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1 Summary

The formaton of neuronal networks dependen the proper development and
targeting of the neurons withithe network Onekey challengeduring the development of
such networks is the correctcross linkingof axons and dendtkes. Onlycorrect synapse
formation between dendrites and axonswill allow neurons tocontribute to the entire
network. Therefore @irther insights into axon targeting mechanisms will help to understand
the underlyingdevelopmental process and contribute to future cures fora number of

relateddiseases.

Generally, ace a neuron forraan axonijit startsgrowingi 2 6  NRa + OSNI I Ay

I 2 y $he dinderlying axon targeting mechanisms amntrolled by a large number of
extracelular cues provided by the extracellular mateard neighboring cellsDepending on
the neuron type, &ons travel different distances towards their future synaptic partner
During that journey the neurons, more specifically the growth cone, constantly £ome
contact with guidance cued.he growth conesymbolizesthe forefront of an axonand is
responsble to integratedifferent guidance signal®ependingon their nature, they trigger
the local assembly or disassemblytioé cytoskeleton andiltimately force the axon to turn
into a certain direction.Although dfferent guidance cuesactivate different signaling
pathways, all of these cascadewill eventuallyconverge down on the cytoskeletoihese
cytoskeletal rearrangements and changes itiraclynamic within the growth cone will
promote the turning of the entire axonin a series of events different guidance cues,

attractiveandrepulsive will guide the growth cont its respective target.

¢



Summary

In this study | used the olfactory systemmore specificalljthe olfactory receptor
neurons (ORNSs)pf Drosophila melanogasterto investigate the mechanissnof axon
targeting.The olfactory system of the fruit fly proved to be a very powerful model organism
for a number of reasongtirst, the number of genetic toslavailable foiDrosophilaallows
the manipulation of many cellular aspects. Seco@iRNs have an extremely stereotyped
targeting pattern that proved to be a good system to investigate axon targeting

mechanisms.

The work presented in this thessudied the role of the highly conserved actin
binding proteinPsidin during the developmerind targeting of ORN8$lerein,l was able to
demonstrate that Psidin uses two independent molecular mechanisms to control ORN
targeting and survivalToelucidate Psidfed NRBf S Ay (GKS I F2NBYSyiliA2ySR
two predicted null allelepsidirt (Brennan et al., 200@nd psidirr>>* (Kim et al., 2011)nd

one hypomorphic allelgsidifi®®’® (this study. The new hypomorphic allelpsidii®*’®was

O
N
puf
>
<

mappedduring this study andound to have a single point mutatiowithint & A RA y Q&

region (E320K).

The data shown in this study demonstrate that Psidin is requirtetivo different
time points during the development of the olfactory systeBuring ORN development,
Psidin is required as negatalytic part of the MNacetyltransferase complex (NatB) to ensure
ORN survival. At later stageliring development,Psidin functions as aactin binding
protein to regulate actin dynamick ultimately ensire proper ORN axon targetingwas
able to show for the first time that Psidid greviously reported functioras actin binding
protein in oocytes(Kim et al., 2011)is also itue for neurons.The bss of Psidin leads to
significantly reduced lamellipodia in growth cones of primary neuionstro. Inagreement

gAlGK t &AiRdceth @ynami® it e finding that the parallel removaltioé actin
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stabilizer Tropomyosin resges the lamellipodia defect ipsidint primary neurons. This
strongly argues for Psidirbeing an actin destabilizing protein and antagonist of

Tropomyosin

In generalpsidin and psidirr®>* mutant axons shoed severe mistargeting defects
in vivo¢ e.g. defasciculation in Or5%md Or42aneurons or ectopic synapgermation in
Or47a neuronsHowever, aons mutant for psidin®®’® displayed aless severghenotype
comparedto the null alleles.In agreement within vitro data, the parallel removal of
Tropomyosin rescued the targeting defect in Or59c neuriongiva The growth coneand
the lamellipodia are both important structurébat keepaxons responsive towards guidance
cues Therefore he lamellipodiareduction in psidin mutants is likely the case for the
observed targeting defectdNevertheless Psidin is required differentially among the ORN
classeg; the onesthat project to dorsolateral or ventromedial glomeruli within the antennal
lobe (AL) are more affected than centrally projecting clas€@RNclasses that are more
affected in psidin mutants have to turn upon entry of the AL. Therefore those classes
(dorsolateral and ventromedial) have a higher requirement of Psidin, which has to maintain

the lamellipodium, so that the axon can responcttes in the first place.

In addition, | overexpressed different isofosnef LimK and Cofilin to artificially
create conditions that favor actin stabilization or destabilizatigiore generally, conditions
that promoted actin destabilizatioand actin stabilizatiomere able to rescuandaggravate
the psidint phenotype, respectivelyin addition to the targeting defecpsidirt and psidirr®>*
mutants showed a strong reductian ORN cell numbesrin contrast,cell numbes were not
affected inpsidin®*”®mutant flies Again, ORN classes were affectifferently ¢ e.g. Or42a
neuron number was reduced by 83%, but Or59c number was only reduced by 46%.

LYRAOFGAYI t &ARAY QA T dzy Obfthe ghtidpoptotic proweinp8ENIDIA St { =
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in psidin mutant neurons selectively rescued the cell number, but failed to rescue the
targeting defectsinterestingly, the PsidifTropomyosin double mutant shau the opposite
effect; here the targeting was rescued, but not the cell number. These fisgjage strong
indicatiors that Psidin has two independent functions during ORN targeting and

development.

Psidin is predicted to bhne non-catalyticpart of the Nacteyltransferase complex B
(NatB) in Drosophila (Brennan et al., 2007)Here, Psidin (ncnatalytic) forms the
NatBcomplex together withdNAAZ20 (catalytic). This complex is thought to acetylate
nascent protein chains-érminally.In this study bdemonstratel for the first time that both
proteins interactin vivoand in vitro. Indicating that the NatBomplex is involved in ORN

15978 mutants led to a reduction of ORMNell

survival, the kockdown of dNAA20in psdin
number that is reminiscent of the cell number psidirt or psidirr®®* background. At the
same time, the knocklown ofdNAA20had no dfect on the targeting of ORNBurthermore
| was able toshow thatwild type Psidin and Psidffi”®interact with dNAA20at comparable

HGQ78

levelsin vitro. This is in agreement with the finding that thesidi allele selectively

affectsORNargeting, but not ORN survival.

In addition | was able to map the interaction domain between Psidin dhBA20
This revealed that the point mutatiofound in psidid®®’®is just outside of the minimal
interaction domain. Deletion of the entire interaction domain led tocanpleteabolishment
of the PsidindNAAZ20 interaction. Furthermore |was able todemonstrate that the
interaction of Psidin andNAA20is regulated by the phosphorylation of a highly conserved
serine residue (S678). Expression of then-phosphorylatable Psidin isoform (S678A)
rescual the targeting and cell number phenotypge viva Contrary expression of the

phosphominetic isoform (S678D) only rescued the targeting phenotype, but failed to
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restore ORN cell numben viva In line with this observation is the finding thdte S678D
isoform is unable to binddNAA20in vitro. At the same time the 6&8A isoform binds

dNAA2GCat normal levelsn vitro.

Taken together, the data presented in this watkmonstratethat Psidin has two
functions during the development and targeting of ORNs usirtgindependent molecular
mechanisms: iFst, during axon targeting Psidin is required as an actin destabilizing molecule
and antagonist of TropomyosiRsidin maintains the lamellipodia size in growth cones and
keeps the cytoskeleton in a dynamic and responsive stdigis ensures thagjrowing axons
can respond properly to various guidance cues. Secan@nsure ORN survival, Psidin is
required as norcatalyticpart of the NatBcomplex. Here, Psidin interacts withetltatalytic
subunitdNAA20 The formation of the NatBomplex isregulated by phosphorylation of a
conserved serine. In its unphosphorylated state Psidin biulld&A20and ensures ORN
survival, whereas phosphorylati@mauses theabolishment of this interaddn whichresultsin

a reduction of ORN cell number

Concluding, this thesis unambiguously skdkat Psidin is required at different time
points during the formation of the olfactory system Dfosophila It utilizes two different
pathways toensure (i)ORN survivahs part of theNatBcomplexand (ii) ORN targetings
actin binding proteinDue toits strongconservation in higher organisms, the here presented

data provideimportantinsights into the function of Psidindammalian homologues.

This workwas incorporated in the paper Stephan et &Drosophila Psidin regulates
olfactory neuron number and axon targeting through two distinct molecular mechanisms
Daniel Stephan, NatalissanchefSoriano, Laura F. Loschek, Ramona Gerhards, Susanne
Gutmann, Zmana Storchova, Andreas Prokop and llona C. Grunwald Kadpwhich is
currentlyunder review afThe Journal of Neuroscience
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2 Zusammenfassung

Das Entstehen und Funktioniereon neuronalenNetzwerkenhangt nicht nurvon
korrekten Entwicklungschritten, sondern aucton der Verknipfung der Neurerinnerhalb
des Netzwerkes alinzelnen Neurondragennur dann zum Gesamtnetzwebei, wenn sie
untereinander richtig verknlpft sindZunéchst einmal ist es naturlich wichtig degrunde
liegenden Entwicklungsschrittegenau zu verstehen. Im Rahmen dieser Arbeit habe ich
Mechanismeruntersucht, die Axone in die Lage versetzger weite Strecke hinweg ihre
jeweiligen synaptischen Partnerzu finden. Insbesondere die Auswirkungen auf das
Aktinnetzwerk innerhalb eines Neurons bzw. Axons wahrend es von einem Ort zu einem

anderen migriert, haben mich interessiert.

Zur Beantwortung dieser Fragen eignet sicdas olfaktorische System von
Drosophilamelanogasterbesonders und stellt somit eineexzellenter Modellorganismus
dar.Zum einerstehteine Vielzahl an genetischen Methoden zur Verfligungeutigezieltes
Manipulieren verschiedener zellularer Aspektermdglichen. Zum anderersind die
olfaktorischen Rezeptorneurone (ORN ein etabliertes Modell um
Zielfindungsrmechanismen von Neuronen zu untersuchBiese Mechanismen werdeaturch
eine grofRe Anzahl aextrazellulare Signal@e beeinflusst. Diese Signale kdnnen sowohl von
der extrazellularen Matrix als auch von benachbarten Zellen stam®elaldeinesdiese
Signa¢ mit dem Wachstumskegel von Axonen in Berthrung konmgst, diees lokal den
Auf- oder Abbau des Zytoskelettemus. Hierbei wird meist eine Kette von molekularen
Signalkaskden aktiviert, an deren Endereine Ver&nderung der Aktinstabilitdt im
Wachstumskegel stehtHierdurch wird der Wachstumskegel ddsetroffenen Axors

gezwungerseire Wachstumsrichtungu andern.



Zusammenfassung

Die hier vorgestdte Arbeit beschaftigt sich mit der Funktion deéktin-bindenden
Proteins Psidin wé&hrend derEntwicklung des olfaktorischen Systems iDrosophila
melanogaster Im Rahmen dieser Arbekonnte ich zeigen, dass Psidizwei voneinander
unabhangige Funktionenah Zunéchstwird Psidin als lin-destabilisierende Molekl
wahrerd des Wachstums und Findens der synaptischen Partien ORNs bendtigt
Wahrend die Axone unterschiedlichbleuronenklasserihre synaptischen Partnesuchen
hat Psidin die Aufgabe da&ktinnetzwerk innerhalb der Axone in einem dynamischen
Zustand zu haltenin vivound in vitro Experimentein meiner Arbeit zeigten, dass Psidin als
Gegenspieler zu Aktin-stabilisierendenTropomyosin agiert. Psidin kneokit Neurone sind
nicht mehr in de Lage auf extrazellulare Signal zu reagieren, da durch den Verlust von Psidin
das Aktinnetzwerk zwnflexibel gewordenist. Dies zeigt sich besonders auffallig bei
Neuronen, die wahrend der Entwicklung des olfaktorischen Systems an mehreren Stellen
gezwurgen werdenihre Wachstumsrichtung zu andersolche Neuronen zeigen einen

besonders schweren Defekt psidinMutanten.

Weiterhinist Psidin als nicht I G t @0 A A 0K DHI@S NN FEAF Sab aS Oz

(NatB) notwendigum das Uberleben der ORNs ziheim. Dieser Proteinkomplex besteht

aus einem nichkatalytischen ProteinRsidin) undeinem katalytischenProtein NAA20;

beide zusammen bilden den Nak®mplex. Dieser Komplex hat die Aufgabe Pretelinekt

nach der Translation&&rminal mit einer Aetylgruppe zu versehenn dieser Arbeit konnte

ich zeigen dassPsidn tatséchlich Teil dieses Nak®mplexes istDes Weiteren konnte

gezeigt werdendass eine konservierte Aminosdure (S678) fur die Regulation von Psidin als

Teil diesesNatB Komplexes verantwortlidst. Die phosphoablative Psidisoform (S678A)

interagiert normal mitdNAA20und ist ebenfalls in der Lage seine Funktion Aksin-

bindendes Proteinwahrzunehmen. Im Gegensatz dazust die phosphmimetische
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Psidinlsoform (S678D) nicht mehr in der Lage milNAA20zu interagieren kann aber

gleichzeitignoch alsAktin-bindendes Proteimgieren.

Zusammenfassend zeigen die Experimente dieser Arbeit, dass Psidin zwei
unabhangige Funktionen wahrend der Entwicklung des olfédben Systes von
Drosophilamelanogasterhat. Zum einendestabilisiertPsidindas Aktinnetzwerkund agiert
als Gegenspieler zu Tropomyasiim anderenist PsidinTeil des NatBKomplexesund wird
in dieser Funktiondurch die Phosphorylierungles Serins678 reguliert wird. Nur im
unphosphorylierten Zustand kann Psidin dlAA20interagieren und den NatBomplex

bilden.
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3 Introduction

A neuronal network relies on the formation of proper interconnections within the
network. It is these very connections that allow a neuronal network to function according to
its specifications. In general, a network contains three basic elemieist, processingand
output. In biological organisms neurons form all three of these components ssal
establishconnections among themselves to eventually form a netwémknature one can
find a great number of different netorks, all finetuned to masterindividual tasks.For
example, sensory networks are fitgned towards visual, auditory or olfactory cuékhe
same sensory network can differ its sizeand complexityffrom organism to organism. For
example, the olfactory system @frosophilamelanogastetis made up of 100,000 neurons,
whereas in humasiit consists of more than 100 billion neurons. Destliese and many
other differences between them, all thessdrcuits have one absolute requiremerg the
formation of functional connections within the netwde. Neurons send out their axons to
establish correct connections with dendrites of other neurons to form a network. It is
already amazing that in rather small networks (e.g. the olfactory systeidro$ophild
100,000 axons are able to find their individlwkendritic partners. However, it is even more
astonishing, if one takes into account that these axons, on their journey for their synaptic
partners, are surrounded by a large number of other célts.example, in humarthe axons

of the sciatic nerve tnzel up to one meter until they find their target.

The field of axon guidance has attracted scienfigt many years, all with the same
goal ¢ understanding the pririples and mechanisms that allowaxors to travel long
distances with great precision. Thédt part of this introduction will try to familiarize the

reader with the basic properties of the olfactory systenbDodsophileand explain why | used
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it as a tool to investigate axon guidance. The second part will fotm® on molecular

aspects withirthe growth cone of a neuron and issgnificance foaxon path finding.

3.1 The olfactory system of Drosophila

For survivalDrosophilaaaquires information about its environment from different
sensory channelg; e.g. smell, tasteand vision. To successfully navigate through its
ddzZNNR dzy RAy3azr (GKS FNHAG FfteQa oNIAy ONBFGSa |
based ondifferent sensory inputs. During its life, a fruit fly is challenged with variasks;
among them are manyhat require a functional olfactory systemm suchas seeking food
sources,identifying potential mates, locating good oviposition sites or avoiding possible
threats.5 N2 a 2 Lalkastdryl sgstem is able to detect and discriminate a large number of
volatile compounds(Firestein, 2001) The fruit fly utilizes darge repertoire of olfactory
receptors (ORs) andonotropic receptors (IRs) which are selectively tunedSchlief and
Wilson, 2010; Katada et al., 2005; Abuin et al., 208 Ejngle OR is activated by a mixture of
odors, but also at the same time single odors activate more than ond @&kcombinatorial
coding of ORallows the detection of odors in numbers that exceed by far thenber of

available receptorgMalnic et al., 1999)

3.1.1 Organization of the olfactory system in Drosophila

5 NP & 2 Lafadtdry-o@an consists of two olfactory appendagesthe antenna
(ANB) and the maxillary palpgMPs) Each of these sensory organs is covered with
specialized hairg so called sensilla. These sensilla can be subdivided into three classes

according to their morpholog (basiconic trichoid and coeloconik (Figure3.1), (Vosshall,
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Figure 3.1 |  Organization of the olfactory system in Drosophila melanogaster

(A) Electron microscope picture of a Drosophila melanogaster head with the two olfactory
appendages 1 the two antennae (arrow) and the two maxillary palps (arrowhead). (University of
Rochester) (B) The three different sensilla types according to their morphologies. (Vosshall, 2000)
(C) Distribution of the different sensilla types across the antenna. (ab, at, ac: antennal basiconic,
trichoid or coeloconic; pb: palp basiconic) (Couto et al., 2005).

2000) All three types are found on thethird segment of theantenna,whereas basiconic
sensillamake upmostolfactory sensilla types located on tih&P (Stocker et al., 1983; Singh
and Nayak, 1985)0ne individual sensillum is housing a distinct nunddelfactory receptor
neurons (ORNsj in the antenna up to four neurons and usually two neurons in the
maxillary palp. Sensilla are distributeh their respective orgamccording to theirclass
(Couto et al., 2005)This special segregatigrattern is maintainedin partin the antennal
lobe (AL), where sensilla of the saf@&class send their axons towards the same region of
the AL(Couto et al., 2005 ORNs ardipolar neuronsthat extend their dendrites towards
the shaft of ther sensillum and make a single axonal projection towardsfthia the central

brain. ORNs can express ORs from different types of receptoilies. Neuros housed in
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trichoid sensilla are mainly expressing ORs, whereas neurons in coeloconic sensilla express

the recentlydiscovered IRBenton et al., 2009)0Rs are members of the G prot@&oupled

receptor family (GPCRs). Unlike other GPCBsysophilaORs were shown to have an

inverted membrane topologyBenton et al., 2006) hwb & T2 f-herén, dnkKS a2y S
NB OS LJi 2 NE eath@RReXpreases sindglebdor-tuned ORalong with auniversal ce

receptor (Orco,formerly known a0r83b) froma repertoire of 62 different OR@Hallem et

al., 2004; Larsson et al.,, 2004; Vosshall et al., 1989fontrast to GPRCs from other

organisns, DrosophilaORsR2 y Qi NBft & 2y &aSO2yR YSaaSyaSNam (2
(Wicher et al., 2008)They rather form a complex with the universalregeptor (Orco)to

form a ligandgated ionchannel (Sato et al., 2008) Another receptor class, the IRs, has

recently been discovered in &ioinformatics screen. Similar to OR4Rs function as
heterodimers, together with one of the e@ceptors (IR&ndIR25).Neurons expressing IRs

are exclusively founih coeloconic sensill@Benton et al., 2009; Abuin et al., 2011)

There areabout 1200 ORNSs in one antenna and all of the make axoo@qgpions
towards the Al(Stocker, 2001 )After the initial autgrowth, all axons fasciculate anagether
with other neuronsform a bundle¢ the antennal nerve (ANWithin this nervebundle, they
grow towards theAL where theyfinally innervate one of the 50 glomeruhVith roughly120
ORNSs, the number of ORNsitheone MPis rather small compared to th&NT. Similarly to
the ANT all MP neurons form the labial nervéaN) which also grows towards the AL.
Eventually all ORNsnverge on the AL, where they segregate and innergiimeruliin an
ORdependent mannerThe insect AL, amany other primary olfactory centers, consists of
these secalled glomeruli. The arrangement and number of glomeruli is species specific. The
number varies from 43 irosophilato more than 1000 in lousts (Hansson and Anton,

2000) The individual glomeruli are the part of thé. where ORN axons from a single class
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converge and make synaptic contacts wiitojection neuron (PNdlendrites.PNs relay the
olfactory information to higher brain centers (e.g. mushroom baahd lateral horn).In
addition, LNs form connections betweeiifdrent glomeruli Figure3.2), (Chou et al., 2010)

Glial cells surrounding the entire AL formsacalled nerve layer around (Jefferis et al.,
2004) In some insects glial cells ensule proper insulation ofthe individual glomeruli
(Oland et al., 2008)The AL and also the glomeruli as primary olfactory centers share many
anatomical and physiological features across the animal kingdom. As mentioned,kefsre

a common structure in all insect, but can also be found in mammals. In mice, Ofgéls ta
towards the olfactory bulb rd innervate glomerulto form synapses with mitral cells, the
mouse equivalent of PN&omiyama and Luo, 2006}iven the anatomical features of the
AL, odorants will activate a certain set ORs, which in turn will activate a specific set of
glomeruli. Thicreatesa spatial representation of chemical odors in the br@lafferis and

Hummel, 2006)

3.1.2 Targeting of olfactory receptor neurons

In order to process olfactory information in the brain properly, it is crucial that the
entire network of neurons is connected in a functionalway (0 KS FNXzZA G Tt & Qa
one can find multiple levels of wiring specificifjhefirst level canbe found in the ORNSs
were the OR choicatrictly correlates withthe targeting fate of the given neurorihe
second level can be found in the PNs, which send stwone region in the braind.g. MB
and LB and dendritesto another region €.g. the Al SpecificallyPN dendrites have to find
ORN axons to form proper synaptic connectiohisere are three major types of neurons
involved in the olfactory circuitrgNg et al., 2002b)The first order neurons, the ORNSs, take

up the olfactory information at the receptor level and transmit it to the second order

2t
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Figure 3.2 | Basic wiring diagram of the olfactorys  ystem

The olfactory information is first taken up by certain ORs expressed in ORNs within different
sensilla. ORNs send their axons towards the antennal lobe (AL) and target specific glomeruli in a
class specific manner. ORNs expressing the same OR always target the same glomerulus.
Projection neurons (PNs) send their dendrites to the AL and form the dendritic counterpart for the
synapse formation between ORNs and PNs. Intrinsic local interneurons (LN) form an inhibitory
network within the AL. The AL serves as a relay station between ORNs and PNs. The olfactory
information is relayed to the PNs, which in turn send this input to higher brain center, like the
mushroom body (MB) or lateral horn (LH) (Jefferis and Hummel, 2006).

neurons, the PNs. These interneurons relay the olfactory input from thiplpeny towards
higher brain centers. The third major type of neurons is comprised of intrinsic local
interneuron (LNs), whichmainly form inhibitory but also excitatoryconnections within the
AL(Chou et al., 2010)The cell bodies of PNs and LNs are localized in three distinct clusters
surrounding the antennal lob&lefferis et al., 2001Pne can findaround 200 PNs and200

LNs irnthe averageDrosophilebrain (Stocker et al., 1990; Chou et al., 2010)

The fruit fly has become an attractive model organisnstudy the mechanisms of
axon guidanceover the past years, since it is possible to laibeividual ORN classes and
their synaptic partners in order to dissect the olfactory pathw&gpecially the highly
specific connections between PNs and ORNs Hhaeen studied to understand the
underlying mechanism of this complex wiriigomiyama et al., 2004a; Sweeney et al., 2007,

Bashaw, 2007)Several important aspects of this compleiring were addressed by many
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researchers during the last yeard/hat mechanisms allow the formation ah olfactory
systemwith this high degree of stereotypy and precision? What mechanisms are required
for this high degree of accuracy?evious studieprovide evidencehat the entire process

of axon guidance is a mulitep process, which requires different molecules at different
points during distinct developmental staggkefferis et al., 2002}t has been suggested that
both neuron populations (PNs and ORNs) are somewhat autonomous with sdgatttkir
specification and targeting. Initially, both neuron types form a coarse targeting map, prior to
interacting with their future partner, anddyatii KS f I ad adSLla o02dK aYl LA
the respective counterpartlefferis et al.2004) ORNs depend on the map formed by PNs as
they will form synapses with respective partner PNs. Mistargeting of PNs results in a
corresponding mistargeting of ORK8pletter et al., 2007; Tea et al., 2018)nce the spatial

organization of ORNs in the maxillary palp and antenna ispartjally maintained in the AL

(Cauto et al., 2005)other mechanismhave to contribute toensure proper ORN targeting.
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Figure 3.3 | Targeting of ORN axons is a multistep process

(A) Before the ORNs reach the AL, PN dendrites have already formed a
protoglomerular map. At around 15h APF ORN axons reach the AL and will project
into the periphery (nerve fiber layer) around the AL. They will start innervating their
target glomeruli in several discrete steps. From the nerve fiber layer ORN axons will
sort out into three different zones. Here axons projecting along the same zone are
still bundled. At around 30h APF axons will further sort out. Axons will defasciculate
from each other and only axons from the same ORN class will stay together. The
assembly of first axonal-dendritic contacts between the PNs and ORNs happens at
around 40h APF. Later during pupal development these glomeruli mature further and
develop into fully functional units. (B) Representation of the different steps of ORN
targeting. Scheme is representative for ORNs from the ANT, but the same
mechanisms can be found in the MP. ORN axons start to form and grow out of the
ANT in three main fascicles formed by the basiconic, trichoid and coeloconic sensilla
housed ORNs. Here attractive cues promote the bundling of axons form the same
sensilla type. Later all three fascicles merge together with axons from non-olfactory
neurons (blue) into the antennal nerve (AN). Again attractive guidance cues promote
the formation of the AN. Non-olfactory axons will sort out of the AN early. Once the
remaining axons reach the AL, repulsive cues trigger the sorting into three main
projection routes (dorsal, medial or ventral). In the last step, axons of the same class
sort out and target a specific glomerulus, where they will form connections with the
PN dendrites. (C) The targeting of ORN axons follows certain rules: (1) Axonal
convergence: ORNs expressing the same OR will always target to the same
glomerulus. (2) Topographic projection: The sensilla distribution on the ANT is
mai ntained in the brain. ORNs from fia
parts of the AL, respectively. (3) Non-topographic projection: Spatial representation
in the ANT is not always maintained, so that ORNs from the same sensillum target to
entirely different glomeruli. Adapted from (Jefferis and Hummel, 2006).
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Neurons housed in neighboring sensilla are more likely to target adjacent glomeruli
(Couto et al., 2005puring development ORNs start to fronoas and grow out of the third
antennal segment in three main fascicles to form the @Naveri and Rodrigues, 2002)
These three main bundles represent three main clusters of ORNs within the antenna. During
this initial step intra and interclass adhesion factors are required to ensure that the
fascicles are formed, whichventually converge into the antennal ner¢ggomiyama et al.,
2004b) Once theyeft the third antennal segmenORNs merge with other sensory neurons
0SPIPd | dZRAG2NE ySdzZNPya FNRY {K@thinddekbyndld.2 y Q&8 2 NE
It is believed that @ntinued action of interclass adhesion forces are required to maintain
the antennal nerve. This changes as soon as the first neurons segregate from the antennal
nerve in order to project to towards other brain centers (e.g. antennal mechanosensory and
motor center). At this point repulsive intelass forces are activated to sure segregation
of distinct neuron types. Eventually the antennal nerve will reach the antennal lobe, where
all ORNs will spread out over the peripheral nerve fiber layer around the antennal lobe
(Oland et al., 2008; Hummel and Zipursky, 2004; Hummel et al., .2803his point the
ORNs split into three main projection routes dorsolateral, central and ventromedial route
(Ang et al., 2003)ntraclass adhesion ensures that axons from the same ORN class converge
on the same glomerulus, but at the same time intdaiss repulsion ensures that neurons
from different classes are separated accordir(@go et al., 2000Dne of the firstmolecules
shown to beinvolvedis the cell surface protein DscarBofvn Syndrome Cell Adhesion
Molecule)and its downstream effector the serine/threonine kinase Pak and the adaptor
Dock It is believed that Dscam can provide a neuronal identity sndecessary for some
hwba G2 RAAGAYAdzA & Ka SiSTies SHBBdzedBIEE 2808 AIthogR Gy 2 y

Dscammutants show severe targeting defectnost axons are still able to grow towards the
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Figure 3.4 | Map of different ORN classes and their projections into the antennal lobe

(A) 3D reconstruction of the antennal lobe showing 49 glomeruli. The view starts anteriorly and
stepwise goes posteriorly. Color code represents the sensilla origin of the ORN innervating a
particular glomerulus (see Figure 3.1C). (B) Antennal lobe showing the innervation patterns of
different ORN classes. The different Or-reporter lines are either direct fusion with mCD8-GFP or
were crossed to UAS-mCD8-GFP. Brain were stained with anti-GFP to visualize the ORN axons
and counterstained with the presynaptic marker NC82. ORNs show a very stereotyped targeting
pattern i axons of ORNs expressing the same OR always innervate the same glomerulus. (Couto
et al., 2005).

antennal loke. They often stopprematurely and form ectopic glomerulHummel et al.,
2003) Similarly, dock and pak mutants display a severely disrupted targeting pattern
forming ectopic connectio across the entireAL (Ang et al., 2003)Iinterestingly,the class
specificity is naintained indscammutants Another important class of guidance molecules is

the family ofRobo Raundabout) receptors. The different receptors, Robo, Robo2 and Robo3
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are expresseg@crossthe ALin a complementary patternrRobomutants show mistargeting
defectsin the initial positioningof ORNaxon terminalsshortly after they enter the antennal
lobe (Jhaveri et al., 2004)The differential expression of the Robo receptors seems to
instruct the axons whicbne of the three main projection routes they should tagtaveri et

al., 2004) At later stages, after the axastarted to innervate the protoglomeruli formed by
the PNs, NCadherin, a Gadependent cell adhesion molecules is requirgtbmmel and
Zipursky, 2004)In this final step local shortange inter and intraclass interactions lead
axons that express the same OR towards a distinct protoglomeriNesadherin is required

to promote intraclass adhesion and tstabilize these protoglomerul{(Hummel and
Zipursky, 2004)Ncadmutants show a severeefiect in glomerulus maturationrORN &ons

still targetto their correct target zone, but fail to form synapses with the PNs and eventually
will fail to form mature glomeruliAdditionally, Ncadherin is also required in PNs, avé it
restricts PN dendrites to a single glomerulNsadmutant PNs show a spilter of dendrites

into neighboring glomerul{Zhu and Luo, 2004}t was shown that Sem#a is required to
promote interclass repulsion forcefLattemann et al., 2007 Semala mutant ORNs are
unable to sort out and intermingle with other @ifasses at ectopic glomeruli. Another group
could show that Semdaa ads together with PlexinA to mediate repulsion to early arriving
ORNs in the antennal lob&weeney et al., 2007)n £malaor plexAmutants these early
arriving ORNs are no longer restricted in their targgtewrea and spread out over the
antennal lobe Recently, the transmembrane protein Teneurin was shown to be involved in
the final steps of synapsepecificity andformation. Teneurins instruct specific ORNI
matching through homophilic attractiorfHong et al., 2012)Differential expression of
Teneurin isoforms could provide a combinatorial code required to instruct the different

ORNPN populatios to form synapse. Ectopic expression of Teneurins leads to a
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mismatching of ORIRN pairsAnother molecule, Notch, is involved sgveralsteps of ORN
development(Lieber et al., 2011; Lin et al., 201@&arly during development Notchvels
regulate, which OR will be expressedaimgivenneuron. Later, all neurons that were Notch
positive at this point collectively target to a specific area of the AL. The antennal lobe can be
divided into two complementary regions, a Not€iN and NotcFOFF region. It was shown
that ORNSs project tthesedistinct regions in a Notedependent mannefEndo et al., 2007)
Another protein that is involved in the receptor choice decision, A@bnormal
Chemosensory ump 6), is also involved in the targeting of ORM®miyama et al., 2004a;
Baietal, 2008 ! ytA1S Ay Y2dzaS: G(KS SELINBaairzy
targeting of the ORN. Firstlyhe expression of ORs is turned relatively late inDrosophila

at a time point where the ORNs have already reached ttagget zone Secondly, it was

shownthat misSELINBaaA2y 2F hwa R2S3&giORNSDdbiitsa st  KS

al., 2003) All these different moleculeact at different steps during the complex process of
axon sorting and synapse formatidbepending on the temporal requirement of a molecule,

its malfunction can leatb global or local axomistargeting.

Toconclude with5 NP & 2 Laadtdryl sgstem is great tool to investigate axon
guidance for a number of reasons. Firstly, the clgscific targeting of ORN axons is highly
stereotyped. Thisallows a thorough analysis in a great nhumber of animals. Secondly,
5 NR & 2 lolfadtdrylsy@tém shares mangdtures withthat of mammals Working with the
FNHAG FteQa 2fFFIOG2NE aéaisSY NBRdzOSa GKS
mammalg, but at the same time has enough homology to mammalian systendsscover
general mechanisms fdrigherorganisns. Lastly,in Droophilathe greatnumber of genetic
tools allowsthe manipulation of all componenstof the olfactory system even individual

ORN classes.
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3.2 The neuronal cytoskeleton

If one seeks to understand the mechangaf axon guidance, one has to lookt
only at the cellular level (e.g. ORNSs), but also at subcellular levels. Here the growtbfcone
axons is of special interest. As the growth cone is the tip of the growing axon, it is the first
part of the neuron thatcomes into contact with guidance cues. As explained before, axon
guidance is believed to be a mudtiep processn the olfactory systenfFigure3.3). A every
decison point the ORN axon is exposed to different mixtuweguidance cues, which can be
repulsive or attractive Depending on the guidance cues, axons eoatinuing to grow,
stalling growth @ changing direction of growtlg in all three cases the axon undgres
changes in its actin cytoskeleton. It is the actin cytoskeleton that enables the axon to grow
into certain directions in the first place. The following chapter will familiarize the reader with
the two major componery of the cytoskeletong actin filaments, microtubulesand their
different properties Lastly, | will introduce the structural features of the growth cone and it

functionsas an integrator of multiplguidance cues during ORN axon guidance.

3.2.1 Actin filaments and microtubules

Actin is @ essental cytoskeletal protein and also one of the most abundant cellular
proteins (Fine and Bray 1971). Its importance is also reflected in the degresgoénce
conservation. Drosophila exhibits at least six differenaictin genes encoding different
isoforms (Tobin and Zulauf, 1980)n neurons the predominant isofosrare i -actin and
+-actin, which differ only in a few amino acids. Actin is a globular protein and has a size of 43
kDa(Holmes et al., 1990)ndividual attn molecules are refead to as monomeric actirc

actin), which can under certain conditionsolymerize into filamentous actirfFactin).
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Figure 3.5 |  Structural features of actin filaments

(A) F-actin is a polar filament. The majority of actin monomers are added at the plus (barbed) end,
whereas most of the dissociation happens at the minus (pointed) end of the filament. The ATP-
status of the individual actin monomers in the filaments changes from ATP bound, to ADP-P; to
ADP bound with progressing life time within the filament. Monomers dissociated from the filament
are in part recycled and again become part of the G-actin pool. Monomers are recruited from that
pool for addition to the plus end of filaments. Within a growth cone, the plus end is facing the
leading edge of the cells, whereas the minus end is facing the T zone. Adapted from (Dent et al.,
2011). (B) 13-mer of an F-actin filament with the two single actin chains colored in light and dark
blue. Together the two intertwined chains form a helix with a diameter of 7 nm. Adapted from
(Bugyi and Carlier, 2010) and U.S. National Library of Medicine.

Although in the cell both véants are present Factin is the major component forming the
cytoskeleton. Therefore many studiéscus on Factin. The process of actin polymerization
from monomeric Gactin into filamentous factin forms the essential basis for all actin
dynamics in a@al. The generation of Hctin from a pool of &ctin requires two different
steps. The first step requires the initial nucleatioradew actin monomers from the-&ctin

pool (Tobacman and Korn, 1988) ¢ K A awill éeiivEaS & Isasic scaffold for a contirus
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polymerizationto further elongate the filament(Kasai et al., 1962)in the process of
polymerizationG-actin functions asan ATPase, hydrolyzing AT®PADP to catalyze actin
polymerization (Pollard and Weeds, 1984Due to the consumption & ATP during this
process,Factin formation is considered to be major ATPsinkin cells. It is known that F
actin can form spontaneously under certain conditidnsyitro (Cooper et al., 1983; Buzan
and Frieden, 1996However, a minimal concentration of-d@&tin is required, which allows
individual monomers to form seed@&oestler et al.,, 2009a)Compared to thein vitro
situation, a living cell represents a far more complex environment under whitih ean
polymerize Actin filaments have a diameter ofrfim and consist ad two-stranded helix with

a right handed twist Factin is a polarized filamenwith the two different ends called
Gol NDSR¢ | YR s, ddspedtively Bothé endS Vidwe differen polymerization
dynamics.¢ KS & 6 NRSR¢ ere8 yoRoe theé fasOgovind &ndwhereas the

G LJ2 A ysiih® Blaw growing end of the filame(®mall et al., 1977)n generalthere isan
equilibrium between thaemoval and addition of @ctinto Factin, whichhappens at both
ends ofthe filament (Pollard, 1986) However, the concentration of -Gctin needed to
FEOAEtAGIGS AG&a RRAGARZY (2 GKS FrsMjthaSafid A& AAE
0KS &Ll A 6 SR {Poll&g/ RI86) This imbalance eventually leads to one fast
growing endand anotter slow growing end of-&ctin. Interestingly in most living cellshe
cytoplasmic @ctin concentration (100 pM) issignificantly higher han the critical
concentration for actin polymerizatiof0.1 pM) Giventhatmnn >a LJdzZNBE | QG Ay LI
in vitro in a few seconds, leaving only very littlea@in (Pollard et al., 2000Q)one could
speculate thain vivoeventually all Gactin should polymerize into-&ctin. It is believed that
certain proteins, so chd actin binding proteinsnot only bind actin, but also strongly

influence the availability of actin monomers, the initial nucleation and nmathgr aspects.
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Figure 3.6 |  Structural features of microtubules

Microtubules are polar compounds with a plus and a minus end. Tubulin subunits are usually
added at the plus end and dissociate from
a GTP state and then rapidly converted to a GDP state. Microtubules form a hollow structure
with a diameter of 25 nm. The process of microtubule shrinkage is termed catastrophe,
whereas growth is called rescue. Adapted from (Dent et al., 2011).

Usingactin binding proteingnd nfluencing the turnover rate of the filamepthe cell is able
to tightly control its actin cytdseleton. Actin filaments can be organized in different forms
depending on the presence of additional proteins. For example, actin bundling pré¢eins
Fasdn) (Cohan et al., 2001)promote the formation of linear actin bundles, whe®
branching proteins (e.gArp2/3) (Mullins et al., 1998promote brancled or interconnected

actin networks.

The secondimportant component of the cytoskeletors the microtubules (MT)
whichO 2 y & A & {y Reiblulin 'subunitsand can beup to 10 > Ylong. Furthermore they
are hollow cylinders with a diameter of 2in. It is believed that MTs provide the structural

support, which is used to transport organelles throughout the cell using motor proteins
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(Hirokawa and Takemura, 200&tructurally MTs are polarized molecules. Tubulin subunits
are more rapidly attached at the fast growing plus (+) end, whereas the minesd is the
slower growing endHirokawa and Takemura, 2004h neurons MTs are formed in the
centrosomal region and extend towards the periphery, where the m{fusnd is facing the
centrosome. The plus (+) end exhibits a dynamic instability, where MTs undergo cycles of
assembly and disassembfyanaka et al., 1995)The organization of MTs is regulated by
proteins called microtubul@ssociated proteins (MAPs). These proteins bind MTs and
regulae all kind of aspest such aghe assembly/disassembly rate t¢ine binding to actin

filaments.

Together MTs and actin filaments control and maintain the shape of axons. Changes
in neuronalmorphologyare always a result of changes in the cytoskeletore miwtility of
neuronsand cells in generalstrictly depends on actin filaments. MTs have the additional
function to serve as a platform for intracellular transport. Actin and MTs also directly
interact, when it comes to steering the growth cone intoeoor the other direction.The
following chapter will explain how both structures together form the growth cone and

influenceactin dynamics

3.2.2 The growth cone

Neuons require actin filamentdo form, extend and guide their axons and
dendrites. The cytoskeletoproduces the necessary force that allethe neuron to extend
forward. The growth cone is composed of two main structurédopodia and lamellipodia
Theseare two fundamental cellular structures that provide cell motilipuring axon

guidance the growt coneas a whole (especially filopodia and lamellipodia) seagesensor
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and integrator of guidance cug€hacon and Fazzari, 2011; Chauvet and Rougon, 2009;
Zheng et al., 1996)An axon receives cues from the extracellular matrix (E@Mlirectly

from neighboring cellswhich can either be attractesor repellent Usually axons receive
more than just one stimulus. At this point the growth cone functions as an integrator of all

these differentcues(Rose and Chiba, 1999)

F-actin network F-actin bundle

Filopodium

[ central domain /
[ Transition zone
O Perpherial domain

Figure 3.7 |  Structure of a growth cone

The structure of a growth cone greatly correlates with its function. The leading edge consists

mainly of filopodia, which contains long Fract i n fi bers. Filopodi
explore the surroundings of the growth cone to detect guidance cues. Filopodia are
separated by lamelli podi a, whi ¢ h -tke actinanetwork.aThefigrwtlk doide itself

consists of three different compartments. The peripheral (P) zone contains the rigid F-actin
bundles that form the filopodia and the highly branched actin network of the lamellipodia. The
central (C) domain encloses the stable region of the axon shaft, which contains microtubule
bundles. Individual pioneering microtubules can grow from the C-domain towards the
P-domain to explore new filopodia. The transition (T) zone is separating the C- and P-zone
with a ring of perpendicular F-actin. This so called F-actin arc can generate a contractile force
using actomyosin motors.
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Growth cones can receive repelling cues, which will induce a coltdpgdds and £
actin fibers or they can receive attractive cues, which inducextin polymerization(Fass
et al., 2004; Marsick et al., 2010; Gallo and Letourneau, 2082 example, Robo or
Semaphorins are well characterized guidance remepi the growth coneboth mediating
repulsion(Murray and Whitington, 1999; Fujisawa and Kitsukawat, 198&h this chapter |
will first introduce the different structural features of the growttone followed bya

description re@rdingits functionin axon guidance.

The growth coneconsists of three distinct compartmenta central domain (C
domain), a transitional zone {done) anda peripheral zone (flomain). Tie Gdomain
follows the axonal shaft and consists mainly of bundiedl stable MT This part of the
growth conerepresentsa stable basis and least dynamic partaiy organelles and vesicles
are localized heresing the MTs for transportatiofHirokawa et al., 1998pinglepioneering
MTs start to grow further towards the dipodiainto the Rdomain These pioneering MTs
explore their surroundingfor a suitable position to form a new, stable Miindle (Forscher
and Smith, 1988)Theedge of the growth conethe Rdomain,is made up of longrigid ~
actin bundleg(filopodia) anda meshlike network of hghly branched fctin (amellipodig
(Bartles, 2000; Small et al., 197Fpgethe, these two structuresct as sensafor guidance
cues inthe P-domain A third compartment, the Zone, separates the-@main from the
P-domain. An Factin arc perpendicular to the MTs ofd@main can be found in the-Zone
(Schaefer et al., 2002This arc separates the highly dynamic partd@nain) from theless
dynamic part (€lomain) of the growth cone. It aldmelieved torestrict pioneering MTs on

their way into the Pdomain.
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Filopodia s

Lamellipodium

B Filopodium Lamellipodium

# Actin/Profilin complex
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Figure 3.8 |  Actin network in filopodia and lamellipodia

(A) Typical growt h <cone dlikesgiructrgs af the filopodia dn ahe fef. -ractid
bundles are visible green. Microtubules are visible in red and make up the axonal shaft. Lamellipodia are
displayed on the right in green. In contrast to the filopodia, a highly branched actin network is visible.
Adapted from the University of Wisconsin-Madison. (B) The rigid F-actin bundles in filopodia are formed
byFractin and bundling proteins. Monomer i c arch eand
binding proteins. S e v e r iemdgnd Is fagiliparch by actintsevérihgeprot@ipsoTihe
constant retrograde flow of actin filaments is depicted by the black arrow. In contrast, the lamellipodium
forms a highly branched actin network. The actin mechanics are comparable to filopodia. Adapted from
(Dent et al., 2011)
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Lamellipodia are flat shedike structures, while filopodia are thin spiltie
protrusions(Medalia et al., 2007; Small et al., 197Bph act as sensors of the extracellular
environment. Although both structures are formed by actin filaments, the organization of
these filaments is fundamentally different. Thesfatiences provide different properties to
lamellipodia and filopodia. Lamellipodiantribute to themotility machinery of the neuron
and havea complicated geometric arrangement of actin filaments, which@ganizedin
highly branched actimetworks(Huber et al., 2008)At the periphery of lamellipodisabout
prr 2F Lttt FOGAY FAEFYSyida KFE@GS (GKSdgHdIFlF &0 3INEP
the growth cone(Small et al.1977) It has been shown that Arp2/3 is required to generate
this actin meshwork in nomeuronal cells(Mullins et al., 1998; Cooper et al., 2001)
However, it is still controversial whether@®/3 is also required in neuronblere, theactin
fibers form a dense network of crig®ssing filaments rather than branched filaments

(Strasser et al., 2004)

Filopodia extendowardsti KS LISNA LIKSNE 2F GKS 3INRgOUK O2yS
explore the environmen{Gomez et al., 2001Dn averageneuronal filopodia are 8 > Y
long. Usingtheir characteristic shape, filopodia greatly increase the extracellular area that
can be used to detect guidansgnalgGomez et al., 2001pue tothe circular arrangement
of the growth cone and filopodia, even small changes in the filopodiahdegd to large
changes in the area that the neuron carobe forguidancecues Within a single filopodium
the majority of all actin filaments are arrangjeas bundleswith their fast growing end
60l NDbSRé SyYRO FI OAy 3This fdentiakrdageriefit allowsSthe T A £ 2 L2 R
ASYSNI A2y 2F | LINRGNHzAAGS F2NDS Ay GKS RANBOI
polymerizes. This force is eventually driving the membrane outwaydditionally, filopodia

can serve as synaptic precursdiS«ino et al., 2007)Here, filopodia act as dendritic spine
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precursors. After the initiaencounter with an axon terminal &s been made, filopodia
undergo a metamorphosis and graduallghift their Factin network towards a mature

synapsgTakahashi et al., 2006)

3.2.3 Axonal growth

Actin filaments are transient structures that undergo cycles of polymerization and
depolymerization. Actin filament turnover rates can be increased by positive regulators, such
as ADF/cofilin, which is regulated by extracellular sigf@é&hler et al., 2004; Sarmiere and
Bamburg, 2004)Conversely, inhibition of actin turnover results in the blocking of axon
extension, whichis followed by a growth cone collapse. Turnover rateliffer between
lamellipodia and filopodigMallavarapu and Mitchison, 1999j is believed that the lower
turnover rate in filopodia is required for the maintenance of its antenna like structbado
and McAllister, 2003)A second mechanism that is important for the regulation of the actin
network is the retrograde flow. This term describes the flow of actin monomers from the
leading edge of the growth cone towarttee central domainBrown and Bridgman, 2004)

The retrograde flow is generated by myosin forces pulling back actin filaments tewsd

center of the growth conéLin et al., 1997)Many different myosin motor proteins seem to

play an important role in the generation of the retrograde fl¢liefenbach, 2002)Apart

from myosin motor progins, another factor controlling the retrograde flow rate is the so

OFftf SR avy2ftSOdzA I NJ Of dziOKé @ ¢KA& GSNY¥Y RSAONAROSA
the actin cytoskeleton and extracellular signal is formed. More specifically, an extracellular

signal activates &ransmembranereceptor, which in turnrmediatesthe linkage with actin

filaments. Recent studies have identifieatctin binding proteinsas mediators of this direct

interaction (Hu, 2004) This physicalink is able to reduce the retrograde flow of actin
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molecules (Suter and Forscher, 2001Y&en together, there are variousnolecular
mechanisms and proteins influencing the two main aspects of actin dynartfies
L2t @YSNAT FGA2Y NI GS | (retragid® flow GdteNDgSthet, btls y R

determine the protrusion dynamiasithin the growth cone.

The process of axonal growth can biévided in four main stages:encounter,
protrusion, engorgement and@onsolidation(Goldberg and Burmeister, 198@jigure 3.9).
During the protrusion phasthe growth cone comes into contact with an attractive cée.
ligand from the ECM binds a guidance receptor of the groedhe, which triggers the
formation ofthe Y2 € SOdzf I NJ & Of dzil OKé¢ ® ¢ KA & ftaltih fow. G 2
Nevertheless,Factin polymerization continues at thébarbe end of the filament.
Flopodia as well as lamellipodia rapidly extend forwarttl push the membrane outward
(Footer et al., 2007)During exgorgement the actin between the central domain and the
attachment site is severed and cleared. As a consequence-#iatir-arc realigns towards
the new site of growth. This is followed by an invasion of MTs, which are guiddtbby
Factin arcs.During the consolidation, microtubules are cprassed into the newly formed
Gdomain by myosin generated forces. The motor proteins are located in-#wtif-rarc and
also promote the retraction of filopodia from the area of new growth. This fmrth

consolidates the new axon shaft.

In general all three stages ok@n outgrowthinvolve major rearrangemesniof the
neuronal cytoskeletomw starting from the binding of a guidance receptor, which initiates the
Y2t SOdzf | NahdcéeinglmithOtKesrapid Factin growth and consolidation. Overall
different guidance cues can have different effects, but they all act on the

cytoskeleton ¢ activating or deactivatingcytoskeleton regulating proteingactin or



NS Introduction

microtubule binding proteins These proteins shiithe balance between-Bctin and Gactin

in one or the other direction, triggering actin polymerization or depolymerization.

A Encounter substrate ' Engorgemen
i

C domain moves forward

D Consolidation

New axon
shaft formed

Filopodia and lamellipodia
extend forward

— Microtubules U C domain
— F-actin [T zone
Substrate [[] P domain

Figure 3.9 | Different stages of axon outgrowth

Drawings represent the four different stages of axon outgrowth. (A) The leading edge of the
growth cone comes into contact with an attractive cue. This activates guidance receptors and
their downstream targets. (B) Filopodia and lamellipodia rapidly extend towards the attractive
cue. A mol ecul ar ficlutcho locally Ilinks ac
membrane. In addition, at the site of activation the retrograde flow of actin is reduced, which
further promotes the extension of filopodia and lamellipodia. (C) Microtubules from the
C- domain push forward to the leading edge. Fract i n behind the mol e€
and removed. (D) At last, microtubules are compacted along the newly formed axon shaft by
actomyosin generated forces. Actin in that area is depolymerized and removed. Adapted from
(Lowery and Van Vactor, 2009)



3.3 The growth cone as a signal integrator

The growth cone has to respond to multiple sowoé spatial information, which

Introduction

can lead to different reactions of a neuron. If confronted with attractive cues, the growth

cone will promote forward movement. If faced with a repellent cue, the growth cone will

stall the forward movement until a new attragé cues is recognized. More often the axon

will deal with a situation, where the growth cone is confronted with a spatial bias. In this

Guidance cues
and receptors

Netrin

Ephrin UNC5/DCC

Semaphornin
Plexin/L1

| @ GEF
< GAP
< Rho GTPase
(ﬁw}] 42,‘ Integration
[ / RhO
\c_s_rf,f \GD?/
(Actu.-e]\—/ ﬁ1Imo:t ve) Coondination
GTP GDP
"""""""""" @ Cytoskeletal
/ \ effectors
@ @ E&mD @
Acromyosin. F-actin : Effect
contraction dlsassernbly_ | polymerization
Figure 3.10 | The growth cone as an integra tor of different guidance cues

Rho family GTPases act as integrators of different guidance cues. Rho GTPases require
GTP for the activation of their downstream targets. They are active in their GTP-bound state
and inactive in their GDP-bound state. Many receptor/ligand pairs activate so called GEFs or
GAPs. These proteins promote the exchange of GDP for GTP or vice versa, and thereby
activating or inhibiting Rho GTPases. Subsequently, they activate downstream actin
modifying proteins. Activation or inactivation of these cytoskeletal modifiers can trigger actin
polymerization or depolymerization , as well as actomyosin contraction, which ultimately
result in a turn of the growth cone. Adapted from (Lowery and Van Vactor, 2009).
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case major cytoskeletal rearrangements will lead to a growth cone collapse on one side and
a buildup on the opposite s&d This will eventually lead to a turning movement of the axon
towards the attractive cueln order to reachts designated target zone, axons have to be
able to respond properly to these cues. The growth cone of a netirerefore acts as an
integrator of all these guidance signal$nterestingly the filopodia and lamellipodia are
crucial to this procesgGomez et al., 2001)When the formation of both is artificially
suppressed, axons are unable to detect local guidance @gerwal et al., 2012 he path

of a single axon is usually subdivided into smaller segments, challenging the growth cone
with choice points along the wayVilson, 2010)Guidance cues usually activate Racl, Cdc42

or other GTPasef_ucanic and Cheng, 2008g Mt al., 2002a; Hall and Lalli, 201These
L2AaAGAGS OdzSa 1SSL) ANRgGK O2ySa a2y 4gitNl O ¢
Sema3A oEphrins stop axons from invading certaaneas(Piper et al., 2006; Aizawa et al.,
2001; Sahin et al., 2005\ cting as signaling nodes, Rho family GTPases are key proteins in
cytoskeletalrearrangementgNg and Luo, 2004; Hall and Lalli, 20 ®ivated by guidance
receptors, Rho GTPase regulatoare either activating or inhibiting Rho GTPases. This can
lead to actomyosin contractien Factin disassembly or-&ctin polymerizationOne recently

well described pativay is the interaction betweenefaphorin and Mical, which leads to
Factin disassemblyHung et al., 2010)n another recent publication the same group could
show that Mical is physically interacting and modifying actin to promote i
depolynerization (Hung et al., 2011 Nevertheless, in a living organism a growth cavik

detect multiple positive and negive signals at the same time, which are integrated by Rho
GTPases. These proteins function as signaling hubs, since they are the downstream targeting
of many guidanceeceptors Figure3.10). Additionallevels of control arehe so called GEFs

(Guanine Nicleotide Exchange Factor) and GAPs @TPaseActivating Protein), which

R dzN
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inactivate and activate GTPases, respectiy@ghmidt and Hall, 2002Many guidance
receptors also have GEFs or GAPs as downstream targets. One can easily imagine that
several GAPs and GEFs have the same GTPase as target, so that different guidaace signal
can converge o single GTPase. This single GTPase intagretalifferent inputs and will

eventually be activated or inhibited.

34 Psidin

ORN axons like other axons use a variety of axon guidance cues to find their target
glomerulus as described above. A major ainthis thesis is to understand hodownstream
signaling pathways includiragtin bindingproteins such as Psidin, function in the context of
ORN axon guidance. Psidin has recently been identified as an APB, but so far nothing is
known aboutits role in neurons and axon guidanda.this last part ofthe introduction | will

give an overview at what is known about PsidinTo this date, only wo studies

K471STOP

(psidin®P%)
K441STOP
(psidin’)

E320K
(psidin'®978)

0 23147 264 645 948

W I

Tpr predicted  Coiled
domain NatB interaction coils
domain

Figure 3.11 | Protein structure of Psidin

Psidin contains three main domains: the tetratricopeptide (TPR) domain at the N-terminus and two
coiled coils at the C-terminus and a putative NatB interaction domain in the middle of the protein
chain. Three different alleles were used: the two predicted null alleles psidin®, psidin®** and one
hypomorphic allele psidin'®®".
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investigated the role of Psidin iDrosophila The following section will present and discuss

the findings of both studies and provide a framework about what is known about Psidin.

The 5kb long psidinlocus codes for a protein that is 948 amino adaiyy andhas a
size of approximately 110 kDa. The only isoform that has been discovered so far is spliced
from 7 exons. Psidin contains, at itstédminus, a tetratricopeptide domain (TPR domain).
This domain is known to mediate direct protgirotein interactionsé 5 Q! Y RNBIh X Hnnoo
addition, there are two coiled¢oil domainsat the Gterminus of the protein, which usually

mediate protein dimerization(Burkhard et al., 2001)

Psidin is highly conserved from yeast to mammals. It is known to be the homologue
of the yeast protein Mdm20, whicks the noncatalytic part of the Nacetyltransferase B
complex (NatB). Psidin is 7% identical and 22% similar with MdB2hnan et al.2007)
Most of the data about the NatB compleare derived from studies conducted in
Saccharomyces cerevisjaghich is known to have at least three diféet characterized Nat
complexes(Polevoda and Sherman, 2003Hh general, Nat complexes consist of one
catalytic subunit and one auxiliary subunit, which in yeast are Mdm20 [HatB,
respectively. Together they form a complex, which acetylatkEsge number of proteins at
their Niterminus cetranslationally.Although a consensus sequence has bieemtified for
the NatBcomplex in yeast (MetiGlu or MetAsp)(Polevoda and Sherman, 2003bply few
targetsare known such aslropomyosin in yeas{Singer and Shaw, 200Furthermore,in
human cell culture the NatBomplex was shown to regulate the cell cycle, possibly via the

acetylation of the antapoptotic protein p21(Starheim et al., 2008)

Psidin wadirst identified in a screen for modifiers & NP2 a 2 Lidknurie Isy@tém.

The loss of functio phenotype suggested that Psidin is required in larval blood cells to
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engulf and degrade bacter{rennan et al., 2007).arval blood cells are part5fNE2 a 2 LIKA f | Qa
defense against infections. Usually these cells engulf bacteria and digest them inte@rder

clear an infection. However, food cells mutant forpsidin are still able to engulf these

bacteria, but fail to digest them. In additiopsidinmutant larvae faito activate the entire

repertoire of antimicrobial peptides. It was therefore suggested that Psidin is required at

crucial stages of phagocytosis ardso for the activation ofadditional downstream

moleculegBrennan et al., 2007

In the second studywan additional function of Psidin was discoverada screen for
modifiers of border cell migration iDrosophilaoocytes,psidinmutant border cells showed

severe migration defectBorder cells uslly migrate from theip of the ovarytowards the
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Figure 3.12 | Psidin as an actin binding protein

(A) Psidin (arrowhead) is bound to F-actin (arrow) and can be found in the pellet (P). In the
absence of F-actin, Psidin only localizes to the supernatant (S). (B) Psidin is able to form
homodimers. (C) Tropomyosin binds to F-actin. In the presence of Psidin, less Tropomyosin is
bound to F-actin. Psidin competes with Tropomyosin for the binding to F-actin. Modified from
(Kim et al., 2011).
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centerin order to separateghe nursing cells from the oocyt&hey are a populain vivo
model to study cell migration mechanismsPsidinmutant border cells, however, failed to
migrate ths entire distance.Furthermore, i was shown that Psidin is able to efitly bind F
actinand competewith Tropomyosin for the binding of&ctin (Kim et al., 2011)The same
group also showed that Psidin forms homodimers, possibly via its emiledlomain.

However, the functional relevance of this dimerization is still unclear.

Both groups show that Psidin is predominantly localized to the cytopiasfivoand

in vitro (Kim et al., 2011; Brennan et al., 200Revertheless, Psidiwas also foundo
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Figure 3.13 | Psidin in actin dynamics

(A) Psidin mainly localizes to the cytoplasm and more specifically the lamellipodium (inset). (B)
A small fraction of Psidin localizes perinuclear (arrowhead). (C) Upon knock-down of Psidin
number of membrane ruffles is reduced in S2 cells. Overexpression of Psidin causes increase in
ruffle number compared to wild type. (D) Quantification of RNAi knock down and overexpression
of Psidin. Lamellipodia size is decreased and retrograde flow rate is diminished in cells
expressing RNAI, whereas overexpression of Psidin has the opposite effect. Modified from (Kim
et al., 2011) and (Brennan et al., 2007).
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localizeperinuclear(Brennan et al., @07). It is believed that this localization plays a role in

t & A RAY Qas pardpf aniNiceytransferase complex, which will be discussed later.
Consistent with its role as actin binding proteihwas shown that Psidin localizes to the
lamellipodium in S2 cells. This region greatly contributes to the protrusion dynamics of the
cell. Psidinmutants show a reductioin actin dynamics, whereas overexpression of Psidin
showed increasg dynamics.Furthermore, psidin mutants exhibited a slower retrograde

flow rate of actin, suggesting reduced lamellipodia dynartkas et al., 2011)
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4 Aims of this thesis

The goal othis thesis was to investigate mechanisms that control axon targeting in
Drosophilamelanogaster Many guidance cues have been identified, showing that different
repulsive and attractive cues guide ORNs on their way fronséimsory organs towards the
certral brain. However, it remains unclear how these cues affemirons atsubcellular
levels More specifically, how are different signals integrated in the growth cone of a
growing axon? Almost every guidance cue affects the cytoskeleton leading to thatiwn
or destruction of actin filamentsWhich downstream molecules are important for the
restructuring of the growth cone, once a guidance cue activatedidwnstream signaling

pathway?

In this thesis | investigated the role of the actin binding protBsidin andits
putative role as a norcatalytic subunit of theNatBcomplex.Psidin hagreviouslybeen
identified as a actin binding protein and shown to be mainly localized in lamellip{iian
et al.,, 2011) It therefore malks an excellent candidate to investigate mechanisthat
control actin dynamics. Thereforeekaminedt 8 A RAy Qa Y2 RS 2F HWYGA2Y Ay
genetics to maipulate actin dynamics in ORNsgluddatedt & A RA Y QARNN®AO S A Y

targetingin viva

As mentionedabove Psidin isalso the homologue of the yeast protein Mdm20,
which is part of the NatBomplex in yeasfsee introductionpage37). It is known that this
complex plays an important role yeastcell division andt has also been suggestd that

Psidinisinvolved in celtycle regulation in mammal(3rost et al., 2009Nevertheless, many
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recent publications about Mdm20 and hMdm20 (human Mdm20) ageculatel about

functions iné&pendentof the NatB complexStarheim et al., 2008; Ohyama et al., 2011)

First, | addressed the question whether Psidipart ofthis complex inDrosophilal
therefore tested for an interaction of Psidin and the predicted catalytic
subunit of NatBg dNAA20 Given that Psidin homologues are involved in cell division/cell
cycle regulation, it was interesting to investigate far similar function of Psidin in

Drosophila

Second] examineda predictedinteraction damain between Psidin andNAA20 So
far, this interaction domain has only been predictiedsilico(SMART, EMBHeidelberg)
Third, | analyzed the effect of a potential phosphorylation site in Psidiis residue has
been identified in a previous studyrost ¢ al., 2009)and was shown to be phosphorylated

in hMdm20in viva

In general, this work addresses several questiomgeuronal network development
with the main goal of characterizing the molecular mechanisms required at different steps

during network formation from sensilla differentiation to the targeting of the ORNs
() WhaisPSRA Y Q& STT 8aics?2y | OGAy R@
(1m How is actin dynamics infmcing ORN axon guidance?
(1 Is Psidin part of a Nat@mplex inDrosophil&
(V) Is theNatB-complex important folORN axon targeting?

LY How is Psidin regulated?



5 Materials

The following section givesn overview about the mateals and methods that were

Materials

used. For simplicity, reagents used for specific assays can be found in the respective

methods section.

5.1.1 Common buffers and solutions

Table 5.1 | Common lab buffer and reagents
Name Ingredients
Phosphate buffered saline (1L) 137mM NaHPQ, pH 7.4
(1x PBS) 1.5mM KHPQ,
137mM NacCl
2.7 mM KCI

Phosphate buffered saline 0.5% Triton
L)
(1x PBT)

Phosphate buffer lysine (200ml)
(1x PBL)

PeriodateLysineParaformaldehyde (PLP)

Blocking Solution

Fly water

0.5% Tritin XLOO in 1x PBS

(a) dissolve 3.69 lysine
(b) add 0.1M NgHPQ until pH reaches 7.4

(c) add 0.1M NabkPQ until volume reaches 200ml
(d) filter sterilize
(e) store at 4°C for up to 3 months

add 2ml of 8% PHA 2ml PBL (4% PFA final)

10% donkey serum in PBmnunohistodiemistry)
5% BSA in TBWéstern blo)

8ml Propionic acid in 1L dg@l
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Table 5.2 | Media

Name Ingredients

Luria Bertani medium (1L)  10g NaCl

(LB) 10g tryptone
59 yeast extract
20g agar
pH 7
for selection the appropriate antibiotics were addec
Mman >3kYt ! YLIAOATAYSZ pr

NZY+ (1L) 10g NZ amine
59 yeast extract
5g NacCl
pH 7.5
after autoclaving, the following solution were addec
2.5ml of 1M MgGl
12.5ml of 1M MgS©
10ml of 2M glucose solution

5.1.2 Consumables

The followingcommercial kitfrom the respectivemanufacturers were used. Unless

z

stated2 i KSNBHAAS GKS (Al sl a dzaSR FOO02NRAYy3 (2 (KS
Table 5.3 | List of commercial kits
Name Source

QIlAprep Spin Miniprep Kit Quiagen (Germany)

QIAGEN Plasmid Maxi Kit Quiagen (Germany)

QIAquick PCR Purification Kit Quiagen (Germany)

QIAquick Gel Extraction Kit Quiagen (Germany)

QuikChange Lightning Sifiirected Mutagenesis Kit  Agilent (USA)

Actin Binding Protein Kit Cytoskeleton (USA)

Effectene transfection kit Quiagen (USA)
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5.1.3 Antibodies

Table 5.4 | List of primary and secondary antibodies
Name Source

primary antibodies:
anti-GFP (rabbit, 1:1000) Clontech(USA)
nc82 (mouse, 1:20) DSHB (USA)
anti-disclarge (mouse, 1:200) DSHERUSA)
anti-HA (rat, 1:1000) Roche (Switzerland)
anti-myc (rabbit, 1:1000) Abcam (UK)

secondary antibodies:

anti-mouseCy5 (1:200) Dianova (Germany)
anti-rabbit-488 (1:200) Dianova (Germany)
anti-rat-HRP (1:500) Jackson (USA)
anti-rabbit-HRR(1:500) Jackson (USA)

5.1.4 Enzymes

Table 5.5 | List of enzymes and DNA standards
Name Source
Tag Polymerase NEB (USA)
Takara Taq Polymerase Takara (Japan)
Restriction endonucleases NEB (USA)
T4 Ligase NEB(USA)
1 kb ladder NEB (USA)

100 bp ladder NEB (USA)
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5.1.5 Plasmids
Table 5.6 | List of plasmids and DNA templates
Name

Source

pP{UASTPsidirHA

pP{UASTPsidil®*"2HA This study
pP{UASTINAA2GmMyc This study
pP{GAL4Ubiquitousgal4 Lab collection
pRS408VIDM20 This study
PRS408VIDM20*F This study

dNAA20cDNA (LD30731)
pP{UASTRNAI NAA20

Denis Montell (USA)

Berkeley Drosophila Genome Project (USA
VDRC Stock Center (Austria)

All flies were raisedt 25°C at 70% relative humidity on standard cornmeal medium.

5.1.6 Fly stocks

The following table listémportant and frequently used stock&or simplicity, omposite

N

at201a 2NBYRKEdSadmO1ae FNB y2id tAa0SRD
Table 5.7 | Common fly stocks
Stock Source Stock
number
OrGAL4 Bloomington Stock Center (USA various
ActinGAL4 Bloomington Stock Center (USA 4414
UASMCD8GFP Lab stock collection
UASsyt-GFP Lab stock collection
UASPsidinHA Denise Montell (USA)
UASPsidid®*"2HA This study
UASPsidir® ®2HA This study
UASPsidirt®"®2HA This study
FRT82,CL,gal80/TM2 Lab stock collection
eyHp Lab stock collection
Df(3R)DBX12, sse* ro1/TM6B, Th BloomingtonStock Center (USA) 3012
w™'® Df(3R)ED6025/TM6C,'Sb Bloomington Stock Center (USA 8964



Table 5.7 | (continued from previous page)

Stock

w8 Df(3R)ED5942/TM6C, '8t
w'*® Df(3R)BSC475/TM6C, 8
w'® Df(3R)BSC636/TM6C Q1
w*® Df(3R)ED6027/TM6C, 'St
Df(3R)HB79, e*/TM2

w8 Df(3R)BSC517/TM2

8 Df(3R)BSC516/TM2

118 Df(3R)BSC518/TM2

118 Df(3R)BSC488/TM2
w''® Df(3R)BSC141/TM6B, Tb
Df(3R)BSC43,'sta/TM2, pp
w1118; Df(3R)BSC124/TM6B! Th
FRT828Psidin™*
FRT828Psidin> Tm1<07%
FRT82B m1 "%
FRT828Psidirt
FRT828sidil®®"®
Or42amCD8GFP/CyO
Or42amCD8GFP, acgal4/CyO
Or59¢6mCD8GFP/CyO
0Or59e¢mCD8GFP, acgal4/CyO
RNAi NAA20

RNAi NAA20

RNAi NAA20

w
w
w
w

118 Df(3R)Exel6185, P{XPEXel6185/TM6B, Th
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Source Stock
number

Bloomington Stock Center (USA 8922
BloomingtonStock Center (USA) 24979
Bloomington Stock Center (USA 25726
Bloomington Stock Center (USA 9479
Bloomington Stock Center (USA 4962
Bloomington Stock Center (USA 25021
Bloomington Stock Center (USA 25020
Bloomington Stock Center (USA 7664
Bloomington Stock Center (USA 25022
Bloomington Stock Center (USA 24992
Bloomington Stock Center (USA 9501
Bloomington Stock Center (USA 7413
Bloomington Stock Center (USA 9289
Denise Montell (USA)
Denise Montell (USA)
Denise Montell (USA)
Kathryn V. Anderson (USA)
This study
Thomas HummedJAustria)
This study
Thomas Hummel (Austria)
This study
VDRC Stock Center (Austria) 18213
NIGKyoto Stock Center (Japan)  14222R3
NIGKyoto Stock Center (Japan)  14222R4

5.1.7 Fly genetics

The following table summarizes the fly genotypes of all experiments that were used

for the different experiments. Flies of the respective genotypes were fisedubsequent

analysig; such aglissections, staining, counting etc.
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Table 5.8 | Fly genotypes analyzed for the respective  experiment
Experiment Genotype
MARCM eyFlg+ ; OrGAL4 UASYtGFP/+ ; FRT82B,CL,gal80/X
analysis  eyFig+ ; Or-GAL4 UABICD8GFP/+ ; FRT82B,CL,gal80/X
eyFlg+ ; Or59emCD8GFP,acgal4/UASPsidinHA ; FRT82B,CL,gal80/X
eyFlg+ ; Or59emCD8GFP,actal4/UASPsidil®*"2HA ; FRT82B,CL,gal80/X
Rescue eyFlpg+ ; Or59emCD8GFP,acgal4/UASp35 ;FRT82B,CL,gal80/X
experiment  eyFlg+ ; Or59emCD8GFP,acyald/UASPsidit® ®2HA FRT82B,CL,gal80/X
eyFlg+ ; Or59emCD8GFP,actjal4/UASPsidin®*2HA FRT82B,CL,gal80/X
Tracing eyFlg+ ; Ord7amCD8GFP/+ ; FRT82B,CL,gal80/X
experiment  eyF|g+ ; Or42amCD8GFP/+ ; FRT82B,CL,gal80/X

Developmental
analysis

Genetic
interaction
with dNAA20

Tropomyosin
interaction

Cofilin

LimK

eyFlg+ ; elavGAL4 UABI'CD8GFP/+ ; FRT82B,CL,gal80/X

eyFlg+ ; Or59emCD8GFP,acyal4/UASRNAI NAA2(Q ; FRT82B,CL,gal80/X
eyFlg+ ; Or42amCD8GFP,acgal4/UASRNAI NAA2(Q ; FRT82B,CL,gal80/X

eyFlg+ ; Or59emCD8GFP,acgal4/+ ; FRT82B,CL,gal80/FRT82B

eyFlg+ ; Or59emCD8GFP,acyal4/+ ; FRT82B,CL,gal80/FR BRIt

eyFlg+ ; Or59emCD8GFP,acyal4/+ ; FRT82B,CL,gal80/FRTB2BIT"*
eyFlpg+ ; Or59emCD8GFP,acyal4/+ ; FRT82B,CL,gal80/FRTFBRR "7
eyFlg+ ; Or59emCD8GFP,acyal4/+ ; FRT82B,CL,gal80/FRFBER“""*Psidirt

eyFlpg+ ; Or59emCD8GFP,achal4/UAST s (const. active) ; FRT82B,CL,gal80/
eyFlg+ ; Or59emCD8GFP,actal4/UASTsI *N(inactive) ; FRT82B,CL,gal80/X

eyFlg+ ; Or59emCD8GFP,acgal4/UASLImK (wild type) ; FRT82B,CL,gal80/X
eyFlg+ ; Or59emCD8GFP,acgal4/UASRNAI (LimK) ; FRT82B,CL,gal80/X
eyFlg+ ; Or59emCD8GFP,achal4/UASLImK (kinase inactive) ; FRT82B,CL,gal¢

"X" stands for three different genetic backgrounds: FRT82B, FFPS@i# and FRT82Bsidirl®®"®
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6 Methods

6.1 Immunohistochemistry

Adult flies were anesthetizedith CQ and transferred to iceold ethanol (100%)
After 30 seconds flies were transferré@m ethanolto ice-cold phosphate buffered saline
(PBS). Single flies were dissected in room temperature PBS. After dissection, brains were
fixed in PLP (4% PF/r 1 hour at room temperature, followed bthree washes in PBT
(0.5% for 15 minutes each. Afterwards brs were incubated in blocking solution (10%
donkey serum) forl5 minutesat room temperature. Brains were incubated in blocking
solution with primary antibody oveight at 4°CAt the next daybrains were washethree
times with PBTfor 15 minutes and the incubated with secondary antibodyn blocking
solution for 23 hours at room temperature. Finally brains were washed three times for
15 minutes with PBT and raoted in Vectashiel@Vectorlab$ and stored at 4Cin the dark.
Specimens were analyzed usiognfocal microscopy (Olympus FV1000, Leica SP2). Images

were processed in ImageJ and Adobe Photoshop.

6.2 Preparation of genomic DNA

Flies were collected and anesthetized with,@@d put on ice. Solution A was added
according to the amount of collected fli€s00> for 1-5 flies, 200> for 6-10 flies and 406
for up to 50 flies). Flies were then homogenized in Solution A and incubated for 30 minutes
at 7°C Subsequently 14> f{0.8M KAc (potassium acetate) was added per O@of

Solution A. This mixturevas then incubated for 30 minutes on ice. After incubation, the
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mixture was centrifuged and the supernatant was transferred to a new tuliee
supernatant was mixed with 1 volume of phenol:chloroform (1:1) and again centrifuged. The
aqueous phase was trafesred to a new tube and mixed with % volume of isopropanol.
Mixture was again centrifuged and supernatant was removed. Pellet was washed with

ethanol (70%) and finally redissolved I®@estilled water.

Solution A

0.1M Tris HCI pH9.!
0.1M EDTA

1% (v/y SDS

1% DEPC

DNAse inhibitor

Stock solution was kept at room temperature without DNAse inhibitor and 1% DEPC.

These components were added freshly to an aliquot of the stock solution on the day of use.

6.3 Mapping

In order to identify new player involveth axon guidance, darge EMS (ethyl
methanesulfonate) screen was conducted as described previdi@yirlioglu et al., 2008)
Potential muaints were screened for targeting defects using eyFLP mediated clonal analysis.
The screen was limited to the right arm of the third chromosome. At the beginning of this
study the mutation of the nevpsidinallele, psidn'®*"® had to be mapped to the psidilocus
using two different methodséPolymorphisma | LILIABe@er et al., 200) Y R a5Sf SGA 2y

al LIWIAYy3é ®
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6.3.1 Sequence polymorphism mapping

Polymorphismmapping was performed agescribed earlie(Berger et al., 2001)
This technique utilizes polymorphismgsuch assingle nucleotide polymorphisms (SNPs) or
insertion/deletion (InDels), to map mutans. In general, recombination events between a
GYFNJ] SNE &l LAWYRéGAG& D2 I NB dzbifdrentlaSdays (G2 YI LI
(PCRoroduct length polymorphism (PLREstriction fragment length polymorphism (RFLP)
and single nucleotide polymorphisms (SNPs)) were used to determine the exact breakpoint
at which the recombination occurred. In addition, flies were dissected and scored for the
known targeting phenotype ofhe psidid®®’® allele. A majoradvantageof this mapping
method over the traditona G RSt SGA2Y Y| LIL3kofed for thedtargétiKgr G Tt A S3
phenotype rather than for the lethality qfsidii®®’® Since this allele originates from an EMS
screen, wich could induce multiple mutations, depending on the conditions, the lethality
could be a secondary phenotype that has no connection to the observed axon targeting

defect.

Male fliesof the psidn'®®"®

stock carryinga proximal FRT82B site wercrossed to
virgins carrying a distal EP insertidiis l&l to multiple random recombination events the
germ line of female fliebetween these two chromosomes across. 3Rese recombination
events occur naturally inDrosophila interestingly only in female fliesThe new
G NB O2 Y BR yelgdrbsomewas a mixture of the originalFRB2B site carrying
chromosomeand the new EP (dominant white markerarryingchromosome. Virginef the
F1 generation were collected and crossedatoadditional stock that allows fascreening of

the F2 generation for eyeolor mosaicism which was used as a readt for a

recombination eventSingle males of the F2 generation that scored positive forceyer
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mosaicism were maintained as a stock. The breakpoint of the recombinatiemt in each

stock was determined usirtge PLP, RFLRassayand SNPsequencing
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Figure 6.1 | Map of polymorphism marker between the FRT82B and EP strain

(A) Experimental road map to map the mutation in psidin'Gm. Chromosome carrying the

mutation (green) and a reference chromosome (red) are crossed. The individual flies from
the F1 generation will have chromosomes with random recombination events. Single males
are further crossed and maintained as stock. From these stocks the F2 generation was used
for genotyping and phenotyping. The genotype was determined using the PLP, RFLP or SNP
assay. Stocks were crossed to Or59c to score for the known targeting phenotype of
psidin'®®"8. Using the obtained data, the mutant could be mapped to a small area. (B) Map of
all polymorphism marker between the FRT82B and EP strain along the 3R chromosome.
Green triangle represents the FRT82B insertion site. Red triangle represents EP (w")
insertion site. Numbers from 81 to 100 represent the cytological areas from the centrosome
of the third chromosome (81) towards the distal end (100) of the chromosome. Different
numbers represent polymorphism marker across the entire chromosome.



6.3.2 PLP-Assay

Methods

The PCRroduct length polymorphism (PLBistinguishes polymorphissusing the

length of PCR productBlsing a set of primar(Table6.1), which bingto different regions of

3R, distinct fragments were PCR amplified. Duéngsertions or deletionghe amplified

fragments were of different size, dependiran their chromosomalorigin (FRT or EP).

Fragments were analyzed using 2.5% agarose gels.

PCR-Program

1 p 94°C
2 onQ 94°C D
©
3 0nQ 60°C &
o
4 1 72°C ™
6 p Q 72°C
7 K 4°C
Table 6.1 | List of primer s used for PLP assay
Product
Marker Primer Size
Left Right FRT EP
3R012 AAGGAAACGAATTAAAGGCAGACCC TGGGAAAAGGGAACGTTAAAGAGCA 171 198
3R032 AAGGGCTATGATCCGGTTTAATGTC1 GCATCGATTGAGGAAGTGTTTGATTCT 186 201
3R039 TGGCAGCTACTGGGATACTGGGTCT CACAGGACGAGAACTGTGCGTTGG 144 153
3R065 GAGACGTGATAGCATTCGACCGACA TCCGCCCACTGAAGACACAATTACAC 228 196
3R083 ATCGCTGGCCTTTGCTGGCTTT ACGATGCGTTATGCAAATTCTCCTTCA" 217 207
3R092 GCGACAGCGCAAAAACTCCTGT AAGATCATTCTCACGTTCCTCACGATG 217 252
3R151 CCATGTCGCACTTTCTTTGATATTTG! CAAGGCTCACGCACAGGCACTC 211 195
3R204 TGCCCTTATTATGTGACCCCAAAAAC TCCTTTGATCGTTTATATCAAGCTTTGC 178 189
3R222 CGAGATCACAGATATCTTCATAGGG( AAGTGGGGTTTCAATAACAGCGTGC 162 145
3R238 CCCTCGCACCCGATTTTCACATACT GGACACACCCAGGAGATGTCGTTGT 162 153
3R249 ATGGAATGCAAAAATAACAATCCCGF CGCACAGGCAGGCTACACACAAAA 147 166
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6.3.3 RFLP-Assay

The restriction fragment length polymorphism (RFLP) assay utilizes the same
mechanism as the PlaBsay. The PCR ampliffedlgments(Table6.2) are later digested with
specific restriction enzymesThe resulting restriction patterns weranalyzed using 1%
agarose gels. After the digest the patteriffered depending on the origin of the respective

chromosomal part.

PCR-Program

1 5 0 94°C
2 3060 94°C o
Q
3 300 60°C &
o}
4 20 72°C ™
6 56 72°C
7 b 4°C
Table 6.2 | List of primers used for the RFLP assay
Marker Primer Enzyme
Left Right

3R090 AAGGAAACGAATTAAAGGCAGACC TGGGAAAAGGGAACGTTAAAGAGCA  Avill
3R109 AAGGTGGATGTGGATTGGGAAGTC ACGAAAATGTGTGTAGCGAAGCAAACG BamHI
3R151 CAGCGGCAGGCAAAGTCATAAAAC CAAACGGGACAAAAGTGAGAGCGAA/  Clal
3R187 GGTGTTTTGATTCCGTTGGGTATG/ GGAACAGCAGCCGATGAAAGTAATAT Bglll
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6.3.4 SNP Assay

Regions othromosome3R with known SNPs were PCR amplified and sequenced.
Sequences were then aligned and compared to a reference in order to determine the

chromosomabrigin.

Table 6.3 | List of primers used for the SNP assay
Marker Primer SNP
Left Right
3R131 GTTGAGCGGAAAAGGGCAGCAAG GGGCAAGGACAAGGACAAGGACAAA AIG
3R146 GCTTTCGTGCTGTTCGGCTTGTTTT TTTTCGCCTCCACCTTCCTGCTC G/IA

3R149 TTGGGGCTTAGTATGGTCAATGGGGG CTGGCCCATAAACAAAGACATCCCACE AIT
3R154 CGGTTGCTGGATTCTTCTCGTCTG TTTGCTTTCGCCTCTGCGTTTATTTT CIT
3R185 GCTCCCCATTTCCACCCAGACAC CCTTTTCGCTTCCCCGCTCACTT AT
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6.3.5 Deletion Mapping

d6978

As a second approach tmap the mutationin psidi to a gene mutant flies

were crossed against a defined set of deficiencies (Bloomington DeficienGaBi5.7),
which cover most ofhe right arm of the third chromosomé&ince the mutation ipsidin®®"®
causes lethality one can easily utilize the lethality to map the mutation. Each deficiency stock
had a defined part oEhromosome3R deletedFor eactcross the obtained Mndelian raio

was compared to theheoretical ratioin order to distinguish complementing from non

complementing deficiencie®Non-complementing deficiency indicated that the mutation in

guestion was located within the deleted fragment of the chromosome.

Deficiency Mutant chromosome
Balancer A Balancer B
Deficiency Deficiency
Balancer B Mutant chromosome
Balancer A Mutant chromosome
Balancer B Balancer A
Figure 6.2 | Crossing strategy for deletion mapping

The mutant chromosome carrying the psidin'®®’® mutation was crossed to several

deficiencies. For each cross the expected Mendelian ration was determined and
compared to the obtained ratio. Doing this, it was possible to determine whether a
deficiency complemented the lethality of psidin'®®"®,
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6.4 Cell Qulture

The S2 cell line is derived from a primary culture of late stBgesophila

melanogasteembryos (2thoursold) (Schneider, 1972)

Cells werecultured incompleteSchneideRa a SRAdzY FyR LI} aal 3SR
1:10 dilution S2Cells were kept at Z&€ without additional C@as a loose, sersdherent

monolayer in tissue culture flasks

Complete cell culture medium

S2 cell medium (Invitrogen)
50ml FBS (heat-inactivated)

5ml Penicillin/Streptomycin (100x)

6.5 Primary cell culture

Drosophila primary neuron cultures were generated as described previously
(Sanchesoriano et al., 2010)n brief, cells were removed with micromanipulatattached
capilaries from stage 11 embryos-fBhoursAELat 25°CYCamposOrtega and Hartenstein,
1997), treated for 5 minutes at 37°C with dispersion medium, washed and dissolved in
3040 ml of Schneider mediurtGchneider, 1964)Then, the aliquots were transferred to
coverslips, kept as hanging drop cultures in airtight special cudinambergDubendorfer
and EichenbergeGlinz, 1980usuallyfor 6 hours at 26°C. Culturdarosophilaneurons were
analyzed 6 hours after plating. They were fix8@ (hinutesin 4% parasrmaldehyde0.05 M
phosphate buffer, pH 7.2), then washed in PBS 0.1% Trib®@0XPBT). Incubation with
antibodies was performed in PBT. Microtubules westained with antitubulin (1:1000;

Sigma) and FITC or Gythjugated secondary antibodies (1:208¢kson ImmunoResearch).

N>
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Filamentous actin was detected with TRaDjugated phalloidin (Sigma). Stained
Drosophilaneurons were mounted in Vecshield (Vector Labs). Primary neuron culture
images were taken using an AxioCam camera mounted on an OlympQgvBKiicroscope.

Lamelipodia area was quantified usillgageJ. Statistical analyses were carried out with

Sigma Stat software using-#est or MannWhitney rank sum test.

6.6 Transfection

S2 cells were transfected using tiigfectene kitaccording to the maumfactures

manual(Quiagen.

6.7 In-situ hybridization

All solutions used in the dissection or hybridization procedure were RNAse free.
Pupae of the desired stage were dissected in ice cold PBS and fixed in 4% PFA o/n or longer.
Samples were dehydrated througleveral methanol steps and stored in 100% methanel at

20°C for a minimum of Bours

Day 1:Samples were taken froa20°C and incubated for Hour at RT in a solution
made of 80% MeOH and 20% of a 30%® solution. Rehydration was continued in
sequental methanol steps and samples were washed 3 x Sutegin PBST follwed by
incubation in prehybridiation solution for 1 bur at 55°C with gentle rocking. Digbeled
RNA probes were diluted in hybridization solution, pemated to 55°C and incubated with

the samples o/n at 55°C.
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Day 2:Blocking reagent was dissolved in MABT at 70°C for several hours. Samples
were washed 3 times 1ldur each in solution I, Il and Il at 55°C. After washing 3 times for
5 minutesin MABT at RT and twice for 30 mias at 55°C to avoid background staining,
samples were incubated with blocking solution for hd&ursat RT. To detect digbeled
RNA, samples were incubated o/n at 4°C with an-Bh8 antibody conjugated with alkaline

phosphatase (AP, Roche, 1:1000).

Day 3: Samples were rinsed and washed with MABT at lea%d 8imes for
30 mirutes at RT before incubation in NTMT. Following equilibration in NTMT for
10-20 mirutes developing solution was added. After the staining was developed, samples

were rinsed in PBSAnd post fixed in 4% PFA. Pictures were taken at the Leica MZ500.

Solutions for in situ hybridization

Prehybridization solution

50% Formamide deio

0.2% Tween 20

0.5% Chaps

5mM EDTA pH 8.0

50mg/ml Heparin

50mg/ml t-RNA (SIGMA R-5636; Lot 082K9135)

5x SSC pH4.5

0.2% Blocking Reagent

Distilled water was added to mark 50 ml, dissolved with rocking at 70°C and stored at -20°C.

Solution |

50% Formamide deio

5x SSC pH4.5

0.2% Tween 20

0.5% Chaps

Distilled water was added to mark 50 ml. Always prepared fresh.

Solution I

50% Formamide deio

2x SSC pH4.5

0.2% Tween 20

0.1% Chaps

A final volume of 50 ml was made and always prepared fresh.
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Solution Il

2x SSC pH4.5

0.2% Tween 20

0.1% Chaps

Distilled water was added to mark 50 ml and always prepared fresh.

5x Maleic acid buffer (MAB)

Maleic acid (589)

NaCl (449)

Adjusted pH to 7.5: using 25-30 g NaOH pellets and then 5N NaOH. Made up a final volume
of 1L and stored at 4°C.

MAB-Tween

1x MAB

0.1% Tween®20
Stored at RT.

Blocking solution (w/v)

1x MABT

0.2% Blocking Reagent (#1096 176, Roche)

Blocking reagent was dissolved while rocking at 70° and kept on ice. Always prepared fresh.

NTMT (200ml

5M NaCl (4ml)

1M Tris-HCI (pH 9.5) (20ml)
1M Mg Cl, (10ml)
Tween®20 (200> )t

Developing solution (10ml)
BCIP (11>t

NBT (14> )t

NTMT (10 ml)

6.8 Mutagenesis

Site directed mutagenesis experiments were performed according to the manual
(QuikChange Lightning Sidrected Mutagenesis Kifgilent). Briefly, primedesigned with
a specific point mutation were used to PCR amplify the entire template vector. Afterwards
the PCR product was transformed into E. coli. DNA form the obtained colonies was extracted

and sequenced to ensure successful mutagenesis.
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Table 6.4 | Primer used for mutagenesis
Primer
Name 5'to 3' sequence
3-Psidirt®’®* aggttgaggtgcticaagtac®C@tgatgcttc
5'-Psidinn®’® gaagcatca@G@cgtacttgaagcacctcaacct
3-Psidirr®’®P  gttgaggtgcttcaagtac@ATtgatgcticgactcttigec
5-Psidirt®’®® ggcaaagagtcgaagcatgdfcgtacttgaagcacctcaac
3-Psidid®®®  atctggcgeggttdAGetacaccaacgc
5-Psidin®®"®  gcgttggtgtagTGiaccgcgecaga

6.9  Cloning of dNAA20 (CG14222)

In order to express the gen€G14222hereafter termeddNAA2(, | cloned the

coding sequence (CDS) into a pUAST vetiwe. final construct was designed to have an

N-terminal myetag andto be under the control of a UAS elementThe final constructvas

cloned in two steps into the vector. In the beginning tppropriaterestriction site for the

endonucleases were selected based on the multiple cloning site (MCS) and the CDS of

dNAA20 In the first cloning step the CDS was cloned into the vector usioad andNot |

restriction sites. This fragment containedSTOP codon, but no start codon. In the second

step, | cloned the mydagged into the Nerminal region using an adaptor duplex. This

EcoR| Not| Xbal
| | |
| | |
| | |
| | I
| | |
—— 1 Myctag —L €G14222 I
ATG G STOP
Figure 6.3 | Cloning strategy for dNAA20 with N -terminal myc -tag

Coding sequence of dNAA20 was cloned in pUAST vector using Xba | and Not I. This
fragment had no ATG, but a STOP codon. Myc-tag was inserted using an adaptor duplex
with an EcoR | and Not | restriction site. To put the myc-tag in the correct reading frame,
an additional glycine was inserted upstream of the Not | site. The cDNA clone LD30731
was used as a template.
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duplex was designed to haveNmt | andEcoR restriction site. In order to put the sequence
into the correct readingrhme an additional glycine was inserted upstream of et |

restriction site.The primers were designed to have the respective restriction sites.

Table 6.5 | Primer used for dNAA20 cloning
Primer
Name 5'to 3' sequence
5'-Not| tagcggccgcaccacgttgcgac
3'-Xbal ggctctagatcaattcatatctatatgttccag

Adaptor duplex 1 aattcatggaacaaaaacttatttctgaagaagatctgggc
Adaptor duplex 2 ggccgcccagatcttcttcagaaataagtttttgttccatg

6.10 Generation of Psidin deletions

Psidin deletions of different sizes were generated in a-P€&ated approach. The
wild type Psidin gene cloned into the pUAST vector was used as a template. Primer pairs
were used in a PCR reaction to generate a shortened Psidin vector. In order digest th
remaining wild type template, PCR products were digested Wjpim I. Subsequently PCR
products were digested witPacl for 1 hour at RT and finally ligated overnight. Ligation
mixture was transformed into One Shot ToplO chemical competent cells (lg@itfo

Plasmid was purified and sequermide order to verify the deletion.
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Table 6.6 | Primer used for the generation of Psidin deletions

Primer

, , k a/k L) a Protein size
5'to 3' sequence

Name [bp] [aa] [kDa]

3-PaciPsidif °' ¢ T tttaattaaacgatcacgatctgegtee

' R IRT 1146 264-645 74
5'- PaciPsidi tttaattaacggggccattatccgatgg
3. PactPsidirf P F 4+ " ¢ tttaattaagctctccaacaacaacttgcet

' i B 786 384-645 88
5'- PaciPsidi tttaattaacggggccattatccgatg
3- PactPsidirf °' ¢ attaattaagctctccaacaacaacttg

. gk B 417 384522 102
5'- PaciPsidi tttaattaaccagattcagctggactccatg

' kbl lG.wm
3- PactPsidir} gttaattaaacgatcacgatctgcg 339 264378 105

5-PaciPsidif °' ¢ " gattaattaacagcaagtigtigttggagag

6.11 Coimmunoprecipitation

DrosophilaS2 cells were used to exgss Psidin and dNAA20. The GAIAS system
was utilized to drive tb expression of these proteins. Expression of BaifinHA and
UASANAA20Gmyc was driven byib-GAL4. Briefly, 1*f0cells were seeded in-&ell plates
the day before transfection. Transfection was done using the Effecten Transfection Kit
(Quiagen). €lls were harvested after three dagdter transfection and lysed ilysis buffer
(50 mM Tris, 18 mM NaCl, 2mM EDTA, 1% Triton, protease inhibitor (Sigmand
centrifuged at 3300 rpm (1g) for 5 minutes. The supernatant was discarded and cells were
resuspended in 308l lysisbuffer. Afterwards cells were homogenized and incubated°& 4
for 30 minutes. The homogenate was centrifuged at 3300 rpm (1g) for 5 minutes.
Supernatant was transferred to a new tube and diluted in lysis buffer. Sotuti@re
incubated with the respective antibody (a#iA or antimyc) for 2hoursat 4°C Afterwards
40 >| of beads (slurry 50% (v/v), blocked with 1% BSA) were added. Tktigrenivas
incubated for Zhoursat 4°C Samples were boileith 6 > SDSuffer (6x)for 10 minutes and

loaded onto a protein gel.
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6.12 F-actin binding assay

To test the ability of wild type Riin and mutated Psidif’"®for their Factin bindng
capabilities, | performed aR-actin binding assay. Both proteins were overexpressed in S2
cells usig a general GAkdriver (UbGALZJ to drive the expressionf the Psidin constructs
(UASPsidinHA and UASPsidif®®8HA). Cells were transfected using the Effectene
transfection reagent (Quiagen) and harvested after 3 daywitro (DIV).S2 cells were
centrifuged down (3300 rpm (1g) for 5 minutes) and the supernatant was removed. Cells
were resuspendedn lysis buffer(50 mM Tris, 150mM NaCl, 2mM EDTA, 1% Triton,
protease inhibitor (Sigm@pand homogenized fd minute. HAtagged proteins were purified
from the cell lysate using an aftdA affinity gel (EZvieivRed AntiHA Affinity Gel, Sigma).
Afterwards protein solutions wereailtra-centrifugedat 150,000g for 1 h at 4°C to remove
any residual contamination. Thede€tin bindingassaywas performed according to the
YI ydzZFl OGdzZNENRAa YIlydz € o! OdAy . AYyRApideing NEBUSAY
Psidin and Psidi#’® were incubated in the presence and absence @fcéin. BSA y R h
actinin served as negative and positive control, respectively. After the incubation the
mixture was agairultra-centrifuged at 150,00Qy for 1.5 hoursat 24°C. Afterwards the
supernatant and pelletvas separated. The pellet was resuspended and together with the
supernatant shortly incubated with SDS loading buffer and finally loaded in agebDfa
protein is able to bind f&ctin, it should be present inhe pellet together with Factin.
Contrary, it should only be visible in the supernatark iintt &ble to bind Factin. BSA as a
negative control should only be present in the supernatant, whereas parts-atinin

(positive control) should be presemt the pellet fraction.
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613 %I CET AAQEEEADOAIAAODO 0O0EAET

Saccharomyces cerevisisteain YZ1143idm20deletion waskindly provided by Dr.
Sherman, University of Rochester Medical Center) carrying a complementing pla§iai p[
URA3 MDM2BHA was used fo the analysis. Integrative vector pRS4QEP2 carrying
either a wild typeMDM20-mycor a mutant alleleMDM20**Emycwas digested bycml to
FILOAETAGI OGS AyGSaANI A2y AyilGz2z (GKS @&Staid 3Sy2YSo
plates lacking leucito remove the complementing plasmid. The presencéneintegrated
allele was confirmed by PCR and subsequent sequencing. Temperature sensitivity was
determined at 30Cand 37°C. For actin staining, exponentially growing cells were fixed with
formaldehyde for 10 mimtes, washed 3 times in PBS and resuspended in Alexsa
phalloidin (1:1000). After 30 mintes incubation at RT, the cells were washed with PBS,
mounted on slides in 70% glycerol/PBS/0.05% 4pdu@nylenediamine and immediately

visualized.

6.14 Western blot quantification

Western blots were quantified using ImageJ. The ratio of dNAA20 to Paidi
guantified measuring the intensity of the respective bantLompared the amount of
dNAA20 pulledown with wild type Psidin versus the amount of AA2O pulleedown with
a Psidin variantl measured the respective bandg$ BlAcaptured Psidin and pulledown
dNAA20. Only the HBound fraction of Psidin can effectively pull down dNAA20. The same
was done for wild type Psidin and dNAA20, which was useadraference on each blot. We
used the wild type control to normalize the pdibwn of dNAA20 with a Psidin variant on

each individual blot.
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6.15 GAL4/UAS system

The GAL4/UAS system is used to control the expression of proteins spatially and
temporarily (Brand and Perrimon, 1993Fhe GAL4 protein specifically binds to the upstream
activating sequence (UAS) and promotes the expression of the downstream protein. The
GAL4 protein can be under the control of various promotor elements (e.gctoffy
receptors). | used the GALUAS system to visualize the targeting pattern of ORNs. Here, the
promotor region of different ORs was fused to a GAL4 sequence. This allowed the expression
of GAL4 in neurons that intrinsically express the respective OR. Furthermmcoeabined
these GAL4 lines with different UAS linessuch as UASytGFP or UABICD8GFP to
visualize the presynaptic area or entire cell bodies, respectively. Furthermore | also used the

GAL4 system to rexpress or overexpress proteins that were untiee control of an UAS

element.
7 N\ : o~
=: Zaf )
R BX x A3
GAL4-line UAS-transgene line
GAL4
Genomic /\ !)
Enhancer y
GAL4 = == Transgene -
UAS
Figure 6.4 | The GAL4/UAS system

Two fly line are crossed 1 one containing the GAL4 element and one containing a transgene
under the control of the UAS element. The offspring will contain both chromosomes so that
the transgene is expressed depending on the driver GAL4 line. The expression of the GAL4
protein is control by the genomic enhancer region upstream (e.g. OR enhancer region). The
GALA4 protein binds the UAS element upstream of the transgene and promotes it expression.
Modified from (Mugit and Feany, 2002).
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6.16 MARCM

Themosaicanalysis with aepressiblecell marker (MARCM) is a common technique
in Drosophilato label specific cells i mosaic of many different cell typdtee and Luo,
1999) Analyzing lethal mutations can Ipeoblematic, because it is sometimes not possible
to work with homozygous lethal mutations. MARCM is also widely used to generate to
generate conditional knoeiuts. The GAL4/UAS system is used to label a certain population
of cells. In order to generateonditional knoclouts, the chromosome carrying the mutation
also carries a Flippase Recognition Target (FRT) site on the same arm of the chromosome. In
addition, heterozygous cells carry a gal8@rams to the mutation of interest. The FRT site
will be targeted by a flippase to induce mitotic recombination events between two
chromosomes. During cell division the cell will give rise to two daughter cells. These two
daughter cells will be homozygous for the mutation and wild tygspectively In forward
MARCM mutant cells will be labeled by the GAL4/UAS system, whereas wild type cell
carrying the gal80 protein are not labeled. Here the gal80 protein represses the expression
of the GAL4 protein. | used a flippase that is fused toetywesgpromotor, eyFHb. Using this
flippase | generated between 6% mutant cells in the ANT and MRewsome et al.,
2000) At the same time the brain will not be affected, so that any observed phenotype is

solely due to knoclout in the olfactory ogans, rather than changes in the brain.
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Figure 6.5 | MARCM technique

(A) Forward MARCM specifically labels mutant cells in an otherwise wild type background. It
uses the GAL4/UAS system to label a certain population of cells. Furthermore one needs the
mutation of interest on the same arm of the chromosome as a FRT site. In addition the gal80
repressor is required in trans to the mutation of interest. After mitotic recombination the cells
divides and gives rise to two daughter cells: one homozygous mutant (labeled in green) and the
second wild type cell (not labeled). (B) Reverse MARCM used the same basic principle, but
labels the population reversely. Here, the mutation has to be in cis to the gal80 repressor. The
daughter cell will be homozygous mutant (not labeled) and wild type (labeled)
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7 Results

The scope of this work was to identify new playengoived in axon targeting and
St dzOARIFGS GKSANJI Y2RS 2F FOGA2yd ¢KS Ydzil GA2Yy
screen in the laboratory dfaurenceZipursky(University of California, Los Angelés) my
supervisor and colleagues. This mutation skdvan interesting mistargeting phenotype of
some classes of ORNs to the AL and was selected as a candidate to further investigate the

YSOKI yAaya 2F FE2y GFNBSGAYy3Id 1a LINIL 2F (GKAA

the gene Psidin.

7.1 Mapping of the mO O A O E5D7B6tcdhe gene locus of Psidin

As a first experiment | usatie 68ngle-nucleotidepolymorphismY | LILJAngtRbé
as an approach to map the mutatioBNPmapping utilizes recombination events between a
marker stock and thé S O 2 y-e-Y & (1JRI8yRstock (seamethods pages3). Malesthat
scoredpositive for recombination were maintained as a stotkter each line was then
scored for the targeting phenotype. The exact breakpoint of the recombination was
determined using the PLP RFLRassay andSNPsequencingBerger et al., 201; Figure6.1).
In total sixteenrecombinantstocks were obtained during th&ereeningThe phenotype was
scoredby comparing the targeting phenotype of the recbhmant stock with the original
G L Dot y Out af ihdses|siween stosknly five showed a normal targeting pattern and
therefore scored negative for a phenotype. All the remaining eleven steakred positive
for the phenotype. Using the above ment®oh assay the mutation could be mapped ta

region between the marker 3R10&nd 3RL85 (Figure 7.1). Thisalready narrowed down
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potential genes of the mutation, but taltimalty map the mutationof dG97& | used

deletion mapping with theBloomington defiieny kit Table5.7). Deficienystocks covering

regiors between the marker 3R109and 3R185 were crossed to FRT82B78 and ach

crossed wasscored for lethality. In total foudeficiency stocks failed to complement the

lethality of thedG97& Figure7.2). Using this complemenation assay | vedde to further

pinpoint the mutation to a rgion between the breakpoints of twdeletions, BSC636 and

BSG17 (Figure7.2). Within this areaa loss of function mutant of CG4845 (Psidin) failed to
complementi KS f SGKFIfAGeE 2F aLDpTyéd !aiyad GKSasS ¢

was mapped to the gene locus of Psidin.

Stock # | Phenotype| 92 |109|131|146| 149|151 (154 | 185|187 |204 | 222|238 | 249
59 no
4 no
41 no
57 no
64 no
109 yes
131 yes
162 yes
164 yes
166 yes
173 yes
65 yes
69 yes
63 yes
71 yes
77 yes
Figure 7.1 | Recombinants stocks obmnagipnendydduri ng

Each recombinant was scored for a mistargeting phenotype. Different polymorphism markers
across the chromosome 3R were used to determine the breakpoint of the recombination. Green
boxes indicate that the chromosome at this position originates from the original chromosome
carrying the mutation (FRT82B-1G978). Red boxes indicate that the chromosome at this position
originates from the EP-carrying line, which was used for the recombination. White boxes indicate
positions, which were not determined.
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Findly, the entire psidin locus was sequenced and compared to a reference
sequence. A single point mutation exchanging a glutamate for a lysine at position 320 was

identified.

A
| 91 92 93

I <combinant #64
(N DI-Bx-12
N ED6025
I ED5942
[ BsSC475
[ BSC636
[N £D6027
N Df(3R) H-B79
[ BSC517
[N BSC516
[ Exel6185
I BSC518
[ BSC488
[ BsSC141
[ BSC43
[ BSC124

KLELIRRL Homo sapiens
KLELIRRL Mus musculus
HLELIRRL Danio rerio

RLELHQRM Drosophila (consensus)
RLKLDIMY Saccharomyces cerevisiae
IGKLTKQI Caenorhabditis elegans

Figure 7.2 | Complementation assay

AThe stock carrying the mutation Al G9780 wa
cytological region 91-93 on the right arm of the third chromosome. Black rectangle represents
recombinant #64, which showed no targeting phenotype and had the most distal recombination
breakpoint. Green rectangles symbolize defic
Red rectangles represent the four deficiencies that failed to complement the lethality. (B) The
mutation found in the new allele psidin'®"® exchanges a glutamate for a lysine at position 320. This
residue is highly conserved in Drosophila species, but also in other higher organisms. Interestingly,
the wild type residue in yeast resembles exactly the mutation found in psidin'Gm.
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7.2 Psidin mutants show class specific defects in olfactory neuron targeting

In orderto analyze the targeting pattern of neurons homozygous mutanpsidin,
| used the MARCMechnique. Combining this methodwith eyFlp recombinase allows
generating 5070% mutant clones of olfactory receptoeurons (ORNsNewsome etal.,
2000) Neurorswere mutant either for theputative hypomorphic allelgsidid®®"® harboring
the missensenutation E320Kor for two expected null allelegsidirt (Brennan et al., 2007)
and psidirr®®* (Kim et al., 2011)harboring a STOP don at K441 and K471, respectively
(Figure3.11). Wild type Or47aexpressing ORNSs targeted the dorsomedial glomerulus DM3
(Figure 7.3). In psidin mutants, however, they additionally innervated a ventromedial
glomerulus (Figure 7.3). Similarly, O67d wild type axons projected along a dorsolateral
route towards its target glomeruki Mutant Or67daxonsdisplayed a shift in their growth
path, making nisprojections to a ventromedial area of the anteniae (AL)In general the
majority of dorsolateral projecting neurons (e.g. Or47a, Orl0a, Or67d and Or88a) didplay
a mistargeting phenotypge.g. shift in growth path)and ectopic synapse formation.
Similarly ventromedial targeting ORNs (e.g. Or59d280r92a, Gr2l1a, Or46a and Or33c
displayed strongnistargeting(Figure7.3, Table7.1). Mutant Or59c¢ and Or42a axons reach
their wild type glomerulus, but therseem to defasciculatand spread out ina dispersel
pattern. In addition nutant Or92 and Or46a axons form ectopic synapses along their
ventromedial projectiorroute (Figure7.3). In contrast, centrally projecting ORNSs liked@,
Or7laand Or88aaxors, which travela shortdistanceto their target zoneat a straight angle
from the AL entry point were hardly affectd®% 7% and 0%Jable7.1). In summary,
analyzing he frequency of phenotypes of thirteerepresentativeORN classest can be
concludel that targetingtowardsglomeruli is affected in a distancand projection route

dependent manner, with neurons projecting dorsolateral and vemtedial being the most
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affected (Figure7.3, Table7.1). In addition to that i psidin’ mutants, glomeruli appearetb

be innervated by fewer axonégain, ORN classes are affected differently, with Or42a, Or88a
and Or46a affectedstrongly, showing no innervation of mutant axons in the.ADther
classes, e.g. Ord7a, Ord7b and Or22a, showed a nnéddeition of innervation in the AL.
Interestingly the mistargeting phenotype of Or47a seems to be identical in f&ithri®®"

andpsidint background.

Table 7.1 |  Quantification of Psidin mutant axons in several ORN classes

Targeting phenotype was quantified using MARCM analysis of the respective Or-marker. ORN survival
was scored in three categories: (++) no cell loss, (+) mild cell loss, (-) complete loss of cells.
Quantification of a targeting phenotype was not applicable (N.A.) in ORN classes that showed a
complete loss of neurons (-).

Wild type | psidin’ [ psidin *°>* [ psidin'®%7®

ORN phenotypes
targeting ORN sunival |targeting ORN sunival [targeting ORN sunival |targeting ORN sunvval

@ not determined
® not applicable (due to 100% cell loss)
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Wild type psidin’ psidin>b4

Ord47a
(ANT)

Or10a
(ANT)

Or22a
(ANT)

Or67d
(ANT)

Ord7b
(ANT)

Gr21a
(ANT)

Or71a
(MP)

Or88a
(ANT)

Figure 7.3 |  ORN class specific mistargeting phenotype in Psidin mutants

(Figure legend see next page)
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Wild type

Or59c
(MP)

Or42a
(MP)

Or33c
(MP)
|eIpaWOoJjUdA

Or46a
(MP)

Or92a
(ANT)

Figure 7.3 |  ORN class specific mistargeting phenotype in Psidin mutants

MARCM analysis of different ORN classes, which are grouped according to their
projection route. Axons were visualized using Or-GAL4 and UAS-syt-GFP or UAS-mCD8-
GFP. Adult fly brains were dissected and stained with anti-GFP and NC82. ORN classes
are affected differently. Axons growing along the dorsolateral (e.g. Or47a and Or67d) and
ventromedial (e.g.Or59c and Or92a) are strongly affected, whereas axons using a central
route (e.g. Or47b and Or71a) are less affected. Several classes show a strong (Or88a,
Or46a and Or33c) or milder (Or22a and Gr21a) cell loss phenotype, which is visible in the
adult brain due to lower innervation of the glomerulus. Sc al e bar is 20
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7.3 Complete loss of Psidin results in loss of specific ORNs

The analysis of the targeting pattern of several ORN classes revealeéh thsidint
mutants, several glomeruli frequently appeared to lbes innervated byYpRNaxons Figure
7.3). In cell culture, Psidin homologues$ yeast and human were shown to be required for
cell growth, survival andlivision (Polevoda and Sherman, 2003b; Starheim et al., 2008)
Thereforethis reduced innervation might be caused by a reduction in ORN cell nuifber.
test this poswility, | analyzed the total neuronumber of several subsets of ORNs using
eyFlp mediated mosaic analys3RNs located in the maxillary papd Or42a, Or59¢both
maxillary palp and Or47agntenng classes of ORNs. The genewteceptor, Or83b/Orco,
is caexpressed in ever®RN. | counted the number of Or83b positive neuronthe MPto
estimate the overall ORN number. The analysis of Or83b positive neurons revealed that this
cell number is significantly redudeéby 34% comparing wild type (n=35) gusidirt mutants
(n=23). In contrast, the cell number is not significantly changed in the hypomorphic
backgroundpsidin®®”® (n=31) compared to wild type.l obtained similar results for the
individual ORN classes, with no significant change in the hypdrioqrgidin®®’®background
(Or5: -20%, Or42a:8%, Or47a: +16%), but a strong reduction in pisédin” background
(Or59c: -48%, Ord42a:-83%, Or47a:-55%). Overall the cell number did not change
significantly in the hypomorphigsidii®®"®background, but was markedly reducedpisidirt
background. Furthermore ORN classes seemed to be affatifferently by the cell lossith

some classes nearly absent and othieardly changed
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Figure 7.4 |  Reduction of ORN number in Psidin loss of function mutants

Homozygous mutant clones were generated using eyFIp MARCM. Cells were visualized using
Or-gal4, UAS-mCD8-GFP. (A) The number of mutant Or83b/Orco positive neurons in psidin1
and psidin'®*"® background. Cell number is reduced in the psidin® background, whereas
psidin'®®"® mutants are not significantly affected. (B) The number of psidin® and psidin'®®"®
mutant cells in one antennal marker (Or47a) and two maxillary palp marker (Or42a and
0r59c). Reduction of cell number is visible in psidin®, but not in psidin'®®"® background. Bar
graphs: One-way ANOVA, Bonferroni post-test for normally distributed values (* p<0.05, **
p<0.01, *** p<0.001). Error bars + SEM.
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7.4 Re-expression of wild type Psidin rescue stargeting and cell loss phenotype

In orderto verify that the targeting anaell lossphenotypes are caused by the loss
of Psidin, | used the GAL4/UAS systerme-express wild type Psidin in the background of
the psidinmutants. Wild type Psidin was selectively-egpressed in mutant eyFIp clones in
the antenna and maxillary pal@lable7.1). Reexpressiorof Psidinsufficiently rescuedhe
targeting phenotypen psidin®®"®background(54% vs. @) andpsidint background(72% vs.
0%) Figure7.5A,C). Overexpression of Psidin had no effect in wild type neyf#fsvs. 0%)
(Figure 7.5A,C) In addition, expession of Psidin completely restored the cell numirer
psidint background(n=23 vs. n=3), but it had no effect on the cell number ipsidif®®’®
background(n=32 vs. n=28) and wild type neurons (n=36 vs. n{BRjure 7.4B). To
St dzOARIF S t & deRlasy ghanotypl dveSexpkegsediitie Sntipoptotic protein
p35 and the mutated Psidin®*®in both mutant backgroundsThis completely rescuedhé
cel number inpsidin mutant backgroundn=23 vs. n=33Figure7.4B). Again there was no
significant change icell number inwild type and psidid®®”® background (n=32 vs. n=29).
Interestingly, expression of p35 did nobmpletelyrescue the targeting deféof psidirt
mutant axons There was only an improvement of the mistargeting to 53%, which exactly
resembled the targeting phenotype @fsidil®®”® mutants (54%),(Figure7.5). No further
improvement in the targeting phenotype was observed upon p35 expressipsidin®®’
mutants (53% vs. 50%Figure7.5A,C) Similar the expression of Psitfitf®could rescue the
cell number ofpsidint (n=23 vs. n=32). At the same time the targeting phenotypesidirt

1G978

was rescued to levels g@sidn™~""(55% vs. 73%nutants, with almost no strong targeting

phenotype left(9%) Overexpression of Psidifi’®in psidin®®"®mutants had no effect on the

cell number (n=32 vs. n=29). Although the targetifgfect was increased irpsidin®®’®
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mutants overexpressing Psidffi’®(55% vs. 71%), the quality of the targeting did not change.

| could not observe any strong targeting defeict those neurons.

Taken together, targeting and cell loss phenotype were rescued-Bypeession of
wild type Psidinln contrast,overexpression of the antipoptotic protein p35 selectively
rescued the cell loss phenotype, but not the targeting defe€tis suggests that Psidin
prevents apoptosis of ORN precursors during developmietgrestingly the expression of
Psilin®®"®could also selectively rescue the cell numbepsidint mutant clones In addition
Psidin®®"®can partially rescue the targeting defec®hus, Psidimlearlyshows independent

requirements forORN survivaand axontargeting
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Figure 7.5 | Re-expression of wild type Psidin rescue targeting and cell loss phenotype

(Figure legend see next page)
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Figure 7.5 | Re-expression of wild type Psidin rescue targeting and cell loss
phenotype

Wild type Psidin, Psidin'®*"® and p35 was expressed under the control of act-GAL4 in eyFlp
clones. Axons were visualized using a Or59c::mCD8-GFP direct fusion construct. (A) Targeting
pattern of Or59¢ neurons in wild type, psidin'®®"® and psidin® background, in the presence and
absence of Psidin, Psidin'®*® and p35 expression. Expression of wild type Psidin rescued the
targeting phenotype of psidin® and psidin'®®’®. Expression of Psidin'®®’® and p35 rescues the
targeting up to the level of psidin'®®"® mutants. The strong targeting phenotype is almost
completely rescued upon expression Psidin'®®"® and p35. (B) Total cell number of Or59c positive
neurons in wild type, psidin1 and psidinIGg78 background, in the presence and absence of Psidin,
Psidin'®*® and p35 expression. Cell number is rescued upon expression of wild type Psidin,
Psidin'®*® and p35 in any background. (C) Quantification of the mistargeting phenotype in wild
type, psidin® and psidin'®*® background, in the presence and absence of Psidin and p35
expression. Bar graphs: One-way ANOVA, Bonferroni post-test for normally distributed values
(* p<0.05, ** p<0.01, *** p<0.001). Error bars £ SEM.
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7.5 Psidin mutant axons do not follow their normal targeting pattern

To further understand the nature of the observed mistargeting phenotyp®alyzed
the projection routes obne antennal and one maxillary paDRN clasthat were strongly
affected by the mutatiorin psidif®®"® psidint and compared it to the Wd type background.
Wild type Or47a axongormallyprojectedto a dorsal glomeruluéDM3) using a dorsolateral

n®® or psidint mutant axons

route upon entry of the AL(Figure7.6). In contrast psidi
deviated from that pattern. MutanOr47aaxons additionally grovalong the ventromedial
part of the AL, which isusually notinvaded by wild type Or47a axonsAlong this
ventromedialprojection route,psidinmutant axons @entually form ectopicyapseskigure
7.6). It overall seemed thapsidin®®"®and psidint mutant axons were no longer restricted to
their normal projection route, but invaded the entire AConsistent with previous
observations, theALwasless innervated impsidirt mutant backgroungdwhichis due to the
reduction in cell number.The quality of the mistargeting phenotype however, was
comparable to thepsidin®"®background Figure7.6). Wild type Or42a axons grow through
the subesophageal ganglio(lSOG and eventually reach the Aand projectalong the

n®"®mutant neurons are

ventromedial route to reach their target glomerulugN7). Psidi
able to gow out of the maxillary palpnd extend their axons through tH&OGFurthermore
psidin®®’® mutant axons reackd their gross target areaput then seened to defasciculate
and spread out into the vicinity of their innate glomerul#&gre7.6). In contrast psidirt
mutant neuronsseerned to be unable to grow out of the maxillary padpd therefore never
reach the SOG or AL. Only occasionally, | detigstonal innervation in the AEigure?.6).

This is in agreement with the loss of neuronggidn' mutant observed earlierfigure7.4).

Concluding, | found thaisidin®*”®mutants follow the normal wild type path toward the AL.
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Psidin seems to be required ondit the last stages of axon targetingsince the axons

defasciculate abnormally only after they reached the AL.

Figure 7.6 | Psidin mutant axons do not follow their normal targeting routes

Axons of one antennal (Or47a) and one maxillary palp (Or42a) ORN class were traced in
wild type, psidin® and psidin'®®"® background using eyFlp mediated clonal analysis. Axons
were visualized using Or-GAL4 driving UAS-mCD8-GFP and stained with anti-GFP and
NC82. Wild type Or47a axons use the dorsolateral projection route within the AL. Psidin*
mutant axons deviate from that pattern and project also along the ventromedial route,
where they eventually form ectopic synapses. Similar mistargeting pattern is visible in
psidin'®*"® mutant axons. A somewhat different pattern is found for Or42a neurons. Wild
type Ord2a axons grow through the SOG and project along the ventromedial route in the
AL. In psidin® mutants no innervation is visible, due to the strong cell loss of Or42a
neurons. However, Or42a psidinIGg78 axons follow the wild type path through the SOG, but
then defasciculate and innervate in neighboring glomeruli.













































































































































