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Zusammenfassung

In allen Genomen von eukaryotischen Organismen wird mindestens ein BEM46-Homolog
kodiert, jedoch ist die genaue Funktion des Proteins bisher weitgehend unklar. Die geringe
Uber das BEM46 Protein publizierte Datenmenge lasst vermuten, dass BEM46 eine Rolle im
polaren Wachstum spielt. Da Ascomyceten als Modellsystem flr polares Wachstum fungie-
ren, konzentrieren sich die Untersuchungen der vorliegenden Arbeit auf das BEM46 Protein
in Neurospora crassa.

In friheren Studien wurden zwei bem46-transformante N. crassa-Stamme (RNAi-vermittelte
knock-down- und Uberexpressions-Transformante) hergestellt und zum Teil phéanotypisch
untersucht. Die Transformanten zeigten eine auf 0% reduzierte Ascosporen-Keimungsrate
mit einzelnen so genannten survival Meiosporen, die ihre Fahigkeit zum polaren Wachstum
verloren haben. Nach erfolgreicher Herstellung einer knock-out-Mutante wurden die phano-
typischen Analysen aller transformanten und mutanten Stimme wiederholt und ausgeweitet.
Die Ascosporen-Keimungsrate der knock-out-Linie ist um 50% reduziert. Das vegetative My-
zelium der Transformanten und der Mutante zeigt normales Hyphenwachstum und Konidio-
phor-Bildung, jedoch sind die Konidienkeimung und das Wachstum der jungen Hyphen von
der bem46-Expression beeinflusst. Die Anthranylat-Synthase Komponent Il (trp-1), die als
Enzym einen Schritt der Tryptophan-Biosynthese katalysiert, wurde als Interaktionspartner
des BEMA46 Proteins in N. crassa identifiziert. Die Interaktion wurde durch bimolekulare Fluo-
reszenzkomplementation (split-YFP) in vivo bestatigt. Tryptophan dient als Vorlaufer diverser
Botenstoffe darunter Auxin. Da die Publikationen zur Auxin-Produktion in N. crassa nicht
Uber die herkdbmmlichen Datenbanken erhdltlich sind, waren die Ergebnisse in der gegen-
wartigen Forschung nicht bekannt. Folglich wurde im ersten Schritt die Fahigkeit des N.
crassa Wildtyp-Stammes zur Auxin-Biosynthese untersucht und mit Hilfe von indirektem (mit
Hilfe von DR5::GUS A. thaliana Pflanzen) und direktem (mit Hilfe von Duinnschichtchromato-
graphie) Verfahren nachgewiesen. Durch bioinformatische Analysen wurde ein putativer Au-

xin-Biosyntheseweg in N. crassa identifiziert. Die relative Indolproduktion der G W-U $erhal-
1



ten Uber FGSC) und (bem46-Mutante sowie der bem46-Transformanten wurde in diversen
Entwicklungsstadien ermittelt. Wahrend der Keimungsphase der Asco- und Konidiosporen
produzieren die mutanten und transformanten Stamme Auxin in signifikant unterschiedlichen
Mengen. Die Expression der fur die Enzyme des putativen Biosyntheseweges kodierenden
Gene ist auch signifikant abweichend (Bénniger 2013). Die Untersuchungen fihren zu dem
Ergebnis, dass das BEM46 Protein mit der Auxin-Biosynthese von N. crassa verknupft ist.
Obwohl die Ergebnisse eine Verbindung zwischen BEM46 und der Auxin-Biosynthese in N.
crassa postulieren, scheint die Interaktion komplex und der Wirkungsmechanismus bleibt

unbekannt.

Mit Hilfe von PCR und einer anschlieBenden Sequenzierung wurden Hinweise auf alternati-
ves SpleiRen des bem46-Transkripts in N. crassa gewonnen. Die Wirkung der alternativen
Fragmente wurde untersucht und es wurde gezeigt, dass sie fir die Reduktion der Ascospo-
renkeimung in den Transformanten und in der Mutante verantwortlich sind. Der Einfluss der

kleinen Transkripte auf die Indolproduktion wurde auch beobachtet.

Es wurde gezeigt, dass das BEM46 Protein von N. crassa in dem endoplasmatischen Reti-
kulum sowie in den Eisosomen lokalisiert ist. Auch der neutrale Aminosauren-Transporter

MTR wurde in den Eisosomen von N. crassa nachgewiesen.

Die Ergebnisse der vorliegenden Arbeit deuten darauf hin, dass das BEM46 Protein von N.
crassa an dem Kreuzungspunkt von Tryptophan-Aufnahme und intrazellularer Tryptophan-
abhangiger Auxin-Biosynthese agiert und Uber die Auxin-Produktion das polare Wachstum

des Pilzes abhangig von den Entwicklungsstadien beeinflusst.



Summary

Although every eukaryotic organism possesses at least one gene coding for a BEM46 homo-
logues protein, the function of BEM46 is not fully understood. Limited information has been
published about BEM46 in different organisms, but all of these suggest a function of BEM46
in maintaining polar growth. Hence, ascomycetes serve as a model system for polar growth:

Our investigations focus on the BEM46 protein of Neurospora crassa.

In former studies, two bem46 transformant strains (RNAi mediated knock-down and overex-
pression transformants) were generated and partly phenotypically analysed. The trans-
formants show a loss of ascospore germination with a typical loss-of-polarity phenotype, ob-
served by single survival ascospores. After successfully generating the bem46-knock-out
mutant strain, the phenotypical analyses were extended and repeated. The bem46 mutant
strain shows only a slight reduction of ascospore germination. Vegetative mycelia of bem46
transformant and mutant strains show normal hyphal and conidiophore development. How-
ever, conidial germination and elongation of young hyphae is influenced by bem46 expres-
sion. The anthranilate synthase component Il (trp-1), an enzyme that catalyses a step in the
tryptophan-biosynthesis, was identified as an interacting partner of BEM46 in N. crassa. The
interaction was confirmed by bimolecular fluorescence complementation (split-YFP) assay.
Tryptophan acts amongst others as a precursor for several messenger substances including
auxin. As the publications about auxin production in N. crassa are not available in common
databases, the results of these studies have not been established in actual scientific re-
search. Therefore, the auxin biosynthetic capability of N. crassa wild type strain was verified
by direct (thin layer chromatography) and indirect (using A. thaliana DR5::GUS seedlings)
approaches. A putative biosynthetic pathway was identified using bioinformatics tools. The
UHODWLYH LQGROH BlJIRGXPWORE GH W/\Khfriiéeamuiai@sizas well as
the bem46 transformant strains, was determined in different developmental stages of N.
crassa. During the germination of asco- and conidiospores, the auxin production significantly
varied in the different strains. The expression of the genes coding for the enzymes of the

putative biosynthetic pathway was also significantly altered (Bonniger 2013). The analyses
3



led to the result that there is a connection between BEM46 and auxin biosynthesis in N.
crassa. Although, an influence of BEM46 on the auxin production of N. crassa seems to be

evident, the way in which it reacts appears to be complex and remains elusive.

Evidence for an alternative splicing of the bem46 transcript in N. crassa was provided by
PCR and subsequent sequencing. The influence of the alternative spliced products was in-
vestigated and results showed that the alternative fragments are responsible for the loss of
ascospore germination in the transformant strain. In addition, their influence on the indole

production was observed.

It was shown that BEM46 of N. crassa is localised to the perinuclear endoplasmic reticulum
and to the eisosomes. An additional protein, the neutral amino acid transporter MTR, was

also detected in the eisosomes.

Based on the results of the investigations, it is hypothesised that BEM46 acts at the crossing
point of indole uptake and biosynthesis in N. crassa. Additionally, it influences polar growth in

different developmental stages, by affecting the auxine production of the fungus.



1. Einfuhrung

1.1 Das bud emergence 46 (BEMA46) Protein

Das BEM SURWHLQ JHK|UW ]X GHU 6Xx8SHUWRDPIVMIH GHHM GXUFK G
Hydrolase-Domane charakterisiert wird (Ollis et al. 1992; Nardini and Dijkstra 1999). Sie
EHVWHKW DXV |-@dithiattern,Rlie KM KUFKHOLFHYV ]X H LSahRdwich ver-

bunden werden. Die zu der Superfamilie gehérigen Proteine sind sowohl hinsichtlich ihrer
Enzymaktivitat als auch ihrer Substratspezifitdt sehr vielféltig. So befinden sich unter ande-

rem Carboxysaureesther-Hydrolasen, Lipid-Hydrolasen, Halo-Peroxidasen oder Dehalo-

genasen unter den Mitgliedern, von denen mehr als 30000 in der ESTHER-Datenbank auf-

gefuihrt sind (Lenfant et al. 2013).

Die Tertiarstruktur des BEM46 Proteins von N. crassa wurde durch bioinformatische Analy-
sen modelliert (Arbeit Il 'DV 3URWHLQ E H-Wdvelhve-Démanel, die aus acht -
Faltblattern aufgebaut ist, und eine zusatzliche Region am N-terminalen Ende aus jeweils
]ZHL-) DO W E O | W WHEIite® adiest. Die Aminosauren 186G-189L wurden als putative
Ligand-Bindestellen, 188S, 262D und 292H als kritische Aminosaurereste des Reaktions-

zentrums identifiziert.

Die BEM46 Proteine sind innerhalb des eukaryotischen Reiches konserviert, das heif3t das
Genom jedes eukaryotischen Organismus fkodiert fiir mindestens ein Homolog des Proteins
(Harris and Momany 2004; Arbeit Il). Durch Sequenzvergleich-Analysen der Proteine wurden
Indels (Insertions-/Deletions-Polymorphismen) identifiziert, die fur die Diversitat der BEM46-
Homologe verantwortlich sind, wobei der wesentliche Aufbau der BEM46-Struktur konser-
viert bleibt (Arbeit Il). Vertebraten besitzen mehrere bem46-Paraloge, die durch Duplikation-
sereignisse entstanden sind. Die BEM46-Homologe in Saugetieren gehoéren zu der ABHD
(. -hydrolase domain)-Familie und spielen eine wichtige Rolle im Lipid-Stoffwechsel und in
der Lipid iSignaltransduktion (Holmquist 2000). Mutationen im menschlichen abhd12 Gen,

die zum vollstandigen Funktionsverlust des kodierten Proteins fihren, verursachen die selte-



ne neurodegenerative Erbkrankheit PHARC (polyneuropathy, hearing loss, ataxia, retinitis

pigmentosa, and cataract, Fiskerstrand et al. 2010).

Trotz ihres universellen Vorkommens gibt es lediglich Hinweise auf die exakte Funktion von
BEMA46, weshalb das fir das Protein kodierende Gen zu den TOP10 der bekannten Genen

mit unbekannter Funktion zahlt (Galperin and Koonin 2004; Galperin and Koonin 2010).

Es gibt bisher nur wenige Arbeiten, die sich mit dem BEM46 Protein befassen, die nachfol-
gend zusammenfassend dargestellt werden. In der Abbildung 1 ist der Aufbau von flnf
BEM46-Homologen in verschiedenen Organismen schematisch abgebildet (Mochizuki et al.
2005a). Alle Proteine besitzen eine . -Hydrolase- und, mit Ausnahme des BEM46 Proteins
aus N. crassa, auch eine Transmembran-Domaéane. Die Proteine in den Organismen A. thali-

ana, N. crassa und M. musculus verfligen dariiber hinaus Uber ein Signalpeptid.

A. thaliana |_I | I H

S pombe | I | | ||

N. crassa |_| | ”

0. metanogaster [ TET | | ]

M. musculus u ” i I || el

Abbildung 1 : Schematische Darstellung der BEM46-Aminoséauresequenz in unterschiedlichen Orga-
nismen (verandert nach Mochizuki et al., 2005) + H O O J U-Bydrolase-Doméne, dunkelgrau: Sig-
nalpeptid, gestreift: Transmembran-Doméne

Das bem46 Gen von Schizosaccharomyces pombe wurde als Supressor einer bem1/bud5
Doppelmutante von Saccharomyces cerevisiae beschrieben (Valencik and Pringle 1995).
BEML1 ist ein Gerlstprotein mit mehreren Interaktionspartnern, darunter Actin, CDC42, BUD5
und BUD1 (Chant et al. 1991; Chenevert et al. 1992; Park et al. 1997; Cabib et al. 1998;
Irazoqui et al. 2003). Das Protein spielt eine wichtige Rolle in der Positionierung des Polari-

som-Proteinkomplexes wahrend der Keimung (Cabib et al. 1998). BUD5, das eine essentiel-
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le Rolle in der Festlegung der Position der Keimungsstelle spielt, ist ein GDP-GTP-
Austausch-Faktor fur BUD1 (Chant et al. 1991). Die bem1/bud5 Doppelmutante zeigt eine
fehlerhafte Zellpolarisation und Keimung (Cabib et al. 1998; Madden and Snyder 1998). Das
zu BEM46 homologe Protein in S. cerevisiae (YNL320W) wurde als nicht essentiell be-

schrieben (Giaever et al. 2002).

In Drosophila melanogaster wurde das RAPSYNOID Protein als Interaktionspartner fur das
BEM46-Homolog durch das Hefe-Zwei-Hybrid-System (Y2H) identifiziert (Giot et al. 2003).
RAPSYNOID ist ein GDP-GTP-Austausch-) DNWRU |+U GDV 3U RinddrLk@ntrolle (V LVW

der asymmetrischen Zellteilung involviert (Parmentier et al. 2000).

Das WAVY GROWTH2 (At5g20520) Protein ist das BEM46-Homolog von Arabidopsis thali-
ana. Die 0ZDY\ JURMLVEKe entwickelt kirzere Wendungen an der Wurzelspitze
(Okada and Shimura 1990), wodurch die Wurzel etwas kirzer als die von der Wildtyp Pflan-
ze erscheint. Das Protein besitzt sowohl eine Transmembran-Doméane als auch ein Signal-
peptid und ist intrazellular in der Plasmamembran und in den Membranen anderer Kompar-
timente lokalisiert (Mochizuki et al. 2005b). Es wird hauptsachlich in jungen Keimlingen und
in der Wurzel adulter Pflanzen exprimiert. WAVY GROWTH2 gilt als ein allgemeiner Regula-
tor, der als Reaktion auf mechanische Reize, Licht- oder Gravitationsstimuli die Wurzelspit-

zenrotation negativ kontrolliert.

Die genannten Literaturdaten deuten darauf hin, dass das BEM46 Protein in der Aufrechter-

haltung der Zellpolaritat eine Rolle spielt.

1.2 Die Ausbildung der Zellpolaritéat

Die Asymmetrie der Zellform, der Zellfunktionen oder der Verteilung intrazellularer Kompo-
nenten wird als Zellpolaritat bezeichnet. Die meisten Zellen von einfachen Bakterien bis hin
zu multizellularen Vertebraten sind in der Lage, sich polar zu entwickeln. Dabei dient die ent-

standene Polaritat unterschiedlichen Zwecken, darunter der Kommunikation tber lange Stre-



cken (Neuronen (Caceres et al. 2012)), der Entstehung ungleicher Tochterzellen (Stomata-
Entwicklung (Facette and Smith 2012)) oder der Aufrechterhaltung einer Barriere zwischen
unterschiedlichen biologischen Raumen (Epithelien (Wang et al. 1990)). Obwohl die Resulta-
te sehr unterschiedlich sein kénnen, sind die Kernmechanismen der Entwicklung der Polari-
tat unter allen Organismen evolutionar konserviert (Nelson 2003). Hierzu gehort die Determi-
nierung des Ortes der auszubildenden Polaritat an der Plasmamembran mittels spezifischen
kortikalen Marker, die Anordnung des Zytoskeletts mit Hilfe von Gerlstproteinen und die

Mobilisierung sowie Transport bendétigter Proteine zur Plasmamembran.

Die genaue Maschinerie des polaren Wachstums wurde in den Hefen S. cerevisiae und S.
pombe detailliert studiert. Kortikale Positionsmarker der Ras-GTPase-Familie bestimmen die
Position der auszubildende Polaritat wahrend der Knospung und der Paarung (mating). Das
konservierte CDC42 Protein spielt eine zentrale Rolle in der Ubertragung der Positionsinfor-
mation an verschiedene Effektoren - darunter an dem Polarisom -, die fur die Organisation
der morphogenetischen Maschinerie, welche das Zytoskelett und den sekretorischen Appa-
rat umfasst, verantwortlich sind. Die sekretorischen Vesikel werden entlang den Bahnen des
Actin-Zytoskeletts zu dem Proteinkomplex Exocyst transportiert, bevor sie schlie3lich mit der
Plasmamembran mittels v-SNARE/t-SNARE-Interaktion fusionieren (Chang and Peter 2003;

Park and Bi 2007).

1.3 Der Mechanismus des polaren Wachstums filamentdser Pilzhyphen

Polares apikales Spitzenwachstum ist ein Charakteristikum filamentdser Pilzhyphen. Es fin-
det in zwei distinkten Entwicklungsstadien des vegetativen Lebenszyklus statt: erstens wah-
rend der Auskeimung der Hyphen aus den Konidio- und Ascosporen, zweitens wahrend der
Entstehung einer neuen Verzweigung im Pilzmyzelium (Harris and Momany 2004). Wird die
Polaritat erst einmal ausgebildet, wird sie kontinuierlich aufrechterhalten (Steinberg 2007).
Obwohl die konservierten Mechanismen der polaren Entwicklung, die fur Hefen im Detail

beschrieben wurden, auch fir Hyphenpilze zutreffen, gibt es zwei Besonderheiten; namlich
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die Fahigkeit der multiplen Achsenentwicklung und die extrem hohe Elongationsgeschwin-
digkeit, die mit dem Hefe-Modell nicht zu erklaren sind. Die in Hefe wirkenden Positionsmar-
ker sind in Ascomyceten wenig konserviert oder gar nicht vorhanden (Harris and Momany
2004). Welche Mechanismen den Ort der auszubildenden Polaritat in Hyphenpilzen festle-
gen, bleibt weiterhin unklar. Die Positionsinformation wird zunachst auf das Polarisom-
Proteinkomplex (Steinberg 2007), das neben Formine diverse Gerustproteine enthalt, tber-
tragen und durch die konservierte Rho-GTPase CDC42 auf die morphogenetische Maschi-
nerie transferiert. Die Regulierung des Prozesses erfolgt mit Hilfe von Lipid-Rafts (Fischer et
al. 2008). Das rapide Spitzenwachstum der Hyphen, das in N. crassa lum/s (Seiler and
Plamann 2003) betragt, wird vom Spitzenkérper angetrieben (Sudbery 2008). Der Spitzen-
korper ist eine dynamische Struktur aus mehreren Proteinkomplexen, darunter das Polari-
som (Harris et al. 2005). Der Myosin-basierte Vesikeltransport entlang der Aktin-Bahnen en-
det im Spitzenkorper, der somit als Vesikel-Reservoir fur die kontinuierlich wachsende Hy-
phenspitze fungiert (Harris and Momany 2004). Da der Spitzenkdrper am Hyphenspitze fi-
xiert ist (Bartnicki-Garcia et al. 1989; Bartnicki-Garcia et al. 1995; Sudbery 2008), reicht ge-
maf mathematischer Modelle ein rAumlich gleichmaRiger Fluss sekretorischer Vesikel vom
Spitzenkoérper zur Plasmamembran aus, um die Polaritdt am apikalen Ende aufrechtzuerhal-
ten. Die Wiederverwertung der Positionsmarker bzw. der Elemente der morphogenetischen
Maschinerie erfolgt Uber Endozytose. In diesem Prozess wird die Rolle von actin patches
diskutiert (Enggvist-Goldstein and Drubin 2003; Read and Kalkman 2003; Harris and

Momany 2004).



2. Charakterisierung des BEM46 Proteins aus  Neurospora crassa

Im Rahmen einer vorherigen Diplomarbeit (Mercker 2006a) wurden verschiedene Neurospo-
ra crassa-Stamme mit unterschiedlichem bem46-Hintergrund hergestellt, die in weiteren Ex-
perimenten der vorliegenden Arbeit verwendet wurden. Die Erzeugung der RNAi-vermittelten
knock-down- (Nct289) und Uberexressions- (Nct288) Transformanten ist in der Arbeit | be-
schrieben. Dariiber hinaus lag ein GFP-gekoppelter BEMA46-Uberexpressions-Stamm

(Nct293) fur Lokalisationsstudien zur Verfiigung (s. Arbeit I).

2.1 Phéanotypische Analysen der bemd46-Transformanten und der mutanten Stamme

Die ersten phanotypischen Analysen der bem46-knock-down- und Uberexpressions-Stamme
wurden im Rahmen einer vorherigen Diplomarbeit durchgefihrt ((Mercker 2006b); Arbeit ).
Die Untersuchungen fiihrten zu dem Ergebnis, dass sowohl die Uberexpression als auch die
Herunterregulierung der bem46-Transkriptmenge die Ascosporenkeimung beeinflusst. Die
Keimungsrate der beiden Stamme war, verglichen mit dem Wildtyp, auf 0% reduziert (Arbeit
I, Abbildung 6b; Arbeit Ill, Abbildung 1). Hellfeldaufnahmen zeigten vereinzelt Ascosporen,
bei denen die Keimungsschlauche zwar ausgetreten sind, aber nicht die fir den Wildtyp spe-
zifischen langen, polar wachsenden Hyphen bildeten, sondern als blasenartige Strukturen
blieben und kurz nach dem Austreten das Wachstum einstellten (Arbeit |, Abbildung 5a-b),
was auf die verlorene Fahigkeit der transformanten Hyphen zum polaren, gerichteten

Wachstum hindeutet (loss-of-polarity phenotype).

Da eine 0 EHP Mutante im Fungal Genetics Stock Center (FGSC, Kansas City, Missouri,
USA) nicht erhaltlich war, wurde diese in der Arbeitsgruppe selbst hergestellt (Arbeit Ill,
supplementary). Nachdem die Mutante zur Verfligung stand, wurden die phanotypischen
Analysen mit allen drei Stammen (RNAi (NcT289), Uberexpression (NcT288) und knock-out
(Nct411)) wiederholt (Arbeit 111). Die Abwesenheit des bem46-Transkripts fiihrte lediglich zu
einer um 50% reduzierten Ascosporenkeimung (Arbeit 1ll, Abbildung 1; Abbildung 2A ), wo-
bei einzelne Ascosporen den oben beschriebenen loss-of-polarity-Phanotyp zeigten (Abbi I-
dung 2B).
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Abbildung 2 : Unterschiede in der Ascosporen-Keimungsrate (A) und in der Morphologie der keimen-
den Ascosporen (B) des Wildtyps (i) und der Transformanten (ii-iv). wt, Wildtyp; NcT288 (OE),
bem46-Uberexpressionsstamm; NcT289 (RNAI), bem46-knock-down-Stamm; NcT411 (ko), bem46-
knock-out-Stamm; 0.5kb, der Stamm Uberexprimiert ein 0,5kb-groRes alternativ gesplei3tes bem46-
Fragment; 1.2kb, der Stamm Uberexprimiert ein 1,2kb-gro3es alternativ gesplei3tes bem46-Fragment

Weiterhin wurden Unterschiede hinsichtlich der Morphologie des vegetativen Myzels festge-
stellt (Abbildung 3A-B ). Die Konidien der knock-out-Mutante und der RNAi-Transformante
keimten friher als der Wildtyp aus und die zum Wildtyp relative Wachstumsrate der jungen
Hyphen war erhoht. Dagegen zeigten die Konidien des Uberexpressions-Stammes eine ver-
z6gerte Keimung und die Elongation der jungen Hyphen war deutlich reduziert (Arbeit I,
Abbildung 9D). Dariiber hinaus fiihrte die Uberexpression des bem46-Transkripts zu weniger

gebildeten aeralen Hyphen und eine veréanderte Morphologie des Myzels im Flissigmedium.
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Abbildung 3 : Phanotypische Verédnderungen des vegetativen Myzels der bem46-Transformanten auf
Fest- (A) und im Flussigmedium (B). (A) Die Wachstumsgeschwindigkeit der Hyphen wurde mit Hilfe
von Laufrohren bestimmt. Die Pilze wuchsen auf festem Minimalmedium drei Tage. Die violettfarbe-
nen Linien markieren die Wachstumsfront nach zwei Tagen. Zu diesem Zeitpunkt waren die Unter-
schiede in der Wachstumsrate der jungen Hyphen zwischen den einzelnen Transformanten am groR3-
ten. Die gestrichelte Linie reprasentiert das Wachstum des Wildtyps nach zwei Tagen. (Bi) Das Myzel
der Uberexpressions-Transformante bildet keine aerale Hyphen; es ist nicht in der Lage, an der Fla-
schenwand hochzuwachsen. (Bii) Das Myzel der Uberexpressions-Transformante bildet im Unter-
schied zum Wildtyp mehrere feste runde Kolonien.

2.2 Die intrazellulare Lokalisation des BEM46 Proteins in N. crassa

Um die intrazellulare Lokalisation des BEM46 Proteins zu untersuchen, wurde ein N. crassa-
Ausgangsstamm (FGSC #6103)" mit einem Expressionsvektor transformiert, der die egfp
gekoppelte bem46-Gensequenz unter der Kontrolle des starken ccgl-Promotors enthalt
(PMM536). Die Transformante wurde mittels konfokalem Laser-Raster-Mikroskop (CLSM)

untersucht (Arbeit I).

! Die Histidin-auxotrophen Stamme FGSC #6103 und FIF%€féngierten als Ausgangsstamme fir Transfo
u 3]}ve £% EJu v pv ApE v ]Jv E A}Eo]-konwolle ve@enpgt. o ct]o $C %"
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Abbildung 4 : Die intrazellulare Lokalisation des BEM46::eGFP Proteins. CLSM-Aufnahmen von einer
jungen Hyphe (A) bzw. von Makrokonidien (B). Die Fokusebene der Aufnahmen wurde entweder im
Bereich der perinukledren-ER (i) oder im Bereich der kortikalen, punktférmigen Strukturen (ii) einge-
stellt.

Das BEM46::eGFP Protein ist in ringférmigen Strukturen um den Kern und punktuell nahe
der Plasmamembran (Abbildung 4A-B ) lokalisiert. Mit Hilfe von flr das endoplasmatische
Retikulum spezifischem Farbstoff ER-Tracker Red wurden die ringférmigen Strukturen als
das perinukleére ER identifiziert (Arbeit I, Abbildung 7). Da fur die Lokalisation im ER ein ER-
Retentionssignal am C-terminalen Ende der Proteinsequenz notwendig ist, wurde die prima-
re Aminosauresequenz des BEM46 Proteins bioinformatisch untersucht (Arbeit Il). Das typi-
sche Signal ist nach dem Muster [KRHQSA]-[DENQ]-E-L (Lewis and Pelham 1990) aufge-
baut, wobei auch weitere, hiervon abweichende Aminosaurekombinationen vorkommen
(Raykhel et al. 2007). Am C-terminalen Ende der Aminosauresequenz des BEM46 Proteins
wurde zunéachst ein putatives Retentionssignal (PEKK) identifiziert, das aber weder den typi-
schen noch den neu identifizierten Aminoséureabfolgen entspricht (Arbeit II). Um die Funkti-
onsfahigkeit der PEKK-Sequenz als Retentionssignal zu tberprifen, wurde der fur die Loka-
lisationsstudien verwendete Vektor pMM536 mittels in vitro-Deletion modifiziert (Arbeit I,

Abbildung 3A). Der so entstandene Vektor, der fir das eGFP-gekoppelte BEM46 Protein
13



ohne das putative Retentionssignal kodiert, wurde in N. crassa transformiert und die intrazel-
lulare Lokalisation des Fusionsproteins wurde mit Hilfe von CLSM analysiert (Arbeit I, Abbil-
dung 3C-D). Das BEM46 Protein ohne das putative Retentionssignal wurde nicht im perinuk-
ledren ER detektiert, was die Funktionsfahigkeit der PEKK-Aminosaureabfolge als ER-

Retentionssignal bestatigt.

Farbungen mit dem Membranfarbstoff SynaptoRed lieferten keine Hinweise darauf, dass die
punktférmigen Strukturen Vesikel sein konnten (Arbeit I, Abbildung 7aiii). Da das BEM46
Protein in Hefe eine putative Rolle im polaren Wachstum spielt (s. Einleitung 1.1) und das
Aktin-Zytoskelett ebenfalls in diesem Prozess involviert ist, wurde vermutet, dass die kortika-
len Punkte actin patches, welche Strukturen die Anknipfungspunkte des Zytoskeletts an der
Plasmamembran sind (Berepiki et al. 2010), sein kénnten. Um diese Hypothese zu Uberpri-
fen, wurde ein heterokaryotischer N. crassa-Stamm hergestellt, der sowohl das
BEMA46::eGFP als auch das Lifeact::tRFP (Berepiki et al. 2010) Protein Uberexprimiert. Die

Lokalisation der beiden Proteine wurde mit Hilfe von CLSM analysiert (Arbeit 1V).

BEMA46::eGFP

Abbildung 5 : CLSM-Aufnahmen eines Makrokonidiums, das sowohl das tRFP-gekoppelte Lifeact
(Lifeact::tRFP ) als auch das eGFP-gekoppelte BEM46 (BEM46::eGFP) Protein Uberexprimiert. Die
Uberlagerung beider Fluoreszenzsignale (merge) zeigt keine Kolokalisation des Aktin-Zytoskeletts
und des BEM46 Proteins.
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Wie Abbildung 5 zeigt, wurde keine Kolokalisation der beiden Signale beobachtet, was die
Identitat der punktférmigen Strukturen als actin patches ausschlief3t. Als weitere Moglichkei-
ten wurden lipid rafts oder Eisosomen in Betrachtung gezogen. Lipid rafts sind sehr dynami-
sche Mikrodoméanen in der Plasmamembran, die einen selektiven Transport von Lipiden und
Proteinen ermdglichen (Edidin 2003). Sie beeinflussen diverse inter- und intrazellulare Pro-
zesse, darunter die Zell-Zell Interaktion, den Membran-Transport, die Stressreaktion und das
polarisierte Wachstum (Malinsky et al. 2013). Im Gegensatz zu lipid rafts sind Eisosomen
sehr stabile Proteinkomplexe am Zellkortex. Um die Stabilitat der kortikalen Strukturen zu
untersuchen, wurden Langzeitaufnahmen von quellenden Macroconidien des BEM46::eGFP
Uberexprimierenden Stammes angefertigt (Arbeit Ill, Abbildung 3A). Da die kortikalen Punkte
Uber einen Zeitraum von 15 Minuten stabil waren, wurden lipid rafts ausgeschlossen und die

folgenden Experimente fokussierten sich auf die putative eisosomale ldentitat der Strukturen.

2.3 Die eisosomale Lokalisation des BEM46 Proteins von N. crassa

(LVRVRPHQ 0 1& JULHFK 1+U AKLQHLQ Sa&KaAb@yt€es dexeitiaeW LQ GH!
(Walther et al. 2006) als stabile, kortikale, mit der MCC (membrane compartment of CAN1)-
Doméne der Plasmamembran assoziierte Proteinkomplexe beschrieben (Grossmann et al.
2008). Die MCC-Doméne bildet furchenahnliche Invaginationen von 50 nm Tiefe und 200-
300 nm Lange (Stradalova et al. 2009) und enthalt aul3er dem Arginin-Transporter CAN1
weitere Symporter wie FUR4 (Uracil-Kation-Symporter (Jund et al. 1988)) oder TAT2 (Tryp-
tophan- und Tyrosin-Permease (Schmidt et al. 1994)). Proteine, die im Bereich der MCC-
Doménen lokalisiert sind, bleiben geschiitzt vor Endozytose, die ausschliel3lich an MCC-
freien Orten stattfindet. Die Verbindung zwischen den MCC-Domanen und den Eisosomen
wird Uber das Transmembranprotein SURY realisiert. Die Eisomen von S. cerevisiae sind in
allen Stadien des Zellzyklus als stabile, kortikale, punktférmige Strukturen vorhanden
(Walther et al. 2006). Die Hauptkomponenten des Proteinkomplexes sind die zytosolischen
PIL1 und LSP1 Proteine. Obwohl die primdren Aminosduresequenzen dieser Proteine zu
72% identisch sind, erfillen sie keine redundanten Funktionen. In S. cerevisiae ist PIL1 es-

sentiell fur die Lokalisation von LSP1 und SUR7 und dadurch fiir die Organisation der Eiso-
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somen. Das Protein NCE102 beeinflusst die Stabilitdt des Proteinkomplexes. Walther et al.
(2006) postulierten eine direkte Beteiligung der Eisosomen an der Festlegung der Endozyto-
se-Orte. Diese These wurde jedoch in spateren Studien nicht bestatigt bzw. widerlegt
(Grossmann et al. 2008; Vangelatos et al. 2010; Reijnst et al. 2011; Seger et al. 2011). Un-
tersuchungen der Eisosomen von Schizosaccharomyces pombe (Kabeche et al. 2011),
Candida albicans (Reijnst et al. 2011), Ashbya gossypii (Seger et al. 2011) und Aspergillus
nidulans (Vangelatos et al. 2010) haben ergeben, dass PIL1 und LSP1 im gesamten Reich
der Pilze konserviert sind und PIL1 eine wichtige, aber nicht immer essentielle Rolle in der
Eisosom-Bildung spielt. Wahrend G L HpililiMutation in C. albicans letal ist, fuhrt sie in S.
pombe zu keinen erkennbaren phanotypischen Veranderungen, obwohl die Uberexpression
des Proteins die Zellteilung und die Ausbildung der Zellpolaritdt negativ beeinflusst. Eisoso-
men wurden bisher in allen untersuchten Organismen als sehr stabile, fast statische, kortika-
le Punkte charakterisiert, dennoch kommen sie in unterschiedlichen Stadien des Generati-
onswechsels der einzelnen Pilze vor. In S. cerevisiae und C. albicans sind Eisosomen konti-
nuierlich vorhanden. Dagegen wurden sie in A. gossypii und in A. nidulans lediglich in ge-
guollenen bzw. keimenden Konidien beobachtet. In den zuletzt genannten Pilzen korrespon-
diert die Genexpression des PIL1 Proteins mit der Eisosomen-Formation. Die hochste pill-
Transkript-Menge wurde in Konidien gemessen. Neue Untersuchungen haben in den PIL1-
und LSP1-Orthologen eine sogenannte BAR-Doméane (Bin/amphiphysin/Rrs) identifiziert

=LyaNR Z\ANZD1H Olivera-Couto et al. 2011). Die bananenférmige Domane besteht
DXV GUHL ©®8&ices Hng besitzt einen positiv geladenen Fleck an der konkaven Ober-
flache, der die Interaktion mit der negativ geladenen Plasmamembran ermdglicht. Als Dimere
verursachen BAR-Domanen eine Krimmung der Membran, was zur Clusterbildung von Lipi-

den und Proteinen in der Membran fihrt.

Die putative eisosomale Lokalisation des BEM46::eGFP Proteins wurde durch Kolokalisati-
onsstudien mit einem RFP-gekoppelten eisosomalen Protein Uberprift (Arbeit 111). Das PILA
Protein ist in dem mit N. crassa verwandten Ascomyceten Aspergillus nidulans als PIL1-

Homolog (s. 0.) beschrieben (Vangelatos et al. 2010). Entsprechend wurde das PILA-
16



Homolog in N. crassa mit Hilfe von pBLAST-Analysen bioinformatisch identifiziert. Das fur
das Protein kodierende Gen wurde an trfp gekoppelt in einen Uberexpressionsvektor fiir N.
crassa unter der Kontrolle des ccgl-Promotors kloniert und in den N. crassa-Stamm FGSC
#6103 transformiert. Um die Kolokalisation mehrerer fluoreszent markierten Proteine zu
Uberprifen, gibt es in N. crassa neben der Mdglichkeit der Kotransformation eine einfachere
Methode, die Heterokaryonbildung. Da die Septi der Hyphen diskontinuierlich sind, die sogar
den Transport von Zellkernen erlauben, ist das conozytische Myzel als eine einzige, mehr-
kernige Zelle zu betrachten. Darlber hinaus sind Hyphen des gleichen Paarungstyps in der
Lage, ungeachtet deren genetischen Identitdt, miteinander zu fusionieren. Bringt man die
Konidien unterschiedlicher Transformanten des gleichen Paarungstyps gleichzeitig auf das
Néhrmedium, werden die auskeimenden Hyphen miteinander fusionieren. Es entsteht ein
heterokaryotisches Myzel, das das Proteom beider Transformanten gleichzeitig exprimiert
(Fleissner et al. 2009). Mittels Heterokaryonbildung wurden Myzelien erzeugt, die die Protei-
ne BEM46::eGFP und PILA::tRFP gleichzeitig exprimierten. Die Lokalisation der fluoreszen-
ten Fusionsproteine wurde mit Hilfe von CLSM untersucht. Die CLSM-Aufnahmen (Arbeit Ill,
Abbildung 3B; Abbildung 6A-B ) zeigen die Kolokalisation beider Proteine in kortikalen,

punktférmigen Strukturen, die somit als Eisosomen identifiziert wurden.
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BEM46::eGFP

Abbildung 6 : Die eisosomale Lokalisation des BEM46::eGFP Proteins. CLSM-Aufnahmen von kei-
menden (A) und gequollenen Konidien (B) eines Heterokaryons, das sowohl das eisosomal lokalisier-
te PILA::tRFP als auch das BEM46::eGFP Protein iiberexprimiert. merge: Uberlagerung der im roten
und grunen Bereich detektierten Signale

2.4 Die Splei3formen des bem46-Transkripts von N. crassa

Alternatives Spleil3en ist ein Mechanismus, der multizellularen Organismen eine Regulation
der Genexpression auf RNA-Ebene erlaubt (Roy et al. 2013). Dabei kommt es sowohl zu
gualitativen u.a. durch den Abbau gesplei3ter Fragmente Uber nonsense-mediated mRNA
decay (NMD) (McGlincy and Smith 2008; Nicholson and Mihlemann 2010) als auch zu
guantitativen Veranderungen des Transkriptoms, die wiederum die Funktionalitéat des Prote-
oms beeinflussen (Roy et al. 2013). Die alternativ gesplei3ten Fragmente kénnen translatiert
werden, wodurch diverse Proteine mit unterschiedlichen Priméar- und/oder Tertiérstrukturen
entstehen (Syed et al. 2012), die als dominante Kompetitoren fur das urspriingliche Protein
wirken konnen (Seo et al. 2011). Alternatives Spleif3en selbst wird durch riboswitches regu-
liert und kann durch Verdnderungen der Umweltbedingungen ausgeltst werden (Brunner

and Diernfellner 2006; Leal et al. 2009), wodurch es ein flexibles Werkzeug fir Umweltadap-
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tation darstellt (Kazan 2003). In Ascomyceten tritt alternatives Spleil3en seltener als bei Sau-
getieren auf (Kempken 2013): In N. crassa wird die Expression von 162 aus 9733 fur Pro-
tein-kodierende Gene durch den Mechanismus beeinflusst. Die am haufigsten auftretende
Form des alternativen Spleil3ens in Ascomyceten ist das Beibehalten von Introns (intron re-

tention).

Intron1 & 2

b |

w

gespleifte mMRNA

Spleifprodukt Intron 3

1,2 kb alternatives _ Alternativ gespleiRtes
0,5 kb alternatives i
SpleiRprodukt Intron 1-retention

Abbildung 7 : Schematische Darstellung der mdglichen bem46-mRNA-Fragmente, die durch Spleil3en
entstehen. Die DNA kodiert fur drei Exonen und drei Intronen (Intron 1, 2 und 3). Die gewdhnlich ge-
spleite mRNA (gespleilite mMRNA) besteht aus den drei Exonen. Durch alternatives Spleien im Be-
reich des dritten Introns entsteht ein 1,2 kb groRes mRNA-Fragment (1,2 kb alternatives Spleil3pro-
dukt). Das 0,5 kb grof3e alternative Splei3produkt enthalt das Intron 1 und wird zusatzlich modifiziert.

Durch RT-PCR und anschlieRende Sequenzierung wurden im Wildtyp und im RNAi-Stamm
zwei alternativ gesplei3te Fragmente des bem46-Transkripts identifiziert (Arbeit Ill, Abbil-
dung 2A; Abbildung 7 ): ein gréReres, 1,2 kb langes Fragment, das durch intron retention
entsteht, und ein kleineres, 0,5 kb langes Fragment, in dem das dritte Exon des ursprindli-
chen bem46-Transkripts fehlt. Nimmt man an, dass fir die Initiation der Proteinsynthese im-
mer das gleiche AUG-Startkodon verwendet wird, kbnnen zwei alternative Peptide von 40
(kodiert vom 1,2 kb Fragment) bzw. 123 (kodiert vom 0,5 kb Fragment) Aminoséuren entste-
hen. Um die Wirkung der alternativen Splei3produkte zu untersuchen, wurden diese jeweils

in Uberexpressionsvektoren kloniert und die Vektoren in den N. crassa Wildtyp-Stamm trans-
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formiert (Arbeit Ill). Die Ascosporenkeimung der so entstandenen Stamme lag, genau wie die
der Uberexpressions- und RNAi-Transformanten, bei 0% (Arbeit Ill, Abbildung 1). Dieses
Ergebnis deutet darauf hin, dass die 0%ige Ascosporenkeimungsrate der RNAI-
Transformante in erster Linie nicht das Resultat der Herunterregulierung des urspringlichen
bem46-Transkripts ist, sondern vielmehr von der Akkumulation der alternativ gespleif3ten
Fragmente ausgelost wurde. Dabei konnten die alternativ entstandenen Peptide als Kompe-
titor des urspriinglichen BEM46-Proteins wirken, oder die modifizierte, fehlerhafte Lokalisati-
on der Peptide fuhrte zu einer Fehlfunktion. Um letztere Hypothese zu Uberprifen, wurde
das fiir das 123 Aminosauren lange Peptid kodierende 0,5 kb Fragment in einen Uberex-
pressionsvektor an egfp-gekoppelt kloniert, und der Vektor wurde in den N. crassa Wildtyp-
Stamm transformiert (Arbeit 111). Untersuchungen der intrazellularen Lokalisation des GFP-
Konstrukts mit Hilfe von CLSM zeigten eine vom nativen BEM46 abweichende Lokalisation
des Peptids. So wurde das alternative Produkt nicht im perinuklearen-ER, sondern aus-

schlie3lich in kortikalen, punktférmigen Strukturen detektiert (Arbeit 111, Abbildung 3C).

2.5 Interaktionspartner des BEM46 Proteins von  N. crassa

Mit Hilfe des Hefe-Zwei-Hybrid-(Y2H)-Systems konnte die Anthranilat-Synthase (trp-1) als
einziger Interaktionspartner des BEM46 Proteins identifiziert werden (Arbeit IIl). Die Interak-
tion wurde durch bimolekulare Fluoreszenzkomplementation (BiFC (Hoff and Kiick 2005)) in
vivo bestatigt (Arbeit 1ll, Abbildung 4-5). Die Anthranilat-Synthase ist ein multifunktionales
Enzym der Tryptophan-Biosynthese (Abbildung 8 ). Das Protein in N. crassa besteht aus
GHQ(trp-1 X Q gtrp-2) Untereinheiten. Die -Untereinheit ist aus den G-, F- und C-
DRPIQHQ D XIJH E BJdtéreinHeltikatalysiert die Umwandlung von Chorismat zu Anth-
UDQLODW 'LH WuUntdrxithalitvist R<pandigHur die Bindung von Glutamin und be-
sitzt Amidotransferase- (G-Domane), INnGP2-Synthase- (C-Doméne) und PRA-isomerase- (F-

Domane) Aktivitat (Walker and DeMoss 1983; Walker and Demoss 1986).
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Abbildung 8 : Die Anthranilat-Synthase interagiert mit dem BEM46 Protein in N. crassa. (A) Aufbau
des Proteinkomplexes. (B) Schematische Darstellung der interagierenden cDNA-Fragmente.

Wie Abbildung 8B zeigt, enthalten alle cDNA-Fragmente, die zu einer positiven Interaktion
im Y2H-Assay fuhrten, den fur die F-Domane kodierenden Teil des trp-1 Gens. Daraus lasst

sich schlieRen, dass die Interaktion Uber die eben genannte Domane stattfindet.

Das trp-1 knock-out N. crassa-Stamm (erhalten Uber die Fungal Genetics Stock Center)
wurde phanotypisch untersucht (Arbeit Ill). Die Ascosporenkeimung der O W-UIButante war
relativ zu dem Wildtyp um ca. 50% reduziert (Arbeit Ill, Abbildung 6C). Dieses Ergebnis ist
vergleichbar mit der Keimungsrate der ( E H P-Mutante. Auch der oben beschriebene loss-
of-polarity-Phénotyp war bei den Ascosporen des O W-USammes wiederzufinden (Arbeit 111,
Abbildung 6A). Ahnliche Ergebnisse wurden in dem Modellorganismus A. thaliana beschrie-
ben, in dem sowohl die 0 W-laS auch die Owavy growth2-Mutante die gleiche fehlerhafte
Wourzelspitzenkrimmung aufweisen (Mochizuki et al. 2005a). Diese Resultate deuten darauf
hin, dass der Zusammenhang von BEM46 mit der Tryptophan-Biosynthese nicht nur in N.
crassa besteht. Tryptophan erfillt in der eukaryotischen Zelle vielfaltige Funktionen. Unter
anderem ist es ein wichtiger Prakursor fir eine Reihe von Metaboliten, darunter Auxin
(Radwanski and Last 1995; Mano and Nemoto 2012). In N. crassa agiert Tryptophan selbst
als Signalmolekil, das die Ausbildung von Hyphenverbindungen (conidial anastomosis tubes

(CAT)) inhibiert (Fischer-Harman et al. 2012).

Die Untersuchungen des vegetativen Myzels haben gezeigt, dass Konidien des 0W-U S

Stammes friiher auskeimen und die jungen Hyphen eine schnellere Elongationsrate haben
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als der Wildtyp. Da beide Effekte durch Auxinzugabe (Indolessigsaure, IAA) hervorgerufen
werden (Nakamura et al. 1982; Tomita et al. 1984), wurde die Indolproduktion von keimen-
den Asco- und Konidiosporen der 0 W-UQButante bestimmt. Die Ascosporen der Mutante
produzierten mit dem Wildtyp vergleichbare Mengen an Auxin. Dagegen war die Auxinpro-
duktion der Konidiosporen der Mutante wahrend der Keimung circa zehnfach erhéht (Arbeit
Ill, Abbildung D-E). Diese Resultate lassen die Hypothese zu, dass BEM46 Uber die Tryp-

tophan-abhangige Auxin-Biosynthese Einfluss auf das Wachstum der Hyphen nimmt.

2.6 Der Einfluss des BEM46 Proteins auf die Auxinbildung in N. crassa

2.6.1 Die Auxinbildung der Pilze

Auxine sind naturliche oder synthetische pflanzliche Wachstumsregulatoren (Woodward and
Bartel 2005), die eine Vielzahl an biologischen Effekten darunter das Zellwachstum, die Zell-
teilung, die Bildung von Adventivwurzeln, die Kontrolle der Apikaldominanz und diverse Tro-
pismen beeinflussen (Klee and Estelle 1991). Zu der Gruppe der Auxine gehdren chemisch
unterschiedliche Substanzen, die alle ein aromatisches Ringsystem und einen Rest mit ter-
minaler Carboxygruppe besitzen. Der meist verbreitete natlrliche Vertreter ist die Indol-3-

Essigsaure (IAA).

Kurz nach der Entdeckung von Auxin als Wachstumshormon in héheren Pflanzen (Koégl and
Kostermans 1934) wurde die Substanz in verschiedenen Pilzen identifiziert und untersucht.
Bis Ende der 1950er Jahre lagen diverse Studien zur fungalen Auxin-Synthese und ihrer
Wirkung vor. Eine Zusammenfassung der Forschungsergebnisse wurde 1959 von Hans E.
Grin vorgenommen (Gruen 1959). Er beschreibt Gber 90 Pilze aus verschiedenen taxonomi-
schen Gruppen, die in der Lage sind, Auxin in vitro im Minimalmedium zu synthetisieren,
wobei die Synthese meist an extern zugefiigtem Tryptophan gekoppelt ist. Die Wirkung von
Auxin auf das Wachstum, die Keimung oder die Myzelbildung wurde meistens als inhibito-
risch beschrieben, wobei in einigen Spezies (darunter Candida albicans, Saccharomyces
cerevisiae oder Neurospora tetrosperma) ein konzentrationsabhéngiger Effekt beobachtet

wurde. Solange Auxin (in den Studien wird am haufigsten 1AA verwendet) in niedriger Kon-

22



zentration fordernd wirkt, hemmen hohe Konzentrationen sowohl Wachstum als auch Koni-

dienkeimung. Diese Ergebnisse gerieten spater in Vergessenheit.

Da die gegenwartige Forschung sich auf die Auxinbildung in Interaktionen zwischen Pilzen
und Pflanzen konzentriert, wird in erster Linie Gber phytopathogene oder Mycorrhizabildende
Arten publiziert (Strzelczyk and Pokojska-Burdziej 1984; Furukawa et al. 1996; Basse et al.
1996; Hasan 2002; Chung et al. 2003; Reineke et al. 2008). In diesem Zusammenhang wird

Auxin als ein Vermittler der Interaktion beschrieben (Prusty et al. 2004).

In N. crassa wurde die Produktion des Auxins Indol-3-Essigsaure (IAA) mit Hilfe von HPLC-
Analysen nachgewiesen (Tomita et al. 1987), und der Einfluss von extern zugefiigtem Auxin
auf die unterschiedlichen asexuellen Entwicklungsstadien des Pilzes untersucht. Die oben
beschriebene konzentrationsabhéngige Wirkung von Auxin wurde auch in N. crassa nach-
gewiesen. Die optimale Konzentration der extern zugefiigten IAA liegt bei 10° M. In hohen
Konzentrationen (10 M) wirkt IAA inhibitorisch (Nakamura et al. 1978). Dabei beeinflusst sie
sowohl die konidiale Keimungsrate (Nakamura et al. 1978; Nakamura et al. 1982) als auch
die Elongation der jungen Keimungsschlauche (Tomita et al. 1984). Da die oben genannten
Publikationen nicht in den einschléagigen Literaturdatenbanken erhaltlich sind, gerieten diese
Ergebnisse in Vergessenheit. Die Biosynthese von IAA kann entweder Tryptophan-abhéngig
(Tryptophan fungiert als Prekursor fir den Syntheseprozess), oder Tryptophan-unabhangig
erfolgen (Baca and Elmerich 2003). Da die meisten Auxinproduzierenden Organismen meh-
rere Biosynthesewege gleichzeitig nutzen, ist die Aufklarung des Biosynthese-Netzwerkes
erschwert. Obwohl die Schlisselenzyme der Synthese in Pflanzen bekannt sind, ist ihre Zu-
ordnung zu den einzelnen Wegen unklar. In der Literatur werden verschiedene putative
Netzwerke beschrieben (Woodward and Bartel 2005; Quittenden et al. 2009; Mashiguchi et
al. 2011; Mano and Nemoto 2012). Welche Biosynthesewege in Pilzen funktionieren, ist im
Allgemeinen wenig untersucht. Eine Ausnahme bildet Ustilago maydis, in dem einzelne Bio-

synthesewege genauer charakterisiert sind (Reineke et al. 2008). Die Untersuchungen der
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vorliegenden Arbeit orientierten sich an dem von Mashiguchi et al. (2011) erstellten Modell,

modifiziert nach den fur U. maydis publizierten Ergebnissen (Abbildung 9 ).

Tl'p \
%3’48
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Abbildung 9 : Schematische Darstellung der Tryptophan-abhangigen IAA-Biosynthese (nach Mashi-
guchi et al., 2011 und Reineke et al., 2008). Die in Pilzen nachgewiesenen Zwischenprodukte sind
violett markiert. Der in der vorliegenden Arbeit untersuchte Weg ist blau dargestellt. tam1, Trp-
Aminotransferase; ipd, IPA-Decarboxylase; iadl, IAAld-Dehydrogenase; Trp, Tryptophan; IPA, Indol-
3-pyruvat; IAAId, Indol-3-Acetaldehyd; IAA, Indole-3-Essigsaure; Tol, Indol-3-Ethanol; TAM, Trypta-
min; HTAM, N-Hydroxyl-Tryptamin; IAOX, Indol-3-Acetaldoxim; IAN, Indol-3-Acetonitril; 1AM, Indol-3-
Acetamid

2.6.2 Identifizierung eines putativen Auxin-Biosyntheseweges in N. crassa

In Pilzen wurden bisher 1AAId (Indol-3-Acetaldehyd), IPA (Indol-3-pyruvat), TAM (Tryptamin)
und IAM (Indol-3-Acetamid) als putative Intermediate der Auxin-Biosynthese nachgewiesen.
Daraus lasst sich schlieBen, dass die fungale IAA-Produktion tber den IPA, TAM oder IAM
nicht aber tber den IAN Weg stattfindet (Robinson et al. 1998; Chung et al. 2003; Chung and
Tzeng 2004; Reineke et al. 2008). Fir U. maydis wurde die Biosynthese Uber den IPA-Weg
mit den beteiligten Enzymen TAM1 (Tryptophan-Aminotransferase), IPD (Indol-3-Pyruvat-
Decarboxylase) und 1AD1/2 (Indol-3-Acetaldehyd-Dehydrogenase) naher charakterisiert
(Basse et al. 1996; Zuther et al. 2008). Mit Hilfe von bioinformatischen pBLAST-Analysen
wurden die homologen Proteine aller in dem IPA-Biosyntheseweg beteiligten Enzyme
(NCU09166.7 (taml), NCU02397.7 (ipd) NCUO03415 (iadl)) in N. crassa identifiziert (Arbeit
lll, supplementary). Die Aminoséuresequenzen der orthologen Enzyme in U. maydis und N.

crassa wurden miteinander verglichen, und die fiir die Funktion von IAD1/2 essentiellen Ami-
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nosaurereste (Yoshida et al. 1998; Reineke et al. 2008) wurden identifiziert. Die Ergebnisse
deuten darauf hin, dass N. crassa die genetischen Grundlagen dafir besitzt, tUber den IPA-

Weg Auxin zu synthetisieren.

Mit Hilfe von quantitativen real time PCR (QRT-PCR)-Analysen sollte die Frage geklart wer-
den, ob die Expression der putativen Auxin-Biosynthesegene (taml, ipd und iadl) in den
verschiedenen bem46-Transformanten und in der knock-out-Mutante beeinflusst ist, d.h. ob
sich die unterschiedliche bem46-Transkriptmenge auf die Expression der Auxin-
Biosynthesegene auswirkt (Bonniger 2013). Die Ergebnisse zeigten, dass die Herunterregu-
lierung des bem46-Transkripts in den RNAi-und knock-out-Stdmmen zu einer Reduktion der
tam1-Expression fuhrt, was wiederum eine leichte Erh6hung der iadl-Expression bewirkt
(Arbeit 11, Abbildung 7; Abbildung 10A-C ). Dagegen wird in dem bem46-Uberexpressions-
Stamm die tam1-Expression nicht negativ beeinflusst, was in einer leichten Erhéhung der

ipd-Expression und einer sehr starken Erhéhung der iad1-Expression resultiert.
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Abbildung 10 : Auswertung der gRT-PCR-Analysen. Die Expression der drei putativen Auxin-
Biosynthesegene taml (A), ipd (B) und iadl (C) wurde in unterschiedlichen N. crassa-Stdmmen be-
stimmt und verglichen. (Mit freundlicher Genehmigung von C. Boénniger.) NcT288, bem46-
Uberexpressionsstamm; NcT289, bem46-knock-down-Stamm; NcT411, bem46-knock-out-Stamm;
NcT419, der Stamm Uberexprimiert ein alternativ gesplei3tes bem46-Fragment (weitere Erklarung s.
Text)

2.6.3 Qualitativer und quantitativer Nachweis der Auxinproduktion von N. crassa
Die Ergebnisse der qRT-PCR-Analysen unterstiitzten die Hypothese, dass BEM46 einen
Einfluss auf die Auxin-Biosynthese in N. crassa hat. Im Weiteren wurde die Auxinproduktion

des Pilzes qualitativ nachgewiesen und in den unterschiedlichen bem46-Transformanten und
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in der knock-out-Mutante quantitativ untersucht. Der qualitative Auxin-Nachweis erfolgte indi-
rekt mit Hilfe von A. thaliana DR5::GUS Pflanzen, die auf die Anwesenheit von Auxin als In-
dikator reagieren, und direkt mit Hilfe von diinnschichtchromatographischer Aufteilung der
von dem Pilz produzierten Indolprodukte (Arbeit 111, Abbildung 8). Beide Methoden fuhrten zu
dem Ergebnis, dass N. crassa in der Lage ist, im tryptophanhaltigen Medium Auxin zu syn-
thetisieren. Die quantitative Bestimmung der Auxinproduktion der verschiedenen Transfor-
manten und der Mutante wurde durchgefiihrt, um herauszufinden, ob die mit Hilfe der gRT-
PCR-Analyse nachgewiesenen Unterschiede in der Genexpression der Biosynthesegene
sich auch in der Biosynthese des Endprodukts Auxin zeigen. Da als Matrize fur die qRT-
PCR-Analysen aus vegetativen Myzelien isolierte RNA diente, wurde zunachst die Indolpro-
duktion dieses Stadiums bestimmt. Es wurden jedoch keine Unterschiede in der Auxinpro-

duktion in diesem Entwicklungsstadium ermittelt.

Indolproduktion keimender Konidiosporen Indolproduktion keimender Ascosporen
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Abbildung 11 : Auxinproduktion keimender Konidiosporen (A) und Ascosporen (B). Die Sporen ver-
schiedener Pilzstamme wurden im tryptophanhaltigen Flussigmedium inkubiert. Der Indolgehalt des
Mediums wurde mit Hilfe der Salkowsky-Methode bestimmt und die relative Indolproduktion der ein-
zelnen Stamme wurde auf die Indolproduktion des Wildtyps bezogen ermittelt. NcT288, bem46-
Uberexpressionsstamm; NcT289, bemd46-knock-down-Stamm; NcT411, bem46-knock-out-Stamm;
NcT419

Die phanotypischen Analysen haben gezeigt, dass BEM46 eine Rolle in der Keimung von
sowohl Asco- als auch Konidiosporen spielt. Dartber hinaus ist die Wirkung von Auxin auf
die Konidienkeimung und auf das Wachstum junger Hyphen in N. crassa bekannt (Nakamura

et al. 1982; Tomita et al. 1984). Um einen eventuellen Zusammenhang zwischen BEM46,
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Keimung und Auxin herzustellen, wurde die Indolproduktion der keimenden Konidio- und
Ascosporen bestimmt (Arbeit 1ll, Abbildung 9A-B; Abbildung 11A-B ). In Konidiosporen fuhrt
die Herunterregulierung der bem46-Transkriptmenge zu erhdhter Indolproduktion, was wie-
derum in friherer Konidienkeimung und schnellerem Hyphenwachstum resultiert (Arbeit 111,
Abbildung 9C-D). Die in ihrer Keimung und im Hyphenwachstum stark beeintrachtigte Uber-
expressionstransformante produziert jedoch Auxin-Mengen, die der Auxinproduktion des
Wildtyps entsprechen. Dieses Ergebnis ist umso unerwarteter, als die Expression des fir das
letzte Enzym des Biosyntheseweges kodierenden Gens in diesem Stamm stark hochreguliert
ist. Ein &hnlich kontroverses Bild zeigt die Indolproduktion der keimenden Ascosporen. So-
lange die Herunterregulierung des bem46-Transkripts zu keiner signifikanten Veranderung in
der Indolproduktion fiihrt, ist die von der Uberexpressions-Transformante produzierte Auxin-
menge im Vergleich zum Wildtyp in etwa um das Zehnfache reduziert. Diese Ergebnisse
deuten darauf hin, dass die Keimung von Konidio- und Ascosporen unterschiedlich reguliert
wird, und dass BEM46 in den zwei Stadien eine unterschiedliche Rolle spielen kénnte. Dar-
Uber hinaus muss beriicksichtigt werden, dass in der vorliegenden Arbeit die Genexpression
nur eines putativen Auxin-Biosyntheseweges untersucht wurde. Da aber die meisten Orga-
nismen ein Netzwerk mit mehreren unterschiedlichen Wegen nutzen (Baca and Elmerich
2003), ist davon auszugehen, dass N. crassa Uber mehrere, vom IPA-Weg abweichende,
evtl. auch von Tryptophan unabhangige Synthesemdglichkeiten verfiigt. Letzteres kdnnte
erklaren, warum die deutliche Uberexpression von iadl in der bem46-uiberexpressions-
Transformante nicht zwingend eine hohe Indolproduktion zur Folge hat. Darliber hinaus
kénnten Regulationsmechanismen auf hdherer Ebene die Auxinproduktion beeinflussen.
Solche Mechanismen, wie z.B. die Inaktivierung des Endprodukts Uber Ringoxidation oder
Konjugatbildung, sind fur A. thaliana belegt (Woodward and Bartel 2005). Die Bestimmung
der Auxinproduktion der keimenden Ascosporen wird im Weiteren deswegen verfalscht, weil
auch bei einer Keimungsrate von 0% einige wenige Sporen (ca. 1 in 2000) auskeimen und

zur Indolproduktion beitragen.
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2.7 Der Tryptophan-Transporter MTR in  N. crassa  Fhe missing link
In Saccharomyces cerevisiae ist die Tryptophan- und Tyrosin-Permease TAT2 (YOL020W)
in den Eisosomen lokalisiert (Grossmann et al. 2008). In der vorliegenden Arbeit wurde das
neutrale Aminosaure-Transportprotein MTR (NCU06619) (Stadler 1967; Kinsey and Stadler
1969) als das TAT2-Homolog in N. crassa identifiziert (Arbeit 1ll) und die Genexpression mit
Hilfe einer gRT-PCR in den bem46-Transformanten sowie in der knock-out-Mutante unter-
sucht (Bonniger 2013). Die Expression des mtr-Gens wies eine starke Hochregulierung im
bem46-Uberexpressionsstamm auf (Arbeit 11, Abbildung 10A). Auch die intrazellulare Lokali-
sation des MTR-Proteins wurde mit Hilfe von Reportergenkonstrukten untersucht. In Hetero-
karyen, die das egfp-gekopplete mtr-Gen zusammen mit dem fiir das eisosomale Protein
kodierende pila::trfp Genkonstrukt exprimierten, wurde das MTR::eGFP Fusionsprotein in
den Eisosomen detektiert (Arbeit I1l, Abbildung 10B). Die Kolokalisation des BEM46 Proteins
mit dem MTR Protein in den Eisosomen von N. crassa und die Hochregulierung des mitr-
Transkripts in dem bem46-Uberexpressionsstamm deuten darauf hin, dass eine Verbindung

zwischen BEM46 und der Tryptophan-Aufnahme des Pilzes besteht.

Die bisherigen Ergebnisse legen eine Verbindung zwischen BEM46, Tryptopan-Aufnahme
und -Synthese, Auxinbiosynthese sowie Keimung in N. crassa nahe (Abbildung 12). Es
bleibt aber weiterhin ungeklart, welche genaue Rolle das Protein in diesen Prozessen spielt.
Das BEM46 Protein interagiert mit der PRA-Isomerase-Doméne der Anthranilat-Synthase,
wodurch es die Tryptophan #Biosynthese direkt beeinflussen kdnnte. Die Untersuchungen
der Genexpression des fur die Anthranilat-Synthase (AS) kodierenden Genes trp-1 zeigten
jedoch keine Unterschiede in den bem46-Transformanten, was auf die bem46-
Unabhéngigkeit der Synthese hindeutet, schliel3t aber die Mdglichkeit einer gegensatzlichen
Regulation nicht aus. Obwohl Tryptophan selbst als Signalmolekl fungieren kann (Fischer-
Harman et al. 2012), konzentriert sich die vorliegende Arbeit auf seine Rolle als Vorstufe der
Auxin-Biosynthese. Die bioinformatischen Untersuchungen haben gezeigt, dass das Genom
von N. crassa fur die Enzyme TAM1, IPD und IAD1 des Auxin-Biosyntheseweges Uber das

Zwischenprodukt Indol-3-Pyruvat (IPA) kodiert. Dariiber hinaus gibt es einen Zusammen-
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hang zwischen der bem46-Genexpression und der Expression der Gene des putativen Au-
xin-Biosyntheseweges, welche Verbindung sich auf die Indolproduktion des Pilzes auswirkt.
Die Tatsache, dass die alternativ gespleildten bem46-Fragmente in Ascosporen und in Ko-
nidiosporen unterschiedliche Wirkung zeigen, deutet darauf hin, dass die Prozesse, in denen

BEMA46 involviert ist, in dem sexuellen und asexuellen Stadium verschieden sind.

Die keimende Konidiospore

Abbildung 12 : Modell des mdglichen Zusammenhangs zwischen dem BEM46 Protein und dem pola-
ren Hyphenwachstum einer keimenden Konidiospore von N. crassa. Trp; Tryptophan, IAA; Indol-3-
Essigsaure

Eine mogliche Rolle kénnte BEM46 in der Koordinierung der Tryptophan-Synthese Uber al-
ternatives Spleien und die Aufnahme von Tryptophan Gber MTR spielen und somit den int-
razellularen Tryptophan-Gehalt kontrollieren. Da die Auxin-Biosynthese des Pilzes von Tryp-
tophan abhéngt, wirde BEM46 somit indirekt auch den internen Auxin-Spiegel mitbestimmen
oder Uberwachen. Eine prazise Regulation des Auxin-Gehalts ist umso wichtiger, als die
Wirkung von Auxin abhangig von der Konzentration inhibierend oder aktivierend sein kann.
Microarray-Daten deuten darauf hin, dass Auxin und BEM46 auch in der allgemeinen Ant-
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wort auf Stressfaktoren eine Rolle spielen: Phytosphingosin-Behandlung -eine Substanz, die
in N. crassa den programmierten Zelltod auslost- fuhrt zur Hochregulierung der Gene iadl

und bem46 (Videira et al. 2009).

Es bleibt weiterhin zu klaren, durch welche Mechanismen BEM46 das polare Wachstum be-
einflusst, und welche genaue Rolle Auxin in dem Prozess spielt. In A. thaliana fuhrt die pola-
re Verteilung von Auxin-Transportproteine der PIN-Familie in der Plasmamembran zum pola-
ren Auxin-Transport und schlie3lich zum polaren Wachstum (Sassi and Vernoux 2013). Die
polare Verteilung der PIN-Proteine wird dadurch erreicht, dass solange die Phosphoryllie-
rung der apikal positionierten Transporter zur Endozytose und damit zur Wiederverwertung
der Proteine fiihrt, die basalen Transporter dephosphorylliert und dadurch von der Endozyto-
se geschiitzt bleiben (Vanneste and Friml 2009). Eisosomen beeinflussen das Auftreten von
Endozytose-Ereignissen (Walther et al. 2006). Ihre BAR-Doméne fuhrt zur Krimmung der
Membran, was wiederum die Clusterbildung bestimmter Membrankomponenten, darunter
Transportproteine bewirkt, die somit vor Internalisierung geschitzt werden =LYANRZVND HW D
2011; Olivera-Couto et al. 2011). Die eisosomale Lokalisation des Tryptophan-Transporters
MTR und von BEM46 konnte bewirken, dass die Endozytose der Proteine verhindert wird.
Die zeitliche oder rdumliche Regulation der Endozytose, ahnlich der Phosphoryllierung der
PIN-Proteine, kénnte zur polaren Verteilung und als Folge dessen zum polaren Wachstum
fuhren. In N. crassa konnten zwar keine Homologe der PIN-Familie identifiziert werden (per-
sonliche Mitteilung P. Sardar), der Pilz besitzt jedoch den Auxin-efflux carrier Ncu00589. Die

intrazellulare Lokalisation des Proteins wird gegenwaértig untersucht.

Die Bestimmung des Zeitpunkts der Keimung und der Wachstumsrichtung der jungen Hy-
phen ist ein entscheidender Prozess in der Entwicklung eines Ascomyceten. Der Vorgang ist
stark abhangig von den standig wechselnden Umweltbedingungen des Pilzes, was eine préa-
zise und flexible Regulation voraussetzt. Ein entscheidender Aspekt dieses Prozesses kdnn-

te die Kontrolle des internen Auxin-Spiegels sein, in dessen Regulation vermutlich BEM46
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eine Rolle Gbernimmt. Die Mdglichkeit fur die Entstehung modifizierter BEM46-Peptide durch

alternatives SpleiRen konnte zur Flexibilitat des Prozesses beitragen.
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Abstract The bud emergence (BEM)46 proteins are evopolarity. Vegetative hyphae, perithecia, and ascospores
lutionarily conserved members of thé -hydrolase super developed normally, but hyphae germinating from ascosp-
family, but their exact role remains unknown. To betteiores exhibited a loss-of-polarity phenotype. We also found
understand the cellular role of BEM46 and its homologsthat the BEM46 protein is targeted to the perinuclear endo-
we used the model organisNeurospora crassan con-  plasmic reticulum (ER) and also localizes at or close to the
junction with bem46RNAI, over-expression vectors, and plasma membrane. OWwdings show that BEM46 can be
repeat induced point mutation analyzes. We clearly demomsed as a new ER marker ifamentous fungi, thgvst for
strated that BEM46 is required for cell type-spédiyphal N. crassa Our data suggest that BEM46 plays a role in a
growth, which indicates a role for BEM46 in maintainingsignal transduction pathway involved in determining or
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maintaining cell type-sped&¢ polarity. This implies a
higher degree of fungal hyphaéevdientiation than previ-
ously expected. This work also has implications for higher
eukaryotic cells with polarized growth, such as pollen tubes
or neuronal cells.

Keywords Cell type-spedlé growth - Ascospore
germination - Polarity - ER localizatiomNeurospora
crassa: Bud emergence 46-likbém46

Introduction

All eukaryotic organisms carry a homolog of the bud emer-
gence (BEM)46 gene (Mochizuki et @009, which was
originally described by Valencik and Pringl&9@9. The
BEM46 protein and other homologous proteins possess
conserved amino acid motifs of thé -hydrolase super
family, which includes a variety of enzymes with diverse
functions and a wide range of substrates (Ollis 1992
Holmquist2000. However, only a few members of the
/| -hydrolase super family have been assigned functions.
The BEM46 gene frorSchizosaccharomyces poniba
temperature-sensitive suppressor obeml/bud5double
mutant from baker's yeastSaccharomyces cerevisiae
(Valencik and Pringlel995. This double mutant exhibits
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defects in cell polarity and bud emergence (Cabib et atargeted to the ER and locads at or close to the plasma
1998 Madden and Syndet998. The exact function of membrane. Our data suggest that BEM46 plays a role in a
BEMA46 is not yet known in yeast. However, a functionalsignal transduction pathway involved in determining or
analysis of BEM1 has suggested that BEM1 is &/@lda maintaining cell type-speé¢ polarity.

protein which has two actin-binding domains (Chenevert

et al.1993. In addition to its interaction with actin, BEM1

has also been shown to interact with the G-protein BUD1ylaterials and methods

cell division cycle CDC42 (Park et dl997 Irazoqui et al.

2003, and with GDP-GTP exchange factors, such aStrains

BUD5 (Chant etal.1991, Cabib etal.1998, which are

necessary for the positioning of a complex involved in budin a previous study of th#damentous fungu#scobolus
formation. It is possible that tHg. pombéBEM46 peptide immersuswe identidd abem46homolog adjacent to the
combines the functions of BEM1 and BUDS5. Thgpergil-  integration site of a retro-element (EMBL accession num-
lus nidulanshomolog of BEM1, BemA, seems to play aber AM237804). When th&l. crassagenomic sequence
role in polarisome formation (Leeder and Tur2808. became available (Galagan et 2003 Mannhaupt et al.
Potential targets of BUDS5 include proteins involved in bud2003, we were able to identify a. crassa bem46rtho-
site selection and bud formation, BUD1 and CDC42Jog (NCU03276). Therefore, all further work was done
respectively (Chant et a1991). Taken together, these stud- using this well characterized model organism.

ies implicate a role of BEM46 in signal transduction and The following fungal strains were used in this study:
actin organization. N. crassaF10292-1 érg-1 K166, his-3K480,cot-1 C102T,

In Drosophila melanogastertwo-hybrid assays have rec-2 A], FGSC #6103 His-3 (Y234M723) mat A], and
suggested that a BEM46-homolog interacts with the Rapsy=GSC #9716 His-3 (1-234-723) mat a] (Fungal Genetics
noid protein (Giot2003, a putative GDP-GTP exchange Stock Center, Kansas City, USA). For the propagation of
factor for a G protein involved in the asymmetrical cell vector constructs under standard culture conditions, we
division of larval neuroblast cells (Parmentier e28100.  usedE. colistrain XL-Bluel fecAl, endAl, gyrA96, thi-1,

In the weedArabidopsis thaliana a BEM46 homolog hsdR17, supE44, relAl, lac F'proAB &l M15 Tn10
called Wavy Growth 2 has been shown to negatively regyTet), Stratagene, La Jolla]. For the propagation of RNAI
late stimulus-induced root bending through the inhibition otonstructs, we useH. coli strain SURE ¢14—, (McrA-),
root tip rotation (Mochizuki et aR005. These studies also D(mcrCB-hsdSMR-myL71, endAl, supE44, thi-1, gyrA96,
suggest that BEM46 homologs may play a role in signakelAl, lac, recB, recJ, sbcC, umuC::Tr&an'), uvrC, F’
transduction or cell polarity. It has also been suggested thatoAB lacfZDM15 Tn1Q(Tet), Stratagene, Heidelberg].
BEM46 might irKuence cell morphogenesis at the cell sur-

face (Mochizuki et al2009, though the exact functions DNA and RNA isolation

remain unknown.

Functional analysis of the fungal BEM46 protein is ofThe isolation of DNA was performed according to a previ-
general interest because fungal hyphae serve as a modakly described protocol (Borges et4990. In brief,
system for polarized growth, such as neuronal polaritynycelium was ground under liquid nitrogen, transferred
(Arimura and Kaibuch2005. In a previous study concern- into lysis bwer (10 mM Tris—HCI, 1 mM EDTA, 100 mM
ing fungal transposable elements (KempReA1), a homo- NaCl, 2% SDS, pH 8.0), and phenol extraction performed.
log of the evolutionarily conserveasem46was identéd  Subsequently, the aqueous phase was incubated with
close to a retro-element in the genome of Wementous 100 g RNAseA, followed by an additional phenol extrac-
fungus Ascobolus immersusShortly after that study, the tion and ethanol precipitation. Bacterial plasmid DNA was
Neurospora crassgenome sequence was published, whichsolated using NucleoSpireagent sets (Macherey—Nagel,
contains approximately 10,000 predicted protein-encodinguren). For the isolation of RNA from macroconidia,
genes (Galagan et @003 Mannhaupt et aR003, includ-  ascospores, and perithecia, tissue was disrupted using a
ing abem46homolog. Becausl. crassahas been used as Brinkmann mixer mill from Retsch (Hilden). RNA was iso-
a genetic model organism for a long time, we aimed to andated from mycelium using published procedures (Kempken
lyze the function of the evolutionarily conserved BEM46and Kuick1996.
protein in this species of fungus.

In this paper, we presit evidence that BEM46 is Gel electrophoresis, blotting, and hybridization
required for hyphal growth upon ascospore germination.

Most likely, BEM46 is necessary for maintaining cell type-Agarose gel electrophoresis, Uloern and Northern blot-
speci¢ polarity. We also describe evidence that BEM46 iging, and DNA-DNA and DNA-RNA hybridization were
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performed according to previously described protocolsr quantitative RT-PCR, equal amounts of RNA were cal-
(Sambrook et al1989. A decaprime kit (Ambion, Austin) culated based on NanoDrop readings.

was used to label 20-30 ng of template DNA witR All oligonucleotides were synthesized by MWG Biotech
dCTP. Markers for DNA from MBBL (Bielefeld) were (Ebersberg). Quantitative RT-PCR assays were performed

used to determine size in DNA gel electrophoresis. as described by (Veit et 006 using a QuantiTect Probe
RT-PCR Kit (Qiagen) and a 7,300 real-time PCR system
PCR and RT-PCR ampkation (ABI, Foster City, USA). The primers used for the quantita-

tive RT-PCR reactions are the same as listed above. The
PCR and RT-PCR were carried out as previously describddld change in transcript abundance for each gene of inter-
(Howad and Kempkerl997 Staudinger and Kempken est in an RNA preparation was determined by comparison
2003. For semi-quantitative RT-PCR, b aliquots were with the threshold cycle (Ct) of transcripts from the
removed from PCR ampkd samples after 34, 37, and 40N. crassaactin gene. The fold change in the abundance of a
cycles. For the location of tHeem46speci¢ oligonucleo- transcript was calculated using the formula: fold
tides, see Figl. Actin mRNA was ampliéd using oligonu- change =3 DDCt, as previously described (Talaat et al.
cleotides FK790 (5GGACGACATGGAGAAGATTTG 2004.
G-3) and FK791 (5GAGCGGACCTAGCCTATACTG
C-3) in the same reaction tube wiblem46mRNA, which  Transformation, transformant analysis and microscopy
was amphed using oligonucleotides FK701 {6&GCA
AGCATGTCATCTCCATC-3) and FK702 (5ATGTTG  Cloning ancE. colitransformation were performed accord-
AGCCCAGATTCGTC-3) or FK701 and NW872 (5CT  ing to standard procedures (Sambrook e1889. Vector
ATTTCTTTTCGGGGTCTCC-3). For experiments using construction is described below. Spheroplasts were pre-
diVerent tissues, the actin cortoould not be used because pared fromN. crassaand used for DNA-mediated transfor-
actin was dVerentially expressed. In these cases, thenation as previously described (Yuan and Maralg®2
amount of RNA used for RT-PCR was determined using Margolin et al.1997). Primary transformants were obtained
NanoDrop ND-1,000 spectrophotometer (NanoDrop Techby site-spedé recombination at thkis-3 locus (Bowring
nologies, Wilmington). The RNA concentration of six sam-and Catchesid@993 and selection for growth on Vogel's
ples were: ascospores wild-type, 58.1 iig/ascospores minimal medium (Vogell956. All cloning and transfor-
RNAI, 19.2 ng/ I; mycelium wild-type, 163.0 ngl; myce-  mation experiments were coraied in accordance with the
lium RNAi, 389.0ng/l; macro conidia wild-type, requirements of the Germagene technology law (GenTG).
278.9 ng/ I; macro conidia RNAI, 86.2 ngl. For RT-PCR Repeat induced point (RIP) assays were based on pub-
lished procedures (Cambareri etdl991). The vector
pUH280 was inserted into thé crassagenome at thhis-

- : 3 locus, creating an additional copy lmém46in order to
cfpprom.  bem46  term.  his-3’ trigger the RIP mechanism. ésspores were obtained from
crosses with strain F10292-1.

! ll_ For the germination assays, ejected ascospores were har-
vested and incubated in 500 sterile water at 60°C for

e el G e 90 min to inactivate contamiting macroconidia. Asco-
PMM536 ] K - spore numbers were adjusted tc 40% spores/ml. All

pPMM529

pMM532

C : o light microscopy was performed using a Zeiss Axiophot-
cogtprom.  bemdB ORF eglp term. - is:3 Mikroskop equipped with a SONY 3CCD digital camera.
Confocal Xuorescence analysis was performed using a
confocal laser scanning microscope (TCS SP1 or SP5 (used
for ER Trackef Red, Leica). Fungi were cultivated for
Fio 1 Sehema . f t MMS25. oMME32 microscopy as previously described (Hickey et2d02).

ig. chematic representation of vectors p . p , ; ; ; - ;
pMM_536, and pUH_2_80. Vector componen_ts are indi_cated below th(’l\sﬂtiﬁzrealgis dﬁg;ﬁ;?gg?;rgtg iz)npaE:OGR;dS(;g?; Qledd”Ch’
drawings. The positions dfem46speci¢ oligonucleotides used for :
RT-PCR ofoem46mRNA are indicated for vector pUH280. For vector Solution to the mycelium or oidia. Nuclei were stained
pUH280, 5 and 3 untranslated regions (UTRs) are indicated. Thewith DAPI (4 ,6-diamidino-2-phenylindole, 1g/ml, Sigma-
bem4§exons @otted boxesand introns White boxe}gre indigated. Aldrich, Steinheim); ER was stained using ER TraBRer
The his -3 ge.ne fra\_gment was used for auxotrophic selegthn. Prol-?ed (BODIPY® FL glibenamide, Molecular Probes
moter, prom.; terminator, term. For vector pMM532d restriction ! ’

sites are shown, as these are used for digestion of total DNA in tHeugene), 10 M, incubation for 30 min at room tempera-
Southern blot shown in Figa ture in the dark.

FK701 FK702 Nw872
ok h

pUH280 - H 5 [

his-3° bem46 gene
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Vector construction comparison, approximately 50 orthologs wighvalues
lower thanj 30 were ideniléd. Figure2a shows a partial
The vectors are depicted in Fig. The vector pUH280 alignment of selected BEM46 amino acid sequences with
carries the entire BEM46 gene, which was aiidi the main conserved part of these proteins. In Zigthe
with oligonucleotides FK371 (EGGGAAGCTTGAACG  structure of selected BEM46 peptides with putative signal
GTTCAATTGACCG1GAAGTTGC-3) and FK372 (5G  peptides, transmembrane domains and thehydrolase is
GGAAGCTTTCAAGCCACCAAGGTCGTGGTTGTCG-3  shown.
from N. crassagenomic DNA. The vector over-expressing Because the endogendosmd46transcript is not detect-
bem46, pMM529, was generated by cloning the PCRable by Northern blot hybridization (Figd), RT-PCR was
amplMeéd bem46open reading frame (ORF) (FK 832GG  used to analyze the level bém46expression in mycelia,
GCGCGCCATGTCATCTCCATCTGTCAC-3and FK833 macroconidia, and ascospores. As shown in3&gbem46
5 -GATTTAAATCTATTTCTTTTCGGGGTCTC-3) into  was transcribed in ascospores, macroconidia, and mycelia.
an N. crassaexpression vector (Allgaier etal. in prepara- To elucidate the function of the. crassa bem4Bomo-
tion). The RNAI vector pMM532 is based on exon Ill of log, four vectors were constructed as describedviatéri-
bem46 Using oligonucleotides FK815 (®&GGCGCGCC  als and methodgFig. 1). Transformants of all four vectors
GATCAAGGTGTCGGTAGCC-3) and FK816 (5GGG  were obtained. While numerous transformed colonies were
ATCCAGCCCTAATCTATCCCTCTCA-3), a 596 bp obtained with vectors pUH280, pMM529, and pMM536
fragment of exon Il was ampkéd in the inverse orienta- (data not shown), only a small number of transformants
tion. The oligonucleotides FK813 (GGATCCGTATG  could be obtained with the RNAI vector pMM532 (Fig.,
TGGTCCCCAATCTGA-3) and FK814 (5GATTTAAA  lanes 4 and 8).
TGATCAAGGTGTCGGTAGCC-3) were used to amplify RT-PCR and real-time PCR were employed to monitor
exon Il and the adjacent intréh Flanking restriction sites RNAi-mediated transcript degradation in four-day-old
integrated into the oligonucleotides were used to ligate theycelia. As shown in Figb (Ri lanes)pem4e6transcripts
amplicons into an expression vector. Té¢gfpfusion-vec- were greatly reduced in RNAi transformants when the
tor pMM536 consists of the 1357 Ilem460RF ampliddd  RNAI construct was expressedhereas the internal actin
with FK832 and FK430 (5SGGGAAGCTTTTTCTTTTCG amplM¢ation control, was properly ampéd in both RNAI
GGGTCTCCTGAG-3). The 734 bpeegfpORF was ampli- transformant and untransformed recipient types @g.
Ved with FK431 (5GGGAAGCTTGTGAGCAAGGGC lane nt). To quantify these data, real-time RT-PCR was
GAGGAGCTG-3) and FK652 (5GATTTAAATTACTT employed (Fig3c) using actin RNA as an internal control.
GTACAGCTCGTCCAT-3). Both ORFs were fused and Silencing was cdWwmed in ascospores, mycelium, and
ligated in an expression vectunder the control of thecgl  macroconidia. The real-time datéwell with the previous
promoter (Freitag et aR004). The promoter of the clock- RT-PCR results. Thus, we concluded that RNAi-mediated
controlled genedcg 1 is regulated by development andbem46RNA degradation was successfully achieved.
light (Loros et al.1989 Arpaia et al.1995 and active in To investigate the\éect of over-expressing the BEM46
vegetative hyphae, developing asci, and ascospores (Freitagtein, vector pMM529 (Fidl) was used. Four out d¥e
et al. 2009. The cfp (former name: cytoplasmitdament pMM529 transformants strongly expressedlieen46tran-
protein, record name: pyruvate decarboxylase) promotecript, at levels far above ahseen in wild-type (Fidgd,
drives carbon source-dependent expression of transgenedadnes 1, 3, 4, and 5). Tlem46RNAi and over-expressing
N. crassa Thecfp gene encodes a polypeptide of 59-kDatransformants exhibited normal vegetative growth, conidia-
constituent of pyruvate decarboxylase, a key postglycolytiton, conidial germination (Figl) and mating response
enzyme catalyzing the branch-point step between fermenteempared to wild-type mycelia. They also entered the sex-

tion and respiration (Temporini et 2004). ual cycle and generated fruiting bodies and asci (data not
shown). However, early hyphal development upon asco-
Sequence analysis spore germination was strongly impaired (FHp.Hyphae

from the germinating ascospores of these transformants
All sequence analysis was carried out by MWG Biotechusually developed a terminal bubble-like structure, indicat-
(Ebersberg) and SEQIab (Géttingen). ing loss-of-polarity, and stopped growing. Interestingly,
this phenotype was visible in both RNAi (Fi&) and over-
expressing ascospore progeny (Fig). Ascospores germi-
Results nated with one or two short hyphae but stopped growing
shortly afterwards. As a consequence, the mycelia did not
All known BEM46 peptide sequences from a variety ofdevelop from ¥ected ascospores. Most interestingly, the
eukaryotes exhibit a high degretsimilarity. In a FASTA  loss-of-polarity phenotypecourred in a cell type-spatd
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Fig. 2 aPartial alignment of a
BEM46 peptide sequences from . cianogaster LYFHGNAGNMGHRMONVWGI YHHLHCNVLMVEYRGYGLSTGVPTERGLVTDARAAIDYLH 171
N. crassaand ten other organ- A. aegypti VYFHGNAGNMGHRLONASGFYHTLOCNVLMVEYRGYGLSNGTASERSFFSDARTVVDHLC 176
isms, including fungi, plant and A. mellifera LFLHGNAGNVGHRLKNAVGLYHTIQCNILMLEYRGYGLSQGSPSEEGLYMDARAGIDYLS 160
] _ B. mori IFFHGNAGNMGORLSNVSGFYHKLNVNVLMVEYRGYGLSEGTPSERGLY IDAQCAIDYIL 168
animal sequences. The sequenc R. norvegicus IYFHGNAGNIGHRLPNALLMLVNLKVNLVLVDYRGYGKSEGEASEEGLYLDSEAVLDYVM 177
es were aligned usmg.CIustaIW. M. musculus IYFHGNAGNIGHRLPNALLMLVNLRVNLVLVDYRGYGKSEGEASEEGLYLDSEAVLDYVM 177
Sequences were obtained from A. thaliana LFFQENAGNIAHRLEMVRIMIQKLKCNVFMLSYRGYGASEGYPSQQGI IKDAQAALDHLS 143
the EMBL databasda Localiza- A. oryzae LMFHGNAGNIGHRIPIARVLLDILGCNVLMLEYRGYGLSTGVPDEAGLKIDAQTGLDYIR 165
tion of transmembranéétched N. crassa IMFHGNAGNIGHRLPIARMLLOAAGCNIFMLEYRGYGISTGHPDESGLNIDAQTALDYLR 172
: : A. immersus IFFHGNAGNIGHRVPIAKVFVEHLGCNVLQVSYRGYGKSTGKPSEKGLLIDAQTALDWVR 108
boxe$, signal peptidedark grey S. pombe LYFHANAGNMGHRLPTARVFYSALNMNVFIISYRGYGKSTGSPSEAGLKIDSQTALEYLM 152
boxes),and/ hydrolase A T I
domains ¢rey boxekin selected
BEM46 proteins [modiéd from D. melanogaster TRHDLDHSQLILFGRSLGGAVVVDVAADTVYGQKLMCAIVENTFSSIPEMAVELVHP-—— 228
o A. aegypti GRHDLDHSQLILFGRSLGGAVTIDVAADAVYGSKLMGVIVENTFTSIPDMAVELIHP-—- 233
(Mochizuki et al.2009)] A. mellifera SRTDINTNEIIVFGRSLGGAVAINLATEPENSQRIWCLILENTFTSIPDMAALLFGLK-- 218
B. mori ERTDVDTSRIILFGRSLGGAVAIDLASRLEYRNKIWALVVENTFTSIPDMAQI ILKWR-- 226
R. norvegicus TRPDLDKTKVFLFGRSLGGAVAIHLASE--NSHRISAIMVENTFLSIPHMASTLFSFF-— 233
M. musculus TRPDLDKTKVFLFGRSLGGAVAIHLASE--NSHRISAIMVENTFLSIPHMASTLFSFF-- 233
A. thaliana GRTDIDTSRIVVFGRSLGGAVGAVLTKN--NPDKVSALILENTFTSILDMAGVLLPFLKW 201
A. oryzae QORAETSNNKVIVYGQSLGGAVAINLVAENQDKGDIGGLILENTFLSIRKLIPTVEPP——=- 222
N. crassa DRAETRDHKY IVYGQSLGGAVSVKLVSKNQGRGDIAGLILENTFLSMRKLIPSIIPP-—— 229
A. immersus NHDRLSTTNTIIYGQSLGGALSIQLVSRNQDQ--IAGVILENTFRSMRTLIPKAFPP--- 163
S. pombe EHPICSKTKIVVYGQSIGGAVAIALTAKNQDR--ISALILENTFTSIKDMIPTVEPYG-- 208
: HEE R H : HE R : .
D. melanogaster = —-—-—-—- AVKYIPNLLFKNKYHSMSKIGKCSVPFLFISGLADNLVPPRMMRALYTKCGSE 281
A. aegypti = ——mm——e CIRYLPYFCYRNKFLSVHKIQFISAPILFVSGLADTLVPPKMMTMLHTRCGST 286
A. mellifera  ——————- CLOYLPLFLYKNKYLSILKVRSVTVPTLFISGLADTLVPPYMMODLYKNCKSP 271
B. mori = mmm————— CLNWLPQFCHKNKYMSLNKIAHVISPTLVICGSNDALVPPSMARELYTRCGSI 279
R. norvegicus = —————-- PMRYLPLWCYKNKFLSYRKISQCRMPSLFISGLSDQLIPPVMMKQLYELSPSR 286
M. musculus = ——————- PMRYLPLWCYKNKFLSYRKISQCRMPSLFISGLSDQLIPPVMMKQLYELSPSR 286
A. thaliana FIGGSGTKSLKLLNFVVRSPWKTIDAIAEIKQPVLFLSGLODEMVPPFHMKMLYAKARAR 261
A. oryzae = ———————- ARYLARFCHQYWTSEEVLPKITKVPILFLSGLKDEIVPPSNMTQLFAICQSE 274
N. crassa = ———————= ARYLASLCHQVWATDTLIGNV-KVPTLFLSGLQDEIVPPTHMKQLYHLSNAP 280
A. immersus = ———————— AKYLARFCHQIWPSETTIPKIERVPILFLSGGQDELVPPDHMLALYRAAGTN 215
S. pombe  mm—————— GSIISRFCTEIWSSQDEIRKIKKLPVLFLSGEKDEIVPPPOMVLLEGLCGSA 260
H . RO B R . .o
b A. thaliana | | | | | |
S. pombe | | | | | |
N. crassa | | | ||
D. melanogaster | | | | | | | |
50 aa
M. musculus | | || | | | | —

manner; it occurred only in hyphae germinating fromfurther, as they did not form mycelia. However it is possi-
ascospores. This is a particular, and new, feature of th®e, that the phenotypes observed with over-expressing or
N. crassaBEM46 homolog. A similar phenotype was not RNAI lines are caused by RIP event due to additional
observed in hyphae germinating from conidia. The samgene copies. To avoid this we isolated ascospore under
phenotype was observed with the RIP mutation assawild-RIP conditions (Barbato et @996). In order to con-
Using vector pUH280, an additional copy of them46 Wm whether a RIP event took place or not, DNA was iso-
gene was introduced intd. crassaat thehis-3 site (not lated from germinating ascospores resulting from crosses
shown) and ascospores were isolated from a cross with tiadgth the RNAI line. Thebem46gene was PCR ampd
untransformed recipient of the opposite mating type. Mangnd sequenced. We did not observe RIP-like mutations,
ascospores did not germinate properly and exhibited a phiedicating that the phenotype of the RNAI line was not
notype as shown in Fi§d, which is very similar to that caused by RIP (data not shown).

obtained frombem46RNAIi or over-expressing transfor-  The signi¢ant &/ect on ascospore germination and
mants (Figha, b). Unfortunately, these mutants putativelyhyphal development became even more obvious when
caused by the RIP mechamiscould not be analyzed ascospores were allowed to germinate on Vogel's minimal
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Fig. 3 RNAI and over-expressing linea.Southern blot analysisf o
N. crassamycelia transformed with the RNAi vector pMM532. DNA
of non-transformed wild-typenf) and transformantdanes 1-8 were
digested withSad and submitted to gel electrophoresis. In addition to
the bem46wild-type hybridization signal (7 kb), two transformants
(lanes 4 and Bexhibit an additional band of approximately 3 kb rep-
resenting theSad vector fragment carrying the RNAI construct (see Fig. 5 Morphology of germinating ascosporess.Cross of RNAI
vector pMM532, Figl). b Example of RNAi-directed loss dlem% transformant NcT289 with the untransformed recipient of the opposite
transcription. RT-PCR was performed using oligonucleotides FK70:mating type. Several germinating ascospores with terminal “bubbles”
and FK702 (seeMaterials and methot)s As an internal control, actin ~ at the hyphae, which indicate loss-of-polarity and growth arrest are
mRNA was ampli¢d using FK790 and FK79N. crassaRNAi shown.Scale barl00 m. b Cross ofbem46over-expressing trans-
transformant no. NcT289 =Ri; not transformed (recipient) = nt;formant NcT285 with wild-typec Wild-type crossed with NcT179
ascospores = asc; macroconidia = mco; mycelium = myc. ¢l = DN/carrying the expression vector withditm46 d An ascospore from
contamination control prior to RT-PCR; c2 = RT-PCR control withoutRIP. Ascospore germination was carried out on Vogel's minimal me-
template RNA.c Quantitative real-time PCR using RNA from the dium with glucose at 25°C in the lightrrowsin (b) and @) highlight
same samples ab)( Mean values of three experiments are shownierminal “bubbles” at the hypha&cale barsin (b)-(d) represent
value > 1: gene upregulated in comparison to wild-type; value < 125 m
gene downregulated in comparison to wild-typ&lorthern blot anal-
ysis showingoem46over-expression iN. crassamycelia transformed
with vector pMM529 fanes 1-5. 25S and 17S rRNA represent the transformants (NcT289 and NcT288 in Fi,. the restored

loading controlsnt non-transformed wild-type his-3 gene was tightly linked to the RNAI or over-express-
ing construct. Thdis-3 ascospores were not able to grow
medium (Fig6a). We performed reverse crosses usingon minimal medium, and it is highly unlikely that a cross-
non-transformechis-3 mycelia that require histidine for ing-over event occurred between this-3 gene and the
growth as maternal or paternal mating partners. In th&ansgene in the transformants. A hundred ascospores were

123



Curr Genet (2009) 55:151-161 157

a RNAI control  overexpr.
pMM532 pMM529
9716 X . 9716 x
NcT289 NcT288
NcT289 x NcT288 x
9716 9716
9716 x
NcT179
b
70 T
c <7
2 60 7| | =3 after 9d [
o |..| == after15d |
E 50 -
S a0
o .
8_ 30 7
g |
o 20 1
%]
© ﬂ
N 10
0
NcT108 NcT109 9716

Fig. 6 Ascospore germinatiom Ascospore germination from recip-
rocal crosses of transformants (NcT288 and NcT289) with non-tran:
formed recipient his strain (9716) of the opposite mating type. Spores
carrying the his allele cannot grow on minimal mediutpeft trans-
formant NcT289 with RNAI constructs pMM532, ascospore plated or
minimal medium.Centercross of NcT179 (carries empty vector) on
minimal medium for comparisorRight transformant NcT288 with
over-expressing construct pMM529 on minimal medibmscospore
germination on minimal medium upon RIP assay (NcT108, NcT10¢
with additional copy obem46triggering RIP) or from control cross.

Spores were harvested 9 or 15 days after perithecia formation Fig. 7 Cellular localization of BEMA46. Transformants carrying

pMM536 express a BEM46:eGFP fusion proteénMacro-conida
exhibiting §) eGFPXuorescence,iij DAPI staining, iii) an overlay

. . . with additional staining of the plasma membrane using SynaptoRed
plated for each and incubated for 48 h. While the Wlld'typ'and {v) calculated bright¢ld.b eGFPXuorescence in mature hyphae.

ascospores germinated welldaformed a visible mycelium  small arrowsindicate vacuoles; théarge arrow indicates round-
(Fig. 6a), no mycelial growth from ascospores in any crosshaped structures similar @) plasma membrane stained with Synap-
containing the RNAi or over-expressing construct wadoRed. ¢ Macroconidia with BEM46:eGFP expression and plasma

. . . . membrane stained with SynaptoRddBEM46:eGFPXuorescence in
observed. This result was obtained consistently in repeqtnyoung hyphae germinating from macroconidia(i) BEM46:eGFP

experiments. Using crosses employing an RNAI strairxuorescence in hyphae and conidig ER Trackef Red:; {ii) an
2,000 and 5,000 spores were plated in additional expeloverlay of both; if) calculated bright¥ld f Germinating ascospores
ments. Only 6 and 12 spores, respectively, did germina‘(i) BEM46:eGFPXuorescence, andi ) calculated brightA¢ld. g Pre-
df loni R inati be d t thmature ascospore) (BEM46:eGFPXuorescence, andi) calculated
and form co lomes' are ggrmlna lon may be due to “bright Vld. All pictures were obtained by confocal laser microscopy.
down-regulation of the RNAI construct or a rare recombiwhite scale barsepresent 10m, black scale barsepresent 30m
nation at thénis-locus. Similarly, RIP assays led to reduced
ascospore germination, which was siigraintly lower when
testing ascospores from RIP mutation experiments conalid not exhibit signiéant eGFPXuorescence. This result
pared to wild-type crosses (Figh). was not unexpected, as similar observations had been made
The BEM46 peptide was predicted to possess a secretipreviously (Freitag et al2004. Therefore, we used the
signal (see Figzb). Vectors expressinglzem46:egfigene  ccglpromoter for eGFP expression, as it is known to work

fusion under the control of the endogenbam46promoter  well in N. crassa(Freitag et al.2004 (Fig.7). Hyphae,

123



158 Curr Genet (2009) 55:151-161

macroconidia, and young hyphae from macroconidia exhib- In wild-type N. crassa bem46appears to be deren-
ited a similar level of eGFP distribution. Circular ring-like tially expressed in dlerent tissues. A sigiéant increase
structures were clearly visible in varying numbers (F&y. and decrease in the levellmdm46mRNA led to very simi-
i, ¢, d), identical in shapto those observed in SNARE- lar phenotypes in the corresponding transformants. An
eGFP fusions irAspergillus oryzadKuratsu et al2007).  alternative explanation would be the action offtherassa
that the ring-like structuresurround the nuclei, suggesting from germinating ascospores. Alsbem46:egfpfusions
that they are perinuclear ER. Co-localization studies usingere functional in ascospores, indicating that the RIP pro-
the ER Tracké™ Red are shown in Fige (i—iv) and con- cess is not responsible for the observed phenotype. While
Wm ER localization of BEM46:eGFP. meiotic silencing might have occurred (Shiu and Metzen-
This é/ect is less apparent in older hyphae (Flp.as berg 2002, it would not result in any phenotype, as it
they may contain hundreds of nuclei. However, on closawould only &/ect expression of the introduced constructs.
inspection, similar circular structures were present (fiig. Unlike the other vectors wetilized, only a small number
big arrow). Moreover, in germinating hyphae from macro-of transformants could be obtained with the RNAi vector
conidia, the BEM46:eGFP protein was often localized irpMM532. This may indicate interference by the inverted
the hyphal tip area (Figd i) or in linear structures near repeat construct with the recombination process necessary
the plasma membrane. In araconidia, the BEM46:eGFP for the genomic integration of vector DNA, or, alterna-
protein was visible in small dots localized near to ottively, a deleterious\éect of the RNAI construct on primary
directly associated with the plasma membrane (Rgc). transformants. The RNAI vector was constructed because
There was no co-localization of BEM46:eGFP with Synapthere is not yet hem46knock-out available from BROAD
toRED indicating these structures are not surrounded kgenter.
membranes, i.e. are neither vesicles nor small vacuoles. It has long been established tht crassais able to
It should be noted that the transformants exhibitingletect repeated DNA sequences and introduce point muta-
BEM46:eGFP over-expressionchthe same phenotype as tions, thus inactivating these sequences (Cambareri et al.
BEM46 over-expressing linesndicating that the fusion 1989 Selker1997). The RIP mutation occurs in the haploid
protein was functional. Likewise, hyphae germinatingnuclei of fertilized, premeiotic cells before fusion of the
from ascospores as shown in Fif.exhibited the same parental nuclei. Both copies of the duplications of gene-
phenotype as seen in FBa or b and showed sized sequences ar¥exted in theWst generation at fre-
BEM46:eGFP Xuorescence as well. We observedquencies of approximately 50-100%. As a consequence,
BEM46:eGFPXuorescence in some ascospores as shownultiple GC-to-AT mutations occur (Cambareri etal.
in Fig. 7g, indicating that thdbem46:egfpgene was not 199J). It is possible that the observed phenotype might
aVected by RIP or meiotic silencing. This was also demonhave been caused by the action of the RIP process, as the
strated by BEM46:eGFP expression in hyphae germinatingNAi construct might have triggered a RIP response. How-
from ascospores (Figf). ever, the exon sequence used in the RNAI vector was only
596 bp in size, and, thus, close to the lower size limit of RIP
(Galagan and Selk&004. To prevent a RIP event, crosses
Discussion were also done under conditions which would lead to mild-
RIP only (Barbato et all99§.
Previous studies on BEM46 homologs in various eukary- The similar observation, that over-expression and
otes linked these proteins to developmental processes akmbckdown leads to the same phenotype, has been made in
cellular polarity; inS. pombeit appears to be involved in many other organisms; the over-expression and knockdown
cell polarity (Chant et all997; Valencik and Pringld995  of the zebri¢h gadd45beta gene has been shown to cause
Madden and Synder999; in Arabidopsis Wavy Growth  somite defects (Kawahara et &005. In this, and other
2, the BEM46 homolog is required for root growth cases, the corresponding proteins were found to be involved
(Mochizuki et al.2009; and inDrosophila,a homolog plays in or associated with signal transduction pathways (Bedell
a role in larval development (Parmentier et2dl0Q Giot et al.2005 Hu et al.2005 Kawahara et aR005. Thus, the
2003. Though, inS. cerevisiaeand Arabidopsis BEM46 ~ BEMA46 protein may be involved in the signal transduction
homologs are not essential (Giaever eR8D2 Mochizuki  required for a spe@¢ cell type; in this case, the develop-
et al.2005. Similarly, theN. crassaBEM46 protein is not ment of hyphae from ascospores. To date, a number of
essential for vegetative hyphal growth or sexual developnutations &ecting ascospore germination or early hyphal
ment. However, BEM46 is essential for hyphae developdevelopment are known. Some mutated phenotypes exhibit
ment from germinating ascospores; BEM46 acts in a ced reduced germination rate (Murray and $861 Garnjobst
type-spedi¢ manner. This is a new and unexpeétdding. and Tatum1967 Chang and Nakashimbi998, whereas
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other phenotypes exhibit delayed hyphal growth (Daviglose to the plasma membrane in macroconidia and at the
1979 Perkins et al1997 Perkins et al2001) or a change tip area of growing vegetative hyphae. It is possible that at
in early mycelial morphology (Garnjobst and Tattf67). least some of these areas are part of the ER too, as they co-
However, none of these mutants exhibit a loss-of-polaritjocalize with ER TrackéM Red. Localization of BEM46 to
phenotype. the ERWs well with an assumed function in signal trans-
Loss-of-polarity has been observed in some temperaturduction; recent data indicate an important role of the ER in
sensitiveN. crassamutants (Bruno et all996 Seiler and the activation and concentration of signal molecules. In
Plamann2003 that exhibit similar ¥ects as observed in Drosophila and Xenopus speci¥ ER retention mecha-
this study, but only in the vegetative hyphae. It should baisms are important for the regulation of development-spe-
noted that, in the articles cited, temperature-sensitiveiV¥ signal transduction pathways. For example, a protein
mutants were used that exhibit normal growth at the petermed Shisa inhibits both Wnt- akroblast growth fac-
missive temperature. Nevertheless, phenotypes of hyphéa (FGF)-signaling pathways duringenopusgastrulation
at restrictive temperatures (Bruno eti#96 are very sim- by mediating ER retention tfie Wnt receptor Frizzled and
ilar to those observed in our study. Therefore, we concludfie FGF receptor (Sk¥singer and Shil@005 Yamamoto
that BEM46 is an additional factor required to determine oet al. 2005. A role of BEM46 in similar mechanisms may
maintain polarity and acts in a cell type-spgcmanner. explain the absence of an ER retention signal.
This Widing is rather unexpecteshd implies that fungal To our knowledge, we ideMed, for theWst time, an
hyphae have at least twoVdrent ways of maintaining ER marker for living cells oN. crassa Therefore, vector
polarity, as hyphae germinating from vegetative macrocgsMM536 will be a valuable tool for ER studies in this
nidia are not Wected bybem46RNAI or over-expression. important model organism and related fungi, such as
This Whding also implies a higher degree o¥elientiation Podospora anserinar Sordaria macrospora
of fungal hyphae than previdysexpected. This work has
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abstract

The bud emergence 46 (BEM46) protein from Neurospora crassabelongs to the a/b-hydrolase superfam-
ily. Recently, we have reported that the BEM46 protein is localized in the perinuclear ER and also forms
spots close by the plasma membrane. The protein appears to be required for cell type-speci“c polarity
formation in N. crassa Furthermore, initial studies suggested that the BEM46 amino acid sequence is con-
served in eukaryotes and is considered to be one of the widespread conserved ¢sknown unknownee eukary-
otic genes. This warrants for a comprehensive phylogenetic analysis of this superfamily to unravel origin
and molecular evolution of these genes in different eukaryotes. Herein, we observe that all eukaryotes
have at least a single copy of a bem46 ortholog. Upon scanning of these proteins in various genomes,
we “nd that there are expansions leading into several paralogs in vertebrates. Usingcomparative genomic
analyses, we identi“ed insertion/deletions (indels) in the conserved domain of BEM46 protein, which
allow to differentiate fungal classes such as ascomycetes from basidiomycetes. We also “nd that exonic
indels are able to differentiate BEM46 homologs of different eukaryotic lineage. Furthermore, we unravel
that BEM46 protein from N. crassapossess a novel endoplasmic-retention signal (PEKK) using GFP-fusion

tagging experiments. We propose that three residues namely a serine 188S, a histidine 292H and an
aspartic acid 262D are most critical residues, forming a catalytic triad in BEM46 protein from N. crassa
We carried out a comprehensive study on bem46 genes from a molecular evolution perspective with com-
bination of functional analyses. The evolutionary history of BEM46 proteins is characterized by exonic
indels in lineage speci“c manner.

2013 Elsevier Inc. All rights reserved.

1. Introduction

Bud emergence 46(bem46) genes encode proteins belonging to
the BEM46 family within the  a/b-hydrolase superfamily. This a/
b-hydrolase superfamily possesses a typical a/b-hydrolase domain,
which is characterized by a b-sheet core of “ve to eight strands
connected by a-helices to form a a/b/a sandwich [1,2]. Several
hydrolytic enzymes share the common a/b-hydrolase domain with
a wide array of catalytic functions with different phylogenetic his-
tory [2,3]. In fact, there are over 30,000 manually annotated mem-
bers of this domain in the ESTHER database [1]. However, the
functional characterization of BEM46 family members remains-
largely unknown with no information of their hydrolase activity
and substrate binding. The S. pombe bem46gene was originally de-
scribed as a temperature-sensitive suppressor of ~S. cerevisiae bem1
and bud5 double mutant [4]. Mutations in bem1 and bud5 show
defects in cell polarization and establishment of non-random
budding patterns [5,6]. BUD5 is a GTP...GDP exchange factor
(GEF) for a BUD1 Ras-like small G protein and is necessary for

Corresponding author.
E-mail address: fkempken@bot.uni-kiel.de (F. Kempken).
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bud site selection [7]. BEM1 is a scaffold protein binding to
BUD1, the Cdc24p GEF for the Cdc42p Rho-like small G protein,
GTP-CDC42p, and to actin [5,8,9]. The bem46 homologous gene-
YNL320W in S. cerevisiaeis not an essential single-copy gene
[10]. Likewise, a bem46 homolog WAV2 in Arabidopsis thaliana
was identi“ed and it has no essential function  [11]. Global analysis
of protein interactions in  D. melanogaster indicate that there is a
low-con“dence interaction between Drosophila BEM46 and
RAPSYNOID[12], which is a putative GEF for G a protein and in-
volved in the control of asymmetric cell divisions [13].In N. crassa
BEM46 may play a role in a signal transduction pathway involved
in determining or maintaining cell type-speci“c polarity [14].
Hence members of the BEM46 family may modulate the function
of some morphogenic determinants, like GEF or actin, on the cell
surface. However, bem46 remains as one of the widespread
conserved ssknown unknownee eukaryotic genes, whose function re-
mains elusive [15,16]. Further studies are clearly required for a
better understanding of the function(s) of members belonging to
the BEM46 family.

In the current study, we analyzed the molecular evolution of
BEM46 family and we compiled BEM46 repository from selected
eukaryotic genomes. We demonstrate that BEM46 from different
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eukaryotic lineages show lineage-speci“c indels that can be used
as molecular marker for differentiating BEM46 in different lin-
eages. Using GFP-fusion tagging, we provide evidence that the
BEMA46 protein (from N. crassg has a novel and previously unchar-
acterized endoplasmic-retention signal (PEKK).

2. Materials and methods

We describ details of strains, DNA isolation, gel electrophoresis
and PCR ampli“cation in supplementary section S1 . We also describ
details of vector construction, transformation, transformant analy-
sis and microscopic methods in supplementary section S2 . We ex-
tracted sequences using full-length N. crassaBEM46 via NCBI, JGI
and Ensembl [17] using BLAST suite [18]. We generated protein
alignments of BEM46 sequences with MUSCLE [19] and visualized
using GENEDOC[20]. We constructed Bayesian phylogenetic tree
in the MrBayes 3.2.1 [21]. We performed divergence analysis for
fungal BEM46 protein as described previously [22,23]. We created
the homology model of BEM46 protein from  N. crassausing the
I-TASSER[24] and visualized it using YASARA [25]. We predicted
active site residues of BEM46 from N. crassausing COFACTOR
[26] . We provide details of data collection, sequence-structural
and phylogenetic analyses in supplementary section S3 .

3. Results and discussion

3.1. All eukaryotic organisms possess at least one copy of bem46 gene

We have compiled a comprehensive repository of BEM46 from
representative eukaryotic organisms, as summarized by the Bayes-
ian phylogenetic tree ( Fig. 1). The majority of eukaryotic organisms
have a single copy of BEM46 homolog, however, vertebrates have
several paralogs of BEM46 (originated by duplication events),
which separated in three different branches in this Bayesian phylo-
genetic tree ( Fig. 1). Fungal BEM46 proteins are grouped into four
sub-branches namely ascomycetes, basidiomycetes, saccharomyce-
tes and methylotrophic yeasts. Interestingly, the parasitic fungus
Batrachochytrium dendrobatidis (infecting frogs) has two copies of
BEM46 and one copy is a close homolog of vertebrate BEM46
homologs (marked by arrow in  Fig. 1). Possibly, this bem46 gene
originated from horizontal gene transfer.

We have not detected bem46 genes in bacterial genomes, how-
ever they possess other a/b-hydrolase superfamily members such
as lysophospholipase in Thioalkalivibrio sp. ALJ9 (Genbank acces-
sion id: WP_018173930.1). The members of a/b-hydrolase super-
family are one of the largest and most diverse protein families
known and these are comprised of proteases, lipases, esterases,
dehalogenases, peroxidases, and epoxide hydrolases with different
phylogenetic origin and catalytic function [2,3]. These members
have been extensively studied in last two decades after the “rst re-
port on a/b-hydrolases in 1992 [3]. Hence, we limited our study to
the BEM46 protein family. To evaluate the sequence features of
BEM46, we examined protein sequences in different eukaryotic
lineages and were able to illustrate several insertions/deletions (in-
dels) that might have played important roles in enhancing local
diversities within overall conserved BEM46 core domain as
described below. The existence of lineage-speci“c indels may also
explain the differences between Bem46 homologs within different
eukaryotic lineages.

3.2. Fungal BEM46 proteins have indels speci“c for fungal phyla

Using protein sequence analyses, we illustrate that there are
distinct differences in terms of indels for ascomycetes and basidi-
omycetes (Fig. 2). A large indel is found in the region between

87P-1281 amino acids (according to BEM46 protein numbering
from N. crassg as an insertion in basidomycetes but a deletion in
ascomycetes. Another two amino acid indels, located between
positions 205G-206D, are present in ascomycetes except yeast,
but absent in basidiomycetes except rusts. These indels were
mapped to BEMA46 protein model structure to highlight their
respective locations. The large indel is localized in between the
b-sheet b2 to the helix a3, just before the a/b-hydrolase domain,
while the two amino acid indel between positions 205G-206D is
localized in the loop L10 in the a/b-hydrolase domain.

3.3. BEM46 protein from N. crassa possesses novel endoplasmic
reticulum (ER)-retention signal

We considered BEM46 protein from N. crassaas a standard
fungal BEM46, which is characterized by the presence of a signal
peptide at the N-terminus with hydrophobic residues and an endo-
plasmic reticulum (ER)-retention signal PEKK at the C-terminal end
(Fig. 3A). The ER-retention signal is designated by a prosite pattern
as [KRHQSA]-[DENQI-E-L. The ER-retention signal for N. crassa
BEM46 does not “t into this typical pattern, however, it “ts into re-
cently reported 35 newly de“ned ER-retention signals [27] by
using various permutation and combinations at these four posi-
tions. To examine if this putative motif serves as an authentic ER
retention signal, we performed a localization study with ( Fig. 3B,
C) and without PEKK ( Fig. 3D) at the C-terminal end using eGFP
as a tag. The native protein carrying the putative ER retention sig-
nal coupled with eGFP showed the previously described localiza-
tion to the perinuclear ER and in additional small spots near to
the plasma membrane [14]. In contrast, the eGFP tagged protein
without the PEKK sequence was not located to the ER any more,
but forms several small cytoplasmic spots ( Fig. 3C). Our experi-
ment indicates that the PEKK motif is indeed an ER retention
signal.

3.4. Structural analysis of BEM46 protein reveals catalytic triad

We modeled the BEM46 protein from N. crassausing I-TASSER
[24] . It illustrates that BEM46 has a core a/b-hydrolase domain
with eight b-sheets (Fig. 4A). In addition, BEM46 has an extra re-
gion with two b-sheets and two a-helices in the N-terminal region.
To evaluate diversity within secondary structural elements, we
carried out divergence analysis of individual secondary structural
elements of different BEM46 proteins during fungal evolution.
Fig. 4B illustrates the divergence pattern of these elements among
different BEM46 proteins. We found that four loops L5, L11, L13
and L15 are particularly conserved. Normally, loops are conserved
in a typical a/b-hydrolase and they harbor active site for ligand
bindings. We computed putative binding site residues for three dif-
ferent ligands ( Table 1) with C-score higher than 1.5, which re-
"ects correct fold prediction whereas TM-score illustrates
structural similarity between the template and the predicted mod-
el, [24] . We found that loop L2 possess an important residue, a gly-
cine 117G, for two ligands namely acetic acid and glycerol.
Furthermore, amino acid positions between 186G-189L spanning
over b-sheet b6 and the loop L9 appear to be critical positions for
putative binding sites of fungal BEM46 protein as summarized in
Table 1. Among b-sheets, the b-sheet b7 is highly conserved and
it harbors a putative binding site residue (isoleucine 211l). The
loop L11 harbors an important residue, a phenyl alanine (216F).
Among a-helices, the helix a6 appears to be a critical one, as it pos-
sesses an important residue, leucine 222L, while the next loop L12
possesses another critical position (proline 228P). Additionally, a
potential binding site residue, valine 265V, is also located near
the loop L15, and also a histidine (292H) is located in loop L17.
By combining these data, we propose that positions 117G, 188S,
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Fig. 1. Bayesian phylogenetic analysis depicts BEM46-like proteins are conserved across different lineages of eukaryotic organisms. Fungal branches are shown by thicker

lines.

189L are very critical as more than two ligands are binding to these
residues. On closer inspection, region 186G-189L harbors critical
residues that are important for ligand binding ( Table 1).

To further de“ne the most essential residues, we predicted ac-
tive site residues for BEM46 protein of N. crassa,and found that
residues 188S, 262D and 292H are most in"uential residues for

putative active site of BEM46 (marked by bold letters in  Table 2).
An E-score (higher than 1.0) indicate an excellent structural/func-
tional prediction [24]. Serine 188S appears to be highly important
residue in the BEM46 active site along with 262D and 292H. These
two independent methods hint for four most critical residue for li-
gand binding and for activity of BEM46 protein as a serine 188S,
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Fig. 2. Major insertions/deletions (indels) segments in BEM46-like proteins from different fungi. Numbering designates amino acid numbering of BEM46 from N. crassa.100,
90 and 70% (with allowed substitutions) conserved residues is marked in red, green and blue, respectively. (For interpretation of the reference to color in this “gure legend,
the reader is referred to the web version of this article.)

A Signal peptide B
MSSPSVTPPAPDGN
SFLVQIVSLLSSAASH

PEKK

Classical ER-retention signals
Prosite motif :[KRHQSA]-[DENQ]-E-L

35 Newly defined ER-retention signals ¢

Fig. 3. Cellular localization analysis of BEM46 protein. The BEM46 protein of ~ N. crassacarries a PEKK motif at the C-terminal end, which acts as an ER retention signal. (A)
BEM46 protein from N. crassais characterized by a signal peptide with patches of hydrophobic residues (red color) at N-terminus and an exceptional endoplasmic-reticulum

(ER) retention signal at the C-terminal end. Raykhel et al. reported 35 newly de‘ned ER-retention signals [27]. (B) Intracellular localization of Bem46::eGFP in a
macroconidospore stained with the ER speci“c "uorescent marker ER Tracker ™ Red. As previously reported [13] the Bem46::eGFP fusion construct colocalizes with the
perinuclear ER stained with the "uorescent marker ER Tracker ™ Red. Confocal laser scanning microscopical images of ER Tracker ™ Red (i) Bem46::eGFP (ii) and overlay of
both (iii). (C) Intracellular localization of the eGFP-tagged BEM46 protein with the PEKK motif. (D) Intracellular localization of the eGFP-tagged BEM46 protein without the

PEKK motif. The perinuclear localization (green circles marked by blue arrows) of the BEM46:eGFP protein disappears, when the PEKK motif at the C-terminal end is missing.
Confocal laser scanning microscopical images of young hyphae and macroconidia exhibiting (i) eGFP "uorescence, (ii) calculated bright “eld. (For interpretation of the
reference to color in this “gure legend, the reader is referred to the web version of this article.)

followed by a leucine 189L, a histidine 292H and an aspartic acid idue and a conserved histidine and they must be localized in the
262D. Upon comparing known canonical a/b-hydrolases, it is loops [2]. Three out of four proposed residues 188S, 262D and
prominent that catalytic triads of these  a/b-hydrolases are com- 292H fulll these requirements for forming a catalytic triad of

posed of a nucleophile (serine/cysteine/aspartic acid), an acid res- BEMA46 protein. Furthermore, these residues are structurally con-
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Fig. 4. Structural analysis of fungal BEM46. (A) Homology model of BEM46 from  N. crassasuggests that BEM46 is composed of an extra region with two  b-sheets and two a-

helices in N-terminal region other than a typical a/b hydrolase with eight b-sheets. (B) Divergence analysis of different secondary structural elements in fungal BEM46
homologs. All values are signi“‘cant ( P< 2.2e-16, Kuskal...Wallis test).

Table 1
Prediction of putative binding sites of BEM46 from  N. crassabased on known crystal structures as template with similar binding site. Predicted with I-TASSER software. Putative
active site residues conserved in more than one ranking are marked in bold.

Rank Cscore PDB Hit TM-score RMSD IDEN Cov. BS-score Ligands Predicted binding site residues in the model
1 0.45 3fyuC 0.786 2.34 0.181 0.866 1.30 Acetic acid (ACY) 117G, 188S, 189L, 216F, 292H

2 0.35 273wWA 0.677 3.33 0.117 0.784 0.88 Glycerol (GOL) 117G, 188S, 189L, 222L, 228, 265V

3 0.06 3dduA 0.692 3.49 0.130 0.819 0.85 Glycerol (GOL) 186G, 187Q, 189L, 211l, 256F

Cscore is the con“dence score of predicted binding site. Cscore values range in between [0...1]; where a higher score indicates a more reliable ligand-binding site prediction.
BS-score is a measure of local similarity (sequence and structure) between template binding site and predicted binding site in the query structure. Based on large scale
benchmarking analysis, we have observed that a BS-score > 1.1 re”ects a very good local match between the predicted and template binding site.

TM-score is a measure of global structural similarity between query and template protein.

RMSD is the RMSD between residues that are structurally aligned by TM-align.

IDEN is the percentage sequence identity in the structurally aligned region.

Cov. represents the coverage of global structural alignment and is equal to the number of structurally aligned residues divided by length of the query protein.
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Table 2
Prediction of putative active site residues of BEM46 from  N. crassain comparison of top 5 enzyme homologs in protein databank (PDB) using COFACTOR software
active site residues conserved in more than one ranking are marked in bold.

[35] . Putative

Ranking EC-score PDB Hit TM-score RMSD IDEN Cov. EC Number Predicted active site residues
1 1.365 2jbwD 0.597 2.34 0.141 0.750 3.7.1.- 188S, 292H

2 1.210 1yr2A 0.591 3.32 0.106 0.800 3.4.21.26 191G, 262D

3 1.188 1thtA 0.539 3.08 0.143 0.722 2.3.1.- 188S, 292H

4 1.109 1I7aA 0.692 2.35 0.161 0.872 3.1.1.72 3.1.1.41 125R

5 1.087 3ga7A 0.550 3.21 0.111 0.734 3.1.1.- 262D, 292H

EC-score is a con“dence score for the Enzyme Classi“cation (EC) Number prediction and it is used for ranking purpose. E-score (higher than 1.0) is indicatively of excellent

structural/functional prediction  [33].
PDB Hit is known enzyme structure in Protein databank

TM-score is a measure of global structural similarity between query and template protein.

RMSD is the RMSD between models and the PDB structure in the structurally aligned regions by TM-align.

IDEN is percentage sequence identity in the structurally aligned region.

Cov. represents the coverage of the alignment and is equal to the number of structurally aligned residues divided by length of model.

served in same positions as of the residues in the catalytic triad
among several canonical a/b-hydrolases. A catalytic triad is
de“ned by residues which share surface in the three dimensional
space. To illustrate that we mapped surface area of these three
residues (188S, 262D and 292H) as illustrated in  Fig. S1and it re-
veals that their combined surface area is interacting as required
for any other catalytic triad. This triad is conserved across all
known alpha/beta-hydrolases, which is also true with BEM46 as

illustrated for insect BEM46 proteins aligned with BEM46 from N.

crassa(Fig. S2.
3.5. BEM46 homologs share indels in other eukaryotic lineages

BEM46-like proteins from insects have only one amino acid
indel at the position 80 ( Fig. S2). Furthermore, these BEM46 homo-
logs have an extension at the C-terminal end.

BEMA46-like proteins from plant genomes have “ve indels
(Fig. S3 namely one amino acid indel at the position 80, two amino
acids indel between positions 205...206, eight to twelve amino
acids indel between positions 232...233, two to three amino acids
indel between positions 282...283 and two amino acids indel
between positions 300...301.

Vertebrates possess several paralogs of fungal BEM46 protein,
which are evolved by gene duplication events. These proteins have
been termed as abhydrolase domain containing (ABHD) proteins,
due to vertebrate-speci“c duplication events. Most prominent
and close members to these ABHD proteins to fungal BEM46 are
ABHD12 and ABHD13. These proteins are characterized by indels
in comparison to BEM46 from N. crassaas summarized in Fig. S4
It is noteworthy that loss of function mutations in ABHD12 cause
polyneuropathy, hearing loss, ataxia, retinitis pigmentosa, and cat-
aract (PHARC) [28]. The ABHD12 has unique insertions in its core
domain that are marked by red bars in  Fig. S4 Mammalian ABHD
proteins have important roles in lipid metabolism, lipid signal
transduction, and metabolic disease, characterized via global pro-
“ling of dynamic protein palmitoylation [29,30] . However, annota-
tions and computational characterizations of ABHD proteins are
urgently required [29]. Our analysis shed “rst light into this
direction.

3.6. Evolutionary history of BEM46 proteins are characterized by
exonic indels

The “ndings here reveal a clear phylogenetic history of bem46
genes. BEM46 homologs are conserved in all eukaryotic organisms
from fungi to human ( Fig. 1). We demonstrated that the con-
served BEMA46 proteins are characterized by indels that discrimi-
nate these homologs in different lineages. Indels are generally

considered as rare genomic characters and they serve a phyloge-
netic marker during evolution [31]. The phylogeny of eukaryotes
is always under state of "ux [32]. An in"ux of mutations governs
the evolution of genes/genomes and these mutations undergo a
stochastic process of neutral “xation via application of multiple
selective pressures that can control the neutral “xation dynamics
[32,33]. Characterization of both the mutational and “xation
events assists in understanding the evolutionary processes. Indels
are structural genomic changes, which play instrumental roles in
applications that try to reveal genomic loci that are evolving un-
der selection by virtue of either slowly or rapidly evolving se-
quences. In these analyses, it is essential that the mutational
input at the genomic regions under study is not abnormally high
or low [33...36] Otherwise, the artifacts of the mutational dynam-
ics predominate over inferred selection and it will be not a true
indication for a functional constraint on the sequence. Genetic
changes are introduced into genomes through three methods such
as point mutations, insertions and deletions. The dynamics of each
of these mechanisms are in"uenced by the genomic fragments
under consideration and also by the presence of various factors
acting in trans.

Prior to availability of genome sequences, evolutionary studies
were primarily focused on either replacements of entire genes or
fragments of genomic regions or point mutations. Loss or gains
of genetic contents have direct immediate functional implications
and can be scanned over long evolutionary times. Small structural
changes such as 1...50 bps indels are intermediate in scale and are
less frequent than single base substitutions. However, they can ac-
count for comparable base pairs of change. For instance, previously
it was reported that 3.2% and 0.8% of the base pair changes be-
tween the "y species and in the primate species, respectively, were
affected by indels. In contrast, only 1.8% and 1.5% of the base pairs
were affected by point mutations in "ies and primates, respectively
[37] . Therefore, short indels are as sensitive as primary sequences
and serve as signi“cant factor in the mutational input that feeds
into the evolutionary process, a fact that underlines the importance
of characterizing the mechanisms that induce or suppress their
activity. Earlier works were focused on human indels at disease
loci [38...41] or on indels detected between relatively distant spe-
cies [42...44] These led to the suggestion that such events are cor-
related with speci“‘c sequence contexts. More recent works
characterized extensive collections of indels in the human-chimp
lineages [45,46], or human-mice lineages [37] and vertebrate-spe-
ci“c contexts of gene superfamily evolution [44]. These data
further motivate a comprehensive approach to the description of
their sequence contexts. Likewise, indels were also described in
various studies in basal organisms such as for phylogenetic posi-
tion of trichomonads [47] and also fungal genome analyses such
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as during P-type ATPase gene family evolution
understanding of the anamorphic fungus
plex [49].

Generally, exonic indels require more complex mutational
mechanisms and are more constrained than single base substitu-
tions. In this work, we illustrate how indels play important roles
in bringing diversity in homologous protein coding regions of
bem46 genes in various eukaryotic lineages, which could be impli-
cated on functional level. However, attention is needed for further
functional characterization in different eukaryotic lineages, which
is yet in its infancy.

To the best of our knowledge, this is the “rst comprehensive
study on bem46 genes demonstrating BEM46 proteins being con-
served from fungi to human, and BEM46 homologues being charac-
terized by exonic indels that differentiate lineage of a particular
BEMA46 homolog. We de“ned the active site of fungal BEM46 using
sequence and structural comparisons.

[48] and during
Rhizoctonia species com-
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BEM46 Shows Eisosomal Localization and Association with
Tryptophan-Derived Auxin Pathway iflNeurospora crassa

K. Kollath-Leifl3, C. Bonniger, P. Sardar, F. Kempken
Abteilung Botanische Genetik und Molekularbiologie, Botanisches Institut und Botanischer Garten, Christian-Albrechts-UniversitSt zu Kiel, Kiel, Germany

BEM46 proteins are evolutionarily conserved, but their functions remain elusive. We reported previously that the BEM46 pro-
tein in Neurospora crass@ targeted to the endoplasmic reticulum (ER) and is essential for ascospore germination. In the pres-
ent study, we established bem46knockout strain of N. crassaThis bem46mutant exhibited a level of ascospore germination
lower than that of the wild type but much higher than those of the previously characterizédm46overexpressing and RNA in-
terference (RNAI) lines. Reinvestigation of the RNAI transformants revealed two types of alternatively splivech46mRNA;
expression of either type led to a loss of ascospore germination. Our results indicated that the phenotype was not doerel6
mRNA downregulation or loss but was caused by the alternatively spliced mMRNAs and the peptides they encoded. Usihg the
crassartholog of the eisosomal protein PILA fromAspergillus nidulanswe further demonstrated the colocalization of BEM46
with eisosomes. Employing the yeast two-hybrid system, we identiPed a single interaction partner: anthranilate synthase compo=

(] WoJij papeojumod

nent Il (encoded bytrp-1). This interaction was conbrmedin vivo by a split-YFP (yellow Buorescent protein) approach. The %
trp-1 mutant showed reduced ascospore germination and increased indole production, and we used bioinformatic tools to %
identify a putative auxin biosynthetic pathway. The genes involved exhibited various levels of transcriptional regulationinthe  ©
different bem4@ransformant and mutant strains. We also investigated the indole production of the strains in different develop-
mental stages. Our Pndings suggested that the regulation of indole biosynthesis genes was inBuendezhipy6overexpression. =
Furthermore, we uncovered evidence of colocalization of BEM46 with the neutral amino acid transporter MTR. é
o

e bud emergence 46 (BEMA46) protein is conserved acrossheet core of ve to eight strands connected byelices. The a

the eukaryotic kingdom, and the molecular evolution of / hydrolase domain is also found in several enzymes with di-@
members of the BEM46 family has been described in detaérse phylogenetic backgrounds, catalytic functions, and substrat_%

recently (). Our group has demonstrated that while the maspeci cities ((4). The ESTHER database includes more than 3

jority of eukaryotic genomes include a single copypem46 30,000 members of this superfamilys( 16). 3

vertebrates possess several paralogs, which originated througbespite these hints, the exact function of BEM46 remains elu-_

duplication eventsJ). sive. Thereforehem46is considered one of the top 10 known -
Studies with various model organisms have revealed limitgénes encoding a protein with unknown functiotiz( 18). Previ- S

data regarding the function of BEM46. Them4@ene ofSchizo- ous results suggest that BEM46 may play a role in signal transducs
saccharomyces ponfE&IBL accession numbey29892 is re- tion or in the maintenance of cell polarity. Fungal hyphae serve aso

portedly a suppressor of theem1 bud8louble mutant ofSaccha- a model system for polarized growthg); therefore, we have in- é
romyces cerevis{ag which shows defects in cell polarization and/estigated the BEM46 protein of the ascomydstrospora .
budding @, 3). BEM1 is a scaffold protein that interacts withcrassawe reported previously that BEM46M crassis localized &
BUD1 (4), actin (5), CDCA42 @), and BUD5 @, 7), and itis o the perinuclear endoplasmic reticulum (ER), and in patches &

reportedly required for the positioning of a protein complexyear the plasma membrangQ), as detected on the basis of an
involved in bud formation @). BUDS is a GDP-GTP exchangeynusual ER retention signal at the C-terminal end of the protein
factor for BUD1 and is necessary for bud site selectipnhe (1) Either transcript overexpression or downregulation leads to a&
bem4éhomolog of baker’s yeast (YNL320W) is not essentifdss of ascospore germination. Using bioinformatic tools, we also=
(8). Two-hybrid approaches witbrosophila melanogast&ve previously predicted the native protein structure, which included
shown that the BEM46 homolog interacts with the Rapsynoigh essential catalytic triad)(
protein (9), which is a putative GDP-GTP exchange factor for a | tne present study, we show that BEM4incrassis part of
G protein and is involved in controlling asymmetrical cell divi-
sion (10). Wavy growth 2 (WAV2; encoded lmav3 is the BEM46
homolog inArabidopsis thalianand a knockout mutant shows  geceivedi March 2014accepteds June 2014
short-pitch waves related to root developmefilX WAV2is a  ppjished ahead of printi3 June 2014
common regl'“ator involved in suppressing root bending CausedAddress correspondence to F. Kempken, fkempken@bot.uni-kiel.de.
by cell le rotation enhancement in response to touch stimuli, This publication is dedicated to Karl Esser on the occasion of his 90th birthday for
light, and gravity 12). The protein is expressed mainly in young his lifetime contributions to fungal genetics.
seedlings and in the roots of adult plants, with subcellular local- supplemental material for this article may be founditap:/dx.doi.org/10.1128
ization in the plasma membrane and in compartment membranes/EC.00061-14
(12)_ Copyright © 2014, American Society for Microbiology. All Rights Reserved.

All BEM46 proteins belong to an/ hydrolase superfamily,  doi:10.1128/EC.00061-14
characterized by the/ hydrolase domainX3), comprising a
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the fungal eisosome and is an interaction partner of anthranilated to use an annealing temperature of 58°C. Quantitative real-time PCR
synthase. We also demonstrate the colocalization of BEM46 withs performed in a 7300 Real-Time PCR system (Life Technologies,
the putative tryptophan transporter MTR. Our present data indiDarmstadt, Germany). For each gene of interest, we calculated the level of
cate an in uence of BEM46 on the auxin biosynthesis pathway g)gprgssion by the fold diﬁgrence from the expression Iev_el_of the house-
the fungus, and we use bioinformatic tools to predict a putativiePing gen&ub2and by using the 2 cT method @8). Statistical anal
auxin biosynthesis pathwayh crasszFurthermore, we demon- YSiS Was performed using SigmaPlot, version 12. .

strate that alternative splicing of them4@ranscript is responsi- Transformation and transformant analysis.Previously described

ination in i . methods were used for cloning aid coltransformation @7) and forN.
ble for the IOSS. O.f ascospore germination in 4RNA inter- crassaransformation @9). All cloning and transformation experiments
ference (RNAI) lines.

were conducted in accordance with the requirements of the German gene
MATERIALS AND METHODS technology law (GenTG). . o
_ _ _ Microscopy.For the germination assays, ejected ascospores were hare
Strains. The present study used the followilNpurospora crassains yested and were incubated for 90 min in 50Dsterile water at 60°C to =
from the Fungal Genetics Stock Center (FGSC; Kansas City, MO, USf{}ictivate contaminating macroconidia. Ascospore concentrations were=

FGSC 9718 (mus-SLbar mat g, FGSC 9719 (mus-52bar mat 3,  aqjustedto4 10° spores/ml. All light microscopy was performed using ©
FGSC 6103His-3(Y234M723)mat Al, FGSC 9716His-3(Y234M723) 5 7eise Axio =3

phot microscope equipped with a SONY 3CCD digital cam- g
mat &, FGSC 20870 [trp-1 (NCU00200.2)mat &, and FGSC 20871 g3 confocal uorescence analysis was performed using a confocal lasé®
[ trp-1(NCUO00200.2)mat A]. Fungi were cultivated on Vogel’s minimal

; ) . - scanning microscope (CLSM) (TCS SP5; Leica). Fusion constructs con="
medium (21). All expression vectors carrying fusm_n _co_nstructs used _'f%aining enhanced green uorescent protein (eGFP), enhanced yellow u- 3
the present study were transformed into the histidine auxotroph|8rescent protein (eYFP), or tag red uorescent protein (tRFP) were ex- -

strains FGSC 6103 and FGSC 9716; therefore, these strains serv%qﬁat 488 nm, 514 nm, or 543 nm, respectively, and emission wa

the “wild type in control experiments. Strains carrying auxotrophiGyee e at 500 to 550 nm, 520 to 550 nm, or 570 to 620 nm, respectivelyz
=

markers were grown on media supplemented with the required aming, o< \vere analyzed using Leica LAS AF Lite software. Fungi were cul

o[u

acids. For crosses, fungi were plated on Westergaard’'s me@®@nir{ .. . : . o
the colocalization studies, heterokaryons were formed as descrit%/(?\t/ii:g:g;ﬁ;?iﬁ% ﬁ?hiesgrzgfgcﬁgivg‘lfgéMM52$1(em Acover- g
previously @3). . expressing), pPMM53Dem4RNAI), pMM536 bem4Gegfdusion), and 3
For the propagation of vector constructs under standard CUIturSUH28O (used for thdvem4grepeat induced point mutation [RIP] mu- o
conditions, we useBscherichia calirain XL1-BluefecAl endAl gyrA96 . .. ; . 3
tation assay) vectors has been described previo@6Jy o the supple =

thi-1 hsdR17 supE44 relAl[lesproAB laciZ M15 Tnl10(Tet)]} (Strat-
agene, La Jolla, CA). For the propagation of RNAI constructs, weRise
coli strain SURE {el4 (McrA ) (mcrCB-hsdSMR-mrt71 endAl
supE44 thi-1 gyrA96 relAl lac recB recJ sbcC:umbi@Kan") uvrC[F=

c5‘nental material, Fig. S1 presents a schematic representation of all othe%
vectors used, and Table S1 lists the sequences of the oligonucleotides us&gj
in the present work. The vectors used for the yeast two-hybrid approachg

. are described below =
proAB laclz M15 Tn10(Tet)]} (Stratagene, Heidelberg, Germany). ) . .
DNA and RNA isolation.DNA was isolated as described previousl The pkK790 and pKK791 vectors were used in the bimolecular uo-

(0]
) . 3
(24). Brie y, mycelia were ground under liquid nitrogen and were trans}/escence complementation assay. pkK790 consists dieimsiGopen g

ferred to lysis buffer (10 mM Tris-HCI, 1 mM EDTA, 100 mM NaCl, and"€ading frame (ORF) and the portion @lyfpencoding the C-terminal
2% SDS [pH 8.0]), followed by phenol extraction. Subsequently, t quencedl), ampli ed in two steps by overlapping extension PCR. In - co

aqueous phase was incubated with 1@RNase A, followed by an addi- the rst step, thebem460RF was creat(_ed by using c_)IigonucIeotides N
tional phenol extraction and ethanol precipitation. Bacterial plasmiéf/<2212 and KK2332. In parallel, the portionaffpencoding the C-ter- ~ Q
DNA was isolated using NucleoSpin reagent kits (Macherey-Nag&lina! sequence was amplied using oligonucleotides KK2331 and .
Duren, Germany). Plasmids were isolated from yeast according to st&f<2215. Inthe second step, the two fragments were united ina PCR usin
dard procedures2s). _ohgonucleohdes KK2212 and KK2215. The fusion construct was ligated

RNA was isolated from mycelia as published previol2dy. /egeta- 1" n expression vector undgr the control of ttmg:promoter.
tive mycelia oNeurospora crassaains were grown for 3 days in liquid 11 PKK791 vector contains tiep-1 ORF (ampli ed by KK2333 and
Vogel's minimal medium with 5.8 mM saccharose. For strain FGSC 616d(2334) cloned into the portion oéyfpencoding the N-terminal se-

1 mM L-histidine was added to the medium. The myceliawere ground arfi#ence (@mpli ed by KK2335 and KK233@J). The frame was corrected
were cooled with liquid nitrogen. in anin vitro deletion step using oligonucleotides KK2388 and KK2389.

Gelelectrophoresis, blotting, and hybridizationAgarose gel electro- For eisosomal localization studies, we created vector pJQ771, comprisin
phoresis, Southern and Northern blotting, and DNA-DNA and DNA-the sequence encoding the crass®ILA homolog (NCU07495) ampli-
RNA hybridizations were performed as described previougR. (A  €d by KK2347 and KK2348 and fused tidp ampli ed by KK2350 and
DECAprime kit (Ambion, Austin, TX) was used to label 20 to 30 ng oKK2349 B82). The expression of this fusion construct was controlled by
template DNA with [ ->2P]JdCTP. MBBL (Bielefeld, Germany) DNA theccgpromoter. The nal frame was corrected byvitrodeletion using
markers were used to determine size in DNA gel electrophoresis. ~ JQ2413 and JQ2414.

PCR and RT-PCR amplibcatiolPCR was performed as described ~Three additional expression vectors wéthffusion constructs under
previously R0). For quantitative reverse transcription-PCR (qRT-PCR)the control of theccglpromoter were also created. Vector pCB779 con-
isolated nucleic acids were treated with DNase (Roche Diagnosti@ns the 0.5-kb alternative splicing product leém46 ampli ed using
Mannheim, Germany) according to the manufacturer's recommend#&ligonucleotides KK2433 and KK2434. The gene sequence encoding the
tions. As a control for the success of DNase treatment, PCR was d%bR homolog inN. crassgNCU006619.5) was generated by PCR with
performed using primers CB2480 (TACTTCACCGCCAGAAGTC) analigonucleotides CB2562 and CB2563, udihgrassgenomic DNA as
CB2481 (TGCGGAGGGTGAAAGAAGAG) for the housekeeping gethe template. The restriction sites required for directed ligation into the
L6_rRNA. nal vector, pCB794, were added in a subsequent PCR with oligonucleo-

The oligonucleotides used for quantitative real-time PCR were sytides CB2508 and CB2514.
thesized by Euro ns MWG Operon (Ebersberg, Germany). Isolated and Construction of the N. crassa bem46mutant. A bem4@mutant
DNase-treated RNA (100 ng) was used as the template and was miggdin was generated according to previously described proce@8es (
with the contents of the QuantiTect SYBR green RT-PCR kit (Qiagefhe construction of the vector is described in Fig. S1 in the supplemental
Hilden, Germany). The recommended program from Qiagen was modinaterial. The nal vector carries the full-lengtiphORF under the con-

1
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FIG 1 Ascospore germination in differefl. crassatrains. Germination rates are expressed in relation to that of the wild-type (wt) strain (100%). wt, FGS
6013 FGSC 9016; OE, overexpression transformant strain; ko, knockout mutant strain; RNAIi, RNAIi-directed knockdown transformant strain; 0.53Rb,
transformant strain containing the 0.5-kb alternative splicing produttesh461.2 kb, transformant strain containing the 1.2-kb alternative splicing product of =
bem46Strains were crossed with histidine auxotrophic strains FGSC 6103 and FGSC 9716. Statistical analysis was accomplished with SigmaPlot, versmﬁZ A
asterisks indicateRvalue of 0.01.

Se"09)/'¢

trol of the Aspergillus nidulans trp@romoter (amplied by FK547/ mutation were generated by crossing with the histidine auxotrophic 3
FK548) and théNeurospora crassa atgBminator (ampli ed by FK541/ strains FGSC 6103 and FGSC 9716.
FK542), anked by 1.0-to 1.3-kb fragments downstream and upstream of Sequence analysiéll sequence analyses were performed by Euro ns .3
the bem46genomic DNA sequence (amplied by AS944/AS945 anMWG Operon (Ebersberg, Germany) and GATC Biotech (Constance,
AS946/AS947, respectively). The resulting vector, pHS606, was trabsrmany).

formed into Neurospora crassé&rains FGSC 9718 and FGSC 9719 by Yeast two-hybrid assayTo identify proteins putatively interacting
electroporation according to standard protocof®9). Transformants with BEM46, we applied the yeast two-hybrid approa®# 85) by using
were selected on Vogel's minimal medium with 5.8 mM saccharose, sijatchmaker GAL4 Two-Hybrid System 3 (Clontech, Mountain View,
plemented with 200 g/ml hygromycin B. Homokaryotic bem4&trains CA) according to standard protocols. The following yeast strains were uti-
were obtained by isolation of single microconidia and were tested ftzed:Saccharomyces cerevsid®09 MATatrp1-901 leu2-312 ura3-52
homologous single-copy integration of the transformation cassette bjs3-200 gal4 gal80 LYS2GALL asGALL 1a-HIS3 GALZAs
Southern blot hybridization. Homokaryotic transformants free oftiies  GALZ ,ro-ADE2 URA3MEL] s MELL A14-lac2 and Saccharomyces

3131 steuonqigsIseIsIanuN Ad $T0Z ‘g Jaquisidas uo /Bio’

FIG 2 Alternative splicing dbem46n N. crassgA) RT-PCR ampli cation of different alternatively spliceém48ragments. cDNAs from different strains and

tissues were used as the templates. In addition to the full-length (0.9-kb) cDNA sequence, two alternative fragments (1.2 kb and 0.5 kb [indicated by black an
white arrows, respectively]) were ampli ed usihgm4éspeci c oligonucleotides. myc., mycelium; mcon., macroconidia; wt, wild-type strain; Ri¢A46
knockdown strain. (B) Schematic presentation of different spliced produttsro#A6 Thebem4&enomic DNA sequence consists of four exons divided by three
introns (DNA). In most cases, splicing resulted in a 0.9-kb mRNA fragment (spliced mRNA). Twolmhef6nRNA variants were generated by alternative
splicing, i.e., 1.2-kb mRNA (which retains intron 1) and 0.5-kb mRNA (using thelternate splice site of intron 3), in the RNAI line. Gray rectangles, exons;
black rectangles, introns. The alternate intron 3 resulting from the use of an altersite B represented by a black rectangle with a white border.
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FIG 3 Subcellular localization of BEM46 and its derivatives. (A) CLSM images of a swollen macroconidiospore from a strain overexpressing the BEM46£eGF
fusion protein, observed over 15 min. The time point of each shot is presented; 0 s indicates the stait\afdiigation. (B) CLSM images of germinating &

macroconidiospores of a heterokaryon overexpressing both the BEM46::eGFP and PILA::tRFP fusion proteins. Rightmost panels (merge) show overlays of
tRFP uorescence. (C) CLSM images of germinating macroconidiospores of a heterokaryon overexpressing both the 0.5-kb::eGFP and PILA::tRFP fusion pr

FP.
ins.

oBuds

uo /b1

cerevisia®187 (MAT ura3-52 his3-200 ade2-101 trp1-901 leld:3 added, and the mixture was incubated at room temperature for 5 min. &)
gald met gal80 URA3:GALL a5 GALLAra-lac?) (both from Clon-  Finally, 100 | of the sample was plated on a solid medium, and the plateso©
tech, Mountain View, CA). Figure S1in the supplemental material depicigere incubated at 30°C until colony development. @
the vectors. The bait vector (pEH646) was generated by cloniriagtind6 Putative positive colonies were identi ed on selective minimal me-
cDNA (which was ampli ed by oligonucleotides EH1132 and EH1133)ium (SD/-Ade/-His/-Leu/-Trp), and the putative interaction was con-
into the pGBKT7 vector (Clontech, Mountain View, CA) in frame with rmed using the -galactosidase assay. Colonies were plated on selectiv
the GAL4 DNA-binding domain. The prey vector carried Bncrassa minimal medium supplemented with 80 mg/liter 5-bromo-4-chloro-3- -

ghlaquia

cDNA bank (provided by S. Seiler, Gottingen, Germany) cloned into thiadolyl- -p-galactopyranoside (X-Gal). After incubation at 30°C for 8 B
pGADT?7 vector (Clontech, Mountain View, CA), containing the GAL4lays, blue colonies were further tested for thegalactosidase activity in l;
transcription activation domain. a colony lift Iter assay 86). o
Yeast transformation was performed by electroporation. First| 50 Plant material, growth conditions, and GUS assayhe -glucuroni- <

c

an electrocompeterfsaccharomycesll suspension was mixed with 100dase (GUS) assay was performed with transgenic 5-dapwaloidopsis
ng DNA, and the mixture was kept on ice for 5 min. Subsequently, the cellgliana(ecotype Col-0) seedlings carrying the synthetic auxin response=.
were transferred to a cold electroporation cuvette (Gene Pulser cuvetttament DR537) coupled to the GUS reporter gene. In these plants, the @
Bio-Rad, Munich, Germany), and transformation was performed in glucuronidase activity is auxin dependent. Seeds were sterilized with 96%3_
Gene Pulser system (Bio-Rad, Munich, Germany) at 208hd 25 F ethanol according to the standard procedug®)( Plants were grown on
with 1.5 kV. Directly after transformation, 1 ml of 1 M sorbitol at 4°C wasolidi ed half-strength MS nutrient medium39) containing 1% sucrose

EINRPENEIEEE!

FIG 4 Yeast two-hybrid system. (A) Control experiment con rming the interaction between BEM46 (bait) and anthranilate synthase (prey) in a colony
expressing cDNA-1 (diagramed in panel B). pPGBKT7 and pGADT7 are empty expression vectors used in the yeast two-hybrid system. (B) Schematic presentati
of the four cDNA fragments (cCDNA-1 to cDNA-4) that encode putative interacting partners of BEM46, as identi ed by the yeast two-hybrid approach. All
fragments belong to the same gefnp;1, encoding the subunit of anthranilate synthase complex Il. G, C, and F are subdomains of anthranilate synthase.
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were spotted onto silica gel plates (TLC Silica gel.8Q Merck, Darm

stadt, Germany) and were developed with an ethyl acetate-isopropanol-
ammonia solution (45:35:20). Subsequently, the plates were dried, stained
with Ehmann’s reagen#@), and heated to 90°C until spots were clearly
visible. We applied 1 mM (each) IAA and tryptophan solutions as stan-
dards.

RESULTS

bem4eknockout mutant. We previously demonstrated the local-
ization ofNeurospora crasB&M46 protein in the ER and in areas
near the plasma membrane, as well as the loss of ascospore ger
nation in bem4@RNAi andbem46overexpressing transformants
(20). Here, to con rm the bem46mutant phenotype, we estab-
lished abem4énockout strain by replacing theem4&ene with
thehphgene, carrying hygromycin B resistance, using-5land
mus-52mutants provided by the Fungal Genetic Stock Center.
Figure S2 in the supplemental material shows that we successfullg
generated severabm4eknockout strains. These knockouts ex- 3
hibited normal vegetative growth and produced micro- and mac- =
roconidia. The rate of ascospore germination was somewhat loweD
than that in the wild type Fig. 1; however, the phenotype was §
much weaker than that of the RNAI or overexpressing transfor- ©
mant, neither of which exhibits ascospore germination. &
Alternative splicing of thebem4@ranscript. This unexpected 3
discrepancy between the knockout mutant and the RNAi and €
overexpression transformants could have been caused by nonsp&.
ci ¢ downregulation of some other RNA, but there was no evi-
dence of any such occurrenc. It was also possible that alter-
nate RNAs had accumulated in the RNAI transformant, since®
alternative splicing has been reported for a numbeXotrassa
transcripts 43). To investigate this possibility, we performed RT-
FIG 5 Bimolecular uorescence complementation assay.NAprassarans-  PCR with oligonucleotides located at the beginning and end of theg

formant strain overexpressing the BEM46 protein coupled with the C-termis ma nr ing frame in order ner full-lenath cDNA. =
nal portion of eYFP. (BIN.crassaaransformantstrainoverexpressingthepu-be tpen reading frame in order to generate full-length ¢ e

tative interaction partner (anthranilate synthase [AS]; identi ed by the yea&T'pCR amP” cation ,from the wild-type ‘T’md RNAI strains Was
two-hybrid approach) fused to the N-terminal portion of eYFP. (C) Macro-Performed using RNA isolated from mycelium and macroconidia.
conidia ofN. crassatrains overexpressing both the BEM46::eYFP-C and A¥he amount of the full-lengttbem46amplicon was somewhat
eYFP-N vectors. (i) CLSM images; (ii) calculated bright eld images. reduced in the RNA from mycelium, and strongly reduced in the
RNA from macroconidia, for the RNAI transformanFig. 2A.
More importantly, both RNA samples from the RNAI transfor-
at 25°C for 7 days under long-day conditions. Subsequently, 5 to 10 segtant produced additional amplicons, including a 1.2-kb ampli-
lings were incubated with eitherJ®, 100 Mindole acetic acid (IAA), or con, slightly larger than that from the wild type, and, in one sam-
germinated ascosporesNf crassaA histochemical GUS assay was perple, a smaller amplicon of about 0.5 kb.
formed as described previousB4. - _ These amplicons were eluted from the gel and were sequence®
Indole extraction and qualitative and quantitative analysisTo de-  rjqre 2Bpresents a schematic view of the sequencing data, whic
termine indole production, fungi were cultivated in Vogel's minimal lig- rovided direct evidence of alternative splicing. The small (0.5_5

uid medium supplemented with 0.5 mM tryptophan (incubation at 25° . . . 5
and 180 rpm in darkness). Samples were collected at various time poi @ amplicon resembled an alternatively spliced form that was g,

and were either centrifuged at 7,00@for 15 min or Itered throughone MISSINg exon 3. The larger (1.2-kb) transcript still contained the D
layer of Whatman paper to remove fungal residue. The supernatant wk&t intron, suggesting a case of intron retention, a frequent alter- X
collected, and the pH was adjusted to 2.8 with 10% HCI. native splicing event in fungé@). Neither transcript would en-
The total indole content was determined quantitatively by using theode the full-lengttbem4érotein. Assuming that translation was

Salkowski method40, 41). In a light-protected tube, 5001 Salkowski initiated at the same AUG start codon used for translation in the
reagentwas mixed with an equal volume of the collected supernatant. WpRd-type sequence, the 1.2-kb mRNA could encode a 40-amino-
probes were incubated at 30°C for 15 min, and the absorbance at 540 gg\d truncated BEM46 protein, and the 0.5-kb mRNA could en-
was then determined. Standgrd curves were prepared from serial diluticggde a 123-amino-acid truncated BEM46 protein. Both truncated
of a 100 mM IAA stock solution. [proteins would include the same N terminus as that in the 320-

Indoles were qualitatively analyzed by thin-layer chromatograp . . . . .
(TLC). After pH adjustment, aliquots of the supernatant were extracte%'nmo'acId full-length BEM46 protein. The alternatively spliced

by the addition of a double volume of ethyl acetate, followed by vigoroligNAS Were cloned into a suitable vector under the control of the
shaking for 10 min. After phase separation, the ethyl acetate fraction idB Promoter (44), and the products were transformed inte.
collected in light-protected tubes, the solvent was evaporated, and gi@ssaising homologous recombination at thes-3 locus @5).
solid indole-containing residue was dissolved in 3thethanol. Samples The ascospore germination of transformants was compared to
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FIG 6 Analysis of the trp-1 strain (FGSC 20870 or FGSC 20871). (A) Bright- eld images of single germinating ascosporespel tkreockout strain. The
arrow indicates an ascospore developing the typical loss-of-polarity phenotype that has been reported previmes&mnsformants 20). (B) Wild-type
germination. (C) Ascospore germination rate of thep-1 mutant compared to that of the wild type. (D and E) Levels of indole production by germinating
ascospores and conidiospores, respectively, compared to those of the wild type.
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those of the wild-typebem4@RNAI, bem4eoverexpressing, and reporter gene construct. A heterokaryon comprising a transfor- 3.
bem46knockout strains. Expression of each type of truncatemant expressing BEM46 coupled to eGFP was investigated b§y
BEM46 caused complete loss of ascospore germinafign ), confocal laser scanning microscopy. The BEM46::eGFP proteil®
suggesting a possible inhibitory effect of truncated BEM46, whishowed colocalization with the PILA::tRFP protein in germinat-
could be due to incorrect cellular localization (see below) or toiag macroconidia oN. crasséFig. 3B.
wrong or incomplete structure. Subcellular localization of the truncated BEM46 protein en-
BEM46 colocalizes with the eisosomal PILA homolog pro-coded by the 0.5-kb alternatively spliced fragmeniVe also an-
tein. BEM46 localizes to the perinuclear ER and to spots near talyzed the subcellular localization of the truncated protein en-
plasma membrane2(), which are not actin patched). Micro-  coded by the small (0.5-kb) alternative splicing produdbem46
scopic analyses showed that these spots did not re-form within I8 this end, the cDNA fragment was joined to tegfpreporter
min of investigation Fig. 3A. Fungal eisosomes are reportedlgene under the control of thecglpromoter. The full-length
stable protein complexes connected to the plasma membraBEM46 protein contains an unusual ER retention sigrigl (
(47). Thus, we investigated the potential colocalization of BEM4ghich leads to the localization of the full-length protein to the
with the Neurospora crasBamolog of PILA (NCU07495), which perinuclear ER. The alternative splicing event results in a 123-
has been described as an eisosomal core protefspergillus amino-acid protein lacking the amino acids for the retention sig-
nidulans (48). After identi cation using a bioinformatics ap- nal. The confocal microscopic imagekig. 3Cshows the subcel-
proach, the full-length coding sequence of the PILA homolog wasdar localizations of the 0.5-kb::eGFP and PILA::tRFP proteins.
coupled to the reporter genifp under the control of theccgl As expected, the small peptide did not localize to the perinuclear
promoter. We subsequently performed transformation Nh  ER butwas found in several small spots close to the plasma mem-
crassand selected homokaryotic lines expressinggi::trfp  brane, similar to the spots observed for the full-length BEM46.

131X X8dylo1qigs
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FIG 7 gRT-PCR results showing the relative levels of expression of the three genes involved in a putative auxin biosynthesis Nattrasgpget/aluated in
differentbem4@ransformant and mutant strains. The transcript quantities were calculated relative to that of the housekeepitudpZeveT 288,bem46
overexpressing strain; NcT28%&m46RNAI strain; NcT411pbem46knockout strain; NcT419, strain overexpressing the 0.5-kb alternatively spieced6
fragment.

Jaquialdas uo /610" wse 29//:dny woi papeojumod

However, most of these patches showed no colocalization with thep-1 strains was reduced to about 50% of that in the wild-type
eisosomal PILA protein. ascosporeig. 6Q, with conidia germinating earlier and building
Anthranilate synthase component Il is an interaction part- longer young hyphae. Since indole acetic acid reportedly pro-o
ner of BEM46.Using yeast two-hybrid analysis, we identi edmotes conidial germination and the elongation of young hyphae 1~
about 100 proteins speci cally interacting with BEM4&(. 4. (54-57, we tested whether the observed phenotypic effect mighg
Plasmid isolation and sequencing revealed that all plasmids aba-caused by auxin. In the medium, we determined the indole
lyzed contained one of four cDNA fragments from the samel content released by germinating conidiospores. Indeed, thes.
gene sequence, encoding anthranilate synthase component thp-1 mutants produced 10-fold-larger amounts of indoles than &
(49. Among these four cDNAsHig. 4B, the two smaller ones the wild-type strain when the medium was supplemented with 0.5 5

<)

encoded only the F domain, which resembledNa(b=phospho- mM tryptophan (Fig. 68. Determination of the indole content &
ribosyl)anthranilate isomerase. Since these cDNAs enabled a gpeduced by ascospores revealed no differences between tk%
ci ¢ two-hybrid interaction with the BEM46 protein, it is likely trp-1and wild-type strainsKig. 6D. o)
thatthe F domain is suf cient for protein-protein interaction with A pathway for indole production inN. crassaAuxin produc- =
BEM46. A bimolecular uorescence complementation as8ay ( tion has long been known to occur in lamentous fundgig 59) %

was used to con rm thén vivointeraction of BEM46 and anthra- and has also been reported recently in symbiotic and phytopatho-g
nilate synthaseNig. 5. genic fungi (see, e.g., referer@®. Several pathways have been
The trp-1 mutant. Our results described above indicated auggested for auxin productionin plants, but notall are con rmed %
link between BEM46 and the tryptophan biosynthesis pathwaig2). The most studied such pathway is the indole-3-pyruvic acid —
Tryptophan reportedly may act as a signal molecule and inhikitPA) pathway 61), in which the main enzymes are tryptophan
conidial anastomosis tube fusion M. crass450). It is also an aminotransferase (TAM), indole-3-pyruvate decarboxylase (IPD),
important precursor for secondary metabolites and plant horand indole-3-acetaldehyde dehydrogenase (IAD). Previous stud-
mones, such as auxi®{, 52), which is produced both in plants ies 68, 62) have shown the presence of TAM1 and IADLsti-
and in fungi 63). lago maydisHere we used bioinformatic tools to identify the en-
Further investigation revealed that thdrp-1 strains (FGSC tire set of ortholog genes for the IPA pathway M crassa
20870 and FGSC 20871) showed single ascospores developing@d09166.7 tam1), NCU02397.7ipd), and NCU03415iad1)
directed hyphae but rather growing bubble-like structures, similgsee Fig. S3 in the supplemental material).
to those observed in theem46RNAI line (20), at the point of Regulation of transcription of the auxin biosynthetic path-
germination Fig. 6A arrow). The rate of germination in the way in thebem4@ransformant and mutant strains ofN. crassa

A
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cubated either with wateFjg. 84, with 100 M IAA (Fig. 8B, or
with germinating wild-type ascospordsg. 8Ciandii). Seedlings
incubated with either IAA or germinating ascospores showed pos-
itive staining for -glucuronidase in cotyledon tips. Because the
expression of the fusion protein is auxin dependent, our data pro-
vide indirect evidence for auxin production by germinating asco-
spores. Next, auxin was detected directly by thin-layer chromatog-
raphy (Fig. 8D. Figure 9shows the concentrations of auxin from
germinating macroconidia and germinating ascospores in
growth medium. Auxin concentrations did not differ signi -
cantly in 4-day-old mycelium, but we observed signi cant dif-
ferences between auxin concentrations in the germinating
macroconidia of different strains. Overexpression of the full-
lengthbem46&yene under the control of thecgIpromoter did
notincrease the auxin concentration over that in the wild type;
however, thdbem4enockout and RNAI lines showed signi -
cantly increased auxin concentrations. Auxin production dur-
ing ascospore germination was also investigakeg.(©B. No
signi cant differences from production by the wild type were
observed for thdbem46knockout and RNAI strains, but the
overexpression line showed reduced indole production by ger-
minating ascospores.

Investigation of indole production by germinating macro-
conidia also revealed differences in the time ow of macroconidial 3

:dny wouy papeojumoq

se'09//

germination and in the rate of hyphal elongation. The micro- S
graphs inFig. 9Cshow that most wild-type macroconidia ger- <
minated after 5 h, while the macroconidia of them46over- g
expressing line germinated later. Macroconidia from the ¢
bem4e6knockout strain germinated within 5 h and produced g
longer germ tubes than the wild type. Determination of the &
growth rate of young hyphae within the rst 4 days after ger- 3
mination (Fig. 9D clearly showed strongly inhibited hyphal 3
FIG 8 (A to C) Bright- eld images ofArabidopsis thalianseedlings express- elongation in thebem4@verexpression strain. In contrast, the a

ing the auxin-responsive DR5::GUS fusion construct, incubated with water a: . .
anegative control (A), with indole acetic acid (IAA) as a positive control (B), OIF'%OCkOUt and RNAI strains showed growth rates somewhat

with germinating ascospores of wild-type crass4Ci and Cii). (D) Thin- higher than that of the wild type.
layer chromatographic separation of indole acetic acid from the culture me- The MTR protein of N. crassaa specibc tryptophan trans-

dium on a silica plate. M, medium incubated without fungus; wt, mediurrporter_ The H -driven tryptophan and tyrosine permease TAT2 &

¥10¢

incubated with wild-typeN. crassgbem46eko, medium incubated with thé\. (YOLO20W) ofSaccharomyces cerevisiagportedly localized in <
crassa bem4@ockout mutant. . . ’ . cC
eisosomesh). MTR (NCU06619) is a neutral amino acid trans- S,

port protein (66, 67) that we identi ed as the TAT2 homolog iN. &

crassaWe used qRT-PCR to analyze MTR expression in the dif- ¢

We investigated the expressiortam1, ipd, andiadlin the wild-  ferentbem4@ransformant and mutant straingigure 10Ashows &
type,bem4@nutant, and different transformant strainsigure 7  4-fold upregulation of the gene in thEem4®verexpression strain %
shows the quantitative RT-PCR results for the mRNAs of the@dcT288) relative to the wild type. The subcellular localization of &
o

genes. The rst gene of the pathwatafil) was signi cantly MTR was studied usingtafp reporter gene construdtigure 10B
downregulated in thbem4&nockout (NcT411) and knockdown shows the localization of the protein in the perinuclear ER and in §
(NcT289) strains. Interestingly, overexpression of the 0.5-kb aleveral additional small spots. The tRFP-coupled MTR proteing
ternatively spliced fragment (NcT419) had the same effect. Thelocalized with the BEM46::eGFP protein in swollen and germi->
bem46overexpressing line (NcT288) showed no altered regulaating macroconidiospores and in mature hyphae.
tion of the tam1 gene but was the only strain to show altered
regulation of thepd gene (3-fold upregulation). The last gene oPISCUSSION
the pathwayiadl, was upregulated in all strains investigated, e BEM46 interacts with anthranilate synthasédere we identi ed
cept for the line expressing the 0.5-kb fragment. Expressiontbe anthranilate synthase encoded bytitpel gene 49, 68) as an
iad1was more than 10-fold higher in theem4eéoverexpressing interaction partner of BEM46 ifN. crassar his result was unex-
strain. pected, because in other model organisms, BEM46 interacts with
Indole production by the bem46transformant and mutant  proteins involved in developing/maintaining polar grow®) (2,
strains compared to that by the wild typeFigure 8shows data 69). Phenotypic analyses of tié crassa trp-Inutant showed
indicating auxin production inN. crassawhich had been ob- reduced ascospore germination, with spores developing the same
served previously as web3). TransgenicArabidopsis thaliana loss-of-polarity phenotype as that described for theem46mnu-
plants expressing the DR5::GUS fusion prot&ii 64) were in- tant (20). These results suggested a situation similar to that in the
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FIG 9 Indole production ofbem46énutant and transformant strains. (A and B) Total indole production by germinating conidiospores (A) and ascospores (
The total indole content of the medium is expressed relative to that of the medium for the wild type (taken as 1). (C) Bright- eld images of germinatmg
conidiospores that had been incubated #h at 30°C on agar plates with Vogel’s minimal medium. Macroconidia of the wild-type (wt), knockout (ko), —
knockdown (RNAI), and overexpressing (OE) strains are shown. (D) Hyphal elongation béthé@ransformant and mutant strains. The elongation rate is ~
de ned as the growth distance (cm) in 1 day.

N Aq 102 ‘8

model organismA. thaliang where mutations in thesalgene pathogenic fungi, auxin is believed to affect host plant growth. In

encoding anthranilate synthase result in a wavy root growth phik crassdAA at a concentration of 10® M enhanced the conidial 3.
notype (70). The same phenotype was observed intam4éo-  germination rate afte2 h of incubation 54). At higher concen- &
molog (wavy growth gknockout mutant (L2). However, IAAwas trations, an inhibitory effect was shown. It has been reported pre- &
unable to rescue the wavy root phenotypdirthaliana(70); thus,  viously 65) that IAA removes the “conidial density effect74), o
we considered that BEM46 might in uence polar growth throughand 10 ® M auxin reportedly induces the elongation of young %
an effect on IAA biosynthesis in the fungus. We observed thaphae germinating from conidia, while higher concentrations S
conidiospores of the trp-1 mutant germinated earlier and devel-5,0 inhibitory 7). =
oped longer young hyphae than those of the wild type. The same Here, using bioinformatic tools, we have presented evidence=:
effef:f[s were reported previously fdr cra;saollt_)wing external_ for a tryptophan-dependent IAA biosynthesis pathwayNn @
a_ddltlon Of.lAA (5‘.1’ 57). Therefor_e, we |nvest_|gated the auXing»ssawe showed that the expression of the three genes involved;
biosynthesis and indole production of the differeNt crassa in this pathway tam1, ipd, andiad) was altered in the different @

bem4¢nut§nt and trgngformant strains. . : bem4@ransformants and mutant strains, indicating a connection
Auxin biosynthesis inNeurospora crassand its connection o -
to BEM46 Although it is not widely known, auxin biosynthesis in?€tWeerbemadgand auxin biosynthesis in the fungus. However,
fungi was reported many decades a§@(These fungi includa. the effects of auxin and its connectioniem4@ppear to (jlﬁQr in
crassq53 63, and studies investigated the effects of externalijfe different developmental stagesiof crassaln germinating
applied auxins%6, 57). However, we discovered this informationconidiosporespem4@lownregulation led taad1overexpression
only after our present analyses of indole productiorNincrassa and higher indole production, resulting in earlier conidial germi-
wild-type andbem4éknockout, RNAI, and overexpression linesnation and increased hyphal elongation. Interestinglgma46
Recent research has focused mainly on auxin production by phg¥erexpression also led to very higillexpression. While indole
topathogenic fungi, e.gUstilago maydjs-usariumspecies, and content did not differ from that of the wild type, conidial germi-
Colletotrichum gloeosporioidg8, 60, 71-73. In these phyto- nation was delayed and hyphal elongation strongly reduced,
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FIG 10 MTR is a putative tryptophan transporter. (A) qRT-PCR results showing the relative expression levelstofgbre in differenbem4a@ransformant

and mutant strains olN. crassar he transcript quantities were calculated relative to that for the housekeepingugpenidcT288 bem4€overexpressing strain;
NcT289pem4&RNAiI strain; NcT411hem4d&knockout strain; NcT419, strain overexpressing the alternatively spliced G&akdBragment. (B) Colocalization
of MTR and BEMA46 fusion proteins. Shown are CLSM images of macroconidiospores and germinating macroconidiospores of heterokaryons overexp
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both MTR::tRFP and BEM46::eGFP. g
E.

2

which may result from negative regulation, since high levels diated mRNA decay (NMD) pathway’{, 78). Such changeson &
IAA are inhibitory. the transcript level can potentially affect almost all areas of protein%
We further detected colocalization of BEM46 with the neutrdlinction (76). The transcript isoforms can be translated into var- &
amino acid transporter MTR. BEM46 may act at the crossirigus proteins with different sequences and/or domain arrange-Z
point between tryptophan synthesis and uptake. Indee,ex- ments (9. The resulting truncated proteins can act as dominant S
pression was signi cantly higher in theem46overexpressing negative regulators of the authentic prote@f). Alternative splic- 7
strain, which may lead to high internal levels of indole, resulting iimg itself can be regulated by riboswitches or by different environ- >
the inhibitory effects described above. The indole production ofiental cues &1, 82), thus making alternative splicing a exible g-

vegetative mycelia dem4@ransformant and mutant strains did tool that allows adaptation to the environmerg3). Alternative
not differ signi cantly from that for the wild type; however, the splicing also occurs in ascomycetes, though at a rate signi cantly
expression of genes involved in the putative auxin biosynthefisver than that in mammals43). In N. crassal62 of 9,733 pro-
pathway was affected. Itis possible that indole content is additiotein-coding genes exhibit evidence of alternative splicing. The
ally regulated by inactivation of the end product, as described forost common form of alternative splicing in fungi is intron re-

A. thaliana(75). tention (43).

Alternative splicing ofbem46 In multicellular organisms, al- In the present study, we identi ed 0.5- and 1.2-kb alternatively
ternative splicing is a mechanism by which gene expressiors@icedbem4@ragments that encoded truncated proteins of 123
regulated on the mRNA lever§). Alternative splicing can affect and 40 amino acids, respectively. There are two main reasons to
the transcriptome both quantitatively and qualitatively, e.g., bgssume that these are alternative splicing products rather than
degradation of alternatively spliced forms over the nonsense-msplicing intermediates. First, if they were splicing intermediates,
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the fragments would have been detected in the wild-type strairsid also for critical discussions. We are grateful to the Fungal Genetics
this was not the case in our investigations. Second, the fragm&irck Center for providingleurosporatrains, as well as to the “Labor fur
sequences were not simple combinations of exons; the 1.2Mplekulare Biowissenschaften” and the “Zentralen Mikroskopie” of

product resulted from intron retention (the most common N
method of alternative splicing in fungi), while the 0.5-kb product

ristian-Albrechts-University for the use of equipment.

showed a very unusual splicing pattern that did not match arfyEFERENCES

splicing intermediate. The alternatively spliced fragments acl-
cumulated in thebem46RNAI lines @0), which exhibited no

ascospore germination. Since overexpression of either full-
length or truncated BEM46 protein led to a loss of ascospore,
germination, it is possible that the alternatively spliced frag-
ments (or rather, the translated truncated proteins) act as
dominant competitors of the full-length protein. This would
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Bem46-Homologe: bekannte Proteine
mit unbekannter Funktion

- ngenheit wurden indirekte Hinwei f
KRISZTINA KOLLATH-LEIR, FRANK KEMPKEN gg genheit wurde direkte .esg fau
je Rolle der Bem46-Homologe in einigen

ABTEILUNG BOTANISCHE GENETIK UND MOLEKULARBIOLOGIE, UNIVERSITAT KIIgL . . .
wenigen Modellorganismen gewonnen. Die-

. . . se deuten auf seine Beteiligung am polaren
The bud emergence (BEM) 46 proteins are evolutionarily conserved memy, . o000 dergSig?laItraEsduk-

bers of the / -hydrolase super family. The exact function(s) of these 5 hin [g].

proteins remains unknown. Vegetative hyphae, perithecia and ascospores unsere Arbeitsgruppe untersucht das
of Neurospora crass&RNAi and over-expressing transformants develop Bem46-Protein ausleurospora crassainem
normally, but hyphal germination from ascospores is impaired. The pro- Hyphenpilz aus der Klasse der Ascomycota.
tein is localized in the perinuclear endoplasmatic reticulum and also N. crassaist ein heterothallischer Haplo-
forms spots near to the plasma membrane. One human paralog appearsD”DIont mit einem sexuellen Hauptzyklus.

. .. Fir die sexuelle Fortpflanzung sind zwei
to be responsible for a genetic disorder. Kreuzungstypen ... a und A ... notwendig.

DOI: 10.1007/512268-012-0170-3 D_abel reifen |n“Frl.Jchtkor.pem, den. Perithe-
© Springer-Verlag 2012 cien, schlauchférmige Meiosporangien heran,
die jeweils acht Ascosporen enthalten. AuR3er-

6 Viele Gene, die im Rahmen von Genom
sequenzierprojekten beschrieben wurden,
codieren fur sogenannte hypothetische Pro
teine, denen bisher keine Funktion zugeord-
net werden konnte [1]. Besonders interessant
erscheinen unter diesen Genen diejenigen
die phylogenetisch weit verbreitet sind, da
dies ein Hinweis auf eine wichtige Funktion
sein kann. Unsere Arbeiten konzentrieren
sich auf das Gehem46bud emergencejas
kurzlich unter die Top 10 bekannter Gene mit
unbekannter Funktion known unknowiauf-
genommen wurde. Die Gruppe d&nown
unknownenthélt Gene, deren Produkte unbe-
kannte biochemische Funktionen haben, abe
zumindest teilweise bekannte zellulare Funk-
tionen [2]. Dashem46Gen ist im eukaryoti-
schen Reich universell verbreitet. Im Genom
der Vertebraten ist eine Zunahme von pa-
ralogen Sequenzen zu beobachten (A. Kumg
et al, in Vorbereitung). Eines der humanen
Paraloge 4bhd12 wurde in Zusammenhang
mit einer vererbbaren neurodegenerativen
Krankheit (PHARC) beschrieben [3].

Die Bem46-Proteine gehéren zu def -
Hydrolase-Superfamilie, deren Mitglieder alle
das / -Hydrolasemotiv aufweisen [4, 5]. Die
Gruppe umfasst zahlreiche Enzyme, die diver
se Substratspezifitaten und Funktionen auf-
weisen, wie z. B. Lipidhydrolasen, Halopero-
xidasen oder Dehalogenasen [6]. In der Ver

Abb. 1:Lebenszyklus votNeurospora crassa\, kettenférmig angeordnete (Makro-)Konidio-
sporen.B, vegetative HypherC, Mycel.D, auskeimende Ascospore. Sowohl aus Ascosporen als
auch aus Konidiosporen entwickelt sich ein septiertes Mycel. X = Kreuzung.
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konstrukten untersucht. Das Bem46:eGFP-
. e Protein zeigt einerseits eine Akkumulation
lare Lokalisation des . . . . .
Bemd46:eGEP-Proteins ™M perinukledren endoplasmatischen Reti-
in Makrokonidienvon  culum (ER) und andererseits nahe der Plas-
Neurospora crassa mamembran in punktférmigen Strukturen
Die konfokale Laser- (Abb. 2). Farbungen der GFP-Transforman-
Tli‘f;hmr;]kéozs;otpiiie ten mittels ER-TrackerRed haben die Lokali-
9 sation des Bem46:eGFP-Proteins im perinu-

Akkumulation des N L . .
Proteins im perinukle- kledren ER bestatigt [7]. Eine zunachst ver-

~ Abb. 2:Interzellu-

aren endoplasmati- mutete Ko-Lokalisation mit sogenanntexctin
schen Retikulum patchesden Ankniipfungspunkten des Aktin-
(Rieil)isowiciniplass zytoskeletts an der Plasmamembran, besta-
mamembrannahen

tigte sich jedoch nicht. Die mikroskopischen
Untersuchungen der aus den Bem46:eGFP-
und lifeact:RFP-Transformanten [8] gebildeten
Heterokaryen zeigten keine Uberlagerung der
beiden Fluoreszenzsignale, was eine Inter-
aktion zwischen dem Aktinzytoskelett und
Bem46 ausschlieRtAbb. 3).

Um Hinweise auf die Funktion des Bem46-
Proteins inN. crassazu erhalten, wurden
RNAI- und Uberexpressionstransformanten
phanotypisch analysiert. Beide Transforman-
ten zeigten normale Konidienbildung und
Konidienkeimung mit der Bildung von Myce-
lien. Dagegen fuhrte sowohl die Herunter- als
auch die Hochregulierung des Bem46-Trans-
kripts zu einer abnormalen Ascosporenkei-
mung (Abb. 4). Die Keimungsrate der RNAi-
und Uberexpressionstransformanten war

Abb. 3:Konfokale Laserrastermikroskopische Aufnahmen von Hyphen (links) und Makrokoni- gegeniiber dem Wildtyp drastisch reduziert,
dien (rechts) eines Heterokaryons aus Bem46:eGFP- und lifeact:RFP-Transformanten. Hetero- \,nd nur sehr vereinzelt wurde die Keimung
karyen zeigen keine Ko-Lokalisation des Bem46-Proteins mit dem Aktinzytoskelett.

Punkten (Dreiecke).

von Ascosporen beobachtet. Die lichtmikros-
kopischen Untersuchungen zeigten kurze Kei-
mungsschlauche mit terminalen blasenarti-
gen Strukturen, die auf eine verlorene Fahig-
keit zum polaren Wachstum hindeuten. Daher
ist von einer Rolle des Bem46-Proteins in
N. crassébeim polaren Wachstum der aus den
Ascosporen keimenden Hyphen auszugehen.
Unsere laufenden Experimente konzen-
trieren sich auf die Identifizierung von Inter-
aktionspartnern des Bem46-Homologs in
N. crassaDie Bestimmung solcher interagie-
renden Proteine kdnnte wichtige Hinweise

daruber liefern, auf welchem Wege Bem46
Abb. 4:Lichtmikroskopische Aufnahmen keimender Ascospor®rDie aus den Ascosporen das polare Wachstum beeinflusst. Da Bem46-
des Wildtyps keimenden Hyphen zeigen polares Spitzenwach$3u€).Dagegen wird die Ent-
wicklung der Keimungshyphen der RNAI- (B) und Uberexpressionstransformanten (C) kurz nach ) . .
Auskeimung gestoppt. Die Hyphen enden zumeist in terminalen blasenartigen Strukturen, die auP€!l vorkommen, sind diese Ergebnisse auch
eine verlorene Fahigkeit zum gerichteten Wachstum hindeuten. fir Arbeiten an anderen Modellsystemen von
Bedeutung. o]

Homologe im eukaryotischen Reich univer-

dem besitzt der Pilz einen vegetativen Nebennellen und Zellkernen erlaubt. Pilzhyphen

zyklus, bei dem ein- oder mehrkernige Koni-weisen ... wie z. B. auch pflanzliche Pollen-

diosporen gebildet werdenmApb. 1). Sowohl schlauche oder tierische Neuronen ... ein aui-iteratur

aus den Konidien als auch aus den Ascospaiepréagtes apikales Spitzenwachstum auf. Di?l] Bork P (2000) Powers and pitfalls in sequence analysis:
ren entwickelt sich ein septiertes Mycel, bei subzellulére Lokalisation des Bem46-Proteinshe 70 % hurdle. Genome Res 10:398...400

dem die Querwinde einen zentralen Porusn N. crassavurde mithilfe von eGFRfihan- 2 CGalperin YM, Koonin VE (2010) From complete genome

) . sequence to scompletes understanding? Trends Biotechnol
aufweisen, der den Durchtritt von Zellorga-ced green fluorescent proteReportergen- 28:398...406
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