this study we report on another mechanism of Am-dsx splice regulation in the
honeybee. The Fem/Am-Tra2 proteins activate the 5’ donor site of the female exon 5 that
requires a new sequence motif leading to the inclusion of the female exon and the female
transcript. Male Am-dsx splice variants are produced in the absence of an activity
provided by the sex-determination pathway (default state) implying that the sexual
switch at the level of Am-dsx is entirely controlled by absence and presence of Fem

proteins.
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Materials and Methods

Plasmid constructions

The pDO vector which was used for construction of vectors pDO Fem, pDO Am-Tra2, pDO
Am-dsx™ and pDO hGH is derived from the plZ/V5-His vector (Invitrogen). We inserted in
the multiple cloning site (MCS) a sequence that transcribes a Rubia-EGFP-fluorescence
protein. Downstream of the second OplE2 promoter we inserted a second multiple cloning
site (MCS2) and a second OplE2 polyA-site (for sequence of pDO vector see supplementary
data Fig. S2 B).

The full length feminizer (Fem Srev238P; GenBank: EU100941.1) open reading frame
(ORF) was amplified by PCR using primers #367 and #369 from vector pGEMT Fem Srev238P
excluding the last three nucleotides. The full-length Apis mellifera transformer2 (Am-tra2)
(splice variant Am-tra2®®’; GenBank: JQ518311) ORF was amplified by PCR with primers #359
and #421. Both fragments were cloned into pDO vector using the BamHI and Mlul restriction
sites by replacing the Rubia-eGFP fragment producing the pDO Fem and pDO Am-Tra2

expression plasmid.

To generate the Am-dsx minigene construct, a fragment containing Am-dsx exon 4,
intron 4, exon 5 and first 225 nucleotides of intron 5, was amplified by PCR with primers
#245 and #246 from genomic DNA. A second fragment comprising Am-dsx last 245
nucleotides of intron 5 and complete exon 6 was amplified by PCR using primers #247 and
#248 from genomic DNA. These fragments were cloned into pGEMT vector (pGEMT-Kit,
Promega) that produced the plasmid pGEMT dsx_Ex4-In5 225 and pGEMT dsx-
In5_last245bp-Ex6. The second Am-dsx fragment was restricted from pGEMT dsx-
In5_last245bp-Ex6 vector using Spel and Notl restriction enzymes and cloned into the
PGEMT dsx_Ex4-In5_225 plasmid using Spel and Notl restriction sites to create the pGEMT
Am-dsx™ plasmid. Am-dsx™ sequence was amplified by PCR using primers #317 and #320
and cloned into pDO vector using the Avrll and Xhol restriction sites, by replacing the
Avrll/Xhol fragment downstream of the second OplE2 promoter. This cloning produced the
Am-dsx minigene plasmid pDO Am-dsx™. This minigene is identical from exon 4-6 to the
genomic sequence (GenBank: GB18426), except for the intron 5 that we shortened from

39550 nt to about 470 nt (containing first 225 nt and last 245 nt of intron 5).

To create the pDO hGH plasmid, a fragment comprising last 10 nucleotides of exon 1

of human Growth Hormone (hGH) (GenBank: NT_010783.15) along with full intron 1, exon 2,
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intron 2, exon 3, intron 3, exon 4, intron 4, exon 5, and first 198 nucleotides of exon 5 was
amplified from vector pXGH5 using primers #496 and #497. This amplified product was
cloned into pDO vector using the Hindlll and Xbal restriction sites by replacing the Rubia-
eGFP fragment. In Sf21-cells the transcribed hGH pre-mRNA is spliced into 313 nt long
transcripts that contain exon 1, first 105 nt of Intron 1 and exon 5 (for sequence of spliced

and unspliced hGH transcripts see supplementary data, Fig. S2 A).

To produce the pOPI env/pRR splice reporter gene plasmid, a fragment containing
OplE2 baculovirus promoter sequence (for sequence see supplementary data, Fig. S2 C) was
amplified by PCR from vector plZ/V5-His using primers #611 and #613. This amplified
product was cloned into SV-env/GAR egfp splice reporter gene plasmid using the Clal and

EcoRl restriction sites by replacing the SV40 promoter sequence.

The splice reporter gene, the plasmid SV-env/GAR egfp, is an eGFP fused version of
SV-env/GAR plasmid (Caputi et al., 2004) which carries env ((viral) envelope glycoprotein)
sequence fused to egfp (SV-env/GAR egfp). The GAR sequence is a strong ESE element within
the HIV-1 exon 5 that enhances splicing from the SD1 to the so called splice acceptor SA7 in
human cells (Caputi et al., 2004). To identify putative ESE sequences targeted by Fem and
Am-Tra2 we replaced the GAR element by putative regulative Am-dsx DNA fragments (pRRs)
(figure 3 A + B). To generate the plasmid pOPI env/pRR1, pOPI env/pRR2, pOPI env/pRR3,
pOPI env/pRR4, pOPI env/pRR1_mutl, pOPI env/pRR1_mut2, pOPI env/pRR1_mut3, pOPI
env/pRR1_mut5 and pOPI env/pRR1_mut7 the GAR_ESE-EcoRI/Sacl fragment was replaced
by the corresponding putative regulatory region (pRR) fragments (for sequence of pRRs see

supplementary data, table S1).

Cell culture and transfection
521 cells were maintained in Spodopan medium (PAN Biotech) supplemented with 20

ug/mL of gentamycin (Roth) following the manufacturer’s instructions (Invitrogen). To assay
Am-dsx minigene splicing or env/ pRR splice reporter gene splicing we seeded 1 x 10° cells/
well in six-well plates. We transiently transfected the cells with different amounts of plasmid
DNA using 5ul Roti®-Insectofect reagent (Roth, Karlsruhe, Germany) per sample, following
the procedure reported by manufacturer’s instructions. 24 hours after transfection, we

replaced the transfection reagent with Spodopan/gentamycin medium. Cells were harvested
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72 hours after transfection. The transfection experiments were replicated at least three

times.

RT-PCR analysis

Total RNA from Sf21cells was isolated using the TRIzol® protocol (GIBCO BRL Life
Technologies, Germany). RNA was resolved in 11 pl of nuclease free water. The first strand
cDNA from mRNA was generated by reverse transcription using 100 pmol oligo(dT)s primer
and 200 U RevertAid™ Reverse Transcriptase following the protocol of the supplier
(Fermentas GmbH, St. Leon-Rot, Germany). To analyze splicing patterns of Am-dsx minigene
mRNAs transcribed from pDO Am-dsx™, we amplified male and female specific fragments
corresponding to the female and male transcripts by two separate PCRs using two sets of
oligonucleotides (male: #417/#418; female #417/#419). To analyze transcripts of pOPI
env/pRR splice reporter gene, PCR was performed using oligonucleotides #709 and #641.

hGH mRNA fragments (217 nucleotides) were amplified with primers #465 and #597.

Semiquantitative RT-PCR was standardized in respect to the splice product of the co-
transfected hGH control. All RT-PCR fragments were resolved by agarose gel electrophoresis
(2%), stained with ethidium bromide and visualized with the UV-solo (Biometra). We show
representative gel pictures of the three replicate RT-PCRs. Structure of splice products was
determined by sequencing. The analysis of splice products was studied from three
independent transfection assays and each of them was semiquantitatively analyzed by RT-

PCRs in three replicates.
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Results

Male-specific splicing is directed in the absence of Fem and Am-Tra2 proteins in Sf21 cells

Previous results showed that exon 5 of the Am-dsx pre-mRNA (Fig. 1A) is included in females
in the presence of Fem activity and that exon 5 is excluded in its absence (Gempe et al.,
2009). To study the mechanisms how the exon is selected and what trans-acting factors and
binding sequence elements are required to direct sex-specific splicing we developed a splice
assay in Sf21 cells. We used an Am-dsx minigene construct (Fig. 1B; cloned into plasmid pDO
Am-dsx™) that we transfected into Sf21 cells to study sex-specific inclusion or exclusion of
exon 5. To make the Am-dsx gene accessible to analysis we shortened the large intron 5 to
the first 225 and the last 245 nucleotides. We co-transfected cells with pDO hGH transcribing
pre-mRNA of the hGH gene (Selden et al.,, 1986) that served as transfection and splice

control in our semiquantitative RT-PCR based assay.

We observed male-specific exclusion of exon 5 in cells that were transiently
transfected solely with the Am-dsx minigene construct (Fig 1 C, lane 3). We detected no
female splicing and no inclusion of exon 5 (Fig 1 C, lane 3). Beside the most abundant
fragment corresponding to the male splice variant (Am-dsx™™) we found low amounts of
two alternative splice products (Am-dsx™ " and Am-dsx™ %) in Sf21 cells that we did not

MmIRL includes

detect in RT-PCR experiments from honeybee embryos. Splice product Am-dsx
full exon 4, the last 194 nucleotides of exon 5 and exon 6 (Fig. 1B +C; Fig. S2 D) suggesting
that the female exon 5 splice donor is activated together with another splice acceptor (SA2;
Fig. 1B) that is not used in honeybees. We were not able to sequence splice product Am-

m3R2 \We next amplified fragments specifically of the female transcripts that include exon

dsx
4 and the beginning of exon 5 by using oligonucleotide primer pairs #417 and #419, but did
not detect any PCR fragment (Fig 1B and Fig 1C, lane 3). These results suggest that our Am-

dsx minigene can mimic male-specific splicing of Am-dsx pre-mRNAs in S5f21 cells.
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Fig. 1: RT-PCR analysis of splicing variants of the Am-dsx mini gene (pDO Am-dsx™) derived
transcripts in the presence and absence of Fem protein in Sf21 cells.

(A) Diagram of the genomic organisation of the Am-dsx gene. The female-specific exon 5 is shown as
red box; the common exons are shown as grey boxes. The common translational start codon is shown
in black and the translational stop codons are shown in red (female) and blue (male). Please not that
exons and introns are shown in different scales. Intron 5 has been shortened for better illustration

(marked by two vertical bars). (B) Intron and exon structure of the Am-dsx "~ that was cloned into
pDO vector under control of the viral OplE2 promoter. pA indicates the polyadenylation signal that
we derived from OplE2 polyadenylation signal. The ~40 kb intron 5 of Am-dsx was shortened to 470
bp in the minigene. SA assigns the splice acceptor of the female exon and SD assigns the splice donor
of the female exon. SA2 and SA3 indicate the alternatively used splice acceptors in the female exon
that we observed when expressed in Sf21 cells. (C) RT-PCR analysis of splicing variants of pDO Am-

dsx® derived transcripts in the presence and absence of Fem protein in Sf21 cells. 1x106 5121 cells
were incubated with ddH,0 (lane 1) or transiently transfected with 1ug of pDO hGH (lane 2-8), 1ug of
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pDO Am-dsx" (lane 3-8) and increasing amounts of pDO fem (0.3, 0.8, 1.5, 2.0, 2.5 ug) (lane 4-8).
Male and female specific fragments were amplified by using oligonucleotide primers as indicated
in (B). Conditions for PCR using oligonucleotides #417/418 were optimized for amplification of
small male Am-dsx fragments and large female Am-dsx fragments in two separate PCRs (shown in
separate gel pictures). Semiquantitative RT-PCR was standardized in respect to the splice product
of the cotransfected hGH control. Fragments were resolved in 2% agarose gels and stained with
ethidium bromide. Fragments were cloned and sequenced to determine the exonic structure. The
exonic structure of the amplified fragments is schematically shown to the right of the gel picture.

Fem proteins are sufficient to direct female-specific splicing in Sf21 cells

In a previous study we showed that knockdown of fem mRNAs in honeybees produced a
switch from female to male splicing of Am-dsx pre-mRNAs (Gempe et al., 2009). To test
whether Fem proteins are sufficient to direct female splicing in a dose dependent manner
we transfected Sf21 cells with plasmids pDO Am-dsx™, pDO fem and pDO hGH that were
expressing the Am-dsx minigene, the Fem proteins and the hGH splice control. We analyzed
male- and female-specific splice products by RT-PCR which we semi-quantified across

samples in respect of the splice product of the hGH control.

We detected female-specific inclusion of exon 5 with increasing amounts of Fem
protein (Am-dsx™®”; Fig 1C, lane 4-8 upper panel). Beside the inclusion of entire female exon
5 in the presence of Fem protein we detected in the Sf21 cells Am-dsx™* transcript
(sequence, Fig. S2 E) that uses a splice acceptor site (SA3) that is located 140 nucleotides

downstream of the female SA site (SA3, figure 1B and table S2).

The inclusion of female exon 5 leads to a substantial increase in size and thus in an
underrepresentation of this fragment in PCRs when compared to the smaller male fragment
(855 nucleotides difference). We confirmed the female splicing with oligonucleotide primers
#417 and #419 that amplifies female transcripts that include the female exon 5, but no male
or Am-dsx™" transcripts. We detected again the female splice product (Am-dsx™) that
increased with larger amounts of pDO fem plasmids that are expressing Fem proteins (Fig
1C, lane 4-8 lower panel). These results suggest that Fem proteins are sufficient to direct in a

dose dependent manner female-specific splicing of Am-dsx transcripts.
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We used in the subsequent experiments the oligonucleotide primers #417 and #419
to specifically amplify the female splice variants and the oligonucleotide primers #417 and

#418 to analyze male splice products (Fig. 1B).

Expression of Am-Tra2 proteins enhances female-specific splicing in the presence of Fem

proteins.

In a previous study we have identified the tra2 ortholog gene, Am-tra2, in the honeybee
genome (Dearden et al., 2006). Tra2 in D. melanogaster is not sex-specifically regulated in
the soma (Mattox et al., 1990) and associates together with Tra protein as a part of a
multiprotein complex to direct the female splicing of dsx pre-mRNAs (Tian and Maniatis,
1993; Lynch and Maniatis, 1996). We first studied whether expression of solely the Am-Tra2
proteins are sufficient to direct female splicing of the Am-dsx minigene. Previous studies on
splice regulation of Tra2 proteins in D. melanogaster Kc cells showed that Tra2 proteins can
induce low amount of dsx female-specific splicing, presumably due to the presence of

endogenous expressed Tra proteins in this female cell line (Hoshijima et al., 1991).

To examine the role of Am-Tra2 in Am-dsx splicing we transfected Sf21 cells with
increasing amounts of pDO Am-tra2 plasmids expressing the Am-Tra2 proteins. We observed
that Am-Tra2 proteins were not sufficient to induce female-specific splicing in 521 cells
under different levels of expression (Fig. 2, lane 4-7) indicating that Am-Tra2 proteins cannot
direct female splicing even when they are overexpressed. Next we examined whether Am-
Tra2 protein expression can enhance female splicing when Fem proteins are expressed. We
transiently cotransfected plasmids expressing Fem protein and increasing amounts of
plasmids expressing Am-Tra2 proteins. Higher expression of Am-Tra2 proteins increased
inclusion of exon 5 when Fem proteins are coexpressed (Fig. 2, lane 8-12), suggesting that
the Am-Tra2 proteins enhance the female-specific splicing, but solely when Fem proteins are

present.

68



Chapter Il Manuscript Il

1 2 3 4 5 6 7 8 9 10 11 12
03 08 15 20 03 08 15 20
poamia2 - - - il - el
pDO fem - - - - - = - 4+ 4+ + + + (2540
pDO Am-dsx™ = = + + + + + + + + + + W9
pDO hGH - + + + + + 4+ + + + + + (9
<« Am-dsx™m3-R2 >
sy D EEEE REEEE e
all transcripts
HaLTALE) G5 S8 e e e G S e e . AT d
o e - o - i
. - . . - '€ Am-dsxm9-U1
Am-dsx . 4] L6 |
female-specific :
(#417/#419) \ ! SA
S < Am-dsxme Q
hGH , e e e — e . - D

Fig. 2: RT-PCR analysis of splicing variants of pDO Am-dsx™ derived transcripts in the presence and
absence of Fem and Am-Tra2 protein in Sf21 cells. 1x10° 5f21 cells were incubated with ddH,0 (lane
1) or transiently transfected with 1ug of pDO hGH (lane 2-12), 1ug of pDO Am-dsx™ (lane 3-12), 2.5ug
of pDO fem (lane 8-12) and increasing amounts of pDO Am-tra2 (0.3, 0.8, 1.5, 2.0 ug) (lane 4-7 and 9-
12). Male and female specific fragments were amplified by using oligonucleotide primers as indicated
in figure 1B. Semiquantitative RT-PCRs were standardized in respect to the splice product of
cotransfected hGH control. Conditions for the PCR using oligonucleotides #417/418 were optimized to
amplify the small male Am-dsx fragments. Fragments were resolved in 2% agarose gels and stained
with ethidium bromide. Fragments were cloned and sequenced to determine the exonic structure. The
exonic structure of the amplified fragments is schematically shown to the right of the gel picture. SA
assigns the splice acceptor of the female exon, SA2 and SA3 those of splice acceptors that are
alternatively used in Sf21 cells.

Bioinformatic analyses of Am-dsx splice regulation

We closer inspect by bioinformatic tools how Fem and Am-Tra2 proteins can possibly direct
the female-specific inclusion of exon 5. We first searched for canonical 13nt ESE (exonic
splicing enhancer) sequence (TC(T/A)(T/A)C(A/G)ATCAACA) that recruit Tra2 and Tra
proteins in D. melanogaster. In exon 4 to 6 and the connecting introns we did not identify

sequences that match this motif.
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Next, we evaluated the strength of splice acceptor and donor sites of the female exon
5 and compared them to those of the female dsx exon of D. melanogaster and to those of
the constitutive spliced Am-dsx exons (Table S2 and S3). If the intron sequence upstream of
the exon matches the consensus sequence well (the number of pyrimidines in the 12
nucleotide long tract 4 nucleotides upstream of the respective exon) the U2 snRNP Auxiliary
Factor (U2AF) binds well and thus should activate the splice activator site without assistance
from specific splice activators (Hoshijima et al., 1991; Tian and Maniatis, 1994; Graveley et
al., 2001). We found that the female exon 5 of Am-dsx has a predicted strong acceptor site
as we detected a long polypyrimidine tract (11 out of 12 nucleotides are pyrimidines) in
intron 4 (Table S2). This acceptor site is predicted to be stronger compared to the other
acceptor sites of constitutive spliced Am-dsx exons as they all have weaker matches to the
consensus sequence of the U2AF binding site (number of pyrimidines ranging from 8 to 10 in
the designated tract). The female exon in D. melanogaster, in contrast, has a weak acceptor
site (only 6 out of 12 nucleotides are pyrimidines) (Hoshijima et al., 1991) therefore this 3’
splice acceptor site is not used in males. This site is, however, activated in D. melanogaster
females by Tra and Tra2 proteins that bind to the ESEs sequences and form a complex with
other proteins that assist U2AF proteins in binding to the weak polypyrimidine tract
(Graveley et al., 2001; Zuo and Maniatis, 1996; Lynch and Maniatis, 1996). We next studied
the strength of splice donors. If the sequence at the splice donor site matches the consensus
sequence well so that U1snRNA binds (this results in the formation of an RNA duplex
between the free 5’end of the U1snRNA) (Freund et al., 2003; Kammler et al., 2001) then U1l
proteins are recruited to the donor site without assistance of splice activators. The splice
donor of the female exon 5 of the Am-dsx gene matches except of one position the
consensus sequence of the predicted U1snRNA binding site (Table S3). All other constitutive
spliced exons of Am-dsx gene have splice donors that have poorer matches to the consensus
sequence indicating that the splice donor of female exon 5 is predicted to be used without
assistance of a splice activator. In D. melanogaster the female exon lacks a donor splice site

and a polyadenylation signal in this exon causes cleavage of the mRNAs at that point.

These comparisons suggest that female exon 5 of Am-dsx gene has strong acceptor
and donor sites indicating that they are used without additional splice activators. Together
with our results that the splicing of male Am-dsx transcripts is promoted in the absence of

the Fem proteins both in the honeybee (Gempe et al., 2009) and in our splice assay here, we

70



Chapter Il Manuscript Il

propose that other transacting factors are required to repress the use of the strong acceptor

and donor splice sites in female exon 5.

We further studied regulation of exon 5 splice donor site that is used in the presence
of Fem and Am-Tra2 proteins (Fig. 3 and 4). We focused our study on the regulation of the
splice donor site of the female exon, because our results showed that the use of this splice
site substantially increased with various different splice acceptor sites by increasing amounts

of Fem/Am-Tra2 proteins (Fig 1 and 2).

The exon sequence upstream of the female-specific splice donor site harbors several

Fem/Am-Tra2 protein dependent ESEs

To further understand the control of exon 5 donor splice site activation by Fem and Am-Tra2
proteins, we cloned four overlapping 30 to 38 putative regulatory regions (pRR1-4) (Fig. 3A)
that comprise 113 nt upstream of splice donor site of exon 5 into a splice reporter gene
including a part of the env gene (Fig. 3B), a minigene that we modified from (Singh et al.
2010) in order to use it in Sf21 cells. If our sequence comprises Fem/Am-Tra2 protein
dependent ESE sequences, the downstream splice donor (SD7"*°™', Fig. 3B) will be used. We
focused our study on the first 113 nt upstream region, because it has been repeatedly
reported that use of ESE decline with distance to splice sites (Kuo and Norton, 1999;

Graveley et al., 1998; Shen and Green, 2006; Sciabica and Hertel, 2006).

We co-transfected increasing concentrations of our pOPI env/pRR plasmid containing
the pRR together with control plasmid pDO hGH into Sf21 cells and studied the effects on

"ePOeN) in respect to splicing of hGH control

activation of the reporter splice donor site (SD1
by semi-quantitative RT-PCR. We observed an increase of reporter splicing for pRR 1 to 4 in
response to the expression of Fem and Am-Tra2 proteins (Figure 3C). For pRR1 — the
sequence next upstream of the female splice donor — we found a strong dose dependent

splice response with increasing amounts of Fem and Am-Tra2 proteins (Figure 3C; lane 3-6)

We did not detect such dose response for the pRR2 and 3 sequences (Figure 3C; lane
7-14). For these sequences we observed reporter gene splicing even in the presence of low
amounts of Fem and Am-Tra2 proteins. We next studied whether splicing substrate was

entirely converted even when low amounts of Fem/Am-Tra2 proteins are expressed using
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Fig. 3: Identification of Fem/Am-Tra2 protein dependent ESEs within the female Am-dsx exon. (A)
Region of interest in exon 5 of Am-dsx and the sequences of fragments pRR1, pRR2, pRR3 and pRR 4.
The female exon 5 is shown as a red box, the male and female common exons 4 and 6 are shown as
grey boxes. Last 113 nucleotides of exon 5 (upper case letter) and first 9 nucleotides of intron 5 (lower
case letter) are shown. SA indicates the splice acceptor, SD the splice donor of the female exon. (B)
Structure of the splice reporter gene construct (pOPI env/pRR) in order to identify splice enhancers.
The splice reporter gene is transcribed under control of the viral OplE2 promoter. If pRR harbors a

t
exonic splice enhancer (ESE) the reporter splice donor sD1"" is activated and directs splicing to

reporter

splice acceptor SA7 that we study by RT-PCR amplifications (arrows shows the designated binding
sites of the oligonucleotide primers). env denotes a part of the gene envelope; egfp denotes the
enhanced green fluorescence protein gene sequence. (C) Semiquantitative analysis of Fem/Am-Tra2
dependent splicing in respect to the presence of the different pRR sequences in the splice reporter
gene. 1x106 Sf21 cells were incubated with ddH,0 (lane 1) or transiently transfected with 1ug of pDO
hGH (lane 2-18), 1ug of pOPI env/pRR1 (lane 3-6), 1ug of pOPI env/pRR2 (lane 7-10), 1ug of pOPI
env/pRR3 (lane 11-14), 1ug of pOPI env/pRR4 (lane 15-18) and increasing amounts of pDO fem and
pDO Am-tra2 (0.5, 1.0, 2.0 pg each) (lane 4-6; 8-10; 12-14; 16-18). Transcripts were amplified by RT-
PCRs using oligonucleotide primers as indicated in (B). Semiquantitative RT-PCRs were standardized in
respect to the splice product of cotransfected hGH control. Fragments were resolved in 2% agarose gels
and stained with ethidium bromide. Identity of splice products was verified by sequencing.
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the example of pRR2. We tripled the amount of the transfected reporter gene plasmid pOPI
env_pRR2 plasmid (supplementary data, Fig. S1) and observed again a strong dose
dependent response implicating that the pRR2 and pRR3 sequences harbors very effective

splice enhancers.

For pRR4, the sequence most distant to female exon 5 splice donor site, we sized only
small differences in splicing in the absence and presence of Fem and Am-Tra2 proteins (Fig 3,
lane 15-18) suggesting that this sequence is a not very effective in promoting the use of the
splice donor site. Taken together these results indicate the first 100 nt upstream of the
female splice donor site of Am-dsx harbors Fem/Am-Tra2 protein dependent ESEs that

promote the use of a splice donor.

Defined mutations within the pRR1 sequence reduce splicing efficiency in presence of Fem

and Am-Tra2.

We further characterized the sequence of Fem/Am-Tra2 ESEs in the pRR1 sequence
that is located next upstream of the splice donor site of the female exon 5, because previous
studies showed ESEs are most effective when located in close proximity of splice sites (Kuo

and Norton, 1999; Graveley et al., 1998; Shen and Green, 2006).

To identify putative Fem/Am-Tra2 protein dependent ESEs within fragment pRR1 we
predicted candidate sequences by the ESR (exonic splicing regulatory elements) search tool
(http://esrsearch.tau.ac.il/). Two putative exonic splice enhancers (pESEs) were predicted
(AAAGAG and AAGAGG; figure 4A) (Fairbrother et al., 2002) in which sequence AAAGAG
appeared two times. To determine whether Fem/Am-Tra2 proteins target these sequences
to promote splicing, we introduced a series of point mutations into the AAAGAG motif and

studied whether the splicing efficiency is affected in our splice enhancer assay (figure 4A).

Point mutations that changed sequence AAAGAG to AAAGGG in either the first
(pPRR1_mutl) or the second (pRR1_mut2) hexamer repeat had no sizeable effect on the
efficiency of splicing (Fig. 4B, lane 3-6 and 7-10). We detected a dosage dependent increase
of splicing products of the reporter gene in the presence of Fem/Am-Tra2 proteins (figure
4B; lane 3-6 and lane 7-10). Next we examined the combined effect of point mutations in

both hexameric repeats (pRR1_mut3). These double mutations abolished the Fem/Am-Tra2
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Fig. 4: Identification of Fem/Am-Tra2 protein dependent ESE sequences within the pRR1 fragment.
(A) Sequences of mutated pRR1 fragments. Positions of changed nucleotides are marked in yellow.
Dotted boxes indicate the predicted ESE sequences. (B) The effect of point mutations in the pRR1

fragment on reporter gene splicing. 1x106 Sf21 cells were incubated with ddH,0 (lane 1) or

transiently transfected with 1ug of pDO hGH (lane 2-18), 1ug of pOPI env/pRR1_mutl (lane 3-6), 1ug
of pOPl env/pRR1_mut2 (lane 7-10), 1ug of pOPI env/pRR1_mut3 (lane 11-14), 1ug of pOPI
env/pRR1_mut5 (lane 15-18), 1ug of pOPI env/pRR1_mut7 (lane 19-22) and increasing amounts of
pDO fem (0.5, 1.0, 2.0 pg) and of pDO Am-tra2 (0.5, 1.0, 2.0 ug) (lane 4-6; 8-10; 12-14; 16-18; 20-22).
Splice reporter gene transcripts were amplified in RT-PCRs by using oligonucleotide primers as
indicated in figure 3B. Semiquantitative RT-PCRs were standardized in respect to the splice product
of cotransfected hGH control. Fragments were resolved in 2% agarose gels and stained with
ethidium bromide. Structure of splice products was verified by sequencing.

protein dosage dependent splicing (figure 4B; lane 11-14). To further characterize the
sequences of the ESEs we analyzed two point mutations further upstream of the hexameric
motif changing the sequence from AAAGAG to ACCGAG (pRR1_mut5 and pRR1_mut7; figure
4A). We observed essentially the same pattern. The mutation in one repeat had no sizeable
effect on splicing efficiency while the mutations in both AAAGAG repeats abolished the Fem
and Am-Tra2 protein dosage dependent splicing (figure 4B; lane 15-18 and lane 19-22). Our
results showed that the AAAGAG motif in pRR1 fragment is essential to activate the splice

donor in the presence of Fem/Am-Tra2 proteins.

74



Chapter Il Manuscript Il

Discussion

We have previously reported that the fem gene is required for female specific splicing
of Am-dsx transcripts in the honeybee that implement female differentiation (Hasselmann et
al.,, 2008; Gempe et al., 2009). However, a direct involvement of the Fem protein in the
splicing process has thus far not been shown. The fem gene is a critical component of the
complementary sex determining pathway as it maintains the femaleness by a positive
regulatory loop and implements female differentiation by the primary signal csd. In the
present study we provided evidences that female Fem protein is directly regulating the
splicing of Am-dsx transcripts. We further showed that Am-Tra2 protein is a cofactor that
enhances female splicing of Am-dsx pre-mRNAs in the presence of Fem proteins, but that the
mechanism of splice regulation and the involved RNA binding sites differ from those in D.
melanogaster. We established an in vivo splice assay in lepidopteran cells and were able to
mimic sex-specific Am-dsx splicing using an Am-dsx minigene construct. In the absence of
Fem protein male Am-dsx transcripts were generated, suggesting that male splicing is the
default regulatory state in the absence of the complementary sex determining signal csd. In
the presence of female Fem protein we were able to promote female specific splicing of Am-
dsx transcripts. Taken together, our data suggests that Fem protein is sufficient to direct
female Am-dsx splicing. Am-Tra2 protein further enhances female specific splicing in the
presence of Fem protein, but alone it is not sufficient to direct female Am-dsx splicing in Sf21
cells. This finding supports our previous study in honeybees that shows that Am-tra2 gene is
essential for female Am-dsx splicing in the presence of female Fem proteins (Nissen, Miiller,

& Beye, under review).

This raises the question of how the SR-type protein Fem is able to promote, in the
absence of an RBD and direct RNA binding, female Am-dsx splicing. We propose four
explanations for this observation: (i) endogenously expressed Sf-Tra2 protein in Sf21 cells is
able to replace the role of Am-Tra2 protein as co-factor of Fem protein in the splice process;
(ii) other RNA-binding proteins are sufficient to mediate the interaction between Fem and
the Am-dsx pre-mRNA; (iii) Fem protein has RNA binding abilities; (iv) Fem proteins when
overexpressed, as it is performed here, can possibly direct the splicing. Our previous results,
however, showed Am-tra2 gene is essential to direct female Am-dsx pre-mRNA splicing
(Nissen, Mller, & Beye, under review), suggesting that either overexpression or endogenous

Tra2 of §f21 cells is responsible.
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We further studied how the Fem and Am-Tra2 proteins direct the use of the splice
donor site. The splice acceptor and splice donor sites of the female Am-dsx exon are strong
and are predicted to be recognized by the splicing machinery without assistance of particular
splicing activators (Hoshijima et al., 1991; Tian and Maniatis, 1994; Graveley et al., 2001).
The strong splice donor and acceptor sites that are not utilized neither in the honeybee (Cho,
Huang, & Zhang, 2007; Nissen et al., under review) nor in Sf21 cells, suggesting that they are
silenced by constitutive splicing repressor proteins that may bind to exonic or intronic
splicing silencer sequences in the female exon or intron (Baralle and Baralle, 2005; Valcarcel
et al., 1993; Suzuki et al., 2008; Qi et al., 2007). The female form of splicing in the response
to Fem and Am-Tra2 proteins suggests that these proteins are splicing activators. We
identified Fem/Am-Tra2 protein dependent exonic splicing enhancer (ESE) sequences in the
first 100 nt upstream of the female splice donor site by using a reporter construct that can
assay the impact of different ESE sequences on the activation of a general splice donor. Point
mutations within the direct upstream sequence of the female splice donor site (sequence
pRR1) showed that the two copies of the sequence AAAGAG are required for the activation
of the splice donor by Fem and Am-Tra2 proteins. Mutation in only one of the AAAGAG
sequence motifs did not reduce the efficiency of splicing. We suggest that both of these
sequences are utilized to recruit Fem and Am-Tra2 proteins to the ribonucleotide sequence
and to direct the use of the splice donor site of the female exon. Our analysis, however,
cannot exclude that other sequence motifs further upstream are also involved to promote

the use of the female specific splice donor or the splice acceptor site.

The predicted strength of the female splice donor and splice acceptor site further
indicates that the sites are constructively silenced by splicing repressor proteins (Valcarcel et
al., 1993; Suzuki et al., 2010, 2008) and are only activated in the presence of Fem protein in
females. We propose two models how these splice repressor proteins and Fem proteins
together control Am-dsx splicing. In the first model the splicing repressor proteins, which
inhibit female splicing, bind in males to the same sequences as Fem and Am-Tra2 proteins. In
females they are replaced by the Fem/Am-Tra2 protein complex possibly because they have
a higher binding affinity to the RNA for instance to the AAAGAG sequence. In the second
model Fem/Am-Tra2 protein complexes and the proteins repressing female splicing bind to

other sequences of the Am-dsx pre-mRNA.
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The role of female Fem protein as a direct component of sex-specific splice regulation
suggests important implications for the control of the complementary sex determination
pathway. Heteroallelic Csd protein is the primary signal that determines the female state
and that directs the female processing of fem transcript that are translated into Fem
proteins (Gempe et al., 2009; Hasselmann et al., 2008). Beside the role of Fem protein as a
splice activator of female Am-dsx splicing, it is also responsible to maintain the female
determined state throughout development by directing female splicing of its own pre-
MRNAs into the productive female mode (Gempe et al., 2009). The Fem/Am-Tra2 proteins
may also directly control the splicing of female fem transcripts. Indeed knockdown studies of
the Am-tra2 showed that Am-Tra2 protein is also required to promote fem transcript splicing
into the female mode (Nissen et al., under review). This implies that Am-Tra2 has an
important role on two levels of the cascade of sex determination, on the level of Am-dsx and

on the level of fem pre-mRNA splicing.

Although the sex-specific splicing of dsx transcripts is highly conserved across different
insects orders (Gempe and Beye, 2011) our results suggest that molecular control of this
splice process can be very different. We compared Am-dsx regulation with those in D.
melanogaster and the lepidopteran insect B. mori in which molecular details of the splicing
process have been studied. In D. melanogaster the weak splice acceptor site is activated by
Tra and Tra2 proteins (Inoue et al., 1992; Sciabica and Hertel, 2006; Tian and Maniatis,
1993). The binding of these proteins to six repeats of a 13 nt (ESE) sequence that is located
~300 nucleotides downstream of the weak acceptor splice site recruit the general splicing
machinery (Inoue et al., 1992; Sciabica and Hertel, 2006) to promote the female splicing. This
canonical 13 nt long binding motif is found at similar positions of the female exon in other
dipteran species (Hediger et al., 2004; Saccone et al., 2008; Lagos et al., 2005) suggesting
that an equivalent mechanisms by use of the splice acceptor is operating in these dipteran
insects. In D. melanogaster, M. domestica, C. capitata and Bactrocera oleae the female exon
is not spliced to further downstream exons and a polyadenylation signal terminates the
female transcript in this exon. In contrast, Fem/Am-Tra2 proteins promote in the honeybee
the use of the splice donor site by involving other ESEs in order to direct the inclusion of the
female exon. In honeybees, the splice donor and acceptor sites of the female Am-dsx exon
are very strong (Mount, 1982; Asang et al., 2008; Freund et al., 2005; Caputi et al., 2004;

Hoshijima et al., 1991; Kammler et al., 2001; Norton, 1994) suggesting that some other
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constitutive expressed splice repressors are involved in the honeybee to direct male splicing

and exclusion of the female exon in the absence of the Fem proteins.

In B. mori the role of Tra or Tra2 proteins in Bm-dsx splice regulation is thus far not
known. In this species the Bm-dsx transcripts are presumably spliced into the female form in
the absence of male-determining splice regulator Bm-PSI and Bm-IMP proteins. The Bm-PSI
proteins and the male-specific Bm-IMP proteins bind 15 nucleotide downstream of the
female splice acceptor site to a 20 nucleotide long exonic splicing silencer sequence (CE1)
(Suzuki et al., 2010, 2008) which is evidently silencing the female splicing. We suggest that
honeybee orthologs of Bm-imp and Bm-psi genes are putative candidate genes that can
control the male splicing of Am-dsx in the honeybee by silencing the strong female splice
acceptor and donor sites in the female exon. Taken together, our comparison of the
molecular control of dsx splicing in different orders of holometabolous insects implicate that
generation of a sex-determining female and male dsx mRNAs is conserved (Gempe and Beye,

2011) while the mechanisms that produce the male and female transcripts have diverged.

In the near future, we will study the direct interaction of Am-Tra2 and Fem proteins
with the Am-dsx pre-mRNA sequence by RNA binding shift experiments. By introducing
mutations within the AAAGAG sequence of the Am-dsx minigene we will learn more about
the impact of this sequence on female Am-dsx splicing and splice donor activation. In
addition mutated splice acceptor and splice donor sites may help us to understand whether
Fem/Am-Tra2 proteins also activate the splice acceptor site of the female exon in the

honeybee.
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Supplementary Data

Table S1: Sequences of oligonucleotides that were used

to clone pDO fem, pDO Am-tra2, pDO hGH

#367 (fem_rev)

GATCACGCGTTTACATAGGTCCAAATCTAGGATTTGG

#369 (fem_fw) GATCGGATCCATGAAACGGAATACAACAAATCATTC
#359 (Am-tra2_fw) GATCGGATCCATGAGTGACATTGAGCGAAGTAGTAG
#421 (Am-tra2_rev) TGACACGCGTTTAATATCGACGTGGTGAATAAGAGC
#496 (hGH_fw) GATCAAGCTTATGGCTACAGGTAAGCGCCCCT

#497 (hGH_rev)

GATCTCTAGACTAGAAGCCACAGCTGCCCTCCACAG

to clone Apis mellifera dsx minigene (Am-dsx™)

#245 GATCGGGCCCGTGAAAATGTGGAAATTCTATTGGAGCACA

#246 GATCACTAGTTATTAGAATTATAATATTATTTAATATTTTTTTAAATATA
#247 GATCACTAGTACGTGATATTATTGACACTATGATCTATCTTATAAAA
#248 GATCGCGGCCGCTGAGGCTACGTATGTTTAGGAGGACC

#317 GATCCCTAGGGTGAAAATGTGGAAATTCTATTGGAG

#320 GATCCTCGAGTGAGGCTACGTATGTTTAGGAGGACC

to clone OplE2-promoter

#611

GATC ATCGAT TCATGATGATAAACAATGTATGGTGCTAAT

#613

GATCGAATTCAAATTCGAACAGATGCTGTTCAACTGTG

to generate pRR linker

#622 (pRR1_fw)

AATTC TTCAACAATGTAAGATATAAAGAGGGATTTAAAGAG GAGCT

#623 (pRR1_rv)

C CTCTTTAAATCCCTCTTTATATCTTACATTGTTGAA G

#618 (pRR2_fw)

AATTC TGAATATATATCAGCTGTTTGTATTCAACAATGTAAGA GAGCT

#619 (PRR2_rv)

C TCTTACATTGTTGAATACAAACAGCTGATATATATTCAG

#620 (pRR3_fw)

AATTC TCATCAGGAAGATATATATCTATATGAATATATATCAG GAGCT

#621 (pRR3_rv)

C CTGATATATATTCATATAGATATATATCTTCCTGATGA G

#729 (pRR4_fw)

AATTC ATTATATCTTCATTGGAAGATAGAATTTAA GAGCT

#730 (pRR4_rv)

CTTAAATTCTATCTTCCAATGAAGATATAAT G

#654 (pRR1_mutl_fw)

AATTC TTCAACAATGTAAGATATAAAGGGGGATTTAAAGAG GAGCT

C CTCTTTAAATCCCCCTTTATATCTTACATTGTTGAA G

#648 (pRR1_mut2_fw)

AATTC TTCAACAATGTAAGATATAAAGAGGGATTTAAAGGG GAGCT

#649 (pRR1_mut2_rv)

C CCCTTTAAATCCCTCTTTATATCTTACATTGTTGAA G

#646 (pRR1_mut3_fw)

AATTC TTCAACAATGTAAGATATAAAGGGGGATTTAAAGGG GAGCT

#647 (pRR1_mut3_rv)

C CCCTTTAAATCCCCCTTTATATCTTACATTGTTGAAG

#724 (pRR1_mut5_fw)

AATTC TTCAACAATGTAAGATATAAAGAGGGATTTACCGAG GAGCT

#725 (pRR1_mut5_rv)

C CTCGGTAAATCCCCCTTTATATCTTACATTGTTGAA G

(
(
(
(
(
(
(
(
#655 (pRR1_mutl_rv)
(
(
(
(
(
(
(

#735 (pRR1_mut7_fw)

AATTC TTCAACAATGTAAGATATACCGAGGGATTTACCGAG GAGCT

#736 (pRR1_mut7_rv)

C CTCGGTAAATCCCTCGGTATATCTTACATTGTTGAA G

to analyze Am-dsx splicing

#417

CTATTGGAGCACAGTAGCAAACTTG

#418 GGCTACGTATGTTTAGGAGGACC

#419 GAAACAATTTTGTTCAAAATAGAATTCC

to analyze hGH splicing

#465 GATCACGCGTCTAGAAGCCACAGCTGCCCTCC
#597 AGGTTTGGGGCTTCTGAATAG

to analyze splice product of the

splice reporter gene (pOpl env/pRR)

#709

CAGCATCTGTTCGAATTTGAATTC

#641

AGCACTGCACGCCGTAGGTC
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Table S2: Splice acceptor sites in the dsx gene of the honeybee and in intron 3 of D.

melanogaster.

Intron/Exon Acceptor sequence Number of Pyrimidines
Am-dsx 4/5 UUUCUUUAUUCUCUAG 11

1/2 UCUUUUUAUGUUGCAG 10

2/3 GAUUCUUUCCUAACAG 9

3/4 UUUGAUUGUGUUACAG 8

5/6 UUGUUUGUUUCAACAG 9

6/7 UUUUUUCUGAUUCCAG 10
Dm-dsx 3/4 AUCUGAUCUAAACCAG 6

Acceptor sequences used in females are intron 4 of Am-dsx and intron 3 of Dm-dsx. The

largest number of pyrimidines that can be found in the polypyrimidine tract is 12. Letters

shown in bold, mark the end of introns.
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Table S3: Similarity of putative UlsnRNA binding sites of splice donors to the consensus

sequence in the Am-dsx gene.

Exon/Intron U1 snRNA binding site H-Bond Score
Am-dsx 5/5 GAGGUAAGUGU 20.2

1/1 UGGGUAAGUUU 17.5

2/2 GAGGUUAGUCU 15.7

3/3 CCAGUGAGUGA 12.1

4/4 AUGGUAAAGUA 12.0

6/6 UCAGUAAGUCU 14.5
consensus sequence s 23.8

The underlined part of the sequence indicates the intron. The hydrogen bond (H-Bond) score
(http://www.uni-duesseldorf.de/rna/html/hbond_score.php) calculates the strength of
binding between the pre-mRNAs and the UlsnRNA which take the number of hydrogen
bonds into account (Freund et al., 2003; Kammler et al., 2001). Consensus sequence shows

the sequence which has optimal binding abilities to the U1snRNAs.
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12 3 4 5 6
pDO Am-tra2 0 0.5 1.0 2.5
pDO env/pRR2 - - + + + + 3ug
pDOhGH | - + + + 4+ + 1pg
—_— PRR2

D1/SAT7reporter
splice reporter gene | - .- - J |

hgh |© S - - - -

Fig. S1: Fem/Am-Tra2 protein dosage dependent splicing when excess of reporter gene with
the pRR2 fragment (pOPI env/pRR2) is provided. 1x10° Sf21 cells were incubated with ddH,0
(lane 1) or transiently transfected with 1pg of pDO hGH (lane 2-6), 3pg of pOPI env/pRR2 (triple
amount compared to previous experiments; lane 3-6),) and increasing amounts of pDO fem and
pDO Am-tra2 (0.5, 1.0, 2.5 pg each) (lane 4-6). Transcripts were amplified by RT-PCRs using
oligonucleotide primers as indicated in (Fig. 3B). Semiquantitative RT-PCRs of reporter
transcripts were standardized in respect to the splice product of cotransfected hGH control.
Fragments were resolved in 2% agarose gels and stained with ethidium bromide. Structure of
splice products was determined by sequencing.

Fig. S2 Sequences of hGH, pDO vector, OplE2 promoter, transcript Am-dsx™ " and

transcript Am-dsx™ .

A) Sequence of human Growth Hormon (hGH) fragment, cloned into pDO vector

(underlined sequence represents intron that is spliced out in Sf21 cells) :

ATGGCTACAGGTAAGCGCCCCTAAAATCCCTTTGGGCACAATGTGTCCTGAGGGGAGAGGCAGCGACCTGTA
GATGGGACGGGGGCACTAACCCTCAGGTTTGGGGCTTCTGAATGTGAGTATCGCCATGTAAGCCCAGTATTTG

GCCAATCTCAGAAAGCTCCTGGTCCCTGGAGGGATGGAGAGAGAAAAACAAACAGCTCCTGGAGCAGGGAG

AGTGCTGGCCTCTTGCTCTCCGGCTCCCTCTGTTGCCCTCTGGTTTCTCCCCAGGCTCCCGGACGTCCCTGCTCC

TGGCTTTTGGCCTGCTCTGCCTGCCCTGGCTTCAAGAGGGCAGTGCCTTCCCAACCATTCCCTTATCCAGGCTTT

TTGACAACGCTATGCTCCGCGCCCATCGTCTGCACCAGCTGGCCTTTGACACCTACCAGGAGTTTGTAAGCTCT

TGGGGAATGGGTGCGCATCAGGGGTGGCAGGAAGGGGTGACTTTCCCCCGCTGGGAAATAAGAGGAGGAG

ACTAAGGAGCTCAGGGTTTTTCCCGAAGCGAAAATGCAGGCAGATGAGCACACGCTGAGTGAGGTTCCCAGA

AAAGTAACAATGGGAGCTGGTCTCCAGCGTAGACCTTGGTGGGCGGTCCTTCTCCTAGGAAGAAGCCTATATC

CCAAAGGAACAGAAGTATTCATTCCTGCAGAACCCCCAGACCTCCCTCTGTTTCTCAGAGTCTATTCCGACACCC

TCCAACAGGGAGGAAACACAACAGAAATCCGTGAGTGGATGCCTTCTCCCCAGGCGGGGATGGGGGAGACCT
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GTAGTCAGAGCCCCCGGGCAGCACAGCCAATGCCCGTCCTTCCCCTGCAGAACCTAGAGCTGCTCCGCATCTCC

CTGCTGCTCATCCAGTCGTGGCTGGAGCCCGTGCAGTTCCTCAGGAGTGTCTTCGCCAACAGCCTGGTGTACG

GCGCCTCTGACAGCAACGTCTATGACCTCCTAAAGGACCTAGAGGAAGGCATCCAAACGCTGATGGGGGTGA

GGGTGGCGCCAGGGGTCCCCAATCCTGGAGCCCCACTGACTTTGAGAGCTGTGTTAGAGAAACACTGCTGCCC

TCTTTTTAGCAGTCAGGCCCTGACCCAAGAGAACTCACCTTATTCTTCATTTCCCCTCGTGAATCCTCCAGGCLCTT

TCTCTACACCCTGAAGGGGAGGGAGGAAAATGAATGAATGAGAAAGGGAGGGAACAGTACCCAAGCGCTTG

GCCTCTCCTTCTCTTCCTTCACTTTGCAGAGGCTGGAAGATGGCAGCCCCCGGACTGGGCAGATCTTCAAGCAG

ACCTACAGCAAGTTCGACACAAACTCACACAACGATGACGCACTACTCAAGAACTACGGGCTGCTCTACTGCTT
CAGGAAGGACATGGACAAGGTCGAGACATTCCTGCGCATCGTGCAGTGCCGCTCTGTGGAGGGCAGCTGTGG
CTTCTAG

B) Full sequence of pDO vector:

GGATCATGATGATAAACAATGTATGGTGCTAATGTTGCTTCAACAACAATTCTGTTGAACTGTGTTTTCATGTTT
GCCAACAAGCACCTTTATACTCGGTGGCCTCCCCACCACCAACTTTTTTGCACTGCAAAAAAACACGCTTTTGCA
CGCGGGCCCATACATAGTACAAACTCTACGTTTCGTAGACTATTTTACATAAATAGTCTACACCGTTGTATACGC
TCCAAATACACTACCACACATTGAACCTTTTTGCAGTGCAAAAAAGTACGTGTCGGCAGTCACGTAGGCCGGCC
TTATCGGGTCGCGTCCTGTCACGTACGAATCACATTATCGGACCGGACGAGTGTTGTCTTATCGTGACAGGAC
GCCAGCTTCCTGTGTTGCTAACCGCAGCCGGACGCAACTCCTTATCGGAACAGGACGCGCCTCCATATCAGCC
GCGCGTTATCTCATGCGCGTGACCGGACACGAGGCGCCCGTCCCGCTTATCGCGCCTATAAATACAGCCCGCA
ACGATCTGGTAAACACAGTTGAACAGCATCTGTTCGAATTTAAAGCTTGGTACCGAGCTCGGATCCACTAGTCC
AGTGTGGTGGAATTCATGGCCTCCTCCGAGGATGTCATCAAAGAGTTTATGAGATTTAAGGTCAAGATGGAGG
GAAGCGTCAACGGACACGAGTTCGAGATTGAGGGAGAAGGAGAAGGCCGGCCTTACGAGGGCACACAAACC
GCTAAGCTCAAGGTCACAAAAGGAGGACCCCTCCCCTTCTCCTGGGATATTCTGAGCCCTCAGTTCCAGTACGG
AAGCAAAGCCTATGTTAAACACCCTGCCGACATCCCTGACTATCTGAAGCTCTCCTTCCCTGAAGGCTTCAAGT
GGGAGAGATTCATGAACTTCGAGGACGGAGGCGTGGTGACAGTCACACAAGATAGCACCCTCCAGGACGGA
GAGTTTATTTATAAGGTGAAACTCAGAGGAACCAACTTCCCCTCCGATGGCCCTGTCATGCAAAAAAAAACAAT
GGGATGGGAAGCCTCCACCGAGAGAATGTATCCTGAGGATGGCGCTCTGAAAGGCGAAATTAAAATGAGACT
GAAACTCAAAGACGGAGGACACTACGATGCCGAGGTCAAAACAACCTACAAGGCCAAGAAACAAGTGCAGCT
GCCTGGCGCCTACATGACTGATATTAAACTCGACATTATCAGCCATAATGGGGACTACACCATCGTGGAACAAT
ATGAGAGAGCTGAGGGCAGACATAGCACAGGCGCTGGATCCGCGGCCGCGAGCTCACTAGTCATATGTTCTA
GAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTA
AACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTC
ATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTT
CAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAG
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CGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTG
GTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTAC
AACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCC
GCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCC
CCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGA
TCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTACAAGTAACCG
CGGTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACCGGTCATCATCACCATCAC
CATTGAGTTTATCTGACTAAATCTTAGTTTGTATTGTCATGTTTTAATACAATATGTTATGTTTAAATATGTTTTT
AATAAATTTTATAAAATAATTTCAACTTTTATTGTAACAACATTGTCCATTTACACACTCCTTTCAAGCGCGTGGG
ATCGATGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGA
GCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCC
CTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGG
CGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTC
TCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCC
AAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTC
CAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGT
AGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGC
GCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTA
GCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTT
TCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGATGATAAACAATGTAT
GGTGCTAATGTTGCTTCAACAACAATTCTGTTGAACTGTGTTTTCATGTTTGCCAACAAGCACCTTTATACTCGG
TGGCCTCCCCACCACCAACTTTTTTGCACTGCAAAAAAACACGCTTTTGCACGCGGGCCCATACATAGTACAAA
CTCTACGTTTCGTAGACTATTTTACATAAATAGTCTACACCGTTGTATACGCTCCAAATACACTACCACACATTG
AACCTTTTTGCAGTGCAAAAAAGTACGTGTCGGCAGTCACGTAGGCCGGCCTTATCGGGTCGCGTCCTGTCAC
GTACGAATCACATTATCGGACCGGACGAGTGTTGTCTTATCGTGACAGGACGCCAGCTTCCTGTGTTGCTAACC
GCAGCCGGACGCAACTCCTTATCGGAACAGGACGCGCCTCCATATCAGCCGCGCGTTATCTCATGCGCGTGAC
CGGACACGAGGCGCCCGTCCCGCTTATCGCGCCTATAAATACAGCCCGCAACGATCTGGTAAACACAGTTGAA
CAGCATCTGTTCGAATTCGTTCAGCACCTAGGAGCAGCCTTAAGAGCAGCCTCGAGATCTTAGTTTGTATTGTC
ATGTTTTAATACAATATGTTATGTTTAAATATGTTTTTAATAAATTTTATAAAATAATTTCAACTTTTATTGTAACA
ACATTGTCCATTTACACACTCCTTTCAAGCGCGTGGCCGGGCTGCAGCACGTGTTGACAATTAATCATCGGCAT
AGTATATCGGCATAGTATAATACGACTCACTATAGGAGGGCCACCATGGCCAAGTTGACCAGTGCCGTTCCGG
TGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGT
GGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGT
GCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCG
TGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAG
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TTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACCGACGCCGACC

AACACCGCCGGTCCGACGGCGGCCCACGGGTCCCAGGGGGGTCGACCTCGAAACTTGTTTATTGCAGCTTATA
ATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTT
TGTCCAAACTCATCAATGTATCTTATCATGTCT

C) Sequence of OplE2 promoter cloned into pOPI env/ pRR expression vectors:

TCATGATGATAAACAATGTATGGTGCTAATGTTGCTTCAACAACAATTCTGTTGAACTGTGTTTTCATGTTTGCC
AACAAGCACCTTTATACTCGGTGGCCTCCCCACCACCAACTTTTTTGCACTGCAAAAAAACACGCTTTTGCACGC
GGGCCCATACATAGTACAAACTCTACGTTTCGTAGACTATTTTACATAAATAGTCTACACCGTTGTATACGCTCC
AAATACACTACCACACATTGAACCTTTTTGCAGTGCAAAAAAGTACGTGTCGGCAGTCACGTAGGCCGGCCTTA
TCGGGTCGCGTCCTGTCACGTACGAATCACATTATCGGACCGGACGAGTGTTGTCTTATCGTGACAGGACGCC
AGCTTCCTGTGTTGCTAACCGCAGCCGGACGCAACTCCTTATCGGAACAGGACGCGCCTCCATATCAGCCGCG
CGTTATCTCATGCGCGTGACCGGACACGAGGCGCCCGTCCCGCTTATCGCGCCTATAAATACAGCCCGCAACG
ATCTGGTAAACACAGTTGAACAGCATCTGTTCGAATTTA

D) Sequence of Am-dsx transcript Am-dsx™ " (underlined and not-underlined

sequence represents exon junctions)

GTGAAAATGTGGAAATTCTATTGGAGCACAGTAGCAAACTTGTAGAACTTTTCCAATATCCTTGGGAAGCACT

GTTATTGATGTACATCAATTTAAAATATGCAGGGGCTAATCCGGAAGAAGTAGTGAGACGTATGGTTGATGAA

AGTGATCATTTATAAATGAAGATTATCAAATGATCACACGATTTATTATATTTATTCAACACGTGAAGATTTGTT
ACAATTATATCTTCATTGGAAGATAGAATTTAATCATCAGGAAGATATATATCTATATGAATATATATCAGCTGT
TTGTATTCAACAATGTAAGATATAAAGAGGGATTTAAAGAGCTAGCAACGAAATCCGTAACATGCACTTCTTGA

AAGCAATCAGAATGTCCCAACCTAGTCGTGCGTTCCGCTGCACCGCGGCATGTGCCGCACCCACGGGGLLGLC

AACGGGACCTCCGACATACGAGGGTGATGTGCCCTTCATAGGGGTTGGACCACCCCCGAATCCTATCCATTTC

AGGCCGTTTCTTCATCCCGAGAATGCTCATATACCGGCTACCAGACTACCGTCCAGCCCAGATGGTCCTCCTAA

ACATACGTAGCCTCA
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E) Sequence of Am-dsx transcript Am-dsx™ "3 (underlined and not-underlined

sequence represents exon junctions)

GTGAAAATGTGGAAATTCTATTGGAGCACAGTAGCAAACTTGTAGAACTTTTCCAATATCCTTGGGAAGCACT

GTTATTGATGTACATCAATTTAAAATATGCAGGGGCTAATCCGGAAGAAGTAGTGAGACGTATGGTTGATGAA

TTATATTGAAGAAAGATTCTAATATAACTTCATTATTAATGAACCGATTATTCTTATATTTTTGTTGGAAAAATG
ACAAGAGTAAATTTAATTTTGACGGTTTAATGATTAAAAGATAGATTTCTTTGTCGTGAAATAGTTGGCGCATG
TGGATAACGAAATTGGCAACAACATTCATATTTTAACAATATGTAATAAATTTTCTTTATATATCATGCACTTTTA
TTAAAGTAAAATGATGAAATTGTAGAACATTAATAAATTAAATTTTTTTGATAGTATATAAATCAAAAATTATAT
TACATATTATTCCAAAGAACTATTTCTATTATTCGGATTTTATTTCTGATAAAACATTATAAAATACAATGGTGCA
CTAAGTTTCTCGAAAATAAATTTAGAGTCGAGGACACAGGTGTTAAAACCATTACAATAAGATTTATGCTTCCA
GTATATATTTGTTCATGTCAATTTCGTTGTATTCGTCACCCTTAACAATAATATCGAATCAAAATTGCAGAAAGT
GATCATTTATAAATGAAGATTATCAAATGATCACACGATTTATTATATTTATTCAACACGTGAAGATTTGTTACA
ATTATATCTTCATTGGAAGATAGAATTTAATCATCAGGAAGATATATATCTATATGAATATATATCAGCTGTTTG
TATTCAACAATGTAAGATATAAAGAGGGATTTAAAGAGCTAGCAACGAAATCCGTAACATGCACTTCTTGAAA

GCAATCAGAATGTCCCAACCTAGTCGTGCGTTCCGCTGCACCGCGGCATGTGCCGCACCCACGGGGCLCGCCAA

CGGGACCTCCGACATACGAGGGTGATGTGCCCTTCATAGGGGTTGGACCACCCCCGAATCCTATCCATTTCAG

GCCGTTTCTTCATCCCGAGAATGCTCATATACCGGCTACCAGACTACCGTCCAGCCCAGATGGTCCTCCTAAAC

ATACGTAGCCTCA
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Additional experiment: RNA Electro Mobility Shift Assay

Short introduction

In the study “Fem and Am-Tra2 proteins direct female specific splicing of the Am-dsx pre-
MRNA by activation of the female splice donor site in the honeybee Apis mellifera” we
present evidence for the direct involvement of Fem and Am-Tra2 proteins in sex-specific Am-
dsx pre-mRNA splicing. Furthermore we showed that the last 36 nucleotides (putative
regulatory region 1 - pRR1) of the female specific exon 5 contain exonic splicing enhancer
(ESE) sequences that are affected by presence of Fem and Am-Tra2 proteins. We narrowed
down the ESE motif on two repeats of the hexamer motif AAAGAG. To further analyze the
Am-dsx splicing regulation, we studied binding of Fem and Am-Tra2 proteins to the ESE

sequences in an RNA Electro Mobility Shift Assay (EMSA).
Results and Discussion

We labeled the putative Am-dsx ESE RNA sequences (last 23 nucleotides of Am-dsx exon 5)
with biotin. We expressed Fem and Am-Tra2 proteins in TNT T7 coupled rabbit reticulocyte
lysate. As positive control for protein-RNA interactions we used instead of Reticulocyte
Lysate, Cytosolic liver extract containing iron-responsive protein (IRP) and as RNA target Iron

responsive Element (IRE).

We incubated the putative Am-dsx ESE RNAs together with heterologous expressed Fem and
Am-Tra2 proteins and resolved the RNAs/proteins by native polyacrylamide gel
electrophoresis. To visualize the shifting of RNAs we transferred the free RNA and the
RNA/protein-complexes onto a nylon membrane and analyzed the labeled RNA molecules by
chemiluminescent detection. If RNA-protein complexes are formed the RNAs migrate slower
than the free RNAs. By increasing the amount of unlabeled RNA we tested whether we
would be able to reduce the number of protein/biotinylated RNA complexes what is

evidence of specific RNA/protein interactions.

Our putative Am-dsx ESE RNAs did not migrate slower in response to the presence of the
proteins Fem and Am-Tra2. Instead we observed a diffuse smear in the background (fig. 1A,
lane 1-4) and only low amounts of free RNA probe (fig.1A, lane 2-5) suggesting a non-specific
interaction of the biotin labeled RNA molecules with different proteins of the lysate. |

suggest repeating this experiment with purified Fem and Am-Tra2 proteins and the absence
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A Am-dsx ESE B IRE control
3 4 5 6 7 8 9
Reticulocyte Lysate + + + + - - - - -
Am-Tra2 - - + + - - - - -
Fem - - + + - - - - -
Biotin labeled Am-dsx RNA - + + + + - - - -
Unlabeled Am-dsx RNA - - - + - - - - -
Cytosolic liver extract + IRP - - - - - + + - +
Biotin labeled IRE RNA - - - - - - + -
unlabeled IRE RNA - - - - - - - -

<€— IRE/IRP complex

%- ' ' <€— free probe

Fig. 1: RNA Electromobility Shift Assay (EMSA) studies of Fem and Am-Tra2 proteins with
putative Am-dsx ESEs. RNA gel shift assays were performed for (A) of the putative Am-dsx ESE
RNAs (last 23 nucleotides of Am-dsx exon 5) and (B) the iron responsive element (IRE) as positive
control using the LightShift Chemiluminescent RNA EMSA Kit. Binding reactions (20ul) included 1x
RNA EMSA Binding Buffer, 5% Glycerol, 2 ug of tRNA, 11.45 pl rabbit reticulocyte lysate (lane 1-4),
4 ug of Cytosolic liver extract containing iron-responsive protein (IRP; lane 6, 7, 9), 6.25 nM of the
respective Biotin-labeled RNA (Am-dsx ESE RNA, lane 2-5; IRE RNA, lane 7-9) and 1 uM of the
respective unlabeled RNA (Am-dsx, lane4; IRE, lane 9). Lane 8 is the negative control. Recombinant
Fem and Am-Tra2 proteins were expressed in the TNT T7 coupled rabbit reticulocyte lysate. We
used 0.5 pg of pGBKT7 Fem and 0.5 pg of pGBKT7 Am-Tra2 plasmids as template. In the controls
we used ultrapure water instead of DNA. Reactions were resolved on a native 6% polyacrylamide
gel in 0.5X TBE by gel electrophoresis and transferred to a nylon membrane. Band shifts were
detected using the Pierce Chemiluminescent Nucleic Acid Detection Module.
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of other proteins. To show that our method works well, we analyzed complex formation of
the control protein Iron Responsive Protein (IRP) with the Iron Responsive Element (IRE)
RNA. Here we observed a band shift (Fig. 1B, lane 6-7) which was reduced by addition of
unlabeled free RNA (Fig. 1B, lane 9).

To optimize our experimental design for upcoming experiments, we will overexpress Fem
and Am-Tra2 protein in Escherichia coli with subsequently purification. This should simplify

the identification of the optimal amount of protein for the binding reaction and reduce the
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background which was caused by non-specific binding of the putative Am-dsx ESE RNAs to

other proteins.

Materials and Methods
Construction of T7 expression vectors

All vectors for the protein expression in reticulocyte lysate base on the pGBKT7 vector
(Clontech) derived pGBKT7 Allel 16 Triple TAG3’ vector (kindly provided by Marianne Otte).
This vector lacks the multiple cloning site (MCS) and the c-Myc-epitope of the original
pGBKT7 vector, but contains instead the coding sequence of allele D1-16 of the
complementary sex determiner (csd) gene. The vector carries a Kanamycin resistence for

expression in E.coli and a T7 promoter for in vitro transcription and translation.

To produce the protein expression plasmids, the full length Apis mellifera
transformer-2 (Am-tra2) (splice variant Am-tra2’®’; GenBank JQ518311) open reading frame
was amplified by PCR using primers #660 and #370 from vector pDO Am-Tra2. In addition we
restricted the coding sequence of fem 52-38 (GenBank: AY569719.1) from pGBKT7 Myc Fem
$2-38 vector (kindly provided by Marianne Otte). To generate the plasmid vectors pGBKT7
Am-Tra2 and pGBKT7 Fem S2-38, the amplified Am-tra2 fragment and the restricted fem S2-
38 fragment were cloned into pGBKT7 Allel 16 Triple TAG3’ vector using the EcoRI and Sall

restriction sites by replacing the csd Allel 16.

RNA/ protein binding reaction and RNA Electrophoretic Mobility Shift Assay (EMSA)

For the RNA binding shift assay we used the LightShift Chemiluminescent RNA EMSA Kit
(Thermoscientific). The Kit includes a LightShift RNA EMSA Optimization and Control Kit
which we used as positive control in the binding reaction following the manufacturer’s
instructions. We used the TNT T7 coupled Rabbit Reticulocyte Lysate of Promega to express
Am-Tra2 and Fem proteins following the protocols provided by the manufacturer. To
prepare small-scale reactions we used only one-half of the stated volume in the TNT Lysate
Reactions. As template for in vitro transcription and translation we used 0.5 pug of pGBKT7

Fem and 0.5ug of pGBKT7 Am-Tra2 plasmids. In the controls we used ultrapure water
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instead of DNA. After protein expression 11.45 pul of the reticulocyte lysate reaction were
added to the respective binding reaction sample. 3’Biotin labeled and unlabeled target RNA
was synthesized purified (HPLC) and lyophilised by Eurofins MWG Operon (Ebersberg,
Germany) and resolved in ultrapure water. RNA was added in a final concentration of 6.25
nM (Biotin labeled RNA) and 1 uM (unlabeled RNA). To achieve optimal binding conditions
we added 2 pl 50% Glycerol and 0.2 pl tRNA (10 mg/ml) to each sample. Positive controls
and Am-dsx binding reactions were incubated 30 minutes at room temperature, immediately
after this mixed with 5 pl REMSA Loading Buffer (5x) and loaded on a 6% native
polyacrylamide gel (8 x 8 x 0.1 cm). Gels were run at 12.5 V/cm for 1h at 4°C in 0.5xTBE.
Proteins and RNA were transferred to nylon membrane (Roth, Karlsruhe, Germany) using
semi-dry transfer (Biorad) in cooled 0.5xTBE at 125 mA for 35 minutes. Immediately after
transfer the membrane was irradiated with UV-light (120 mJ/cm? at 254 nm) for crosslinking.
Chemiluminescent Nucleic Acid Detection was performed using the included Biotin labeled

RNA detection module and the Phospholmager following the manufacturer’s instructions.

Table 1: Sequence of used DNA and RNA Oligonucleotide primers

Sequence of DNA Oligonucleotide primers to cloning of pGBKT7 Am-Tra2

#660 GATCGAATTCATGAGTGACATTGAGCGAAGTAGTAG

#370 TGACGTCGACTTAATATCGACGTGGTGAATAAGAGC

Sequence of RNA Oligonucleotide for RNA binding assay (3’Biotin labeled and unlabeled)

Am-dsx last 23nt | GAUAUAAAGAGGGAUUUAAAGAG

96



Chapter Il

Author’s Contribution

Author’s contribution: “Experiment: RNA binding shift assay”

1* author: Inga Nissen

Author’s contribution: 100%

97



Chapter lll

Chapter Il

98



Chapter I Zusammenfassung

Zusammenfassung

Die Entscheidung ob sich aus einem Embryo der Honigbiene (Apis mellifera) mannliche oder
weibliche Tiere entwickeln, wird im Rahmen der Geschlechtsdeterminationskaskade gefillt,
in die die Gene complementary sex determiner (csd), feminizer (fem) und Am-doublesex (Am-
dsx) involviert sind. In der vorliegenden Arbeit wurde mit Am-transformer 2 (Am-tra2) ein
weiterer SpleiRfaktor charakterisiert, der auch in Drosophila melanogaster eine wichtige
Rolle in der Geschlechtsdetermination spielt. Insgesamt sechs geschlechtsunspezifische
SpleiBvarianten kodieren fir Isoformen des SR-Proteins Am-Tra2, die wahrend der gesamten
Entwicklung transkribiert werden. Dabei ist die Expression im Embryo am héchsten und
nimmt im pupalen Stadium ab. Alle Isoformen weisen eine RNA-Bindedomane (RBD), sowie
zwei Arginin-/Serin reiche Doménen auf, die sich bei den Isoformen in der Lange
unterscheiden. Die embryonale Repression der Am-tra2-Transkription Uber RNA-Interferenz
zeigt, dass das Gen Am-tra2 sowohl fir das weibchenspezifische SpleiBen der fem- und Am-
dsx-pra-mRNA, als auch fiir die Produktion des mannlichen fem-Transkripts wichtig ist.
Zusatzlich hat die Repression der Am-tra2-Transkription eine erhéhte embryonale
Letalitatsrate zur Folge, was auf eine vitale Funktion des Gens wadhrend der Embryogenese
hindeutet. Die genaue Funktion von Am-Tra2-Proteinen auf Ebene der fem-Spleillregulation
ist noch ungeklart, da Am-Tra2-Proteine sowohl zusammen mit Csd-Heteromeren als auch
mit Fem-Proteinen, das weibchenspezifische SpleiBen der fem-pra-mRNA vermitteln
konnten. Die Bedeutung von Fem- und Am-Tra2-Proteinen fiir das SpleiBen der Am-dsx-pra-
mMmRNA wurde mittels eines in vivo SpleiRassays in Schmetterlingszellen (Sf21-Zellen)
untersucht: Die Expression eines Am-dsx Minigenkonstrukts zeigte, dass der mannliche
SpleiBweg von Am-dsx voreingestellt ist, wahrend Am-Tra2-Protein zusammen mit Fem-
Protein fiir die Produktion von weiblichem Am-dsx Transkript sorgt. Im Bereich direkt vor
dem weibchenspezifischen SpleiRdonor von Am-dsx, befinden sich exonische
spleisteigernde Sequenzen (ESEs), die bei Koexpression von Am-Tra2- und Fem-Proteinen
zur Aktivierung des SpleiBRdonors beitragen. Mittels Insertion von Mutationen konnten
innerhalb dieses Sequenzabschnitts zwei Wiederholungen eines Hexamer-Motivs (AAAGAG)
identifiziert werden, die als ESE wichtig fur die Am-Tra2-/Fem-Protein abhéangige
SpleiBdonoraktivierung sind. Diese Befunde zeigen, dass die einzelnen Faktoren des dsx-
SpleiBprozesses zwischen D. melanogaster und A. mellifera konserviert sind, der

Mechanismus der dsx SpleiBregulation jedoch evolviert ist.
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Summary

The decision of male or female development in the embryo of the honeybee (Apis mellifera)
involves the genes complementary sex determiner (csd), feminizer (fem) and Am-doublesex
(Am-dsx), which are components of the regulatory cascade of sex determination. In the
present work, | characterized an additional splicing factor, Am-Tra2 protein, whose ortholog
in Drosophila melanogaster has also an important function within sex determination. Six
splice variants of the gene Am-tra2 are transcribed throughout development and code the
SR-protein Am-Tra2. The non-sex-specific transcripts are most abundant in embryonic to
larval stages. Each isoform of the Am-Tra2 proteins has two arginine/serine-rich domains of
differing lengths and an RNA binding domain (RBD). Embryonic repression of Am-tra2 gene
by RNA interference showed that the Am-tra2 gene has an important role in female specific
splicing of both fem and Am-dsx pre-mRNAs and the production of male fem transcripts. In
addition, knockdown of the Am-tra2 gene affects the viability of the embryo, suggesting that
the Am-tra2 gene has an essential function in embryogenesis of the honeybee. The role of
Am-Tra2 protein on the level of fem pre-mRNA splicing is still unclear, as Am-Tra2 proteins
may act as putative cofactors of Csd heteromeres or of Fem proteins that mediate splicing of
the fem pre-mRNAs into the productive female form. The impact of Fem and Am-Tra2
proteins in Am-dsx pre-mRNA splicing was examined by an in vivo splice assay in lepidopteran
cells (Sf21-cells). The expression of an Am-dsx mini gene showed, that male splicing of the
Am-dsx pre-mRNA is the default state, whereas Am-Tra2 and Fem proteins direct together
female specific Am-dsx splicing. The sequence directly upstream of the female specific splice
donor site contains exonic splice enhancer sequences (ESEs) that are involved in the
activation of the splice donor in presence of Fem and Am-Tra2 proteins. By introducing
mutations within this sequence we identified two hexamer repeats (AAAGAG) that are
important for the Fem/Am-Tra2 protein mediated splice donor activation. These findings
suggest that the components which are involved in dsx pre-mRNA splicing are conserved
between D. melanogaster and A. mellifera, while the underlying mechanism of producing the

sex-specific dsx transcripts has evolved.
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