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SUMMARY

The Z-disc of striated muscle cells is a highly specidized three-dimensioral
structure which delineatesthe boundary of the individud sacomers. It
accanplishesa uniquerole by anchoringacin filaments and act as a molecular
trigger for contracton. Beyonda well-defined strucural role, in recentyearsit is
emerging the hypothess that Z-disc may be directly involvedin the perepion
and transmssion of muscularstresssignals. To achieve theseconplex functons,
many Z-disc proteins are involved in multiple protan interactons. The
impartanceof theseinteractionss indicatedby the fact that mutaionsin several
Z-disc protens can resut in muscula dystrophiesand/or cardomyopathes in
humanand mice. Functional studieson the Z-disc interacobme and its regultion
will greatly improve the understandingof the biology of the Z-disc and its
musculardisorders.

The main goal of my project wasto understandthe compkx nework of proten-
protein interactons occurring at the Z-disc of skektal and cardiac musck. In
particular, my work focused on two groupsof Z-disc protans: the FATZ and
myotilin proten families on onehand,andsone protans belonging to the enigma
famiy on the other hand. This work led to the identfication of a specific
interaction betweenthe PDZ domain of enigma family membeas and the C-
terminalfive aminoacidsof the FATZ andmyotilin families.

Thework of this thess waspart of a wider projectinvolving the groupsof Dr. G.
Faulkne at ICGEB, Trieste,andProf. O. Carpenat University of Turku, Finland.
Togethermwith our collaboratorsve notedthat the C-terminal five amino acids of
FATZ-1 (ETEEL), FATZ-2 (ESEDL), FATZ-3 (ESEEL), myotilin (ESEEL)
palladin (ESEDL) and myopalladin (ESDEL) are highly similar. Seachesin
protein sequene database revealedtha this E-[S/T]-[D/E]-[D/E]-L motf is
resticted in Vertebrateso the FATZ andmyotilin families of protens, and it is
evolutionary conservedrom zebrafishto humans,indicding its importane for
their biological function. The ELM program(a sourcefor prediding functional
sites in eukaryoticproteins)predictedthat the terminal four amino adds of the
FATZ and myaotilin families constitutea binding motif for classlll PDZ domain
proteins (X-[D/E]-X-[V/I/L] ). Thefirst object of my work wasto deermineif the
proteins with this new type of class Ill PDZ binding motif at their C-termiral
could effecively bind PDZ domains We knew from the literature tha ZASP
binds to all the three membersof the FATZ family and from preliminary



obsevations of our Finnish collaboratorsthat myotilin interacs with ZASP. In

addition to ZASP,othertwo memberof the enigma family of PDZ protans, ALP

and CLP-36, were includedin this study. Both the full-length and the truncaed
(lacking the last five amino acid9 version of the FATZ and myotilin families
were produced as native proteins and tested for PDZ binding using the
AlphaScrea (Amplified Luminescence Proximity Homogeneous Assay)
technique. Biotinylated phosgorylated and nonphosphorylgéed peptides
correponding to the C-terminal five amino acids of the FATZ and myotilin

families were also usedin AlphaSreeninteraction expeliments, as well as a
control peptde having E insteadof L asits last amino acid (ESEEE). Theresults
presentedin this thesisshow that the final five amino acids of the FATZ and
myotilin families of proteinsareresponsit# for the binding to the PDZ domains
of ZASP,ALP andCLP-36, andthatthe naure of thelastamino acid of the motif

is crucial for the interaction.We also show that phosphoylation of the ligand
sequence(on the serineor threonineresidu@ moduldesthe ability of the peptides
to bind to the PDZ domainsof the enigmafamily. a-actinin-2 wasincludedin this
study asits C-terminus (GESDL) is classfied asa classl PDZ binding motif (X-

[S/T]-X-[V/I/L] ) andit hadbind shown to bind to the PDZ domans of ZASP and
ALP. AlphaScreerexpeiments confirm the binding of both the full-lengthand
the C-terminal phosphorylate@nd nonphosphorylted pepidesof a-actinin-2 to

the PDZ domans of ZASP andALP, andthey also reveal aninteradion with the
PDZ domainof CLP-36.

These interactons were verified usng anothe in vitro binding technique, the
TranSignalPDZ Domain Array. Basedon the resultsof the PDZ arrays,RIL,

another member of the enigmafamily, is cgpableof binding the E-[S/T]-[D/E]-

[D/E]-L motif. Therefore thes final five amino acids can be considerd a novel
type of classlll PDZ binding motif specific for the PDZ domans of enigma
proteins.

To betterquantfy the strengthof the noted interadions, SPR (SurfacePlasmon
Resmance) expermentswere performedin the laboratoryof Dr. A. Baines at
Universty of Kent, UK. The affinities of the intera¢ions beween the PDZ

domain of ZASP and some of the phosphoryhted and nonphosphorylted
peptides of the FATZ andmyotilin familiesresultto bein thenM range.The SPR
resultsalso demonstrate new interactionbetwee the PDZ doman of ZASP and
ANKRD?2. This proteinis a memberof the MARP family andit is thoughtto be
involved in muscle stres respmse pathways.ANKRD2 locdizes both in the
saroomeric I-band and the nucleus,andit is able to bind to severaltranscrption

factas, including YB-1, PML and p53. This interation strergthens the



hypothesisthat, besideshavinga structuralfunction, Z-disc could also havearole
in cell signaling.

It is worth noting that mary Z-disc proteins can intera¢ with the samepariners
therdore it would be helpful to definethe level and patern of expressiorof the
individual proteins in different muscletissuesto understandwvhich interactions
actually occur Therefore anotheraim of my work wasto measurethe abundarmce
of mMRNAs of sone Z-disc proteinsusing the RealTime PCR techngue. Four
differentmusclesfrom adult mice were consideed: tibialis (a fasttwitch skeletal
muscle),soleus(a slow-twitch skeletalmusck), gastrocnmius (a skektd muscle
with mixed fibers) and heart(cardiacmusck). The different distribution of the
FATZ proteins, myotilin andthe alternativédy spliced variants of ZASP suggest
that, at least in mouse, the interactons between these protens could be
compatmentaizedin distinct fiber types.






RIASSUNTO

Il disco-Z del muscolostriatoé unastrutturamolecobre altamente speciadizzataa
livello dellaquak si instauranonumerosenterazoni proteinaproteina ll disco-Z
delineail confine dei singdi saccomeri,fornend un punto di anmraggioper i
filamenti sotili di actina;il loro scorrimento sui filamenti spessi di miosina
producela forzameccanicaesponsabil@ella contrazone. Al di ladi un evidente
significato struturale, negli ultimi anni sta diventando sempe piu consstente
I'ipotesi di un coinvolgimento del discoZ andie nella percaione e nella
trasmissioneli sequali. L'importanzadele interaioni trale protenedel discoZ e
indicata dal fatto che mutazioniin molte di queste proteine possonarisultare in
distrofie muscolarie/o cardiomiopatiesia in uono sia in topo. Una piu ampia
conosc@zadelle interazionichesi articolanoa livello dd disceZ e, in geneale,
degli eventi che le regolano, aiuterelbe a chiarire la biologia dd discoZ e
I'insargenzadi eventuali patologieas®date. Il mio progetb di Dottorab e stato
incentrao su due gruppi di proteine sacomerche e sule loro interaioni: le
proteine delle famiglie FATZ e miotilina da un lato, e acune proteine
appatenenti alla famiglia enigma ddl'altro. Questo lavoro ha portato
al'i dentificazionedi una specificainterazone tra i domni PDZ delle proteine
della famiglia enigmae gli ultimi cinque residui amnoacdici present nelle
proteinedelle famiglie FATZ e miotilina.

Il lavorodi questaes si insericein un progeto pit ampio checoinvolgei gruppi
coordinati dalla Dr.ssaG. FaulknerdellICGEB, Trieste,e il Prof. O. Campen
dell'Universita di Turku, Finlandia. Graze alla loro collaboraione, & stato
possbile notarechei cinqueresiduiC-termindi delle proteineFATZ-1 (ETEEL),
FATZ-2 (ESEDL), FATZ-3 (ESEEL), miotilina (ESEHR.), palladina (ESEDL) e
miopalladina (ESDH.) sono molto simili. Una ricercaeffettuaa in database di
sequenz proteicheharivelato chequestomotivo, E-[S/T]-[D/E]-[D/E]-L, € quasi
esclusivamenteristretto nei Vertebrat ale protane delle famiglie FATZ e
miotilina; inoltre, esso sembra esere conservat da zebrafish ad uomo,
suggerendola suaimportarza per le protene che lo conengono.ll progranma
ELM (che predce siti funzionali in protene eucarptiche) ha predéto che gli
ultimi  quattro amino acidi delle protine FATZ, miotilina, pdladina e
miopalladinacosituisconoun motivo di legame per le proteine con domini PDZ
di clase Il (X-[D/E]-X-[V/I/L]). I mio primo obidtivo & stao quelo di
verificare se le proteine caratterizzateda questo nuovo motivo C-terminale



potesseo effetivamentelegaredomini PDZ E’ noto dalla letteraturachei tre
componeni della famiglia FATZ leganoZASP. Sappamoinoltre, daosservamoni

preliminari dei nostricollaboratorifinlandesi, chemiotili nainteragiscecon ZASP.

Oltre a ZASP, altri due membridellafamiglia enigma, ALP e CLP-36, sonostati
inclusi nelo studio. Le proteine della famiglia FATZ e miotilina sono state
prodotte sia in versionefull-length sia priva degl ultimi cinqueamino acidi per
essereutilizzate in saggi di interazioneAlphaScrea (Amplified Luminescence
Proximity Homogeneous Assay). Pepqidi biotinilati, fosforilati e non,
corrispandenti ai cinque amino acidi finali delle FATZ, miotilina, palladina e
miopalladinasono stati inoltre impiegati nei saggi AlphaScrem, cosi come un
peptide di controllo aventein ultima posizone un acido glutammico (E) invece
che unaleucina(L). | risultati riportati in questatesi dimostranoche gli ultimi

cinque amno acidi delle proteine dele famiglie FATZ e miotilina sano
responsabildel legameai domini PDZ di ZASP,ALP e CLP-36, e chela natura
dell’ ultimo residuo aminoacidicoé crudale per questainterazione. Inoltre, la
fosforilazione del resduo di serina o treonina del ligando C-terminde puo
influenzareil legamedei peptidi nei confront da domini PDZ della famiglia
enigma La proteina o-actinina2 e stataintrodotta nello studiq poiché la sua
sequenzaC-terminale(GESDL) é classificata come motivo di legameperi domini
PDZ di classe | (X-[S/T]-X-[V/IIL]). Gli espeaimenti AlphaScree hanno
confermatal’interazionedi a-actinina2 (sia della formafull-length sia de pepidi

C-terminal, fosforilati e non) coni PDZ di ZASP e ALP, e hannofatto emergere
unanuovainterazioneconil PDZdi CLP-36.

Molte di quese interazionisonostateverificateconun altro meiododi interazone
proteina-proteina in vitro, il TranSgnal PDZ Domain Array. Sula basedei
risultati di PDZ array e stato possibileidentifi careun altro membro della famiglia
di proteine enigma, RIL, in grado di legareil motivo E-[S/T]-[D/E]-[D/E]-L.

Possiamo considerarequest cinque amno acidi C-termindi come un nuovo
motivo di legane per le proteinecon domini PDZ di classelll, specfico peri

domini PDZ delle proteineenigma.

Per potermedio quantificarela forzadelle interaioni studiate, alcuni espeimenti

di SPR (Surface Plasmon Resonance) sonostai eseguiti nel laborabrio dd Dr. A.

Bainesall’'Universitadi Kent, UK. Le affinita ddle interazioni trail dominio PDZ

di ZASP e alcuni dei peptidifosforilati e nonfosforilati ddle famiglie di protane
FATZ e miotilina risultano esserenell’'ordine dd nM. Gli esperimati di SPR
hannoportab ancte all'identificazionedi un’interazionetra il PDZ di ZASP e
ANKRD?2. Si pensache questaprotena, membro della famiglia MARP, sia
coinvolta nelle vie di rispostaa stressmuscolari. ANKRD2 puotrovarsisianella

\4



bandal del sarcomerosia nel nucleoed e in gradodi legae diversi fattori di

trascizione, come YB-1, PML e p53. La smopertadi questainterazione rafforza
I'ipotesicheil discoZ, oltre ad un ruolo struturale, potrebbeesserecoinvolto in

vie di segnahzione.

Dal momenb che a livello del discaZ molte proteine hannopiu di un partner

proteico, sardbeutile cercaredi definireil livello eil profilo di espressinedelle
singole protenein tesuti muscolaricon diversecarateristiche.Un altro obietivo

del mio lavoro e statq quindi, quello di valutare 'abbondanzadegli mRNA di

alcune delle proteinedel discoZ da me studiae con la Real-Time PCR. Allo

scopo sono statipresiin considerazionguatro tessuit muscoéri di topo adulta il

tibiale (un muscolo scheletrico a contazione rapida), il soleo (un muscolo
schdetrico a contraziondenta),il gagrocnemo (un muscoloschéetrico con fibre
miste) e il muscolocardiaco.La differentedistribuzone dele FATZ, miotilina e
ZASP (con le sue varianti di splicing) suggerse che almeno in topo, le
interazionitra questeproteinepotrebberoesserecompatimentalizzate in distinte
fibremuscolari

VI
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| INTRODUCTION

-1 The muscle: structure and function

Muscleis the contractiletissueof the body, respasible for bothlocomoton of the
organism itself andmovemenbf internalorgans.Therearethree typesof muscle
which all havethe ability to contract:skeletal, cardiac,andsmooh muscle
Skeletalmuscleis a voluntary striated musde. It is anchoredby tendonsto bone
and is usedto affect skeletalmovementsud aslocomotion andin maintaining
posture.An averageadult male has 40-50% (as percentage of body mass) of
skeletalmusde andanaverlgeadultfemaleis made up of 30-40%.An individual
skeletal muscle consistsof hundredsof musde cells called musde fibers or
myofibers that are cylindrical and multinucleaed. The nucla are locaed in the
periphery of the cell, just underthe plasma membrane.Myofibers are bundled
togetherandwrappedin a connectivetissuesheakh called the epimysium (Figure
1). Portions of the epimysium project inward to divide the muscle into
compartmentsEachcompartmentontans a bundleof musck fibers, forming a
fasctle, which is surrounded by a layer of connecive tissue cdled the
perimysum. Within the fascicle, each individual myofiber is surroundedby
connective tissue called the endomysium Each musck fiber coniains many
myofibrils. Myofibrils are madeup of sarconeres,the basc contractile unit of
musclethatis composedof thick andthin filaments. Thick filaments are mainly
composedof myosin whereasthin filaments are composedof adin filaments
associatedvith tropomyosinandtroponin.In addiion to myofibrils, therearealso
other specializedstructuresin skeletalmusclecells. Other cytoskeletd filament
systems (descrbed below) connect myofibrils to the sarolenma (plasma
membrane)and its invaginations (T-tubules) as well as to the sarcophsmic
reticulum (endoplastiaeticdum) (Burkitt HG et al., 1993.
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Figure 1. Representationof a musde showing the relationshp betweenmugle fibers and the
conrective tissues of the tendon, epimysum, perimysium and endomgium
(http://training.seer.canaegov/module _amtomy/ima@s/ilu_muscle stucture).

Different fiber types can be distinguisheal in each skeld¢al muscle the myosin
heavychan (MHC) isoform compositia is comnonly adoptedasthe criteriafor

fiber classificaton (Bottinelli R, and Reggiai C, 2000). The fiber type
compogtion, varying from muscleto muscle is the basis of the well-known
structural and functional muscular diversity. The fibers can charge their
characteristcs in respone to a large variety of stimuli leading to muscular
plasticity (Berchtold MW et al., 2000. Type |, slow-twitch or slow-oxidaive

fibers contain large amountsof myoglobin, mary mitochondriaand many blood
capillaries.Type fibersarered, split ATP at a slow rate, havea slow contradion

velocity, arevery resistanto fatigueandhave a high capacty to generée ATP by
oxidative metabolc processs. Such fibers are found in large numbersin the
posturd musckesof theneck.Type Il fiberscanbedistingushedin [IA andllX in

humans in rodens alsofibers 1B exig (SpangenburgEE, and Booth FW, 2003.

Type lIA, fasttwitch or fast oxidative fibers contin very large amounts of

myoglobin, a lot of mitochondriaandblood capil aries.Thesefibersarered, have
a very high capacity for generatingATP by oxidaive meaboic processs, slit

ATP at a very rapid rate, have a fast contraction velodty and are resistat to

fatigue. Such fibers are infrequently found in humans.Type 11X and IIB, fast

twitch or fastglycolytic fibers containa low contentof myoglobin,relaively few

mitochandria, relaively few blood capilaries and large amouns of glycogen.
Thesefibersarewhite, generatéATP by anarobicmetabolic processessplit ATP

at afastrate and havea fast contractionvelocity. Suchfibers are foundin large
numbersin themusclesof thearms

Cardiacmusde is aninvoluntarystriatedmusde. It is quite similar in structureto

skeletal musck, and is found only in the heat. Cardac musde cels caled
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myocytesare not fused togetherto form coninuous multinucleaed myofibers.
Instead the adjacentmyocitesare conne&ted to each other by interalaed discs,
which havethree main junctional complexes (Clark KA et a., 2002. The gap
junctions enable the chemical connecton betwe@ adjacent cardionyocyte,

whereas adherengunctions and desnosones connet the filamenbus systems,
suchas actin,to themembrane.

In skeletd and cardiacmusclethe sarconeresof adjacent myofibrils are aligned,
and this gereratesthe striated appearace of these tissues in microscofc

prepardions

Smooth musck is aninvoluntarynonstriated musck. It is found within the walls

of organsand structuressuch as the esophagusstomah, intestines, bronchi,
uterus, urettra, bladder, andblood vesses. The cytoskeléon of smoothmuscleis

not organked into myofibrils, althoughsome similarities exist (Small JV, and
Gimona M, 1998. Densebodies,al called Z-bodies, arelocaed in the cytaosol

(and contan a-actinin), whereaas denseband#denseplaques are electrondense
areas closeto the cell membrane(that contain vinculin and talin). Both dense
bodiesand densebands act asanchoriry sitesfor the actin filamentsof opposite
polarities, and densebodies togeher with the thin andthick filamens form the
contractileunit of the smoothmuscle(BondM, and Soniyo AV, 1982.

-2 Muscle contraction

Althoughthethree typesof musclehavesignificantdifferencesall of them usethe

movement of actin againg myosinto geneatecontraction.

Skeletal musclecontractionis undersomatic nervoussysem control In skeletal
muscle,motor neuronsbranchwithin a muscleto form motor units, which sugply

a group of musck fibers. Acetylcholineis released from the nervetermind at the

neuromuscular junction, where the neuronal end is attachal to the muscle
membraneThebinding of acetylcholingo its receptorson the sarolemmacauses
the receptor channelsto open, which endles Na** influx leading to the

depolarizaibn of sarcolemmdgLodishH etal., 1995. This depolarizaion extends
to the myofibrils via the T-tubule sysem, which leadsto C&" releasefrom the

sarcoplasmiaeticulum. The cytosolic C&* concentrationis increasedabout100-

fold. C&* binds to troponin C on the troponintropomyosincompkx locatel on

thin filaments.In relaxedmuscle, tropomyosin blocks the myosin binding site on

actin. Ca®* binding to tropanin C causesa shift in the tropomyosinposiion and

exposesthe myosin binding site. Actin filameat binding, in turn, actvates the



myosin power cycle. The myosin headdomain medides the connecion to the
actin filamentsand the power stroke, where the erergy of ATP hydrolysisis
convertedto mechanicalwork. This resuls in a sliding movementof adin and
myosin filament at the sarcomeridevel andin a musclecontracion at the organ
level (Berchtod MW etal., 2000).

In contrastto skeletalmuscle,cardiac musclehasan intrinsic ability to contact
without stimulation from the central nervous system However, the intrinsic
contradion rate is regulatedby the autonomouservoussysem and hormones.
The stimulation of cardiac contractionis medided by modified cardac cells
known aspacenakersthatinitiate actionpotentials. In cardiac musce thecels are
not fused;however, intercalateddiscspermt spreadng of the depohrization from
one cell to another(Burkitt HG etal., 1993). Thennormalhearbeat beginswith an
action potentid in the pacemakecells locaed in the sinoatial nodethat spreads
rapidly through the electricallycoupledcels of the atria. After a slight delay, the
action potental stimulatesthe depolarizéion of the atrioventrialar nodeandthe
impulses are transmittedto the ventricles via the bundle of His and Purkinje
fibers. The contractilemachiney and the sliding mechaism of thin and thick
filamentsaresimilar to thatof skeletalmusce.

Smooth muscle contractionis unde the contol of the autonomousnervous
system ard hormores (Somlyo AP, and Somlyo AV, 1994. The C&* flux from
the sarcopasmicreticulumis alsothefirst initiator after a nervesignalin smodh
muscle.Theinteractionof sliding actinand myosinfilaments is similar in smooth
musclecomparedto cardiacand skeletalmuscles, but there aredifferencesin the
proteins involved in cortraction. Instead of a troponn-tropomyosinsysten, the
contradion is regulated by a calmoduln-myosin light chain kinasédphosphatase
system (StephensNL, 2001). C&" binds to calmodulin, which activatesthe
myosin light chain kinase. The calciumcalmodulinnmyosin light chan kinase
compex phosphorylateserinel9 on the myosin regultory light chan. This
allows myosin AT Pa® activationby the thin filamentleading to the contradion.
Herrera and coworkers (Herrelm AM et a., 2005) suggestthat in contrastto
striated musck, the contractionmachiney of smooh muscleis flexible. The
changesn thenumberof contractileunits andthe changesn thick filamentlength
accauntfor thelength change®f smoothmusck cdls.
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|-3 Thesarcomere

All musdes useactinandmyosinfor contration, but only in skektd and cardiac
muscletheseprotens are organizedinto sarconeres, which are the fundamental
contractileunit of striatedmuscle.The mammdian sarconereis approxinatdy 2

um in length, and can shorten to about 70% of its origind length during
contraction (Au Y, 2004). The individud units of the sarconere include four

major filamentous systems: the thin, thick, titin, and nebulin filamens. The
striation appearancef the musclefibers resultsfrom an alternatng patern of

dark and light bandswhen they are viewed unde a polaized light microscope.
Figure 2 showsthe sarcomerealepictingits organzation in bandsandlines. The
A-band (Anisotropic in polarized light, dark) resdes in the cente of the
sarcomee andit is compogdmainly of thick flamens. Thelengthof the A-band
is equal to the length of a typical thick filament (about1.5 um). The A-band,
which aso includes portions of thin filaments, contans the following three
subdivisions:the M-line, the H-zone,andthe zoneof overlap.The M -line (Mittel,

meaning middle in German)is composedby protens that connectthe central

portion of eachthick filamentto its neighbors.Thesedark-staining proteins help
stahlize the postion of the thick filaments. The H-zone (Heller, meanng bright

in German) is a lighter region on either side of the M-line without any actin-

myosin overlap. The H-zone containsthick filamens but no thin filaments. The
zone of overlap is the region where thick and thin filaments interdigitate.
Electron microscopyimagesof the A-band showedthat each thin filament is

surroundedby threethick filaments andeachthick filamentis surroundedy six

thin filaments;myosin headsextendto interactwith adin forming crossbridges.
Theregioncontiningonly thin filamensistermed|-band (Isotropicin polaized

light, light) andit extendsfrom the A-bandof onesar@mereto the A-bandof the
next sarcmere. The Z-disc (Zwischen,meaning betwveenin German) marksthe
boundarybetweenadjacentsarcomees. From the Z-discs at either end of the
sarcomee, thin filamentsextendtowardthe M-line andinto the zone of overlap.

The actin filamens are podar structures,and Z-disc proteins save to provide a

medhanical link between actin arrays of opposie polarity from adjaent
sarcomees(Huxley HE, 2008.



Figure 2. Simpified model of two muscke sacomeres in parallel (top), and
electronmiscrogopic phaograph of the ultrastrudural organization of sarcomeesin paralel
(bottom) (Ottenkeijm CA et a., 2008.

I-3.1 Theactin cytoskeleton: actin and myosin

Actin is one of the mostabundat and highly conservedroteins. Actin proteins
medate contractile function in musclecels and deermine the morphology and
motility in nonrmusclecells. In mammds, there are at least six different adin
isofams, eachencoadby a separategene(Yao X etal., 1995).The expressionof
each isoactin geneis regulatedin a devebpmenéal and tissuespecfic manrer.
Two main typesof actin are distinguishedon the basisof both protein sequace
and tissuespeciic expresion: the musck actins with four isdforms, two Iin
striated muscleqa-skeletalanda-cadiac) andtwo in smoothmuscleqa-vascular
and vy-visceral),and the nonrmuscleor cytoplasmt actins presentin evey cdl,
with two isoforms the - andy- isdforms. Theidentity of the actinisoformsat the
protein sequencelevel is 93-99.5%, being higher betwe& musde adins than
between cytoplasmicisoforms (Mounier N, and Sparrow JC, 1997). Globular
actin mononers (G-actin) polymerizeto form adin filamens (F-actin), which
havethe appearace of two twisted a-helices.Actin filamentsare polarized,with
a fastgrowing barbed-end or plus (+) end and a slow-growing pointed-end or
minus (-) end. In sacomeres,the fag-growing barbedendsof adin polymers
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point toward the Z-discs CapZ binds to these plus ends, inhibiting

polymerization, whereas tropomoduln caps the minus end, prevening

dissaiation of actin monomersCappingat both endscausethe acin filamentsto

be very stabk (Lodish H et al., 1995).In musde, actin filamens assoate with

the proteinstropomyosinand troponin, which are importantin the regulaton of

musclecontracion.

Myosinsform the secondfilamentoussystemof myofibrils. Thereare 15 clases
in the myosin superfamily.As a generalfeature, myosins canbind acin andact as
motor proteins.Filamentforming muscleand norrmusclemyosinsconstiute class
Il. Membersof this classare hexamericenzynescomposel of two myosinheavy
chains (MHC), two essentialmyosn light chains (MLC), and two regulatory
MLC (Reggani C et al., 2000). Therearea numbe of isoformsof both myosin

heavy and light chains which can combinewith each otherto producevarious
isomyosins.The expres®n of isomyosinsis regulaed to fulfill the different
contraction requirementsdependingon musde type. Head and tail regions
constitutethe myosin molecule.The headregion contans the N-termind partsof

the heavychainsandthe regulatoryandessenial light chans. The heal region is

the motor domain binding to actin, hydrolyzing ATP and generding movanent.
The myosin tail region containsa coiled-coil forming region, which enabésthe
dimerization of two myosn heavychans in a bipolar order. In strited muscle,
thesehexameresire bundledtogetherby paralel interactionsaong the filaments
to form thick myosinfilaments(SellersJR,2000).Thetails of bipolar myosinsare

anchored at the M-line, where myosn filaments are crosslinkel by M-bridges.
MyomesinandM-proteinarepotentialcandidaesfor crossinking thick filaments
a the M-line. In particular, myomesincan form anti-parallel dimersand it is

thoudht thatthesedimerscrosdink the contacile filamens in the M-bandsimilar

to a-acinin in theZ-disc(Lange S etal., 2005.

1-3.2 Thegiant proteins: titin and nebulin

In additionto thin andthick filaments vertebrae striated musclecontans a third
and a fourth filament systemformedby the giant protenstitin andnebulin (Frank
D etal., 2006).

Titin, alsocalled connectinjs oneof thelargestprotans knownin humanshaving
a molecular weight of about 3700 kDa (Miller MK et al., 2004). Titin is a
multifunctional protein spanningfrom the Z-disc to the M-line. The N-termiral
ends overlapin the Z-disc, whereasthe C-terminal ends overlap at the M-line;
thus, two titin madeculescreatea continuousfilament sysem throughthe entire



saroomeee. Titin can be separatednto different regions basel on the sacomeric

location and function: the Z-disc titin, the I-band titin, the A-bandtitin, andthe
M-line titin (Gregaio CC et al., 1999). The Z-disc titin contains severa Ig-like

repats (Z1 and Z2) followed by a series of alterndively spliced z-repeas (zrl-

zr7), which havebeenimplicatedin the regulaion of the Z-discthickness(Gautel
M et al,, 1996). The I-band region functions as a molecular spring, which is

responsibldor the elagicity of musle (Granzier HL, and Labet S,2004).The A-

bandregon mayactasatemplatein thick filament asserbly, whereasthe M-line

region containsa kinasedomain,which links titin to signaling cascadesBasedon

itsasemblypropertiesmultiple proteininteractionsandmodula strucure,titin is

believed to requlate the assembly of adin and myosin filaments, to maintain

saroomeric organization,as well as to function as a saromerc strech sensor
(Miller MK etal., 2004).

Nebulinis anoher sarcanericgiant proten (600-900kDa). Alterndively splicing

accaunts for its size variation (Labeit S, and Kolmere B, 1995). Nebulin is an

inextensibk protein anchoredat the Z-disc by its C-terminal regionandspansthe
lengthof thethin filamentendingat the edgeof the H-zone.As the sizeof nebulin
correlateswith thelengthof thin filaments,it hasbeensuggestd thatnebuln may
act asaruler regulatingthe numberof acin monomes that polymerize into each
filament during the formation of maturemusclefibers (Kruger M et a., 1991)

Nebulin may also regulatecontractionby prevening adin-myosn interacton. It

was thoughtthat nebulinwas not expressé in heart. Instead,a smaler nebulin-

like protein called nebulette(107 kDa), that is highly honologousto the C-

terminal of nebuln, hasbeenfound in cardac muscle(Millevoi S et al., 1998)

Althougha mechanisnof thin filamentlengthregulation may also existin cardiac
muscle, nebuktte could only participatein length regulation at the barbedend
becaise in contrasto nebulin,nebulettds too shortto spar up to the pointed-end
of the thin filament. Neverthelessthe C-terminal homolog/ betveen nebulin and
nebuletteis though to be necesary to conservetheir binding to the Z-disc
(MoncmanCL, andWangK, 1995).

[-4 TheZ-disc

The Z-discis anidentifying featue of striaied musde thatddineaesthe borderof
the individual sacomericunit. It crosslinksthin filaments of adjacent saromeres,
thereby transmiting force generatedby the ado-myosin interadion during
muscular contraction. Z-discs of adja@nt myofibrils are aligned, providing a
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means to coordinatecontractionsbetweenindividud myofibrils to a focal point
where the Z-disc is linked to the muscle membrane(Clark KA et a., 2002.
Furthermore, the Z-disc occupiesa unique posiion at the interface of the
sarcomee, the cytoskeletonthe sarcopasmi reticulum, and sacolenma (Pyle
WG, and Solaro RJ, 2004, suggestingthat it has addiional functions in the
transmision andsengng of externalandinternal signals(Frey N, and OlsonEN,
2002.

The Z-discsarecompogd of alargenumbe of protans andothermolecules.The
formation of mature Z-discs requiresthe addiion and organkzaion of Z-disc
proteinsto form a stableunit that can supportcontadil e forcesof the muscle.
During myofibrillogenesisZ-discsas&mbleby the latera fusion of the Z-bodes
of premyofibrils and nascentmyofibrils (McKenna NM et al., 1986). In the
transition from Z-bodies to Z-discs, the number of protans in the Z-band
increases and this may lead to increasd organiation and stablity neededfor
contraction (Sarger JW, and Sanger JM, 2001). The ealiest Z-bodies in
premyofibrils contain actin, a-actinin, filamin and nebulin (MoncmanCL, and
Warg K, 1995. Z-disc proteinsthat also interact with the sarcolenmag suchas
talin and vinculin becoméeocalizedafter the Z-bodies of nascenmyofibrils have
fusea laterally to form Z-discs of the maturemyofibrils (SangerJW et al., 2000.
Between the earliest Z-body stage ard the mature Z-disc stage, titin becomes
locdized in Z-bodies At this time musck-specifc myosin Il filamentsbegn to
align along the forming myofibrils in a process thoughtto be guided by titin
(WangK, andWright J, 1988).

TheZ-disc in everyvertelratestriatedmusclehasa predsely definedwidth thatis
presumablyrelated to the mechanicalpropeties of the musck. Z-discs width
rangesfrom approximatively30-50 nm in fast skeld¢al musclefibersto 100-140
nm in cardac muscleandslow skeletalmusde fibers (Luther PK et al., 2002).In
longitudinal electron micrograph sectionsof Z-discs, a chaacristic zig-zag
patternis observed.Narrow Z-discsin fast musckes show one or two zig-zag
layea's, while slow mustle Z-discsshowthreeor four zig-zag layers.Each zig-zag
laye corresponds$o overlappingsetsof Z-links. An important componat of these
Z-links is a-actinin, which crosslinksthe actin filaments.The Z-discs width thus
reflectsthe numberof crosslinks mediatedby a-acinin, which in turn dependon
theinteracton with thetitin z-repeat{YoungP et al., 1998).



-5 Z-disc proteins

The Z-disc of striated mu<le cells is a highly complex and specalized three

dimensgonal structure consistingof dozensof different protens assemtsd into a
multiprotein conplex. Although a-actinin hasbeenviewed as the major Z-disc
protein in all striatedmuscles,it accouns for lessthan 20% of the tota protein

contentof Z-discs(Pyle WG, andSolaroRJ,2004).In recentyeas, an increasing
number of Z-disc proteinshavebeenidentified but the precise interacions, and
mechanismef assemblyarestill poorly understoodlt is importantto remarkthat
mostZ-disc proteinshavetwo or morebinding partners,which makesthe Z-disca
very complex network of proteininteractons(Figure3).

The specialrole of Z-disc and of Z-disc proten interadions is indicated by the
factthatmutatonsin severalproteinsthat are either Z-disc conponentsor bind to

Z-disc protens have been as®ciated to the development of dilated
cardiomyopathyand/ormusculardystrophy.

In the following, I will give you a geneal overview on some Z-disc protens,
focusing in particular on their molecubr interadgion partnegs and on the
pathdogies eventualy associatedto them Most of Z-disc protans have a
structural role, sincetheyareinvolvedin theassemly of the Z-discstrucureor in

the mainenanceof its integrity during musck contrag¢ion. Nevertreless someof

them serveasdockingsitesfor transcripton factors, C&* signalling proteins,and
for kinasesand phosphatass that affect function and gere expressionFor this

reasonthe Z-disc hasbeencomparedo a way station for protens that regulate
trarscription andmovebetweerthe Z-disc andthe nucleus(Pyle WG, and Solaro
RJ,20049). Theideathatthe Z-disc maybe a coordnatorof intracdlul ar signaling

is suppated by the evidencethat somemuscledisordes seemto be associged

with an alteredreauitment of moleculespartiapating in intracellular signaling

more than with the alterationof eachsarconeric interaction (Arimura T et al.,

2004).
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Figure 3. Catoon of the netwak of proteins making up the Z-disc (Pyle WG, and SolaroRJ,
2009.

[-5.1 a-actinins

a-actinin is a memberof a highly conseved family of acin binding protens that
also includesspectins, dystrophinand utrophin. a-actinin is a functional anti
parallel dimer, with a polypeptide chain mass of 94-103 kDa. a-actinin is
composedf a N-terminalactinbinding domain (ABD), conneted via a flexible
neck regionto four spectrinlike repeats(SLRs) forming the cental rod that is
followed by a C-terminalcalmodulin(CaM)like doman. The ABD is composed
of two calponn homology(CH) domains,CH1 and CH2. The CH1 is responsike
for the binding to actin, whereaghe CH2 increaes the binding affinity (Gimona
M et al., 2002). The SLRs are the most variable parts of the a-acinin molecule
that mediatea-actinn dimerizaion and are also important interacion sites for
multiple strucural and signalling proteins(Djinovic-Carugo K et al., 2002). The
C-terminal CaM-like domain conssts of two pairs of EF-handsand displays
fundional divergenceammg a-actinn isoforms. In humans,there are four o-
actinin genesencodingproteinswith about 80% sequenceidentty (BeggsAH et
al., 1992). a-acinin isoforms can be generallydivided into two classs based on
the differences in the C-terminal domain.Non-musclecytoskdetal isoforms (a-
actinin-1 and 4) contain two functional EF-hand motifs, which bind C&* and
therdoy regubte the actinbinding adivity. Muscle sarconeric isoforms (o-
actinin-2 and 3) contain nonfunctional EF-hand mofifs, do not bind C&" at
physiological concentrationsand therely bind to acin filamens in a C&"-
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insensitivemanner(TangJ etal., 2001).Non-musclea-actinin-1 and4 are located
in focal contacs, stressfibers, and corticd networks. In paricular, a-acinin-1 is
concentratedat the endsof stressfibersin focd contacts andadheensjunctions,
whereasa-actinin4 localizes on stressfibers and can also transloate to the
nucleus(HondaK et al., 1998). The isoform expressd in smooh musck dense
plagues and densebodiesis a productof aternative splicing of the a-actinin-1
gene (WaitesGT et al., 1992).a-actnin-2 and 3 arerestrictedto striatedmusde,
wherethey are enrichedegecially at the Z-discs, but can also be found in the
sarolemma. a-actinin-2 is expresed in all skeletal muscle fibers, whereas
expresson of a-actinin-3 is limited to a subsetof type Il (fast) fibers.
Furthermore,a-adinin-3 is absentin cardiac muscle and it is not found in
approximatvely 16% of the world populaton, suggeshg that a-actinn isoforms
cancompensatéor theloss of anaherfamily member(North KN et al., 1999.

In the pastdecade,seeral new Z-disc componats have been discovere and
many of them directly bind a-actinin. At the Z-disc, a-actinin2 crossinks only
anti-paralkl actin filaments,which cometo the Z-disc from opposingsacomeres.
a-acinin-2 hastwo interactionssiteswith the titin Z-disc portion: the C-terminal
domaininterads with z-repeatavhereagherod region bindsto a different area of
titin (YoungP etal., 1998).Furthermoretitin interaction with the a-actinin-2 EF
region is controlled by phosphatdiinositol 4, 5 bisphosphee (PIP2),which binds
to the CH2 doman of a-actinin-2 (YoungP, andGautelM, 2000). The binding of
PIP2 mayreleasehe a-actinin-2 EF-regionfrom anautoinhibitoy state enaling
titin binding. a-actinin-2 also interactswith nebulin (Nave R et al., 1990). In
addition to the filamentousand giant musck protens, a-actinin-2 interactswith a
consistenhumberof smaller Z-disccomponentsa-actinin2 bindsto muscleLIM
protein (MLP), which hasa centralrole in the Z-disc streth sensor machinery
(LouisHA etal., 1997. Othertwo groups of a-actinin2 interacton partnersare
the threemenbe's of the myotilin/palladn/myopaladin family (Otey CA et al.,
2005), andthe membersof the filamin, adinin and telehonin-binding proteins of
the Z-disc (FATZ family) (FaulknerG et al., 2000. Given its diverse protein-
proteininteractons,it appearsobviousthata-actinin playsa keyrole in mediating
and integraing molecularintercomectionsat the Z-disc. The multifunctionality of
a-acinin is even more evident considenmng its interactions with costameric
proteins such as Bl-integrin, vinculin and dydrophin These costameic
connectionsshow that a-actinn is also involved in connectingthe contactile
machinery to the sarcolemma.Furthermore, a-actinin interacts with seveal
kinases suggestng that the role of a-actnin in musclerangesfrom a structural
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crosslinker at the Z-disc to a docking site for various signaling cascades
(KlaavuniemiT, 2006.

Thus, it is not surprisingthat mutationsin the a-actinin gerescanleal to human
diseass. In particular,a mutationthatresides closeto the N-terminusdisruptsthe
binding with MLP andit hasbeenassociaedwith dilated cardiomyop#hy (DCM)
(Mohapatra B et al., 2003). Furthermore, it has aso been found that
overexpresson of a C-terminaldeletionof a-actinin is linked to hypertrophiedZ-
discs(SchultheissT etal., 1992).

-52 MLP

MuscleLIM protein (MLP) is amemberof cystene-rich protein (CRP)}family, a
group of evolutionarily conservedcytoskdetal proteins expressedin a variety of

muscletissues (Louis HA et al., 1997). MLP localizesat the periphey of the Z-

disc (Arber S etal., 1997),andat the intercdated disc (Ehler E et al., 2001).The
protein comprisestwo LIM domains thefirst of which direcly bindsto a-actinin
(Harper BD et al., 2000). It has beenproposedtha MLP may be a nuclear
regulatorof myogenic differentiation by enhancing the DNA-binding ability of

MyoD (Kong Y etal., 1997) andit is alsoimplicatel in the communtation with

the nudeus espedally in repons to hypertrophc signals(Ecanot-Laubriet A et
a., 2000). Howe\er, severalcytoplasgnatic binding partnes have been idenified

beyonda-actinin,includingtelethonin/FCap.

Mice that harbor a deficiencyin the MLP proten devdop DCM and a point
mutation in the humangenehasalso beenasso@ted with this diseaseThis sinde

nucleotide mutaion resultsin a severecharge change within the N-terminal
telethonininteractng domain of MLP, thus disruptingthe binding between the
two proteinsandcausinga misslocalizaton of telethonn andZ-discdisruption It

has beensuggestedthat the complex betveen MLP and telethonin, which is a
docking protein of titin, is partof the cardiacstrech sensingmachnery (Knoll R

et al., 2002. MLP alsointeractswith the caldneurin proten andit is essengl for

its anchoragéo the Z-disc, thusproviding a molecular basisfor the link between
MLP andthe caldneuin—NFAT pathway(HeinekeJ etal., 2005).

[-5.3 Telethonin
Teleghonin is a small sarcomericprotein with a moleculr weight of 19 kDa

identified as one of the mog abundah transaipts expressedin striated muscle
(vValle G et al., 1997).The proteinis also known as T-Cap (Gregorb CC et al.,
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1998). It colocalzes with actin in the Z-disc and it can aso bind to FATZ

(Fadkner G et al.,, 2000) and the N-terminal Z1-Z2 domains of titin. This

interaction is critical for sarcomericstrudure since overepresson of either
telethonin or the Z1-Z2 region of titin in cardac myocytes disrupts Z-disc
structure and sarcomereorganization This observain suggets that telehonin
plays a key role in positioningand anchaing the N-terminal of titin at the Z-disc
(Gregorio CC et al., 1998). Moreover,telethonin may be phosphorylatd by the
titin kinase region activated by calcium£almodulin binding during myocyte
differentiation. The titin kinase domainis locakd at the edge of the M-band,
whereastelethoninis in the Z-disc. For this reason, it has beenproposedthat
during myofibrillogenesisthe cytokeletonundergoeseorgantation andthe titin

C-terminal could be transently in close proximity to telethonn thus alowing

phosphorylabn (Mayars O etal., 1998).

Telethoninwasthefirst sarcomerigproten assocatedwith anautosomakecessive
Limb-Girdle Muscular Dystrophy (AR LGMD) (Moreira ES et al., 2000)

LGMDs area geneticallyhetergeneougroup of disorderghat affect manly the
proximal muscubture. Two different mutaions in the telethonn gene were
identfied, giving rise to prematurestop codons and resultng in truncaed
telethonin. Interestingly, the C-terminal truncaion eliminates the domain of

telethonin thatis phosphorylatedoy titin kinase Mutatonsin telethoninhavealso
been found in paients with hypertrophic cardiomyopahy (HCM) and DCM

(HayashiT etal., 2004). In particular,mutdions causingthe HCM phenotypeare
associatedwith a strongerinteractionwith titin, MLP and FATZ-2. It has been
hypathesizedthat strongerbinding could increasepassve tensionand thereby
increasecalcium sensitivity of muscle contracion (Cazorh O et al., 2001), a
phenomenonobservedin other HCM-causing sarconeric protein mutations
before. On the contray, in a DCM-asso@ted mutaton, theseinteractions were
impaired.

Telethonn alsobindsto ANKRD2 (Kojic S etal., 2004) a proten upregulted in

skeletalmusclehypertrophyanda memberof the MARP family. The membersof

this family interact with the I-band region of titin forming a complex with

myopalladin and calpain proteae p94 (Miller MK et al., 2003). It has been
proposal that MARPs are ableto sensemusclestressstretch, and in responseo

this trigger transmt signalsto the nucleusthat result in the regulaton of gene
expresson (Kojic Setal., 2004).

In cardiacmu<cle telethonincanbind to minK, the B-subunit of a componentof

the delayedrectifier potasium current lxs channel. It has been proposedthat
telethonin may act aslink betweemmyofibrillar component®f the sarcomee with
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the B-sulunit of the Ixs channé found in the T-tubularmembranethussuggesting
the possiblity of a stretchdependentregulation of potassiumflux in cardiac
muscle(Furukawar etal.,2001).

[-5.4 Filamins

Filamins belong to a family of dimeric protens that crosslink actin filaments.
Ther arethreeisoforms: a-, - andy-filamins. All of theseisoformshave a N-

terminal acin-binding doman followed by 24 Ig-like repeas and a C-terminal
domain necessaryor the dimerization.y-filamin is the striated musle-specific
isoform and a unique insetion in its twentieth Ig repeat hasbeenshownto be
respnsiblefor targetingthe proteinto Z-disc of striated musde (vander Ven PF
et al., 2000. Severabinding partnersof y-filamin havebeenidentified, including
y- and & -sarcoglycanThomp®n TG et al., 2000), myotilin (van der Ven PF et
a., 2000),the FATZ family of proteins(Faukner G et d., 2000; TakadaF et al.,
2001), andthe Bl-integrin subunit(Loo DT et al., 1998).It has been shown that
the binding to sarcoglycanss affectedby calpain 3, a muscle-specifc calcium-

dependent proteasewhich is able to cleavethe C-termind region of y-filamin

(Guyon JRetal., 2003).Basedon theseproten interadions, it wassuggeste that
y-filaminmay be a link betweerthe sarceemmaand the sacomeic cytokeleton.
Moreover, several y-filamin binding partners are mutated or implicaed in

differentforms of LGMD, indicatingthat they acttogeherto stebilizethe muscle
cytoskeleton(Nigro V etal., 1996).Recently, it has beenshownthata mutdion in

the dimerizationdomain of y-filamin can causemyofibrillar myopathy (MFM)

(VorgerdM etal., 2005).

[-5.5 Themyotilin, palladin and myopalladin family
Myotilin, palladin and myopalladinform a novd subfamil of Ig-like doman-
containingcytoskektal protans that seemto be important for the regulaion and

assembly of acin-basedarays in different muscleand nonmusck cdls in all
classe®f vertebrags(OteyCA etal., 2005).
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[-5.5.1 Myotilin

Myotilin wasthe first memberof this family to be idenified. The protein, with a
molecularweight of 57 kDa, hasbeennamed myotilin (myofibrillar protein with
titin-like 1g domans) as it has similarities with the Ig domains of titin.
Structurally, the protein consistsin a N-terminal regionrich in saine residuesa
23 aa hydrophobic region, and a C-termind region with two Ig-like domains
highly homologous to the Ig domainsof palladin, myopaladin, and Z-disc Ig
domains7 and8 of titin (Salmikanga$ et al., 1999). The myotilin genelocaesin
chromosome5q31 inside a region, which contains the LGMD1A diseae gene
(Bartoloni L et al., 1998). Subsquentandysis demonstrged that mutaions in
myotilin were associatedvith LGMD1A (HauserMA et al., 2000) and also a
subgroyp of MFM (SelcenD, and Engel AG, 2004). Muscle diseaes causedby
mutationsin the myotilin geneare now referred to as myotilinopahies (Olivé M
et a., 200B), andthe main morplological features consistof myofibrillar lesions,
particularly Z-disc abnamalities Thesechangesinclude Z-disc streaning and
accumulaion of fibrillar materialoriginaing from the thin filamens. All known
myotilinopathiesare caugd by missensemutaionsin the N-terminusof myaotilin,
and severalof the mutatedresduesareputaive phosphorylion sites (MozaM et
a., 2007). Myotilin expres®n pattern both in human and mouseis strictly
controlled, with highestexpresion in skektal musck, modera¢ expresson in
heat ard peripheralnerves andlittle or no expresson in othe tissuesMyotilin
binds to F-adin and efficiently crossinks actin filaments into tightly packed
bundes furthernmore, myotilin stabilizesthe assenbled actin bundles,probaby by
decreasng the rate of actin monamersdepolymerization from filament ends.It is
thought that the camcity to crosslink adin filaments relies on the ability of
myotilin to form dimersvia its two Ig-like domains. Myotilin expressionstarts
lateduring myofibrillogenesiswhenpreasentled myofibril s begin to align. This
view is suppored by experimetts in which prematre myotilin expression in
differentiatihng myoblads prevents normd sar@mere assenbly, as typical
aignment of contractile proteins is not observe upon differentiation
(Salmikanga P et al., 2003).All thesefindingssuggesthat myotilin might have
an important role in the assembl and maintenane of Z-disc integrity (von
Nandelstdh P et al., 2005). Others binding pariners have been describé for
myotilin, andall of themare Z-disc componenrg. Myotilin bindsviaits first 214
residue to the spectrinrepeats3-4 of a-actinin, whereaghe myotilin C-terminal
region containing the lg-like domainsbindsto the Ig-like domans 19-21 of y-
filamin (van der Ven PF et al., 2000). Not only y-filamin, but also a-filamin, f3-
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filamin and Byar1 filamin variant are able to bind to myotilin (Gontier Y et al.,
2005). Myotilin hasalso beenshownto bind to the FATZ family membes FATZ-
1 and FATZ-2 (Gontier Y et al., 2005); in paricular, the enire molecuke of
myotilin seens to contributeto the interaction with FATZ-1, as both N- or C-
terminal truncatons abrogatebinding. The associ&ion with FATZ protens links
myotilin to the calcineurin signalling pathway, while an interadion with the
ubiquitin ligasesMURF-1 (muscle specfic ring-finger proten 1) and MURF-2
could involve myotilin in the titin-basedsigndling evens (Witt SH etal., 2005).

[-5.5.2 Palladin

Palladin was simultaneouslydiscoveed by two different groups: the murine
palladinwasdiscoveredy Paras MM andcolleaguegParastMM, andOtey CA,

2000, whereasthe human ortholog was idenified by Mykk&anen OM and
colleaguegMykk&anenOM etal., 2001).The proten was namedpdladin in honor
of the RenassancerchitectPalladio, to reflectthe associabn of the proten with

architectual elenmentsof thecell (Paras MM, andOtey CA, 2000. Paladin is the
mostwidely expressednemberof thefamily, being presenin avariety of tissues.
In muscles, palladinis highly expressedn smoothand poorlyin skdetd, wheras
in non-muscle tissuesa higherexpresion of paladin is found in prostag, testis,
ovary, small intestne and colon (MykkanenOM et al., 2001).Pdladin expression
is gredly reducedin a numberof adult tissues including heat, skdetal muscle,
liver and kidney. One explanation could be that paladin is involved in

estabishing the cytoskeletalorganizationof cells during differeniation, andthen
replacedby otherproteinsin fully differeniated cells (ParastMM, andOtey CA,

2000. Both mouseand humanpalladin may be expressedas severalisoforms,
possbly dependenbn the cell type. The most abundantform in both speces,
which is alsothe mog widely expressd, is the 90-92 kDa isoform. The 140 kDa
isoformis lessabundantindis predominantf foundin embryonicmice, while in

adult miceit is mostly detectedn smooh musdes (MykkanenOM et al., 2001).
A 200 kDa isoform wasfirst found in the devdoping heart, and subsequetly in

embrionicandneonataboneaswell (Otey CA etal., 2005).

Palladin (the most commonisoform) contains three I|g domans: the most N-

terminal one has the highes homologyto the N-termind Ig domans of titin,

whereaspalladin’s middle and C-terminal Ig domans are most hormologousto

myotilin Ig domainsandtitin C-terminallg domains (ParastMM, and Otey CA,

2000). Palladinandmyotilin sharehigh hormology in their N-terminal regionsand
in the C-terminal Ig-domainsbut, unlike myotilin, palladincontainsa poly-proline
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region in the N-terminal half of the mdlecule. Proline-rich sequenceg havebeen
shown to play an impottant role in the reorganizaion of the adin cytoskeéton.
The strudural differencewith the othertwo family membes may be relatedto the
factthatthe organizationof actinin the sarconereis strictly regulded, whereasin

cells that express palladin, dynamic modultion of adin filaments by
polymerizaton/depdymerizationis a continuousprocess(Mykk&dnenOM et al.,
200)). Palladin colocalizeswith a-actininin focal adhegons cell-cell junctons,
and stressfiber striations A short sequene of palladin upstrem of the first Ig

domainwasfoundto bind to the C-terminal EF-hands3-4 of a-actinn (RontyM

et al., 2004). The palladina-actinin interactioncould serve to target palladin to
sites of actin remodelling, since a-actinn seemso function asan actinbundling
protein andalso as a scaffold to recruit complexes of signaling molecuksto the
cytoskeleton(Otey CA et al., 2005). Moreover, palladin C-terminal Ig domains
are responsiblefor the interactionwith ezrin, a membe of the ezrin-radixin-
moesin (ERM) protein family of menbranecytoskelebn linker proteins
(Mykkanen OM et al., 2001). Instead,the poly-proline streth in the N-terminal
region of palladin is respongle for the binding to membes of the vasodiator-

stimulated phosphoproteis (VASFs) (Boukhelfa M et al., 2004). It could be
possiblethat the ezin-palladin complexrecrut VASPs as part of a medanism
that regulates actin polymerization at precise regions within the stressfibers.
Recently,a mutaton in the humanpalladin gere was implicated in a penetant
form of inherited pancreaticcancer(PogueGele KL et al., 2006). It hasbeen
suggestedthat the mutated palladin may cause cytoskdetal changesin the
pancreaticcancercells, responsibldor stronginvasiveand migratory abilities of

thesecancers.

1-5.5.3 Myopalladin

Myopalladinis a 145 kDa proteinoriginaly identifiedin a yeasttwo-hybrid assay
when searchig for potential Z-disc binding partnes of nebulin and nebulette
(BangML et al., 2001).A prolinerich stretch nea the cener of myopdladinis
sufficiert for the binding to the Src homobgy (SHs;) C-teeminal domains of
nebuline/nebidtte. The protein, which structuraly contans two N-terminal and
three C-terminal Ilg-domains,wastermedmyopadladin basedon its homdogy to
palladin (ParastMM, and Otey CA, 2000. Like myotlin, also myopalkadin
expresson is strictly limited to skeletaland cardiac musde, whereit localzes to
the Z-disc and to narrow portionsof the I-band on either side of the Z-disc. A
common featureamongthe threefamily menbersis the ability to bind a-actnin.
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However, myopalladin binding to a-actinn requires all three C-terminal Ig
domains whereasnyotilin andpalladinboth bind to the a-actinin via homobgous
sequenees upstreamof their Ig domains(Otey CA et a., 2005). It has been
suggeded that the interaction of myopaladin with «-acinin and
nebulindnebulete could serve for the integrity of the sarconere since
overexpresson of the N-terminalregionof myopaladin leadsto Z-discdisrupton
and sarcomee disasembly (Bang ML et al.,, 2001). An interesting feaure of
myopalladn isits ability to bind to menmbersof the MARP family. In particular, it
has beenshown an interactionwith cardiac ankyrin repea proteén (CARP) by
means of the N-terminal regionof myopaladin (Bang ML etal., 2001).CARP is
involved in the regulation of musck gene expressionduring both heart
devdopmentand in responseéo variouscellular stresss. The interacton between
myopalladn and CARP could therfore provide a link from the Z-disc to
transcriptional requlation of cardiac genes. Recenly, mutaions in the
myopalladn genehavebeenassociatedwith idiopahic DCM (DuboscgBidot L
et al., 2008.

[-5.6 TheFATZ family

FATZ is anacronymfor y-filamin, a-actinin, andtelethain-binding protein of
the Z-disc (FaulknerG et al., 2000),indicating its repeatoire of binding pariners.
FATZ was originally identified as part of systenaic sejuencimg projed for
human skeletll muscle ESTs at Centro di Ricerca Interdipartimentale per le
Biotecnologie Innovative (CRIBI) of Padova (LanfranchiG et al., 1996). Two
other laboratgiesindependentlydentified FATZ by yeasttwo-hybrid assay.one
discoveredcalsarcinas a calcineurinbinding protein (Frey N et a., 2000), the
other idertified myozeninas a a-actinin- and y-filamin-binding Z-disc protein
(TakadaF etal., 2001). The proteincanbe dividedinto threedomains:the N- and
C- terminal regons are a-helical domans separatecby a glycinerich cental
domain(FauknerG etal., 2000; TakadaF et a., 2001). Thesedomainsledto the
identification of two other family membersthat also display a high degree of
sequene similarity within thesedefinedregions(FreyN et a., 2000;FreyN, and
Olson EN, 2002, suggestinga conservabn of functional propertiesand protein
binding domains. The FATZ proteinsrepresenta family of sarcomec proteins
locdized in the striated muscleZ-disc, comprsing the three membersFATZ-1,
FATZ-2 and FATZ-3. The colocalizationand direct interaction with severa key
Z-disc proteins suchas a-actinn, telethoninand y-filamin suggeststhat FATZs
serve as a crosslnker for theseproteins,probaby contributing to the formation
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and maintenanceof the Z-disc. Furthermore the binding with the phosphatase
caldneurin, an importanttranglucerof caldum-dependentsignds in a variety of
cell types,links FATZsto cell signalling (FreyN, andOlIsonEN, 2002).

[-5.6.1 FATZ-1 (calsarcin-2, myozenin-1)

The FATZ-1 humangenehasbeenmapedto chromosomel 0g22.1(Faukner G
et al., 2000); it containssix exons thatencodefor a 32 kDa proten. The identity
of human and mouseFATZ-1 is 89.5% at the nucleotide level and 90% at the
amino acidlevel The proteinssharethe same patiern of distribution, being higher
in skeletal musck tissuesand lower in heart, testis and prostte. In skdetal
muscle,FATZ-1 is predominantlyexpressé in fasttwitch fibers. Furthermore,
FATZ-1 canbe detectedboth in humanand mouseundifferentiated musclecells
but its expresn increagswith time of differeniation (Faukner G et al., 2000.
Secondarystructure predictionssuggestthe presence of two a-helicd domans
consiging of amno acidsresdues1-72 and 187-244, andindicated asCD1 and
CD2 respectively.The flexible centralpart of the proten is lessconseved; it is
particularly rich in glycine and it hasbeennamed glycinerich domain (GRD).
The proteinthenendswith a C-terminaltail of approxinatively 55 aa (Faulkne G
et al., 2000; TakadaF et al., 2001). As mentioned above (pa. 1-5.6), FATZ-1
binds to severalsarcomerigoroteinsand someof thesebinding sites have been
mapped. FATZ-1 interactswith both a-actinin andy-filamin by meansof its C-
terminal domain. The FATZ-1 binding site on a-acinin-2 residesin the region
that spansthe SLRs 3 and4, whereassequencein repeat 23 nearthe C-termnal
region of y-filamin areessentl for FATZ-1 bindingto thatproten. Interestingly,
y-filamin repeat24 containssequencesesponsil® for the dimerization aswell as
the centralrepeas of a-actininarethe site of dimerizationfor this proten. Thus,it
hasbeenhypohesizedthat FATZ-1 could modulae both y-filamin and a-acinin
dimerizaton, probablyregulatingthe spacing betweenmononers and hence the
gpacingof thin filaments(TakadaF et a., 2001). Neveatheless, a-actinin and y-
filamin binding to FATZ-1 appeaed to be conmpetitive, becaise both proteins
interact with the C-terminal region of FATZ-1. This observabn suggestd that
FATZ-1 could be multifunctional,having similar rolesin binding either a-acinin
or y-filamin, but not simultaneouslyFATZ-1 is ableto bind not only to y-filamin,
but also to the C-terminalregionof a-filamin, -filamin andpyar1 filamin variant
(Gontier Y et al.,, 2005). The interadion betveen FATZ-1 and telehonin
(Fadkner G et al., 2000 also occursbut the predse binding site has not been
mapped on both proteins. In addition, FATZ-1 reveaéd interactons with Z-band
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altematively spliced PDZ-motif (ZASP) proten (Frey N, and Olson EN, 2002
and myotilin (Gonfer Y etal., 2005);the CD2 doman of FATZ-1 is sufficient for
its binding to myaotilin, whereasthe erntire molecule of myotilin appears to
contribute to the interaction with FATZ-1. Immunofluorescece expegiments
demonstragd that in doubletransfectedchinesehamsterovary (CHO) cdls, in
which FATZ-1 and myatilin were coexprased,the two protens colocdize and
the periodical distribution patternof FATZ-1 is lost. This indicatestha myotilin
can havea director indirect effectin reorganzing the subellular distribution of
FATZ-1 (Gontier Y et al., 2005). Interestngly, FATZ-1 has been shown to
interact with the phosphatasealcineurinat the Z-disc (Frey N et al., 2000).1t is
thoudht that FATZ-1 may serve to localize calcineurin in proximity of an
intracellularcalcium pool whereit caninteract with specifc upstrean adivators
or downstreamsubstates.

Recently, two synorymoussingle nucleotidesubstititionshavebeenfoundin the
FATZ-1 gere of DCM patients(Arola AM et al., 2007). The potential role of
thesemutatonsis still unclearbutit seemgha theydo not play a significantrole
in the genett etiology of idiopathicDCM. Neverthekss,sinceFATZ-1 is pat of
an intricatenetworkof interactionswith seveal Z-disc proteins,its seonday role
in the pahogenesi®f DCM cannotbeexcluded.

[-5.6.2 FATZ-2 (calsarcin-1, myozenin-2)

The FATZ-2 humangene has beenmappeé to chromosone 4926927, ard it
encades for a protein of 30 kDa. Sequence compaison reveded 88% identity
betweenthe mouseand the human proteins (Frey N et al., 2000). FATZ-2 is
expressd in all striated musle tissuesthroughoutdevelopnent, and becomes
resticted to cardiac muscle and slow-twitch skektd muscle fibers in adut.
FATZ-2 is able to bind to a-acinin-2 and a-actinin-3 aswell asto calcineurin.
Coimmunoprecigiation experimentsdenonstated that calaneurin could only be
precipitated by a-actinin in the presenceof FATZ-2, indicaing a trimeric
complex. The C-termiral region (aa 217-240) of FATZ-2 is respondile for
calcineurin binding, whereasresidues153-200 appearto be neessay for the
interactionwith a-actinin SLRs 2 and 3 (Frey N et al., 2000). Like FATZ-1,
FATZ-2 is localizedto the Z-disc andhasthe ability to bind sever& otherZ-disc
proteing including y-filamin, telethonin, myotilin and ZASP, suggsting
overapping functional propertiesfor the two proteins (Gonier Y et a., 2005.
FATZ-2 is not required for pre- or postnatd devebpment since mice lackng
FAT Z-2 did not showany abnormalitiesandhada normd life-span.FATZ-1 and
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FATZ-3 expressionwas not upregulatedin the heart of FATZ-2-null mice,

therefoe they do not compenate for the lack of FATZ-2 (Frey N et a., 2004)

However, in thesemice the expresson of caldneurin was notably increased,
supportng the ideathat FATZ-2 negativelymodulaes calcineurin adivity. The
upregulation of calcineurininduces a fetal gene program, which typicaly is

associatedvith cardac hypertroply. Despit the lack of hypertrophyin the heart

of FATZ-2-null mice, therewasa markedinducton of the hypertropht program
genes,the atrid natriueticfactor (ANF) and the brain natriuretic peptde (BNP),

suggestng that they are regulatedby calcineurin(Frey N et al., 2004). Also the
fiber type compositionwas evaluatedn mice lacking FATZ-2, sinceit is known
that calcineurinhasarole in directingthe slow fiber phenotype (Berchtold MW et
a., 2000). Indeed,the numberof slow fiberswas increasedn soleus (a slow)

muscleof these mice, andthe slow fibers size was significantly decreased.This

possibly reflects a mechanismof maintaning overall musck size, becase
caldneurinit is notinvolvedin the control of skeldal musde fiber size(NayaFJ

et al., 2000). To define the functions of FATZ-2 in vivo, transgernt mice
expressing a consttutively activeform of cdcineurinwere crossedwith FATZ-2-

null mice. The heartsof thesemice shoved a high level of cardiac hypertrophy
with an almost four-fold increa® in cardiacmass compaed to normd mice. In

addition, calcineurn transgenianice lacking FATZ-2 hada reducel lifespanwith

death by the age of 20-28 days Furthermore FATZ-2 defident mice were
sersitized to pathological biomechanicalstress,again resuling in exaggeated

hypertrophy (Frey N etal., 2004).In condusion,it hasbeenproposedhat FATZ-

2 showsanimportantrole in modulating calcineuin-dependat signdling as well

asin thetransduabn of biomechanicastress(FrankD etal., 2006.

Recently,two mutationsin the FATZ-2 genehavebea idenified in patientswith

HCM (Osio A etal., 2007). The authorsspeculge that FATZ-2 mutatons cawse
HCM by activating the calcineurinpathway Nevatheless thesemutationsare not

localizedwithin the known binding sitesfor calcineurin or a-acinin; therefore,it

hasbeenhypotheskzedthat structuralchangesin the FATZ-2 protein could affect
the interactons. However,alternativepossibiities havebee proposedjncluding

FATZ-2 interactons with proteirs other than calcineurn to causeHCM. Very

recently,more than 400 patientswith familial HCM were saeenel; howeve, a
diseag-ass@iated mutationin FATZ-2 genewasnot identfied. Thus,combining

theseresultswith previousreports,it canbe condudedthatFATZ-2 mutaionsare
rarecawsesof familial HCM (PoschMG etal., 2008).
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[-5.6.3 FATZ-3 (calsarcin-3, myozenin-3)

The FATZ-3 humangene has been mappedto chromosomesg31, it contains
seven exonsthatencodefor a 27 kDa protein. Sequaceconparisonrevealed 75%
identitybetweerhumanandmouse FATZ-3 a theamino acid level. Alignmentof
humanFATZ-3 with FATZ-1 and FATZ-2 displaysthe highesthomobgy to the
N- and C-termini of the other two family members,whereaghe cental portion is
lessconservedFrey N, andOIsonEN, 2002). FATZ-3 is exclusivdy expresseah
skeletal muscle,beingenrichedin fasttwitch fibers; no expressin is deteded in
the adult heart Similarly to FATZ-1 and FATZ-2, FATZ-3 is able to medate
protein-proten interactions with a-actinin-2, y-filamin, telethoninandcalcineurin.
The N-terminal portion of FATZ-3, conprising aa 50-110, allows binding to y-
filamin, telehonin and calcineurin In the case of a-actinin, two independent
domainsof FATZ-3 are sufficientto bind that proten: aa186-207 are neessary
for the C-terminal interaction, whered aa 50-67 at N-termini also medate
associationwith a-acinin. In addtion, FATZ-3 hasbeenshownto bind to ZASP
like FATZ-1 and FATZ-2. Theseinteradions occured with both the shortZASP
isoforms(having only the N-terminalPDZ doman) andthelongones(with the C-
terminal LIM domaing, suggding that the binding involves the N-terminal
regon of ZASP (Frey N, and Olson EN, 2002. Given the overlap of several
protein interacton domainsin FATZ-3, it could be possibé that someof these
interactiors aremutually exclusiveratherthan simultaneous.

A form of myopathy, the vocal cord and phayngeal weanesswith autosomal
dominant distal myopathy (VCPDM), has beenmappedto chromosomebg31,
wherethehumanFATZ-3 geneis predictedo belocated (Feit H etal., 1998).

[-5.7 Theenigma family

The enigmafamily is a newly emerginggroup of cytoskdetal PDZ and LIM
domain (PDLIM) proteins Indeed,they are chaactkrized by a N-terminal PDZ
domain (acronymderived from the first three desaibed PDZ-doman containing
proteins PSD95, DIg and ZO-1), and one or three C-terminal LIM domains
(acronym derivedfrom the first threedescribed_IM -doman contaning proteins:
Lin-11,Isl-1 andMec-3). To date,thefamily contansseven menbers,groupedn
two subclassedependingn the numberof LIM domans. The enigmasubfamily
definesthe classwith three LIM domains,andit is formed by enigma (Wu RY,
and Gill GN, 1994),enigmahomolog proten (ENH) (Kuroda S etal., 1996)and
ZASP/cypher/oacle(FaulknerG etal., 1999;ZhouQ etal., 1999;PasserR et al.,
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2000). The ALP subfamily containsprotens with a single LIM domain, and
consistsof actinin-asociatedLIM proten (ALP) (Xia H et al., 1997),C-terminal
LIM domainproteinwith a molecularweight of 36 kDa (CLP-36) (WangH etal,

1995, reversonrinducedLIM protein(RIL) (KiessM et al., 1995)and mysique
(TorradoM etal., 2004).

Of the sevenPDZ-LIM family members,ALP, ZASP and CLP-36 contin a
conservedregon, namedZASP-like motf (ZM), in the internd region beween
the PDZandLIM domain(SchultzJetal., 1998).Themotif is composewf 26-27
residuesNeither the structural or functional charateristics of the internalregion
are known. On the contrary,the PDZandLIM domainsareconservedoldsfound
in numerousotherproteinsmediatingvariousfunctions. It has beensuggestedhat
PDZ-LIM protens act as adaptersrecruiing signdling molecuks to the adin

cytoskeleton.This is basedon the ahlity of some of them to associde with

cytoskeletalstructuresvia the PDZ doman, and also on the binding cgpacty of

several PDZ-LIM proteirs with kinasesby meansof the LIM domains(Vallenius
T etal., 2004). The seqenceidentity within the family in the conservedlomains
is high, beinghigher within subfamilies.Forinstance,the human PDZ domans of

ALP andCLP-36 hawe a 62%identity, whereas the PDZ domain idenity between
humanALP andZASP PDZ is 54%. Theidenity in theLIM domansis alsohigh,
being 66% between ALP and CLP-36 (Klaavunien T, 2006). In contrast, the
identity in theinternalregiondecreassto 30%.

[-5.7.1 Theenigma subfamily: enigma

Enigmais alsoknownasLIM mineralizaton proten (LIM-1) (Liu Y etal., 2002),
and PDZandLIM domain7 (PDLIM7). Enigmais expressedin brainand skdetal
muscle,where it localizesmogly at the Z-disc,andalso at the boundarybetween
the I-bandand Z-disc (Guy PM et al., 1999) In cultured cdls, enigmais detet¢ed
in the cytoplasmand membraneruffles rich in acin filaments (BarresR et al.,
2005). ThethreeenigmaLIM domainswerefoundto interad¢ with protein kinase
C (PKC) a, Bl and( (KurodaS etal., 1996. PKC area groupof serne/threonine
kinase which has beenshownto play a critical role in thedevebpmentof cardiac
hypertrophy andischemicpreconditioningooth in vitro andin vivo (Dempsey EC
et al., 2000). In addition, it hasbeenshowntha enigma interacs with seveal
receptorsThe LIM domains2 and3 of the proten recogniz the insuin recepta,
the tyrosinekinasa Ret, andalsoRet onmprotens carying mutaions associted
with multiple endocrineneoplag (MEN) cancersyndroms (Wu R et al., 1996;
Borrello MG et al., 2002). The findings sugget that enigmamay function asa
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link betweenthe Z-disc and signal transdudbn. Enigma was observe to

associatevia its PDZ domainto the actinfilamentsin nonrmusce cells (Durick K

et al., 1998, whereasn skeletalmuscle this associdion occursthroughbinding of

enigmaPDZ domain to the C-terminalregionof skdetal B-tropamyosin(Guy PM

et al., 1999. It is possble thatthis PDZ doman interad¢ion may anchor enigmato

the boundary of the Z-disc and I-band, where skektd p-tropomyosin is
distributed,thusrecruitingkinasesto the cytoskeétonvia enigma LIM domains.
Anotherexplanaion is thatenigmaskeletl B-tropomyosininteractionmayhavea
role in the the cytoskeletonas&mbly in musck. In partiaular, tropomyosin
isoformsbind the actin filamentsand are assentled into dimers asresut of an
interactionbetweenthe N- and C-termini. Codistribution of enigmaand skeletal
B-tropomyosinalong the margn of the Z-disc and I-band indicates that enigna
binds to skektal B-tropomyosin at the barbedend of actin filaments, thus
preventingp-tropomyosinactin binding and dimerizaton at the Z-disc (Guy PM

et al.,1999.

[-5.7.2 Theenigma subfamily: ENH

ENH, also known as PDLIM 5, was originally identified in a yeasttwo-hybrid
assayof rat brain cDNAs usingPKC Bl asbat (KurodaS etal., 1996).The name
enigma homobgy protein (ENH) comes from the similarity to enigma, since
approximately 37% of the amino acids residuesare identical betwea the two
proteins The PDZ domainsof enigmaandENH have69% identity, wherea their
threeLIM domainsare 51, 59, and 70% identical (Guy PM et a., 1999). ENH
could be a scaffold protein involved in reauiting PKC to its substrags; in the
brain tissue, a specfic interactionbetweenENH and both PKC ¢ and N-type C&*
chamels has been de<ribed, leading to the formation of a maaomolecular
complex (MaenceHikichi Y et al., 2003. ENH hasbeenfound to be expressed
alsoin skeletal and cardiacmusle, whereit interats via its PDZ doman with
actin and a-actnin, thus localzing at the Z-disc (NakagawaN et al., 2000). Two
additional isoformshavebeendescriled cdled ENH2 andENH3, which lackthe
three LIM domains Another ENH isoform, ENH4, was discoveed later
(Niederlarder N et al., 2004). Unlike ENH1, andas ENH2 and ENH3, this new
isoformis a PDZ only protein Thedistribution patiern of the differentisoformsis
gpedfic: ENH1 is expresed in cardiac muscke, ENH2 and ENH4 in skeletal
muscle, wherasENH3 bothin skeletalandcardiac muscle(NiederinderN et al.,
2004). This musck-specific expresion profile deteced for the ENH family
memberssuggess that besidesa possble redundantrole in striated musdes, the
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four ENH isoforms might play a more speific role in the organkzaion and
function of eachtype of striatedmuscle.

[-5.7.3 Theenigma subfamily: ZASP/cypher/oracle

Z-band alternativey spliced PDZ-motif (ZASP) protan is certanly the best
characterized PDZ-LIM protein in striated musck. It was independetly
discoveredby threedifferentgroups.Cyphe wasfirstidentiied andcloned from
the mouseas a novel PDZ-LIM proteinlocalized in the Z-disc (Zhou Q et al.,
1999. The human orthologue of cyphe was at the sane time identfied and
namedZASP (FaulknerG et al., 1999); in addition, cypherwas independstly
clonedfrom the mouseasoracle(Pasger R et a., 2000).ZASP is also known as
PDLIM6. Sewral splicing variants exist in various speces, and they are
predominantly expressedin skeletal and cardiac musck. Mouse cypher gene
contains17 exons,which give riseto six splice variantsthat canbe classfied into
cardiac and skeleal muscle forms (Huang C et al., 2003). Cypher isoforms
containing exon 4 are expresgd in cardac musck (cypher c), whereas the
isofams contaning exon6 areskeletalmusclespedfic (cyphers). Notably, exons
4 and 6 encodefor the internal motif ZM (Klaavuniemi T et al., 2004) Within
each musck subtype, cypher isoforms can be further subclasified as shat
(cypher2c, cypher2s) or long (cyphe 1c, cypher3c, cypherls,cypher3s),based
on the deletion or incluson of exonsenading the C-terminal LIM domans,
respectively Both cypher 2 shortisoformsendwith exon 10, whereasexon1lis
differentially spliced to generatecypher 1 (included) or cypher 3 (excluded)
variants Thus, the N-terminal PDZ doman is presentin both short and long
isofams and is encodedby exons 1 through 3, wheras only long isoforms
containthethreeLIM domainswhich areencodedby exonsl2to 16 (VattaM et
a., 2003). The humanZASPgenehasbeenmappel to chromosomd 0q22.3-23.2
and containsl6 exons(mouseexon? is absenj. Similarly to mouse six splicing
variantshavebeenreportedZASP-1, -2, -3, -4, -5, and-6, which areanalogougo
mouse cypher2s, 1s, 3s, 2c, 1c, and 3c. In human but not in mouse,it hasbeen
demmdratedthatskeletalisoformsof ZASP are also expressd in cardac muscle,
whereascardiacvariantsare not detectedin skelg¢al musde. This may explain
why mutatonsin exon 6, an exan predominantly expressedn skeldgal muscle,
also causecardomyopathyin humans(Vatta M et al., 2003). In zebrafish, the
gene contans 18 exonsand givesrise to at leastthirteensplicing variants, only
two of which havecounterpartsh mouse(cypher2sandcypher2c). Basedon the
large numler of cypher isoformsin zebrdish, it hasbee suggeted that other
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splice varians of cyphermaybe detectedn othe species (vanderMeerDL et al.,
2006).

From now on, thenameZASP will beusd indistinctly in theinterest of clarity. In
muscle,ZASP localizesat the Z-disc, where it bindsto the C-termind EF-hand
region of a-actinn by mears of its PDZ domain,a featurecomnonto all isoforms
(Zhou Q et al., 1999; Faulkner G et a., 1999). More recantly, it has been
demonstragd that the ZM internal motif of ZASP interacs with the rod central
region of oa-actinn (Klaavuniemi T, and Ylanne J, 2006). In paticular,
approximatively 130 residuesaround the ZM-motf have been shown to be
sufficient to colocalizeZASP with a-actinin. Like othermembersof the enigma
family, long isoformsof ZASP containingthe LIM domainscan direcly interact
and be phosphorylatedby PKC (ZhouQ et al., 1999).ZASPLIM domans bind to
al six PKCisoforms(a, B1, v, ¢, 6 and €). Theseobservabns suggesthatZASP
may function as an adaptorto couple PKC-mediated signaling, via its LIM
domains to the cytoskeletonby binding a-actinin through its PDZ domain.
Interedingly, a mutationin exon 15, which en®desthe third LIM doman, has
beendescrilked in patientssufferingof DCM. It hasbeenfound that the mutated
ZASP has an increasedaffinity to PKC, thus suggeting that ZASP plays a
signalling role in heart(Arimura T et al., 2004). To beter understad the role of
ZASP in striaied muscle,ZASP-null mice were geneated (Zhou Q et al., 2001).
Thesemutantmice dewelopeda sewere form of corgenital myopathy and died
from functional failure in multiple striated muscles within one week after birth
(Zhou Q et al., 2001). The structureof the Z-disc was anayzed in ZASP-null
mice: contracing skeletal and cardiac muscles showed disorganied and
fragmentedZ-discs, whereasno Z-disc abnornality was detecied in the non
contracting embryonic diaphragmmuscks. These observéons suggestd that
ZASP is not required for the formaton of protan conplexes durng
sarcomerogenesishowever, it is fundanerntal for mantaining the strudural
integrity of the Z-disc duing muscle contracion (Zhou Q et al., 2001). As a
consequece of the lethal phenotypeof ZASP knockoutmice, anintensivesearch
for ZASP mutatons as®ciatedwith human musde diseasestarted Mutationsin
exon 4 and exon 6 of ZASP were shownto be asso@ted with isolaed non
compactionof the left ventricular myocardum (INVLM) and DCM; wheras
mutdionsin thelongisoform-specificexon10 wasassocatedwith a “pure”’ form
of DCM (Vatta M et al., 2003). Other mutaions that are locdized in the long
isoformspecfic exons10, 12 and13 havealsobeenrecentlyidenified in paients
with HCM (Theis JL et al., 2006). More recently, ZASP mutations have been
identifiedin skektal musclemyopathes, which werenamedzaspopattas(Griggs
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R etal., 2007).Mutationsin exon®6, alsolinked to DCM, have been assocated to
MFM; someof themfall within, or immediately adjacentto, the ZM-maotif, which
isrequiredfor interactionwith a-actinin (SelcenD, andEngelAG, 2005)

[-5.7.4 The ALP subfamily: ALP

The acinin-associatedLIM protein (ALP) human gene has been mappel to

chromosome4q35; an alternativenamefor the proten is PDLIM3. Two ALP

isofams are producedas a result of aternative splicing: a 36 kDa protein

(smALP) is errichedin cardiacand smooth musde, whereasa 40 kDa variant
(skALP) is found in skeletal musle (Pomiés P et a., 1999). The two proteins
displayidentical N- and C-termini; theydiffer only in the central regionwhere 63

aa preentin smALP arereplacedby 111 aain skALP. Thesecorrespondto the
splice varians of theinternalZM-motif contaning exons4 and6 (Klaavuniemi T

et al.,, 2004). ALP is not found in undifferentated mouseC2C12cells, but it is

highly inducedafterfusion of myoblags to myotubes(Xia H etal., 1997).As its

name implies, both ALP isoforms interact directly with a-acinin and are
colocalizedwith this proteinat the Z-disc of strided muscle Two interacton sites
have been reported for the binding between ALP and a-actinin in cultured
myoblasts:the ALP PDZ domainrecognizsthe C-termind portion of a-actinin,

whereaghe ZM-motif in the internalregion of ALP is involvedin theinteradion

with therod centraldomainof a-actinin (KlaavuniemiT et al., 2004).1t has been
demmdrated that the ZM-motif was necesaryandsufficient for the localzaton

of ALP to the Z-disc, similarly to ZASP (see pa. 1-5.7.3. The meaningof this

dual interacton might be to keep a-actinin in the antiparallel crosslinking

conformaton and, thus, provide mechantal strengh to the Z-discs. This

hypathesis could be strengtren by the observabn that ALP-deficient mouse
embryos showed right ventricular (RV) chanber dysmorphogends with

defective trabeculéion, resulting in right venticular dilation and dysfundion

(PasimforoushM et al., 2001). ALP-null mice were also geneated by JoK and
coworkers(Jo K et al., 2001) to testthe hypohesisthat ALP is responsibleof

faciosscaplohumeral musculardygrophy (FSHD), since the human ALP gene
mapsto the FSHD locus. However,the absence of histologicd abnormaities, a

preservedsarcolemmaandan intact cytoskdeton wereobservedthussuggesting
that ALP doesnot participatein muscle devdopment and function or another
PDZ-LIM proten compensatetr thelack of ALP (JoK etal., 2001).
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1-5.7.5 The ALP subfamily: CLP-36

C-terminal LIM domainproteinwith a molecular weight of 36 kDa (CLP-36) is
also known as human 36-kDa carboxylterminal LIM domain (hCLIM1) protein
(KotakaM etal., 1999),elfin (KotakaM etal., 2001),andPDLIM1. The protein
wasfirst discoveredn rat (WangH et a, 1995), showinghigh homologyto rat
RIL (seefurther);the humangenesubsequerny hasbeenmappée to chromosome
10926 (KotakaM et al., 199). CLP-36 presents a wide humantissuedistribution
with a strong expressionin the epithelum of lung, liver, intestine, skin and
esohagus; moderate expressionin spleen and skeldal muscle; and weak
expressionn testisandbraintissues(Wang H et al, 1995).CLP-36 is alsofound
in heart,and high levels of expressionare detected throughoutthe developng
heart (Kotaka M et al., 2001). The PDZ doman of CLP-36 assocate with the
SLRs of nonrmusck a-actinin-1 and4 in actin stress fibers suggesing that CLP-
36 acts as an adater betweenstressfibers and LIM -binding protens in non
musclecels (ValleniusT etal., 2000).The CLP-36 coloalizeswith a-actinin-2 at
the Z-disc, andthis interactionseemdo be mediated by the LIM doman of CLP-
36 on one hand and by the EF-hand region of a-acinin-2 on the other hand
(KotakaM et al., 2000). CLP-36 hasbeenfound to interactalsowith vinculin, a
protein needed for amnchoring actin and acin-binding proteins at the cell
membrane.The two proteins colocalize at the intercalaed discs, specalized
regions of the sarcolemmathat connectcardomyoctes this colocdization is
thought to be meditedvia the a-actinin-2 interactionof the two proteins(Kotaka
M etal., 2000).Similarly to otherPDZ-LIM proteins, it is reported aninteraction
betweenthe CLP-36 LIM domainand protein kinases.In paticular, it hasbeen
shown that CLP-36 specifically targetsthe CLP-36 interacing kinase(Clik1) to
actin stressfibers,probablyindicatingthat Clik1 represerg a novel regulatar of
the actomyosh cytoskeletonin non-musck cells (Vallenius T, and Makda TP,
2002.

1-5.7.6 The ALP subfamily: RIL

Thereverson-inducedLIM protein(RIL) wasfirstidenified in mouse(KiessM
et al., 1995). The PDZ domainof RIL, ALP and CLP-36 have58-70% identity,
being higher betwveen RIL and CLP-36, whereas the single C-termind LIM
domainof theseproteinsis 60-67% identical (Vallenius T etal., 2004) RIL, also
known as PDLIM4, is expressedn severalnonmusck tissues,such as lung
brain, ovary and uterus andin a variety of cultured cdl lines RIL locdizesin
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denditic spinesin cultured neurons(Schulz TW et al., 2004) and adong stress
fibers (ValleniusT et al., 2004).RIL PDZ domain hasbee shownto associate
with the C-terminus of a-actinin (Schuk TW et al., 2004); howeve, another
interaction involving a-actinin SLRshasbeenrepated (Vallenus T etal., 2004)
The importanceof the RIL-a-actinin interacton relieson the increasedbility of
a-actnin to interactwith actinfilaments.This suggets that RIL may be involved
in the formation of new actin filaments ether by reauiting a-actinin into
filamentsor by stablizing existinga-actininin thin filaments(ValleniusT et al.,
2004). RIL has also been implicated in receptors clusteging in neurons.
Overexpresn of RIL in culturedneuronsenhancesaccunulaton of a-amino5-
hydroxy-3-methyl4-isoxazole propionc acid (AMPA) glutamat receptors at
denditic spinesby connectingthemto the actin cytoskdeton (Schulz TW et al.,
2004). Theinteracion with AM PA receptoris medated by the RIL LIM domain.
It is reportedtha phosphoryation mayregulde RIL function; the LIM doman of
RIL canbe phosphoylatedin vitro andin vivo and can be dephosphoylated in
vitro by the PTPas domain of the protan tyrosine phosphtase (PTRBL)
(Cuppen E etal., 1998). An internalbinding of RIL PDZ to theRIL LIM domain
hasbeendetectedCupperE etal., 1998),suggesting that RIL mayoligomerize.
Recently RIL hasbeenfound to be highly methylated in patients suffering of
acute myelogenousleukemia (AML) and myelodysplastic syndrome (MDS),
whereasn normaltissuesRIL is notor only poorly methylated. Thesedat leadto
the specudtionthat RIL could be a candidaé for a tumor suppresor gene(TSG)
silencedby hypemethyationin cancerBoumberYA etal., 2007).

1-5.7.7 The ALP subfamily: mystique

Mystiqueis alsoknown asPDZ andLIM doman 2 (PDLIM2), and shows37%,
39%, and 39% identity with the other family menbers ALP, CLP-36 and RIL
proteins,respedtely (TorradoM etal., 2004) Three mystiquevariantshavebeen
found in humans:mydgique 1 and 2 are charaterized by a N-terminal PDZ
domainanda C-terminalLIM domain,whereasmystique 3 is a PDZ only protein
(LoughranG et al., 2005). Mystique is expressedn nonrmusclecells, suchas
corneal epthelial cells and lung. Mystique coloalizes with a-acinin in stress
fibers (TorradoM et al., 2004) and alsowith B1-integrin and a-acinin at focd
contacts(Loughran G et al., 2005. Silencing of mystique expressiorwith SiRNA
had a dramatc effecton cell attachmenandmigration, suggestig that the protein
is essentiain cell adhesiomand motility of epithelial cells. Mutation of the PDZ
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domain alonewas sufficiert to abolishcell attachment indicaing that the LIM
domainof mystiqueis notrequiredfor cell adhesion (LoughranG etal., 2005.

[-5.8 The MARP family

As mentionecdearlier in thetext, arecentand intriguing observabn is thatalarge
number of Z-disc associategroteinshave a dynamc distribution in muscke and
may shutte betwveen the Z-disc and other subellular locaions such as the
nucleus, to transmit signals. Consequety, the Z-disc can be consideed not
simply the structural borderof the sarcanerebut it may play an importantrole in
cell signaling.

The musck ankyrin repeatprotein (MARP) family consitutes an exampke of
sarcomericproteinsthat may be involved in the regulaton of geneexpressionin
respnseto musck stress The family is composedby the three honologous
members cardiac ankyrin repeat protein (CARP), ankyrin repeat domain 2
(ANKRD?2) and diabetesas®ciatedankyrinrepet protein (DARP) (Mil ler MK et
a., 2003). All of these proteins contain four ankyrin-repea motifs and are
expressd mainly in striated muscle. MARPS expressin is upreguated upon
injury and hypertophy for CARP (Kuo H et al., 1999; Aihara Y et al., 2000),
stretchor denervéion for ANKRD2 (Kemp TJ et al., 2000) andduring recowery
following starvation for DARP (lkeda K et al., 2003). MARP proteins also
interact with the I-band portion of titin forming a compkx togeter with
myopalladn and calpain proteasep94. Theseobsevations sugget that MARPs
may act as molecular linkers betweenmyofibrillar streth-induced signdling
pathwaysandmusclegeneexpresson (Miller MK etal., 2003. In thefollowing, |
will give you a brief desciiption of the two bestcharaterized membes of the
famiy, CARPandANKRD2.

1-5.8.1 CARP

CARP has been identified independentlyby several groups as a cytokine
inducible protein, called C-193 (Chu W et al.,, 1995), or as a doxorubicin
inducible protein, named cardiac adriamycinresponsive protein (CARP)
(Jeya®elanR etal., 1997). CARPis alsoknownasANKRD1 (TorradoM etal.,
2005) or MARP (Miller MK etal., 2003).The protan is predominantly expressed
in heartandto a lesserextentin skeletalmuscle CARP is downreguatedduring
heartdevelopmentbut is activatedearlyin hypertrofy; its overexpressionesults
in the regdation of cardiacgeneexpressionAiharaY et al., 2000). Inded, the
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CARP geneproductis a nuclearproten, andit is believedthat CARP is a gene
regudator sinceits interactionwith the ubiquitoustranscrption factor YB-1 (Zou
Y etal., 1997),andits negativeeffecton the expressiorof speific cardiacgenes,
including thoseencodingthe myosinlight chain-2 (MLC-2v), ANF andtroponin
C (NakadaC et al., 2003). Interestingly,it has been repored tha CARP is
localized not only in the nucleus but also in the sacomerc I-band of
cardiomyocytes, where it interactswith the N-terminal region of myopalkadin
(BangML etal., 2001).The interactionof CARP with myopaladin appearsto be
critical for sarccomeric integrity of cardiomyocyes.

1-5.8.2 ANKRD2

ANKRD2 was first discoveredas a protén upreguéated during the mechanical
stretchresponsen mouseskeletalmuscle (Kemp TJ et al., 2000). The proten is
aso called ankyrin-repeatprotein with a PEST motif and a proline-rich region
(Arpp) (MoriyamaM et al., 2001). The humanANKRD2 genewassubsequetly
characterizedand it was mappedto chromosomel0q2331-23.32 the sane
mappng posiion of CARP (PallaviciniA etal.,2001) Theamino acids sequace
of ANKRD2 showshigh homologywith thoseof CARP and DARP, being 52%
and 36%respectivey (MoriyamaM etal., 2001;lkedaK etal., 2003).In addtion
to the four ankyrinrepeat domains in its centra portion, ANKRD2 is
characterizedby the presenceof a nuclea localzation signal (NLS), a protein
destabilizing (PEST) motif in its N-terminal region, and a prolinerich region
towards the C-terminus(Moriyama M et al., 2001). ANKRD?2 is expressedn
skeletal muscle, predominantlyin type | fibers,and at a lower level in heart.
Furthermorethe expresionlevel in bothmusckesis very low in fetusbut highin
adult, suggestng that ANKRD2 expressionn humans may be upregulated during
development(Moriyama M et al., 2001). Interestingly, denervaton of slow
muscle(e.g.soleus)decreassthe level of ANKRD2 belowthe detecion limit in
4 weeks,whereasdenervationof fast muscle(e.g. gastroomemus) increasests
expresson (Mckoy G et al., 2005. Immunohistochemsal analysisreveakd that
ANKRD?2 is localized mainly in the I-band of striated musck (Tsukanoto Y et
a., 2002); newerthelessit caninteractwith nuclear protans. In a recentstudy it
has beenfound that ANKRD2 accumtuatesin the nuclei of damagedmyofibers
after mu<le injury, and that the proten tends to be localized in euchromén,
wheremanygenesaretrangriptionally acive (TsukanotoY etal., 2008).Indeed,
it haspreviouslybeenreportedthat ANKRD2 can bind directly to transcrption
factas, includingp53,YB-1, andpremyebcytic leukema proten (PML), in vitro.
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In addition, ANKRD2 hasalso beenshownto enhance53 activation of the p21
promoterduring eaty myogenesigKojic S etal. 2004). Another interadion was
detected betweenANKRD2 and the Z-disc proten telehonin (Kojic S et al.
2004). Thesefindingstogether suggestthat ANKRD?2, similarly to its homolaue
CARP, may transbcate from the I-band to the nucleusin responseo muscle
damageandparticipatein theregulationof gene expression.

|-6 ThePDZ domain

PDZ domainswereoriginally recognizedasregionsof sequacehomobgy found
in diversesignaling proteirs (Cho KO et al., 1992). The name PDZ refers to the
firstthreeprotensin which this domainwasidentified: PSD95 (a 95 kDa protein
involved in signaling at the postsynapic densiy), DIlg (the Drosophila

melanogaster Discs large protein), and ZO-1 (the zonula occludens1 protein
involved in maintenanceof epithelial polarity) (Harris BZ, and Lim WA, 2001).
PDZ domans arealsoknown asdiscslarge homologyregions(DHRs) or GLGF

repeatssincethere are four highly conservedesidues(glycineleudne-glycine-

phenylalaninewithin the domain.PDZ domains are built of 80-100 aaresidues
and areinvolved in proteinproteininteractions normally binding the C-terminal
seqenes (last 4 to 6 aa) of partnerproteins;in somecasesPDZ domans are

ableto bind to internalregionsthatmaystructuraly resenble C-termini (vanHam
M, and Hendiks W, 200). PDZ domains have been found in a variety of

organisms, andtheyrepresen0.2-0.5% of open readingframes in three currently
seqened metazoans genomes (Caenorhabditis elegans, Drosophila
melanogaster, and Homo sapiens). Simple modular architecture reseach tool

(SMART) datbasdists 1163PDZ domans in 484 human proteins,259 domains
in 153D. melanogaster proteing and130PDZ domansin 95 C. elegans proteins.
PDZ domansarescarcen yeas andbaceria, andquite rarein plant (Schutz J et
a., 1998). PDZ domainscan occur as a single copy within the proten or as
multiple copies;indeed,18% of the humanPDZ-contining protens have threeor

more PDZ domeins within the samepolypeptde, the highestnumberbeing in the
multi-PDZ domainproteinl (MUPP1)thatcontains13 PDZ domains(Harris BZ,

and Lim WA, 2001).1t is thoughtthatthe multiplicity of PDZ domainsin a single
protein can serwe as a “glue” to combine different protens, thus forming
maaomolecularcomplexesnvolvedin cdl signdling andprotein targetng (Jele

Fetal., 2003).
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1-6.1 PDZ domain structure and specificity in ligand recognition

The structuresof different PDZ domainswere solved by x-ray crystalograghy

and/a NMR. Thefirst structuresolvedwastha of the third PDZ doman of PSD

95 (Doyle DA et al., 1996),followed by otha PDZ struduressud as the secand

PDZ domain of PSD95, the single PDZ doman of calcium/almodulin

dependentserine protein kinase (CASK), syntophin, neurond nitric-oxide
synthag (NNOS), PDZ2 domainof human phosphasehPTP1E and PDZ1 of

InaD (Hung AY, and ShengM, 2002). To dae, al desaibed PDZ domains
consistof six B-strards (BA-BF) and two a-helices(aA-aB) that are foldedasa
six-strarded sandwich.The N- and C-termini of PDZ domans are closeto one
another in this foldedstructure,which makes thesedomans highly modula. This

arrangements commonto other proteininteraction moduks,andwould probably
facilitatetheincorpaation of thedomainas a functionalunit betwea proteinsand
the preservabn of the ligand-binding site (Harris BZ, andLim WA, 2001).The
structuresof severalPDZ domairs comdexed with thar pepide ligandshave also
been deternined, thus providing the bass for PDZ spedficity in the ligand
recoquition (Harris BZ, andLim WA, 2001). The strandfB amd the helix oB of

the PDZ doman form a groovein which the C-terminal ligandprotein bind asan
anti-paralel B shed by a mechanisn known as B-strandaddiion (Harrison SC,

1996) (Figure4).

Figure 4. Ribbon represetation of the third
PDZ domain of PSD-95 (a-hdicesin green,
B-strandsin blue) complexedwith its target
C-terminal pepide (in purple forming an
anti-parallel  sheet with pB-strand(Kim E,
andShengM, 2004).

Structuralanalysis of PDZ3 domainof PSD-95 in the presene or absence of the
ligard peptide showedthat both forms were almostidentical, indicating that the



Introduction

PDZ domainstructuredoesnot changesignificantly uponligand binding (Doyle
DA etal., 1996) In addition, the BA and BB sheetsare conrectedto eachother
through a loop that containsthe well-conservedeqjuencemotif GLGF, creating a
hydrophobiccavity surroundingthe C-terminus of binding protein. This loop is
called carloxylate-binding loop and togeter with a highly conservedgoosiively
chargedargnine or lysine residuethreefour amino acidsupstream, is involvedin
the hydrogenbord formationwith the termind carboxylate group.In some PDZ
domains the first glycine of the GLGF motif can be subsituted by proline,
threaineor serne,whereaghe secondglycineis highly conservedJden F etal.,
2003 (Figureb).
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Figure5. Diagram showirg the seqiencealignment of the amino acids of the PDZ domainsof the enigma
family of proteins The sequence similarity betwea the PDZ domainsis showed with a blue scale. The
residues8-11 representhe carboxylate binding loop GLGF; these are preset in the enigna family as
PWGF  (proline-tryptophanglycine-phenylalaning (alignment  obtained  with Clustalw.
http://www.ebiac.uk/Tools/tustdw2/index.html).

Therefore the sidechainof the C-termind residue (by convenion the C-terminal
residueis referred to as the Py residue subsequentesiduestowards the N-
terminusaretermedP.;, P, P.3, etg projecs into a hydrophobicpocket,andthis
explainsthe preferene of variousPDZ domansto bind to sequencesending with
a hydrophobt residue(suchasvaline, leudne, or isoleuéne) (Songyag Z et al.,
1997). On the contrary,the regdue at the positon P.; is of minor importancefor
the PDZ binding specificity since its side chdn is exposedfrom the binding
surface anddoesnot participatein the formaion of hydrogenbonds(Doyle DA et
al., 1996).Apartfrom the positionPy, aso the natureof theresiduein the position
P., is crucial for the interactionwith PDZ donmains. The side chain of this residue
interactswith the first residueof the aB helix; this interactionplays an essentl
role in the classification of PDZ domains(discussedelow). Most of the PDZ C-
terminalligandscontaina serine or threonine resdue in the position P, (Figure
6), anothergroup possessesa hydrophobicresidue in the sameposiion, and a
third group exposesa negativelychargedresidue (van Ham M, and Hendiks W,
2003). Crystllographic studiesrevealedhat also the residuein the position P is
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involved in PDZ binding specificity; in particular, it contads the B and pC
strands of the PDZ domain. In addition, it has been demonstragd that other
residuesn the C-terminalregionof the interading proten, up to postion Pg, are
also important for the PDZ domainbinding (vanHam M, andHendriksW, 2003.

Figure 6. Diagram of the peptide binding

1A 318} pocket. Restues in the PDZ doman

u binding poclket are shownin blad; the
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|-6.2 Classification of PDZ domains

PDZ domais canbe classfied accordingtwo differentapproabes.Thefirst type
of classifcationrelies on the C-terminal sequace of the binding protan, with
particular consderation of the Py and P, resdues Using this apprach, three
different classesare defined (SongyangZ et al., 1997. Classl PDZ domains
recoquize the motif X-[S/T]-X-®, where® is a hydrophobicamino acidandX is
any amino acid. The hydroxyl side chainof the serineor threonineresidueat the
ligard positon P, forms a hydrogen bond with the amide-3 nitrogen of the
histidine resdue at postion aB1 on the PDZ domain. Class II PDZ domans
recoquize the motif X-®-X-®, charactezedby hydrophobicresiduesoccupying
both the postion P., of the paitner protein and the postion aB1l of the PDZ
domain.Classlll PDZ domainrecognizethe motif X-[D/E/K/R]-X-®, wherethe
residuein the position P, is preferenially negatively chargedand a tyrosine
residueis found at the postion aB1 of the PDZ domain. The hydrogenbond
betweenthe tyrosinehydroxyl group from the PDZ doman andthe carboxylate
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side chain of the P ligand resdue confers the specificity of this binding.
Newertheless,few other PDZ domainsdo not fall into any of these specifc
classesijt is an examplethe PDZ doman of the nNOS protan (Harris BZ, and
Lim WA, 2001) In somecass PDZ domans areableto bind to different classes
of ligands,indicaing that the de<ribed classificaion is far from being pefect.
For exanple, the syntenin protein, which interacts with many cdl membrane
receotors containstwo PDZ domains:PDZ1 bindsto peptdesfrom classs | and
11, while PDZ2interactswith clasgs | andll (KangBSetal., 2003.

Also the classifcation usedby the eukayotic linear motif (ELM) resourcefor
predictingfunctional sitesin eukarytic proteinsrelieson the C-terminal sequerce
in the ligand protein (Puntervoll P et al., 2003) Howeva, this classification is
more precisein defining the last four residuesof the PDZ binding peptide X-
[S/T]-X-[VNIL], X-[VIYIF]-X-[VNIL], and X-[D/E]-X-[V/I/L] correspond to
classl, classll, andclas Ill PDZ domans,respetvely.

Thesecondapproab of classfication is based on the natureof aminoacids in two
critical posiions of the PDZ domain,which are the two contact posiions of the
binding pocket. The first position (Pcsl) immediately follows the pB-strand,
whereas the secondone (Pos2) ocaupies the first position in the aB helix.
Residues in Posland Pos2positionswere groupel into five groups,consideing
the amino acids polarity and/or bulkiness (Bezorozvanny I, and Maximov A,
2001). The amno acidsin Posl1 were divided into five groupsas follows: G
(glycine), n (negative), Sp (small and polar), Lh (large and hydrophobt), a
(aramatic). The amino acids in Pos2 were divided into these five groups: H
(histidine), n (negative),p (polar), h (hydropholic), a (aromaic). Basedon this
approad, PDZ domainsrepresenteih the SMART daabasewnereclassfied into
25 groups.However accordingto VaccaroP andDenteL (Vaccao P, and Dente
L, 2002) the classification of PDZ domains exclusively basedon the two
conservedpositions in the hydrophobc podket is not sufficient to predct the
spedficity of binding. Thefirst group(G,H) coversPDZ domansthatbind class |
peptides,andthe remaininggroupsare lessclearly determined. Two of themdo
not correspondo anyknown PDZ domains,14 arenot corrdated with anyligand
sequene, 9 other groupscanbe unified into classll domains,and1 correspods
to the PDZ domains havinga dual specifidty (Bezprozvannyl, and Maximov A,
2001). In additon, VaccaroP and DenteL denonstatedthat the substtution of
the histidine at the crucial positionaB1 of hINADL-7 (aclassl binding PDZ) is
not sufficientto changeits binding specficity andligandpreference (Vacaro P,
and Dente L, 2002). Thus,in orderto beter classify PDZ domans it would be
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important to considerall the postions in the hydrophobicpocketand aso the
ligard seqence.

[-6.3 Regulation of PDZ domain-ligand interaction

PDZ-ligand binding canbe regulatedat different levds. First of all, coexpression
of PDZ doman-containingproteins and their ligandsin speific cel types and
their subcellular localizationallows supporing or excluding a possble interadion.
Secondly, at the transcriptlevel alternativesplicing may deternine alternatve
binding properties. For example, the human seine protease omi is subpct to
aternative splicing; one of the variantslacks part of the PDZ doman andthusis
unableto associateto its known partner,mxi2 (Facco L et al., 2000). Thirdly,
different posttranslationalmodifications can influence subcdlular distribution
and/a binding affinities (van Ham M, andHendriksW, 2003).Protelysisis one
of the possibé mechanisrg in the caseof interleukin-16 (IL-16) prearsor, its
caspasedependentcleavage determinesthe secreibn of the mature IL-16
harboring a singe PDZ domain On the contray, the N-terminal prodomain
containingthe othertwo PDZ domainss translocatdto the nucleusandfunctions
as a scafolding protein (Zhang Y et al.,, 2001). Phosphorylaon is another
mechanismcapableof regulatingthe interacion of PDZ domans with the C-
termini of binding partners Indeed,most of the PDZ domain ligandscontain a
serine, threonine or tyrosine residueat the postion P.,, which is critical for the
interaction with the binding pocket of PDZ doman, as mentioned above.The
phosphorylabn of the amino acid in this postion can affect the binding both
positively or negatively. For example serinephosphorylabn at P, in the inward
rectifier K™ chamel Kir2.3 by proteinkinaseA disrups bindingto PSD95 PDZ
domain(CohenNA etal., 1996).0n the otherhand, it hasbeendemonstratdthat
phosphorylabn canalso increasehe strengh of aninteracton. Phosphorylon
of the serinein the C-terminusof the mitochondral ribosomalprotein (MRP2)
increasests bindingto threedifferentPDZ domain-contaning proteins (Hegedliis
T etal., 2003.

[-6.4 Themultiplicity and function of PDZ domains
As mentionedearlier in the text, PDZ doman-contaning proteins often possess
multiple PDZ domains.It hasbeenreportal that multiple domains cancoopeate

to enhancebinding to targetligands,as in the caseof syntein. This protein
containstwo PDZ domains the secondonebeng ableto bind to the C-termini of
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sevaal protans only with the hdp of the PDZ1 or another copy of PDZ2
(Grootjans JJ et al., 2000). Another study reportsthat one PDZ domain may
influencethe folding of an adjacentPDZ domain. This is the caseof glutamate
receptor-interacting protein (GRIP) PDZ5 domain, which is unstuctured and
unableto bind GluR2 whenalone.However,after its covalenty connetion with

thePDZ4,PDZ5 becomedighly structuredand capdle of binding GIluR2 (Zhang
Q et al., 2001). PDZ domainsare also found in protens with othe known
interaction or signaling domains For example the membraneassocated
guanylate kinase (MAGUK) proteins are charaderized by one or more PDZ
domains a SH; domain,and a catlytically inactive guanyhte kinaselike (GuK)

domain.OtherPDZ domaincontainingprotans ocaur in combinaion with awide

rangeof interacton modules,such asWW, LIM, calcium/calmodulin-dependent
protein kinase(CaMK) domainaswell asankyrin andleucine-rich repeas (Jele

F etal., 2003). A detaileddescriptionof PDZ-LIM protens and their interaction

partrersin muscleis reportedearlierin the Introdudion sincesomne of them were
the main object of my study. In general the multidoman strudure of PDZ-

containingprotens enablesthemto interad¢ with severalbinding parnersat the
same time, thereby assembling larger protein compkxes. In light of what

descibedupto now, it is clearthatPDZ domain proteinsplay animportantrole in

targding protans to specifc cellular compartnents, and consequemy in the
regulation of their activity. The ability to bind to short C-terminal matifs

facilitatesthe interactionof PDZ proteinswith targe protens without disruptng

their overal structure and function (Hung AY, and Sheag M, 2002. Key

guestiongeman to be answeredfor exanple, it would beimportant to definethe
gpaio-temporalreguation of PDZ-mediaed interactionsin the cel. Furthermore,
studies on interacton strength and compeition experiments may elucidate the
hierarchy of differentpartnerproteinsin PDZ doman associdabn. Theimportarce
of studyingPDZ domaincontainingproteinsis highlighted by the correlaton with

theonsetof severaldisordersn humans.
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I AIM OF THE STUDY

The Z-disc of striatedmusclecontainsmany protens, sud as a-actinin, titin, y-

filamin, nebuln, MLP, and some of them (FATZ, ZASP, telethonin and
ANKRD2) werediscoveredn my laboratoy. The main god of my projed wasto

understandthe complex network of protein-protein interadions occurrng at Z-

disc of skeletal and cardiacmuscle.My interest has beenfocusedon muscular
PDZ-LIM protans, in particularon ZASP, ALP and CLP-36. These proteins
belongto the enigna family and are charaterized by a single N-terminal PDZ
domainard oneto threeC-terminalLIM domans.ZASP,ALP andCLP-36 have
in commonanothetinding motif calledZM in their internalregion (Klaavuniemi
T et al.,, 2004). Both PDZ and LIM domans are protan-protan interation

domains with diverse functions A feature common to all PDZ-LIM domain
family membersis their ability to assoa@te with the actin cytoskdeton (Te
VelthuisAJ et al., 2007)and it is thoudht that, in muscle,they actasadatorsin

transmittingmectanicalstresssignalsfrom the Z-discto the nucleus(Vallenius T

et al., 2004. PDZ domainscommonlyrecogniz specifc shortmotifs (4 to 6 aain

length)at the C-terminal of interactingproteins.In collaboraton with the groups
of Dr. G. Faulknerat ICGEB, Trieste,and Prof. O. Carpen at Universty of Turku,
Finland, we noted that there is sequencehomobgy betveen the terminal five

amino acidsof FATZ-1, FATZ-2, FATZ-3, myotilin, paladin and myopaladin.
Themotif presenin theseZ-disc proteinsis E-[S/T]-[D/E]-[D/E]-L.

Thefirst object of my work wasto checkif the PDZ domahn of the enigma family

membersZASP, ALP and CLP-36 could interact with protens of the FATZ

famiy, myotilin, palladin and myopaladin via their C-terminal amino acics.
Some of theseinteractionswere alreadyknown (i.e. betweenthe FATZ family

and ZASP) (Frey N, andOlsonEN, 2002), howeve the speific binding site has
not been mappedon the proteins before Different techniqueswere used for

studying proteinprotein interactions in vitro: AlphaScren (Amplified

Luminescent Proxmity HomogeneousAssay and TranSignal PDZ Domain
Array. AlphaScreernwas also adaptedo meaure compeiti ons beweenproteirs.

SPR (SurfacePlasmonResonancejvas finally usedto evaluae the strength of

some of thesebindings. SPRexperimentsvere donein the laborabry of Dr. A.

Bainesat University of Kent UK.

Taking into accountthat at the Z-disc mary proteins caninteract with the same
partrers it would be helpful to definethe patiern and levd of expresson of the




individual proteins in different muscle tissues. In orde to gan a beter
undestandirng of the role thesesarcomeg genesplay in musde, a secondaim of
my work wasto measurehe abundancef mRNAs of sone Z-disc proteins (the
FATZ family, myotilin and ZASP with its alternaively spliced isoforms) in
different murine musclesusingthe RealTime PCRtechnique.
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11 MATERIALSAND METHODS

I11-1 Buffers, solutions, media and kit components

Protein purification and analysis

Coomasse BrilliantBlue
stain
1x PBS

Blocking solution
Lysisbuffer

(for HIStagged protein)
Washbuffer

(for HIStagged protein)
Elution buffer

(for HIStagged protein)
Lysisbuffer

(for GST recombinant
protein)

2x SDS geHoading

buffer

1x Runningbuffer
1x Transferbuffer

Strong destainsoluion
Weakdegain solution

50% v/v methanol, 10% v/v glacial acetc acid,
0.25% w/v CBB G250

120 mM NaCl, 2.7 mM KCI, 10 mM NaH,PO,, pH
7.4

1x PBS with 5% w/v low fat milk

50 mM NaH,PO, 300 mM NaCl, 10 mM imidazole,
pH 8.0

50 mM NaH,PO4, 300 mM NacCl, 20 mM imidazole,
pH 8.0

50 mM NaH,PQ, 300 mM NaCl,250mM imidazole,
pH 8.0

25mM HEPESpH 7.6,300mM NaCl,1 mM EDTA,
1 mM DTT, 0.1 mg/mL lysozyme,proteaseinhibitor
cocktail (Roche), 0.5%v/v Triton X-100

100 mM TrissHClI pH 6.8, 4% viv §-
mercaptodtanol, 4% w/v SDS, 0.2%
bromophenoblue,20%yv/v glycerol

25mM Tris, 192mM glycinepH 8.3,0.1%v/v SDS
25mM Tris, 19.2mM glycinepH 8.3,0.1%v/v SDS
10%v/v methanol

50%v/v methanol,10%v/v glacial aceic acid
10%v/v methanol, 7% v/v glacial aceic add

w/v

AlphaScreen kit components (PerkinElmer)

Anti-GSTAcceptorbeads 5 mg/nmL in 25mM HEPES,100nM NaCl, pH 7.4
Nickel Chehte Acceptor

bead,

Streptavidn Donorbeads

BiotinylatedGST,
Biotinylated-6xHIS
10x AlphaSceenbuffer

500nM in 25mM HEPES pH 7.4

250mM HEPES,1 M NaCl, pH 7.4



Bl Acorebuffers

1x BIAcorerunningbuffer 100mM sodiumphosphag, pH 7.0

1x BlAcoresampk buffer 25 mM HEPES, 100 mM NaCl, 0.001% v/v
surfactantP20,pH 7.4

Media
LB broth 1% w/v bactotryptone,0.5%w/v yeast extrac¢, 0.5% w/v NaCl
LB agarplates LB brothcontining 1% w/v agar

[11-2 Bacterial strains
The following E. coli strainswereusedfor this work:

DHb5a strain (F, recAl, endAl, hsdR17(rc-, mgt), SupE4, A-, thi-1, gyrA96,
relAl) for the propagatiorof prokaryott expressin vedors.

M 15[pREP4] strain(Nal®, St°, Rif°, Thi’, Lac’, Ara’, Gal*, Mtl", F, RecA’, Uvr",
Lon®) for the expressiorandpurification of HIS-taggedrecmbinantproteis.
BL21 Star (DE3)pLysS (Promega) strain (F, ompT, hsdSB (rg", mg’), dcm,
rneld3l, (DE3), pLysS CanT) for the expressionand purification of GST
recombnantprotens

BL21-CodonPlus-RIL (Promega) strain (E. coli B, F, ompT, hsdS(rg", mg),
dem’, Tef?, gal, endA Hte, [argU ileY leuw Canfy) if the proten sequence
containsa high percentag®f arginine,isoleucineandleucine

BL 21-CodonPlus-RP (Promega) strain (E. coli B, F, ompT, hdS (rg", mg),
dem’, Tef?, gal, endA, Hte, [argU proL Canf) if the protein sequencés rich in
proline andarginine.

Both the M15 and the BL21 strains allow high levels of expression of
recombnantprotensafterIPTGinduction.



Materials and Methods

I11-3 Bacterial expression vectors

cDNAs for the different human proteins (full-length or truncated forms) were
clonedinto the BamHHEHindlll restrictionsitesin thefoll owing bacterial vecbrs:

pPQE-30 (QIAGEN): containsa N-terminalsix histidine (6xHIS) tag (Figure7).
pGEX-6PH-3: containsa N-terminal GST tag. The vector is a modified form of
the pGEX-6P-3 vector (GE Healthcare) contaning BamHEHindlll restriction
sites(Figure8).
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Figure 7. Map of the pQE-30 vector sgies Figure 8. Map of the pGEX-6P-3 vector (GE
(QIAGEN). Healthcare).

I11-4 Peptides

Peptides were producedin the Protein Structureand Bioinformatics laboraory,
ICGEB. Thepeptides,correspondig to thelastfi ve residueof the protens of the
FATZ family, myotilin, palladin, myopaladin and a-actinin-2 were synthesized
on solid phasg Fmac/t-Bu chemigry). The synthesisvasautonatically performed
on a 0.05 mmol scalewith a Gilson AspecXI Solid PhaseExtradion instument
modified in-house.A linker madeup of two GABA units was12.3 A in length.
Biotin was manually addedat the peptde N-terminus as a biotin 4-nitrophenyl
esterat the end of the synthess. After cleavagefrom the resinthe peptide were
precipitated with diethyl ether, washedand freezedried. The peptdes were
purified by RP-HPLC on a Zorbax 300SBC18 column (Agilent) using a linear
gradientfrom EluentA (0.1%v/v trifluoroaceic aad in wate) to Eluent B (0.1%
v/v trifluoroacett acid in acetonitrile) using UV monitoring at 214 nm. The
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collectedfractionswereanalyzedoy ESFMS on an API150EX single quadrupole
massspectrometr (Applied Biosystems), pooledand freez-dried.

List of peptdessynthesizd for the project

The following peptideswere used for AlphaSceen studies, TranSignal PDZ
DomainArray expermentsandSPR measurerants.

Biotin-GABA-GABA -ETEEL -EpTEEL
-ESEDL -EpSEDL
-ESEEL -EpSEEL
-ESDEL -EpSDEL
-GESDL -GEpSDL
-ESEEE -EpSEEE

For competiti on experimentshe samepepideswithout biotin were usel.

[11-5 Protein production

[11-5.1 Expression and purification of native 6xHI S-tagged proteins

The pQE30 (QIAGEN) vector was used for the expressionof HIS-tagged
proteins. The E. coli strain M15[pREP4] was transformedand after indudion
colonies werescre@edfor expressiorof therecombhnantHIS tagprotein. A fresh
colony expressingthe protein of interestwas inoculaed into LB broth (10mL)
with anpicillin (100 pug/mL) andkanamycin(30 pg/mL) sdection andgrown O/N
at 37°C with shakng. The nex morning,the culture was usedto inoculate fresh
LB broth (500 mL) supplementedwith the appropria¢ antibiotics and grown at
37°C with shakinguntil an ODggg of 0.6. At this point, IPTG wasaddedto 1 mM
and the culture was allowedto continuegrowing for 4-5 hoursat 37°Cor at RT
with shaking Thenbacteriawere harveste by centifugation at 6,000rpm for 15
min, the pellet resuspendedh 10 mL of lysis buffer (for HIS-taggedproten) and
keptat -80°C O/N. The nextday, the baderid suspensionvasthawed,lysozyme
and Triton X-100 were addedto 0.1 mg/mL and 0.1% v/v, respectively, and the
bacteriawere incubatedat RT for 20 min. The susp@sion was then sonicded
twice for 1.5 min at high power andcertrifuged 10 min at 14,000rpm to remove
cellular debris. The supernatanivastransferredo a freshtube, mixed with 2 mL
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of Ni-NTA (QIAGEN) resinandincubatedfor 1 hour at 4°C with gentke mixing.
The Ni-NTA resin is a metal chelantadsorbentcoupkd to Sephaose CL-6B
which bindswith high affinity to the 6xHIS tag. The mixture wasloadedinto a
column and allowed to flow throughit for gravity. The resin was washedtwice
with 4 mL of washbuffer. Therecombinanprotein waselutedfour times with 0.5
mL of elution buffer.

List of 6xHIS-taggel fusion proteinsexpressedind purified for the project

These protans were used for AlphaScrea studies, TranSignalPDZ Domain
Array experimentsand SPR measuremest

Protein Description

PDZ-ZASP-HIS HumanPDZ doman of ZASP (1-85ag
PDZ-CLP-HIS HumanPDZ doman of CLP (1-90 aa)
PDZ-ALP-HIS HumanPDZ doman of ALP (1-87 aa)

C-term FATZ-3-HIS  C-terminalregion of humanFATZ-3 (81-251aa)
ACTN2-HIS Humanfull-lengtha-actinin-2 (1-894 aa)

[11-5.2 Expression and purification of native GST recombinant proteins

GST recombnant proteinswere producedand purified using the Glutathione S-
transferas Gene Fusion System (GE Healthcare). The pGEX plasmids are
desgned for inducible, high-level intracdlular expresson of genesor gene
fragmentsas GST fusion proteins The cDNA of different protens was inserted
into pGEX plasmds, thesevectorswere then transformedin the E. coli strain
BL21 Star(DE3)pLysS (Promega) thatis engineera to contan the pLys plasmid
encading the T7 lysozyme. RIL or RP variants of BL21 Star (DE3)pLysS
(Promega) containng extracodonswere usedwhen the proten to be expressed
wasrich in arginine (R), isoleucine(l), leucne (L) or proline (P). Colonieswere
screend for the expressionof the recombnant protan. A postive colony was
grown in LB brothin the preeenceof ampcillin (100 ug/mL) at 37°C O/N. The
next day, this culture was used to inoculate LB broth supplemated with the
appropriateantbiotic and grown at 37°C with shakng until an ODgg of 0.6. At
this point, the GST recanbinantproteinexpressionwasinducel by the addition of
1 mM IPTG andthe bactriaweregrown for a further 3-4 hoursat 37°Cor at RT
with mixing. Then the cells were colleced by centifugaion at 6,000rpm for 15
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min, resuspendedhn lysis buffer (for GST recombinant protan) and kept on ice

for 20 min. The suspensiomvassonicatedand then centrfugedat maximumspeed
to removecellular debris. The supernatantvasrecveredand incubdedfor 1 hour
with Glutathione Sepharos4B beads(GE Healthcare) at 4°C with mixing.

During this step the recombinah GST proteins should bind to the glutahione
conjugaed beals. Then the solution was briefly centriuged and the recovered
resinwaswashedhreetimeswith lysis buffer for 5 min at 4°C with mixing. After

afinal washingin PBS the GST recombinat proteinswereeluted from the beads
by the addition of 200uL of 20 mM Glutathione(Sgma) for 10 min atRT.

List of GST fusion proteinsexpresedandpurified for the project

Theseprotenswereusedfor AlphaScreerstudies

Protein Description

FATZ-1-GST Humanfull lengh FATZ-1 (1-299aa)

FATZ-1-5aa-GST HumanFATZ-1 lacking thelastfive amino acids
(1-294 aa)

FATZ-2-GST Humanfull lengh FATZ-2 (1-264 aa)

FATZ-2-5aa-GST HumanFATZ-2 lacking thelastfive amino acids
(1-259aa)

FATZ-3-GST Humanfull-lengh FATZ-3 (1-251aa)

FATZ-3-5aa-GST HumanFATZ-3 lacking thelastfive amino acids
(1-246aa)

Myotilin-GST Humanfull lengh myotilin (1-498aa)

Myotilin-5aa-GST Humanmyotili n lacking thelastfive amino acids
(1-493aa)

ACTN2-GST Humanfull-lengh a-actinin-2 (1-894 a9
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I11-6 Protein analysis

Protein leves and purity were checkedby SDSPAGE followed by Coomassie
Blue stainhg, andthen blotted onto Immobilon-P transfermemnbrane(Millipore)
to performwesternblotting.

11-6.1 SDS-PAGE

Protein sanples were analyzd by SDSPAGE using a Mini-PROTEAN 3 Cell
appaatus(Bio-Rad). Typically, resolvinggelsweremadeat 12% of a 29:1 mix of
acrylamidebisacrylamidgBio-Rad) in 375mM Tris-HCI, pH 8.8,0.1%v/v SDS,
and 0.1% w/v ammoniumpersilphate(Bio-Rad), with 0.08%6 v/v TEMED (Bio-
Rad) addedfor crosslinking. This mix was poural betweenglass plates in the
appaatus Stacking gels conssting of 5% of the acrylamide mix in 125 mM Tris-
HCI, pH 6.8, 0.1% v/v SDS, 0.1% w/v amnonium persuphae, and 0.1 % v/v
TEMED were overlaid Protein sampleswere diluted with 2x SDS gelloadng
buffer anddenaturedat 94°C for 5 min. Electrophoresisvascarried outat 200V,
40 mA, pergelin runningbuffer.

[11-6.2 Coomassie Blue staining

After polyacrylamde gel electrophores, protens were visualzed by staning in
Coomasee Brilliant Blue (CBB) stain for 1 hour at RT with slow shakng. The
gels were destainedn the strongwashirg solution for 1 hour and subsequenyl
destinedin theweakwashing solutionwith 2 or 3 changesntil clear Thesizeof
the bandswasestimatedoy comparisorwith the Pregsion PlusProten Standards
— Dual color (Bio-Rad).

111-6.3 Western blotting

Proteins were trarsferred to a PVDF membrare using a Mini TransBlot
ElecrophoreticTransferCell (Bio-Rad) at a currentof 200 mA in transfe buffer
O/N. Thememlrane wasreversiblystainedwith Pon@aus stain (Sgma) to check
for efficient protein transfer thenwashedwith deionized H,O anddestainedwith
PBS for 15 min. All stepswereperformedat RT. The membrane wasblockedfor
a leastl hourin a solution of 5% low fat milk in PBS The primary antibodes
were diluted in 5% low fat milk in PBS andincubaté for at least90 min with
gentle mixing. The membranewas rinsed for 10 min in PBS with 0.1% v/v
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Tween20 and 2% w/v NaCl andthen blockedagan for 1 hour. The secondary
antibodiesweredilutedin 5% low fat milk in PBSand incubded 45 minuteswith
agitation. The membranewas rinsed as above thenwasheal three times 15 min
(eachwash) in PBS with 0.1% v/iv Tween20. Immobilized proten-antibody
compexes were visualizd by chemiluminescenceusing ECL WesternBlotting
DetectionReagntsfollowed by exposureto Hyperfilm (Amersham). Molecular
weightsof the proten bandswereestimatedby compaisonwith protan standads
as donefor Coomassiestainedpayacrylamide gels.

I11-7 Gel filtration chromatography

Gel filtration chromatograpy was usedas a further stepin protein purification.
This method sefaratesproteins peptices, and oligonuckotides on the basis of
size. The chromabgraphicmatrix consistsof porousbeads,and the size of the
beadpores definesthe size of macremolecuksthat may be fractionatel. Those
proteinsor peptdesthat aretoo large to enter the bead pores are excludel, and
thus elutefrom the columnfirst. Smallermagomolealesthatentersone, but not
al of the pores are retainedslightly longerin the matrix and emergefrom the
column next. Finally, small moleculesfilter throughmostof the pores, and they
elute from the columnwith anevenlarger elution volume.

The protein sanple to be purified was firstly concentratel using the Centricon
Centrifugal Filter Device containing Ultracd YM-3 menbrane (Millipore). An
initial samplevolume of 1-3 mL was placed in the celulose menbranesuppot
and centrifuged at 4,000 rpm at 10°C until the desiredvolume was reached.
Concentratedanpleswere centrifugedafterwardsto remove any precpitate. The
concentratedorotein sample(0.2 mL) was applied to a Superose6 HR 10/30
column (Amersham) equilibratedin BIAcore sample buffer (without surfactaint
P20). The column was run at 0.4 mL/min, cdibrated with standardglobula
proteins obtaned from Amersham (Thyroglobuln, 669 kDa; Ferritin, 440 kDa;
Bovine serumalbumin, 67 kDa; RibonuckaseA, 13.7 kDa; Glycyl tyrosin, 238
Da), and the elution profile wasmonitored at 280 nm. This wasdonewith Watess
HPLC System including Waters 600 Quat Pump, Waters 600 Contoller, and
Waters2487 Dual lambdaAbsorbanceDetector. The presenceof the proten in
peakfractionswasconfirmedby SDS-PAGE.
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I11-8 Protein biotinylation

For AlphaScreerexperimentsbiotinylaton of one binding protein is geneally
required.FluoReporteMini-Biotin-XX Proten Labding Kit (Molecular Probes)

providesa methodfor biotinylating small amountsof proteins. The water soluble
biotin-XX sulfosuccinindyl esterreadilyreact with the protein aminesto yield a
biotin moietycovalentlyattachedsia two aminoh&anoicchans (“XX”).

0.2 mL or 1 mL of the proteinsolution(0.5-3.0 mg/mL) wastransfaredto a2 mL

readion tube containing a stir bar; one-tenth volume of a freshly prepaed 1 M

sodium bicarbonag solutionwasthenaddel. The reactve biotin-XX solution was
obtained dissolving 200 uL dH,O to the vial containingthe sulfosucaimidyl

ester of biotin-XX. The amountof this soluion was addel to the tube with the
protein soluion and sodium bicarbona¢ according to Table 1. The reaction
mixturewasthenstirredfor 1-1.5hours atRT.

. Amount of Amount of
Protein Volume of o Volume of o
. . . biotin-XX . . biotin-XX
concentration protein solution . protein solution .
solution solution
(mg/mL) (mL) (mL)
touse (pL) touse (uL)
05 0.2 2 1.0 9
10 0.2 3 1.0 12
15 0.2 4 1.0 16
2.0 0.2 5 1.0 22
25 0.2 6 1.0 26
30 0.2 7 1.0 30

Table 1. Amount of reective biotin-XX soluion to be addedto different concentréions of protein
sdution to acheveappgoximately3-8 biotin molecues perproten.

For proteinvolumesof 0.2 mL, the purification of the biotinylated protan from
freebiotin was achievedusinga spin column (contaning PBS buffer with 2 mM
sodium azide). If proteinvolumeswere larger than 0.5 mL, excessbiotinylaton
reagentsvere removed dialyzing at 2-8°C for 24 hoursin PBS or othea desred
buffer. Typically, about70-80% of the proten in the biotinylation reaction was
recoveredsbiotinylatedconjugate.
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I11-9 Eirst-strand cDNA synthesis

Total RNA extraced from different musck (tibialis, gastrocnenius, solaus and
heat) andnon-muscle(kidney, liver andbrain) tissueswasretrotranscriedusing
Supersaipt Il RNaseH™ ReverseTranscriptaseccordingto the mandacturea’s
specificatons(Invitrogen). Reactionsveredonein 1.5mL tubesin afinal volume
of 30 uL. Thefollowing componentswverefirstly added:2 pgtotal RNA, 1.2 uL
100 uM oligo(dT)sV, 1.5uL 10 mM dNTPs,DEPC-treatedwaterto 19.5uL. The
mix wasincubate at 65°Cfor 5 min, thenplacel onice for atleast 1 min. Aftera
brief centrifugaton, the following componats were adde to the mix: 6 pL 5x
FirstStrard buffer (250mM Tris-HCI pH 8.3 375mM KCI, 15 mM MgCl,), 1.5
puL 0.1 M DTT, 1.5 pL 40U/uL RNaseOUT, 1.5 pL 200U/uL SuperScpt 111-
RT. At this point, the mix wasincubatedat 45°C for 1 hourand15 min, thenthe
reactionwasinactivatedby heatingat 70°Cfor 15 min.

[11-10 AlphaScreen

[11-10.1 AlphaScreen principles

AlphaScreen is a nonradioactive Amplified Lumineseent Proximity
HomogeneosAssay,which allows detectionof moleaular eventssud asbinding.
The techngue relies on the use of hydrogel coatal Donor and Acceptor beads
providing functional groupsfor conjugaton to biomolecules. In the AlphaScreen
assaysasignalis generatedvhena Donorandan Acceptor bead are broughtinto
proximity by an interactionbetweenthe two conjugaed biomoleaules. The lase
excitation at 680 nm of a photosensitier (phthabcyanne) presenton the Donor
beadconvers ambientoxygento a more excited singlet state The shortlifetime
of singletoxygen in aqueousolution(about4 pus) allowsdiffusion over a distance
up to 200 nm. The singlet oxygen molecules migrae to react with a thioxere
derivative in the Acceptor bead generang chamilumines@enceat 370 nm that
further activates fluorophorescontainedon the sane bead. The fluorophores
subseqgenty emit light at 520-620 nm (Figure 9). In the absene of a specfic
biologicalinteracton, singlet oxygenproducedoy the Donorbeadfalls to ground
state without the close proximity of the Acceptorbead As a result, only a low
backgroundsignalis produced
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Excitation
880 nm
. Emission
; 520-620 nm

Figure 9. Binding of protein paitners brings Donorand Acceptor beadsnto close
proximity (< 200 nm) anda fluorescet signal between520-620 nm is produed
(A practicalguide to working with AlphaScreenPerkinElmer Inc., 2003.

Donor beadsare typically sold as strepawvidin conjugate, since biotinylation of
one binding partner provides efficient capure onto the Donor bead. Acceptor
bead comein a variety of conjugatesprimarily linked to antibbodies(anti-HIS,
anti-GST, efc.); the second binding patner would then neal to have the
correspondig antigenattached.

The AlphaScreentechniquewas developedby PerkinElmer for analyzng a
variety of biological interactions,such as recepor-ligand interactons, enzyme
activity or secondmesengerlevels. In my case the AlphaScren mehod was
usedto evaluate the strendgh of proteinprotan bindings and also to study the
interactiors occuring whenmorethanonebinding partnerof a proten is present.

[11-10.2 AlphaScreen advantages

Thefirst advantag of the AlphaScreenechniqueis its sensitvity. Becauseof the
high concentation of photosensitizerpne Donor beal emits up to 60,000singlet
oxygenmoleculesper second.Also on the Accepbr beadsthere is a high densty
of thioxenederivaive and fluorophores This resultsin amplific ation of the signal
that can be deected down to the femtonolar (10*°) concentration of binding
partrers

Anotherbendit is thelow backgroundThe half-life of thedecayreactionis 0.3 s,
which allows the technol@y to operatein a timeresolvel mode ensuringa
reducedbackgound by minimizing the effect of autofluorescence Also a long
excitation wavekngthof 680 nm, combned with a shorteremissionwavdength
of 520-620nm, reducesnterferencdrom biological or assg componers.
Anotherimportant featureof AlphaScreen is its ability to measurelow affi nity
bindings This is possible becauseeach Donor beal caries up to 3,000
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streptavidin molecules while each Accepor bead is coaed with up to 300
antibodies. This meansthat the signal producedby a given Donor/Accpéor bead
pair depermls not on the binding of one par of biomoleales, but on dozens,or
evenhundreds.

[11-10.3 AlphaScreen experiments

Alphascreerexperimentswere performedusing HIS-taggedprotans, GST fusion

proteins or pepides. Experimentswere donein 384well plates(OptiPlate 384

white opaque,Packard BioScience) in afinal volumeof 25 uL perwell. Both the

GSTdetecton andthe HIS detectionKits for AlphaScreemvereusal acordingto

the marufacturer’s specificationgPerkinElmer). The Acceptor and Donor beads
were usedat a concentation of 0.02 ug/uL (6.5 pM). First, the proteirs to be

testel wereadded to the wells andthe Acceptor beadswere immedidely added.
The following stepsweredonein the dark. The platewasincubatedfor 30 min at

RT before adding the Donor beads then incubateal for a further 3 hours after

which it waskeptfor 15 min at 28 °C to equiibratethe temperdure. The signal

wasreadat 28°C usinga Fuson AlphaMicroplate Analyzer (PerkinElmer) at 300

ms exdtation, 700 ms emission(Figure 10). The instrunent is a multidetetion

microplae reader that can be configuredto read fluorescence intensiy, time-

resolvedfluorescere,absorbancduminescenceandAlphaScrenchenistries.

Figure 10. Fuson Alpha Microplate Analyzer(PerkinElmer).
[11-10.4 AlphaScreen data analysis
Whentestng a protein for bindingit wasnecessay to titrate it aganst the partner

protein in orderto estallish the concentrabn of both proteinstha resulted in a
significant valuefor the signal(S) to noise(N) ratio; the SN is normaly usedin
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therange8-50. In evely experimennegaive controls withoutoneor both proteins
were used to measurehe noise (baclground level. Also biotinylated GST (0.5
nM) or biotinylated HIS (1 nM) were usedasinterna controlsto normalze the
signal readings. The experimentsvererepeded at least threetimesto redue the
possbility of false postives. The ratio (R) was calaulated as the mean of the
normalizedsignaldivided by the meanof the normalizednoisg i.e.:

Sn

" Nm
The confiderce of the ratio was calculded from the standrd devigion of the

signal andthenoise.
2 2
SRS
am Nm

Sm = normalized signal mean
dSm= mean standard deviation of normalized signal
Nm = normalized noise mean

dNm= mean standard deviation of normalized noise

In compettion experimentghe binding proteinswere first addel to thewells ata
fixed concentation that would resultin binding in the abserce of a compitor.

Then the protein used as possible compditor was added at decreasing
concentratons. Thereault wasplottedasthe ratio obtaned by dividing the sigral

in the presenceof the competitorby that of the signal in the absene of the
competitor.The experimentswererepeagd at leastthreetimesand the valuesfor

the meanas well asthe standarddeviaton from the mean of the sanples were
plotted.

I11-11 TranSignal PDZ Domain Array

ThePDZ arraymembraneqPanomics) were usedaccording to the protoml in the
manufacturer’'s handbook.The array menbrane have a notch at the top right-
hand cornerfor orientationpurpo®s The biotinylated pepides or HIS-tagged
purified protens were used as ligands on the PDZ Domain Array |. When
biotinylatedpeptdeswereusedasligands 1.5 pg of the peptide was mixed with
15 uL of Streptavidin-HRP (Dako) obtaininga concentraion of 0.3 ug/mL, and
incubatedat 4°C for 30 min. The mix wasthen addel to 5 mL of blocking buffer
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(Panomics) and kept at 4°C until ready to use. When a HIS—-taggel purified
protein was usal asligand it wasdiluted in blocking buffer to obtain a protein
concentraion of 15 pug/mL.

The membraneswvere incubatedfor 1 hour at RT in blocking buffer and then
briefly rinsedwith wash buffer (Panomics). At this point, the membraneswere
incubatedwith gentleshakingfor 1-2 hoursat RT with the peptide or the purified
protein mixes,thenwashedthreetimeswith washbuffer for 10 min (each wash)
a RT. WhenHIS—taggedpurified proteinwasused, the menbranewas incubded
for afurther 1-2 hoursat RT with ant-HIS HRP conjugae diluted in washbuffer
and thenwashedthreetimesin washbuffer at RT. After incubationfor 5 min at
RT with the provided solutions for chemluminesca&ce the menbrane were
exposedo ECL Hypeffilm (Amersham).

[11-12 Surface Plasmon Resonance (SPR)

[11-12.1 SPR general principles

SPR is a techngue capableof measumg biomoleculr interactionsin real-time,
without labelling any of the interactingcomponents.Thereareseweral SPRbased
systems the mostwidely usedis the BIAcore, producel by BlAcore AB (BIAcore
International Uppsala,Sweder). SFR-basedinstrumens usean optical mehodto
measurethe refractive index near (within ~300 nm) a sensor surface In the
BlAcore this surfaceforms the floor of a smdl flow cell through which an
agqueoussolution (the running buffer) passe undercontinuousflow (Figurel11).

opto—interface B e

Prism
sensor chip
| E— | E— | E— I 1
\
Integrated p-Fluidic Cartridge with flow cell block flow cells

Figure 11. Theflow cdls are formedby pressing the sensor chip aganst the integated p-fluidic
cartridge (IFC) (BlAcore 3000 InstumentHandbook Bl Acore AB, 1999).

The technolay involves attachingone interacting patner (the ligand) to the
surfaceof the senso chip, andtheninjecting its binding pariner (the analyte) in
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aqueous soluion (the sample buffer) through flow cdl, also unde coninuous
flow. Associaton between ligand and analyte results in an increae in the
refractive index. This changeis proportionalto the massof matrial boundto the
surface, andit increagsuntil equilibrium beweenbinding andreleaseis reached
or until the chip surfaceis saturagéd with analye. If the solution contining the
analyteis replacedby the running buffer, the complexes formed on the surface
decay and the analyte is washedaway, resulting agan in a gradual refractive
indexchang. Theserefractiveindex charges are measuredin real-time, andthe
resut plotted as regponseor resonanceunits (RUs) versustime, obtaning a
sensorgram (Figure 12). One RU represert the binding of approxmatly 1 pg
protein/mnf. Importanty, a response (background response) will also be
geneated if there is a differencein the refractve indices of the running and
sample buffers. This background response must be subtrated from the
sensorgramto obtain the actual binding responseThe badkground responséds
recordel by injecting the analyte througha control or referene flow cdl, which
hasno ligandor anirrelevantligandimmobilizedto the sensosurface.
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Figure 12. lll ustation of abasicBIA sensorgranjRoosH, 2001).
[11-12.2 SPR physical principles
SPRis a phenonenonthat occursin thin conducing fil msat aninterface between
mediaof differentrefractiveindex.In BIAcore sysems,the meda arethe glassof

the sen®r chip andthe samplesolution,and the conduging film is a thin layerof
gold onthesenso chip surface
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When light passeshrough a medium with a high refractive index (the glass)
toward a medum with a lower refractiveindex (the sampé solution), part of the
light will be reflected from the interface. Above a cerin critica angle of
incidence thelight is completelyreflectal (totd internalreflection). Neverthdess,
an electronagneic field component(the evanescent wave) penetrdes a shat
distance(aboutone wavelengthof the incidentlight) into the medum of lower
refractiveindex

If athin metal layeris situatedat the interfae and polarized monochronatic light
is used, the intensity of the reflectedlight is markelly reducel at a specific
incident ande, producing a sharpdip (Figure 13). This phenonenonis caled
surface plasmon resonance andthe ande at which the dip is produceds the SPR
angle. Becausethe SPR angle dependson the refracive index of the lower-
density medium, measuremenof changesin this angle can be usedto assess
refractiveindex changesccurringvery closeto the metd layerthat sepaates the
two media.In biomolecularanalysis, suchrefractive index changesare caused,
e.g., by immobilizing a proteinon the surfaceof the metal layerand thenallowing
a binding partner to interactwith the immobilized component. The increasein
masscausedby associatiorof the binding partne causes meaurale shift in the
SPR ande.

Optical
detection -
Light- unit Intensity
source
| 1
Polarized d : Angle
light ht :
Prism Resonance
||‘A qjigf-
with gold film ' ! Time

Sample —p Flow channel

Figure 13. The SPR principle: surfa@ plasmonresorane deects changs in the
refractive index of the surfacelayer of a solution in contactwith the sensr chip
(RoosH, 2001).

[11-12.3 SPR advantages
As mentionedabo\e, the SPRtechniquegeneates real-time binding data, making

it well suitedto the analysisof kinetic measuremats. In addition, it is possibleto
regeneratethe sensorchip surfacewhile retaning the immobilized ligand. This
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allows a seriesof se@mrate measiremens to be performed on the same sensor
chip, contributng to the reproducibiliy of the data. Another advantae is the
rapidty of the analyss: immobiization of interacants on the sensorchip is
performed in the instrument and typically takes about 30 min. Real-time
interactionanalysis takes placein the orderof min and alsoregeneréion of the
surfaceis similarly fast.

111-12.4 SPR components

111-12.4.1 Instrument

Biosensr analyss were performedon a BlIAcore 2000instrument (Bl Acore AB;

Figure 14, top). The esentialcomponentof a BlAcore sysem are the sensor
chip where the interaction takes place; the optical system responsibé for

geneation and deection of the SPR signal a liquid handling sysem with

precision pumps and an integrated p-fluidic cartidge (IFC) for contolled

transporiof sanplesto the sensomsurface(Figure14, bottom).

Figure 14. BlAcore 2000
system processg unit and
controlling computer (top).
Sctematic illustration  of
BlAcore 2000 components
(bottom) (RoosH, 2001).

&
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In the table below (Table 2), some of the most relevanttechnicd spedfications
and working rangesfor the BlAcore 2000instrument arelisted.

General

Automated yes
Samplerecovery autorratic
Fractioncolledion automatic
Detection unit

Light saurce LED (Light Emitting Diode)
Wavelengh 760nm
Refractiveindex change 1.33-1.36
Basdine drift +0.3RU/min
Temperaturecontol 4-40°C
Integrated p-Fluidic Cartridge (1FC)

Flow-cell number 4

Flow-cell volume 60nL

Online subtracdion of backgroundesponse| flow-cells 2-1, 3-1, 4-1

Measuring ranges

Kinetic measurerants Katypically 10° = 10" M™* st
Kqtypically 10" — 510° s*
Affinity measuremenat equilibrium Ka typically 10 — 10" M

Table2. Listof some BIAcore 2000 features.

[11-12.4.2 Sensor chip

The sersor chip is the signal transduceiin BlIAcore technobgy: it providesthe
physicalcondiions necessaryo generatethe SPRsignal,andit is the place where
the interaction being studiedoccus. The chipis aglassslidewith athin gold layer
depositedon oneside (Figure 15). Gold is chosen for its chamical inertnessand
good SFR responseThe gold film is in turn coveredwith a covalently bound

matix on which biomoleculescan be immobilized. On most sensorchips (CM-

seriessensorchips),the matrix consistsof carboxymehylated dextan, a flexible

linea carbohydate polymer forming a layer of approximately 100 nm. The
carboxymetyl groupsenhancehe hydrophilcity of the dextran matrix, provide a
chemicalbass for covalentimmobilizaion of biomolecuks, and place negaive

charges that allow electrostaticconceiration of positively chaged molecules
fromthesoluion.
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Dextran
matrix

~ Sensor Chip
o CM5  wih

Figure 15. Sersar Chip CM5 (BlAcore Sensor
SurfaceHandbook, BlAcore AB, 2003)

[11-12.5 SPR experiments
[11-12.5.1 Buffers, samplesand temperature

All buffersfor the BIAcore were degassedising a vaacuum chambe and filter-
sterilizedwith 0.22um filters at RT. Buffer solutionscontaired 0.005%surfactant
P20 to minimize non-specific adorptionof protensto the IFC channés.

Samges for analysiswere dialyzed or desated in the BlAcore sample buffer
before dilutions were made,to avoid large changes in signal due to refractive
index differences.Before placing samples in the sampe rack, they were pulsed
briefly in a microcentrifuge to dislodge air bubbles from the bottom of the
container.

Surface acivation, ligand attachmentand binding kinetics were performed at
25°C. When running long experimens (e.g. injedion of increasng analyte
concentratons), sampleswere kept at 10°C by cooling the sampé rack base
throughathermobbck. Vials werealso cappel to preventsanple evaporéon.

[11-12.5.2 Immobilization of ligand by amine coupling

For all SPR expearimentssensoichipsCM5 (GE Healthcare) wereusedandligand
wasimmobilizedto the carboymethylateddextran flow cel surface by stancrd
amine coupling chemistry.Immobilizationwaseither direct, by covakentcouping
the proteinusedas a ligand, or indirect, throughcapture by a covdently coupled
molecule. Neutravdin (Pierce) wasused for cgpturing biotinylated peptides It is
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a deglycosylatedorm of avidin thatretans biotin-binding affinity (Kx = 10" M
1, with amoreneutral pl (6.3) thatminimizesnonspeific interacions.

BlAcore running buffer was allowed to run over the flow cell surfae at 10
uL/min until the RU basline was stable.All injectionsfor immobliization were
done at 10 uL/min. The surfacewas activatedinjecting 70 uL of a freshly
preparedNHS/EDC mixture to give reactve succnimide esterg(Figure 16). This
activation allowed covalent coupling of the ligand via primary amine groups
(mainly from lysine residues on the protein) to the flow cell surfece.
Conseqently, buffer componentscontaning primary amine groups and other
strong nucleophilic groups (e.g. Tris, sodum azide) were avoided for amne
coupling The optimal concentratiorof ligandinjeded over the acivated surface
was determined empirically. Generally the ligand was diluted to a final
concentraibn of 10-100 ug/mL in 10 mM sodiumacetatebuffer and70 pL of this
were injected over the activatedflow cell. The pH of acetae buffer for this
injection was aso determinedempirically andis related to the pl of the protein.
For all the proteinsused,coupling in 10 mM acette buffer pH 5.0 worked well.
This proceduregenerallyproducedan increaseof 20006000 RUs on the chip.
The RU increases proportionalto the massimmobiized on the chip surfaceThe
remaining NHS-ester active sites on the surface were then blocked with an
injection of 70 uL of 1 M ethanolamineHCI, pH 8.5.
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Figure16. Amine cougding of ligandsto the sersorsurface: activation of the
surface with the EDC/NHS mixture, and immobilization of the ligand
(BlAcore Sensr Surfae Handbak, Bl Acore AB, 2003).

[11-12.5.3 Binding of analyte

Binding analysesveregenerallyperformedat flow ratesof 20 pL/min in orderto
minimize masstrarsport effects Analyte injections were geneally doneat 100
uL/min asit wasbestflow ratefor kinetic deerminations. BIAcore sanple buffer
was allowedto run over the flow cell untl a stable basdine wasreaché. When
indirect immobilization of a ligand was the strategy of choice, biotinylated
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peptideswere captued onto the neutravidn surfece before andyte injection. An
aliquot of a 10 uM solution of the peptidediluted in the BIAcore sanple buffer
wasinjectedat 10 uL/min for 1 min, obtaininganincreaseof 100-200RUson the
chip surface Thenthe proten of interestdiluted in the BIAcore sample bufferwas
injectedfor 10 or 12.5 min for the as®dation phaselmmedatdy at the end of
the assoaation phasethe sample buffer was passed over the chip for the
disscciation phaseuntil the responsereturnedto basdine. The associabn and
dissciation phasegogetherrepresenthe sensorgramfor the binding event To
maximize reproducibility between analyss, the BIAcore instrument was
programmedto performa seriesof expermens with increaing concentrdions of
analyte over the same regeneratedsurfece. Regeneation of the surface was
geneally not requiredas the interactionsbeing studied returnedto the baseline
levd during dissociationphasein reasonald time. Typicdly, at least5 different
analyteconcentrabnswererun, with oneof the concentréionsin duplicate, a the
beginning and at the end of the injection series. A sanple with zero analyte
concentraton was also included(injection of analte buffer). Idedly, this shauld
be a straight baseline after subtractionof the referene response:however
inclusionof sucha sampge in the concentréion series could facilitate assessment
of baselinedeviatonsin thefinal data.

[11-12.6 SPR data analysis

[11-12.6.1 Data transfor mation

Sensorgram®f the interactiongeneragd by the instument were analy2zd using
the BlAevaluaion 4.1 software (BlAcore AB). Signal at the beginnng of the
sensorgranwas zeroedusingthe meanof the response&0 s beforethe injection.
The refererte surface data were subtracted from the reacton surface daa to
eliminate refracive index changesof the solution and injection noise The
sensorgrans obtaned at different analyte concentationrs were proaessed
individually and then overlaid so as®ciaion and dissocation curvescould be
analyzed simultaneously

[11-12.6.2 Evaluating kinetic data
Kinetic informationsobtaired from sensorgrans wereanalyzedo give values for

associationand dissociationrate constarg andbr equilibrium constans. The
initial and final 10-20 s of the as®ciation phasewere exduded from the fitting
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procedue to minimize sampledisperson and mass transporteffects whereas
entire postinjection phasewas consideredData evduation stared with global

fitting to the Langmuir mode| which is a theoreical model for 1:1 reversble

interaction. Whena poor fit was obtainal using the simplest model| the binding

kinetics wasconsidereccomplex.Then,data from the curveswereglobally fitted

using the set of pre-defined modelsprovided with BlAevaluation: 1:1 binding

with drifting baseline, 1:1 binding with mass transfe, bivalent analyte,
heterogeneousanalyte (competing reactions), heterogerous ligand (paallel

reactiors), andtwo-statereaction(conformaion change).

In general,the model datawere fitted to the experimental data using the non-

linea leastsquaes fitting processesavailable in BlAevauation software The
evaluation program calculatesthe best fit of the sekced regions of the
experimental curves to the theoretical model and provides values for the

associatiorrate(K,) and the dissocidon rate(Ky) constans aswell for the affinity

constant(Ka). The quaity of the datafit wasas®ssedy visualy compaing the

closenes®f the exparimentalandtheoreti@l curves.Anotherimportantparameer

consideredasanindicator of the validity of thefitting wastheresidual plot, which

repreentsthe differencebetweenobseved and calculated data points. The form

of theresdual plot revealedvhetherthereweresystenaic deviationsbetwea the

experimental and the fitted data. The quality of the datawas also assessedy

looking at the y* value given by the program.The y* value gives a statigical

measue of the goodnes of fit, with values below 2 beng ideal andvaluesbelow

10 being generallyaccepable accordingto the manufactirer. An estimate of how
sersitive the fitting wasto changesn paraneterswasgiven by the standad error

(SE) valuesfor the data set providedby the programor by T-values (T = X/SE;

where X = value of parametersuch as dissociaion conseni). T-valuesgreder

than 10 indicatdthatthe valueobtainedfor the parameer wassignificant.

[11-12.6.3 Evaluating affinity data

The affinity constat indicatesthe strengt of binding betweentwo moleaulesand
canbe calcubtedfrom the K, andKgy constantgKa = Ki/Kg, measuedin 1/M, or
its inverseKp = Ky¢/K,; measuredn M). However, becauseof the difficulties
associatedwith obtaining reliable kinetic dat (i.e. the approprideness of the
model and the quality of the experimentd dat), equilibrium binding analysisis
more accuate. It involves measuringthe level of binding at equiibrium after
injecting asaiesof analyteconcentrations.



Materials and Methods

The steadystate binding level (Re) is relatedto concentratioraccordingto the
equdion:
_ C* Rmax
Req C+ Kp
Rmax = maximum response (total surface binding capacity) (RU)
C = concentration of the injected analyte (M)
Req Valueswere obtainedfrom reportpointsse on the sensorgram the stead/-

state regionof thecurve. Rearrangig:

R =Ko * 2+ Roay

A plot of Re/C againsiRe at differentanalte concentrabnsgivesastraightline
fromwhich Ry and Kp canbe calculaed.

[11-13 REAL-TIME PCR
[11-13.1 Real-Time PCR principles

RealTime PCR can be used for the detedion and quantficaion of mMRNA

transcriptabundancen a sample.Dataare collected throughoutthe PCR process
as it occurs,thus combhning amplification and detecion in a single step. This is

achieved using fluorescent probes or dyes that correlde PCR prodict

concentraton to fluorescenceintensity. Reacions are chaacerized by the
threshold cycle (Ct), the cycle at which fluorescene intensity is greder than
backgrourd fluorescence.Consequentlythe higher the initial amount of the
sample, the soorer accumulatedproduct is detecied in the PCR processas a
significantincrea in fluoresence andthelower the Ct value.

[11-13.2 Real-Time PCR experiments

Experiments were performedusing the DyNAmo HS SYBR Green qPCR Kit
(FINNZYMES). The mager mix provided by the kit contans an engneeed
versionof Thermus brockianus DNA polymeaaseand SYBR Greenl fluorescent
dye. The modified polymerasencorporaes a nonspecifct DNA binding domain
that confersphysicalstability to the polymeraseDNA complex. The polymemse
is alsoinacive at RT in orderto preventthe extensionof nonspeeifi cally bound
primersduring reactionsetupandthereforeincreaes PCR speeificity. The initial
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denaturatiorstepin the PCR protocolreacivatesthe hot stat polymeraseSYBR
Green | is speciic for doublestrandedDNA and fluorescs when boundto the
amplified doublestrandedPCR product,therebyenabling the dired quanttation
of amplified DNA without labeledprobes.The passiverefaenceROX is a dye
included in thekit. It doesnot take partin the PCRreaction andits fluorescace
remainsconsantduringthe PCRreaction. ROX provides aninternal referenceto
which the signal can be normalized Normalizaion is necessaryto corred for
fluorescenfluctuaionsdueto changesn concentraion or volume.

Experimens were donein 96-well plates(Optical Reacion Plate with Barcode
and Optical Caps Applied Biosystems) in a final volume of 50 uL per well. The
reactionmixture consistedf 25 uL 2x MasterMix (Thr DNA polymeraseSYBR
Grea |, buffer, 5 mM MgCl,, dNTP mix including dUTP), 1 uL 50x ROX, 2.5
uL 10 uM primer FOR and REV (each),5 uL templde cDNA, 14 uL H,O. A
GeneAmp5700 Sequene detectionSystemincluding a GeneAmp 9600 thermal
cycler (Applied Biosystems) wasused.The final amplification condiions were as
follows: 95°C for 15 min; followed by 40 cyclesof 95°Cfor 15s,59°Cfor 30 s,
72°Cfor 40s;then72°C for 10 min.

List of primersusedfor the project and the correspondingampified genes (all

primersareshown in 5’ to 3’ direction)

. . Product
Gene Primer FOR sequence Primer REV sequence

length
ZASP E2-4 AGATCAAGT CGGCCAGCTAC AGGTCTGGGAGAAGGAGGAG 237bp
ZASP E2-5 AGATCAAGT CGGCCAGCTAC CATTGGCTGGAGAATTGGCTAC 144 bp
ZASP E16-17 CATCAACCTGITCAGCACCAAG GAATGGCTGACCCTCCAGA 145bp
ZASP E8-10  GCTGTGATCAAAACCCAAAGCA AACGTGGGCTGITACGTTC 190 bp
ZASP E8-11 GCTGTGATCAAAACCCAAAGCA  CGGATTCTCCACGGGACTTG 339bp
ZASP E8-12 GCTGTGATCAAAACCCAAAGCA  GTAGCTGGTATGGGCAGAGG 408/222bp
FATZ-1 GTGGAACTTGGCATTGACCT CAGGGAATAGGGGTTCGATTGA  227bp
FATZ-2 TCAAGCCTGAAGGAAAAGCAGA  TGTGATCACGACGGGGATATTC  237bp
FATZ-3 GGCAGGAGTTCACCAGCTAC TGAGCAACCCTGTTGAAATTGG  216bp
myotilin GACAACGCCGGAAGAGTAAC GCTGGGAGAGT TTGGATTGGA 151 bp
p-actin CCTCTATGCCAACACAGTGCT ~ ACCGATCCACACAGAGTACTT 151 bp
GAPDH GAACATCATCCCTGCATCCAC ~ GACAACCTGGTCCTCAGTGTA 235bp
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[11-13.3 Real-Time PCR software analysis

At the end of the amplificationreactionsthe andysis softwaregenerates a series
of plotscontaning valuableinformationsfor quantitative andysis.

[11-13.3.1 Amplification plot

The amplification plot is the plot of PCR cycle number (x-axis) versus
fluores@ncesignal, R, (y-axis). R, is theratio betveenthe fluorescee intensiy
of the reporer dye andthatof thepassie dye.In thelinear phaseof PCR(thefirst
10-15 cycles) there is little charge in fluorescece signal Baselne fluoresaence
is calculated at this time. At the early exponental phase an increae in
fluores@nce above the baselineindicaies the detecion of accumubted PCR
product and it defines the thresold line. The point at which the thresholdline
crossesthe amplification plot gives the Ct (Figure 17). The log-linear phase
follows during which PCR reachests optimal ampification period. Finally, the
plateau phaseis achievedwhen reaction componerg becme limited and the
fluores@nce intensity is not longer useful for daa analysis (Wong ML, and
MedanoML, 2005).

- I<—>| No Template
Baseline

a 5 10 15 20 % 30 k5] 40

Figurel7. lllustrationof anamplification plot.

[11-13.3.2 Standard curve

Standhard curves for eachprimer setwere produed by runninga seril dilution of
template A plot wasmadeby relatingthelogo[tempate dilution] (x-axis) against
the Ct value obtanedfor the correspondinglilution (y-axis) (Figure 18). Then,a
linearinterpolaton wasdoneandthe slopevalueof the resulting straight line was
used for the calcdation of the reaction efficiency (E) (Pfaffit MW, 2002J),

accadingto theequation:
E= 10(—1/s|ope)
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Standard Curve
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Figure 18. Examge of standad curve.

11-13.3.3 Méting curve

The melting curve was usedto checkthe speificity of the PCR product The
temperature was decreasedto 60 °C and raised slowly to 95 °C using a
temperaturetranstion rate of 0.5°C/30s. By plotting the fluorescenceantensity
derivative (y-axis) veraus the temperaturgx-axis), a sharppeakin SYBR Green
fluorescencavasobservedin correpondencenf the productmdting temperéure
(Figure 19). Specific productscould be distinguishedfrom non-specfic products
by thedifferencein their meltingtemperatrres.

Digcaciation Cunve

A
&0 65 70 75 20 85 a0 ]
Temperatute (C)

Figure 19. Exampleof melting curves.
[11-13.4 Real-Time PCR data analysis

For the quantfication of mMRNA transcripton the relative method was used.
Reldive quantfication is commonlyusedto conparethe expressiorievek of a
target genewith a referencegenein a specific tissueor the expressionlevels of a
gene in different tissues When studying gene expression, the quanity of the
target gere transcriptneedsto be normalzed aganst varidion in sampé quaity
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and quantty betweensamplesTo ensurddentical starting condiions,therelative
expressiondatawere normalizedby meansof referene genes A geneusedasa
referenceshoutl hawe a constantexpresson levelindependenof the variaion in
the stateof the sampletissue.p-actinand GAPDH were the genesof choice for
theproject.

Product accunulation during a PCR reacton is represented by the equaton
(Marino JH etal., 2003)

N; = No* E<

No = number of amplicons at the beginning of the reaction

N; = number of amplicons at the end of cycle number Ct

E = efficiency of the reaction. Ideally, it shout be 2, indicaing tha theamourt of
product exactly doubleswith eachcycle.

Given two differentgenesA andB expressedn a spedfic tissue the ratio (R) of
theinitial amplicon abundancédetweenthe targetgene A and the refererce gene
Bis:

~ Now  _ N@/En™®

- No (B) N(B)/E(B)Ct(B)

When the amplicon populationgrowth hasreachedan identical point in ead PCR
readion, i.e. Nia) = N), and assiming that the amplification efficiency of the
amplicon for the two cDNA populationsis equal (Ea = Eg), the equation
becames:

R = ECI®)-Cl(A) = paCt

The R value provides the number of times the target gene A is expressed
comparedo thereferencegeneB in theconsideedtissue.

Three templatedilutions in duplicatewere mack for every genein every tissue
obtainingsix differentCt values In orderto cdculatethe R ratio, oneCt value for
thetargetgeneandonefor thereferencegenewere nealed.Usualy, it is achieved
by averagng the six Ct values However,a new analyss methodwasdeveloped,
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consistingin the normalizationof Ct values. In pradice, Ct values obtaned at
different template dilutions were recalcuated by relating them to a reference
dilution. In this way, eachCt value can be individually evduated and excluded
from dataandysis if notreliable.The normdized Ct value wascdculatedfor each
tempatedilution usingthe equation:

C

Ctnorm = Ct + IOgE
ref
C = sampledilution
Cie = selected reference dilution

Forexampe, a sanplediluted eighttimescomparel to a referencedilution would
have a Ct,omn = Ct + log, (1/8) = Ct — 3, assuming? the reactionefficiency. It
meansthat three less PCR cycles would have required to reach the same
fluorescenceaignal if thereactionhadstartedwith thereferencedilution.

The AR emor was then calculatedaccordingto the propagaton error theory,

consideringan exponential function where the exponentis constiuted by the
differencebetweentwo factors:

AR = R* INE* /(68)% + (5B)°

oA =standard deviation of the normalized Ct values for each target gene
0B = error associated to the geometric mean of the normalized Ct values for the
reference genes.
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IV RESULTS

The Z-disc of striaed mu<le cellsis a highly speci$ized structure conssting of
dozens of protens assembledinto a multiproten complex. Seveal Z-disc
proteins suchastelethonin(Valle G etal., 1997, ZASP (FaulknerG et al., 1999),
FATZ (Faukner G et al., 2000),and ANKRD2 (Palavicini A et al., 2001) were
discoveredandcharacterizedn thelaboraory wherel caried out my rese&ch, in
collaboraton with the musclemolecularbiology group at ICGEB, Trieste.The
main god of my project was to undestand the complex network of protein
protein interacions occurring at Z-disc of skelgal and cardiac musck. In
particular, my work hasbeenfocusedon two groupsof Z-disc protens:the FATZ
and myotilin protein families on one hand,and someprotens bdonging to the
enigmafamily onthe otherhand.

IV-1 TheFATZ and myotilin families share high similarity at their extreme
C-termini

In collaboraton with the groupsof Dr. G. Faukner at ICGEB, Trieste, and Prof.
O. Capen at Universty of Turku, Finland, we noted that the C-terminal five
amino acidsof FATZ-1 (ETEEL), FATZ-2 (ESEDL),FATZ-3 (ESEHR.), myotilin
(ESER.), palladin (ESEDL) andmyopaladin (ESDEL) are highly similar (Figure
20). Interestngly, thoseof FATZ-2 ard palladin (ESEDL) are identcal as are
thoseof FATZ-3 andmyotilin (ESEEL.

e m Myopalladin 1320 aa)

[ 2] Palladin (773 aa|
e e mm(ESERL | Myotilin (496 aa)

: (ETEEL) FATZ (299 2
e ((ESEL | FATZ-2 264 33)
e ((ESEEL | FATZ-3 (251 aa)

Figure 20. Schematiadiagramshowing the myotilin family of protens with their Ig-like domains
(1gC2) andthe FATZ family of prateins. All theseproteins shae high similarity at their C-terminal
five amino acids.




This high similarity raisedthe quesion of wheter theseproteins could interact
via their C-termini with the sameproteinor proteins,thenthe possibilty that the
C-terminalfive aminoacidsin FATZ andmyotilin familieswould representinew
binding motif involvedin proteininteractons.

First, we wantedto verify if this putatve binding motif was sharel by other
proteins.A progamwaswritten by my supervsor Prof. G. Valle, CRIBI, Padova,
to extractprotens from any databasewith the last five amino acids having the
motif E-[S/T]-[D/E]-[D/E]-L. Thelad eight amino acidswereconsider& butonly
the termind five amino acids were given the following weight: Py [L]=2, P, [D

or E]=1, P, [D or E]=1, P3 [S or T]=1, P4 [E]=1. The lastamino acid had a
higher weight sinceit haspreviouslybeenshownthat the natureof this residue
can strongly influencethe binding with the PDZ doman (Harris BZ, and Lim

WA, 200J). A scoreof 6 was assgned when all of the criteria were met The
program was used to scan the UniProt Knowledgebae Rdease 11.3

(UniPraKB/SwissProt  Protein  Knowledgebae Release 53.3 and
UniProtKB/TrEMBL ProteinDatabaseRelease36.3 of July 10, 2007). Data are
repatedin Table3 only for proteinswith a scoreof 6, coresponding to an exact
matd for the motif E-[S/T]-[D/E]-[D/E]-L. Notabl, the motif was found in

Vertebratedo berestrictedto the FATZ family of proteinsmyotilin, paladin and
myopalladin. Thereis an exceptionrepresented by the histidine anmonialyase
that hasits final C-terminalaminoacids(ESEDL) idenical to thoseof FATZ-2

and palladin. Proteirs of both FATZ andmyotilin families arelocalizedin the Z-

disc of stiated muscleandhavea role in muscleor cytoskdetd structre and/or
function. The fact that the motif is evoluionary conservedfrom zebrafsh to

humansmay suggestits importancefor the biological function of the proteins
containingit.
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Results

Score | C-terminal | SwissProt Protein
6 LDGETEEL QINP98 | MYOZ1 HUMAN FATZ-1 (Myozenin-1/Calsarcin-2)
6 LDGETEEL Q1AG03 | QIAGO03 CANFA Calsacin 2 - Canis familiaris (Dog)
6 LDGETEEL Q8SQ24 | MYOZ1 BOVIN Myozeninl - Bostaurus(Bovine)
6 LDGETEEL Q4PS85 | MYOZ1 PIG Myozeninl - Sus scrofa(Pig)
6 LDGETEEL Q1AG02 | QIAG02 RABIT Calsarcin 2 - Oryctolaguscuniculus (Rabbit).
6 LDGETEEL Q9JK37 MYOZ1 MOUSE Myozenin-1 - Mus muscuus (Mouse)
6 VDGETEEL Q6DIU0 Q6DIUO0_XENTR Myozenin 1 - Xenopustropicalis
6 VDGETEEL Q7SYYO | Q7SYYO XENLA Myozl1-prov protein - Xenopuslaevis
6 FDGETDDL Q6DHF0 | Q6DHFO DANRE Zgc:92347- Danio rerio (Zebrafish).
6 SSEETDDL QLIQ62 | QLIQ62 DANRE Si:ch211-238e65 - Danio rerio (H-L-H proten)
6 FDGETDEL Q4QM4 | Q4SQM4 TETNS Chromosomel 7 SCAF14532 Calsarcn rel.
6 TVPESEDL QINPC6 | MYOZ2 HUMAN FATZ-2 (Myozenin-2/Calsar cin-1)
6 TVPESEDL QB5R612 MYOZ2 PONPY Myozenin2 - Pango pygmaeugOranguta)
6 TI PESEDL Q5E9V3 [ MYOZ2 BOVIN Myozenin?2 - Bostaurus (Bovine)
6 Tl PESDDL Q1AG08 | QIAGO08 PIGCdsarcin 1 - Susscrofa(Pig)
6 TVPESDDL QAJIW5 | MYOZ2 MOUSE Myozenin2 - Mus muscudus (Mouse)
6 El PESDDL Q8AVF9 | Q8AVF9 XENLA Myoz2-prov protein - Xenopuslaevis.
6 El PESDDL Q510T4 Q510T4 XENTRMyozenin 2 - Xenopustropicdis
6 FI PESDDL Q6P2T2 | Q6P2T2 DANRE Myozenin?2 - Dario rerio (Zebrafsh)
6 ALVESEDL Q7L3EQD Q7L3E0 HUMAN Palladin protein - Homo sapiens
6 ALVESEDL Q4R5Y9 | Q4R5Y9_MACEFA TestiscDNA, clone QtsA-19723
6 GLVESEDL Q3MHWS8 | Q3MHWS8 _BOVIN PALLD proten - Bostauus(Bovine)
6 GLVESEDL Q6DFX7 | Q6DFX7_MOUSE Palld protein- Mus musculs (Mouse)
6 GLVESDDL Q4RKT9 | Q4RKT9 TETNGChromosomd SCAF15025,wholegenome
6 Kl PESEDL Q4VB93
6 TI PESDDL P35492 HUTH_MOUSE Histidine ammonia-lyase - Mus musculus
6 TI PESDDL pP21213 HUTH_RAT Histidine ammonia-lyase - Rattus norvegicus.
6 T PESDDL Q76N86 Q76N86 RAT Histidase - Rattus norvegicus (Rat)
6 SVVESDEL Q86TC9 MYPN HUMAN Myopalladin - Homo sapiens
6 SVVESDEL Q5DTJ9 | MYPN_MOUSE Myopalladn - Mus musculugMouse)
6 SVVESDEL Q861C92 | MYPN_HUMAN Isoform?2 of Q86TC9 - Homo sapiens(Human)
6 NL PESEEL Q8TDCO | MYOZ3 HUMAN FATZ-3 (Myozenin-3/Calsar cin-3)
6 NL PESEEL Q8TDC02 | MYOZ3_HUMAN Isofam 2 of Q8 TDCO- Homo sapies
6 NLPESEEL Q08DI7 Q08DI7_BOVIN Myozenin3 - Bostaurus (Bovine)
6 NLPESEEL Q1AGO05 | QIAGO5 PIGCdsarcin 3 - Susscrofa(Pig)
6 KLPESEEL Q8RE4 | MYOZ3 MOUSE Myozenin3 - Mus muscuus (Mouse)
6 KLPESEEL Q973272 | SYNPO_RATIsofam 2 of Q92327- Rattusnorvegicus
6 GLYESEEL Q9UBF9 | MYOTI HUMAN Myatilin - Homo sapiens
6 GLYESEEL QOVCX9 | QOVCX9 BOVIN Similar to titin immunoglobulin doman protein
6 GLYESEEL QUIF9 MYOTI_MOUSEMyotilin - MusmusculugMouse)

Tabe 3. Reallts of the protein databasescanfor the motif E{{S/T]-[D/E]-[D/E]-L. FATZ-1, FATZ-2, FATZ-
3, myotilin, paladin and myopadladin are underlinedin yellow. Theseprotensaremembersof the FATZ ard
myotilin families of mainly saconeric proteins. Histidine ammorna-lyaseis underlinedin red asit is not
generally not foundin musde.
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V-2 Characterization of the interaction between the FATZ and myaotilin
families and enigma family proteins using the AlphaScr een technigue

As degribedin the Introduction,proteinsof the FATZ family can bind to ZASP.
Theseinteractionsoccurredwith both the shortZASP isoforms(having only the
N-terminal PDZ domain)andthe long ones(including the three C-terminal LIM
domains) suggestinghat the binding involved the N-terminal region of ZASP.
However, the precse binding site has not beenmappedon the FATZ proteins
before. More recently in the laboratoy of Prof. O. Carpenthe resultof a two-
hybrid experinentrevealedaninteractionbetveen ZASP andmyotili n throughits
C-terminusandtheir colocalization at the Z-disc (von NandelstadiP etal., 2009.
On the basisof thesedataand consideing our previousobserv#éions, it hasbeen
speculaed that the last five amino acids of the C-termind of al myotilin and
FATZ family memberscould have a role in the interaction with ZASP. This
hypothesis was further strengthenedoy informaions obtaned with the ELM
program (Puntervol P et al., 2003),which predcted that the terminal four amino
acids of FATZ-1, FATZ-2, FATZ-3, myotilin, pdladin and myopalhadin
constituteda binding motif for class Ill PDZ domahn proteins. The binding motif
is X-[D/E]-X-[VI/I/L] , whereX is anyaminoacid.

PDZ domainscommonly recognizeshot sequenes(4 to 6 aain length)locatel at
the very C-termini of interactingpartners.The AlphaScreernechngue (defils in
Materials and Methods chapter)was used as a quanttative methodto measure
binding betweerthe PDZ domainsof ZASP,ALP andCLP-36 andproteinsof the
FATZ family andmyotilin. ZASP, AL P and CLP-36 belorg to the enigmafamily
of proteirs togetherwith enigma,ENH, RIL and mystique.Theseprotdns are
characterizedby a single N-terminal PDZ doman and one to three C-terminal
LIM domans. ZASP, ALP and CLP-36 have in common anotherbinding motif
called ZM in their internal region. A schemdic representdon of the enigma
family membersbjectof my studyis reportel in Figure21. The ZASP-1 isoform
lacks the three C-terminal LIM domans. This was the variant used in the
experimens of this thess asit wasthe form detected by yeasttwo-hybrid assays
to bind to myotilin (von NandelstadhP et al., 2009. In orderto verify if the
binding to the PDZ domainscoud involve the terminal five amno acids of the
FATZ proteins and myotilin, both the full-length and the truncded version
(lacking the C-terminal five aminoacids)of these protens were producel. All of
the native protans usedfor AlphaScreerexpeimentswerekindly provided by Dr.
G. Faukner. Since the proteinsusd in these experments were expressedin
bacteriatheywerenot phosphoylated.Also a-acinin-2 (ACTN2) wasintroduced
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in the studysinceits C-terminalregionhaspreviously beenshownto interact with

thePDZ domainof ZASP (ZhouQ etal., 1999;FaulknerG et a., 1999)and ALP

(Klaavuniemi T et al., 2004). In addition, the four C-termnal residues of a-

actinin-2 fits with the con®nauis ligand sequenceof class| PDZ domans which
recognizean X-[S/T]-X-[V/I/L] C-terminal motif acording to the ELM program
(Puntervoll P etal., 2003).

ZASP-3 [417 aa) | = Lin a@z@,—

ZASP-1 (282 a3)

ALP (318, aa)

CLP-36 (329 aa) Zh | L =

RIL (330 aa) :. T LM

Figure 21. Schematicdiagram showing sone of the protens of the erigma family with their
different binding domains:ZASP, ALP, CLP-36 and RIL. All theseproteins havea N-terminal
PDZ doman andC-terminal LIM domainswith the exceptionof the ZASP-1 isoform that hasnot
LIM domans. The ZASP-1 isoform was usedin all of the experimentgeportedin this thesis.
ZASP, AL P andCLP-36 containanadditional internal binding motif cdled ZM.

The biotinylated HIS-taggedPDZ domainprotens ZASP,ALP and CLP-36 were
bound to the streptavidin Donor beads,whereasthe GST recombinait proteins
FATZ-1, FATZ-2, FATZ-3, myotilin anda-actinin-2 wereboundto the anttGST
Acceptorbeads.The PDZ domainsand thear ligand protens wereboth usel at a
coneentraton of 50 nM. The results shown are the mean of nine different
expeaiment andthe standardleviationsof the meansare plotted at thetop of each
column (Figure 22). As canbe seenfrom the grgoh, all of the protens studied
(FATZ-1, FATZ-2, FATZ-3, myotilin anda-actinin-2) behavedasligandsfor the
PDZ domainsof the enigmafamily members ZASP, ALP and CLP-36, even
thoudh with somevariability dependingon ligandand PDZ doman. In geneal,
the PDZ domahn of ZASP showedmuch strongerbinding to the ligand protens
thanthe PDZ domainsof ALP or CLP-36 with the exception of a-actinin-2 that
had strongerbinding to the PDZ domainof CLP-36. The bestligand protein for
overall binding was FATZ-2 whereasFATZ-3 bound poorly to the three PDZ
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domainsstudied. On the contrary, all of the truncated proteinsdid not interact
with the PDZ domainsof ZASP, ALP andCLP-36. In the interestof clarity, only
the resut for the truncatel FATZ-2 protein is shownin Figure 22, but the C-
terminal truncatedorm wasproducedandteged for ead protein

% PDZ-ZASP
501 [] PDZ-CLP
W PDZ-ALP
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FATZ-1  FATZ-2  FATZ-3  Myotilin  ACTN2  AFATZ-2
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Figure 22. AlphaScee interaction expeimentsbetweenthe HIS-tagged PDZ domains of ZASP,
ALP and CLP-36 andthe GST recombinantfull -lergth and truncated (minus the C-terminalfive
amino acids)forms of FATZ-1, FATZ-2, FATZ-3, myatilin and a-actinin-2. Here, only the reault
for the truncated=ATZ-2 proteinis repatedin the interest of clarity. The coneentrationof all the
proteinswas 50 nM. The expaiment was repeatd nine times and the stardard deviationsof the
meansareshown asbars at the top of the histograms.

V-3 Peptides corresponding to the C-terminal amino acids of the FATZ

and myotilin families bind to the PDZ domains of ZASP, AL P and
CLP-36

The result of the databasesearchshown in Table 3 suggestedhat also palladin
and myopaladin sharethe motif E-[S/T]-[D/E]-[D/E]-L andtherefore would be
able to interact with the same PDZ domains. In order to denonstate the
specificity of this binding, we desgned peptdes correspondig to the final five

amino adds of FATZ-1 (ETEEL), FATZ-2/pdladin (ESEDL), FATZ-3/myotilin

(ESEEL) and myopalladin(ESDEL). Also the GESDL peptide was synthesized,
corregponding to the final five aminoacids of a-actinin-2. Althoughthis motif is
different ascomparedwith the otherpeptdes,it is conformto a classof ligands
recoquized by PDZ domains (Jelen F et al., 2003). Another peptide was
synthesrzed,named ESEEE, with thefinal amino acid changedfrom leucire (L) to
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glutamic acd (E). It is known that the type of amino add at postion P is
impartantfor the binding betweerthe ligand andthe PDZ domain sincechanging
this aminoacid caneitherdestroyor alter the binding (Harris BZ, andLim WA,

2001)

The biotinylated peptideswere boundto the stregptavidin Donor beads,whereas
the HIS-taggedPDZ domains of ZASP, ALP and CLP-36 were boundto the
Nickel Chelae Acceptorbeads The PDZ domainswereusedat a concentation of

50 nM; the ETEEL, ESEDL andESEEL peptdeswereusal at a conentrdion of

10 nM, whereasESDEL, GESDL and ESEEE were usedat concentraions of 25
nM, 50 nM and50 nM, respectivelyAs a consequece,the binding detected for

thesepeptides when comparedto the others is even lower than that depided in

Figure 23. Theresultsshown arethe mean of a least threedifferentexpaiments
and the standarddeviationsof the meansare plotted at the top of each column
(Figure23).
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Figure23. AlphaScren interadion experimentsbetweerthe HIS-tagged PDZ domairs of ZASP,
ALP and CLP-36 and the biotinylated peptides correspondingo the last five amino acids of
FATZ-1, FATZ-2/palladn, FATZ-3/myotilin, myopalkdin and a-adinin-2. A mutated pegide
with the last amino acid changé from L to E was also used The concentration of the PDZ
proteinswas50 nM; the ETEEL, ESEDL and ESEEL peptideswereusedat 10 nM, ESDEL at 25
nM, GESDOL and ESEEE at 50 nM. The experiment was repeded at least three times and the
standardieviationsof the meansareshown asbarsatthetop of the histograms.

From thereaults of the AlphaScreerexperimentsit is clear thatall of the peptides
bind to the different PDZ domain protans with the excepton of the mutated
peptideESEEE. The FATZ-1 and a-actinin-2 peptides seemto bind betterto the
PDZ domah of ZASP,the FATZ-2/palladn pegide bindswith the samestrergth
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to the PDZ domain of ZASP and CLP-36, whereasthe FATZ-3/myotilin and
myopalladin peptides bothbind betterto the PDZ doman of CLP-36. The binding
to the ALP-PDZ domainwasparticularlywe& in all cases.

I\V-4 Phosphorylation of the C-terminal peptides affects the binding activity
tothe PDZ domainsof ZASP, ALP and CL P-36

As descriledin the Introduction,the interacion beween the PDZ domainandits
ligard is often regulatedby phoghorylaion of the ligand sequence The C-
terminal sequenceof the FATZ and myotilin families protens and that of ao-
actinin-2 contans a potentialphasphorylaion site (S or T). To evalatethe effect
of phosphorylation on the binding betweerthe peptidesandthe PDZ domans, we
designed peptdes phoghorylated on either the serne (EpSEDL, EpSEEL,
EpSDEL, GEpSDL) or thethreoning(EpTEEL) residues.To testthe spedficity of
the binding, we also desgneda phosphopepde in which the lastamino acid was
changedrom L to E (EpSEEE) We thentesta these peptdesfor theinteradion
with the PDZ domainsof ZASP, ALP and CLP-36 using Alpha&Saeen (Figure
24).
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Figure 24. AlphaSceen interadion experiments between the HIS-tagged PDZ domainsof ZASP,
ALP and CLP-36 and the biotinylated phosphoryléed peptides. The concentation of the PDZ
proteinswas50 nM; the EpTEEL, EpSEDL andEpSEH. peptidesvereusedat 10 nM, EpSDEL at
25 nM, GEpSDL andEpSEEEat 50 nM. The experimentwasrepeatedat leastthreetimesand the
stardarddewations of the meansare shownas barsat the top of the histograms.

DN

The biotinylated phoghorylatedpeptides were boundto the streptavidin Donor
beads,whereasthe HIS-taggedPDZ domains of ZASP, ALP and CLP-36 were
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bound to the Nickel Chelate Acceptor beads.The concentrdions of the PDZ
domainsand peptideswerethe sameof the previousexpeaiment,andalsoin this
casetheresuts representhe meanof atleastthreedifferentexperimens.

As can be seenfrom the graph, all of the phosphopejdes showedincreasedbut
highly different binding activity to ZASP PDZ domain. The strongest binding
being that of the FATZ-3/myotilin peptide followed in orde of decreasing
strength by that of FATZ-2/palladin, FATZ-1, a-actinin2 and myopalladin. |
would like to remarkthat the EpSDEL and GEpSDL peptdes were usedat a
higher concentrathn comparedto the other peptides. Only the FATZ-2/paladin
and FAT Z-3/myotilin peptidesshowedappreiable binding to the PDZ domain of
CLP-36, whereasin the cage of ALP PDZ doman the phosphorylged peptide
ligandsshowedbetterbinding although this did not reachthe valuesseenfor the
other PDZ domans. The mutatedpeptideEpSEEE did not show any interaction
with thethreePDZ domans.

V-5 Overview of the effect of phosphorylation on the binding of the peptide
ligandsto the PDZ domains

An overview of the charges seen in the stremgth of binding due to
phosphorylain of theligand is givenin Figure25. Resuls areshownas Log, of
theratio betweenphosphorylatecandnon-phosphorylaéd pepides
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Figure 25. An overview of the effect of phosphoryléion of the peptide ligandson the bindingto the
PDZ domairs of ZASP, ALP andCLP-36.
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In pradical terms,the Log, valuesindicatehow manytimesyou haveto double,
or half if negtive, the nonphosphoryleed value to obfain that of the
phosphorylated As can be seenfrom the figure, the strength of the binding
interactions varied betweenthe pepides and the PDZ domans consideed. The
resultsfor the mutated peptidephosphoryltéed (EpSEER or notphosphoryléed
(ESEEE)are not reportedsince they did not show any binding with the PDZ

domainsof ZASP,ALP andCLP-36. This resultagreeswith the knownliteraure
on PDZ doman interactionsnamelythatthe lastamino acid of the ligandprotein
is crucialfor itsinteractionwith the PDZ domain. Therefore we cancondudethat
this observaion is alsotruefor the bindingof the E-[S/T]-[D/E]-[D/E]-L ligandto

the threePDZ domainsstudied.For the FATZ-1 (ETEEL, EpTEEL) and FATZ-

2/palladin  (ESEDL, EpSEDL) peptides phosphorydtion appeas to be an
advantagdor thebindingto ZASPandALP PDZ domans. Ontheotherhand,the
binding to CLP-36 PDZ domahn was not affected by phosphorylabn. For the
FATZ-3/myotiin (ESEEL, EpSEEL and a-actinn-2 (GESDL, GEpSDL

peptides phosphorylatiorhada postive effect on the interadion with all thethree
PDZ domains.For the myopalladin(ESDEL, EpSDH.) pepide phosphoryltion

increasedthe binding to the PDZ domans of ZASP and ALP, whereas it

negatively affected the binding to CLP-36 PDZ doman. These results
demmdrate that phosphoriation seemdo regulat the binding actiity between
the PDZ domainand its ligandsandtha the type of the final amno acid of the
ligard is crucial for this interaction.

IV-6 TheC-terminal of FATZ-1 competeswith theinteraction between
ZASP-1 and FATZ-3/myatilin peptide ligand

One of the advantges of the AlphaSreentechniqueis that it can be usedfor
competition studies.In this kind of assaysve want to evduate the effed of a third
protein on the binding betweertwo intereacting partnes (Figure26).

The C-terminaldomainof the FATZ-1 protein (CD2) wasusel ascompettor of
the interacton betweenthe ZASR1 protan and the phosphoryhted and non
phosphorylatedpeptidesof FATZ-3/myotilin. CD2 is the C-terminal region of
FATZ-1 comprisng aal71-299 (FaulknerG et al., 2000)andthereforeit hasthe
ETEEL motif, which is capableof binding the PDZ domain of ZASP. ZASP-1
and peptidesvereusedat fixed concentations: 100 nM for the proten and50 nM
for the phosphoriated and nonphosphorylagd peptides. The FATZ-1-CD2
competitor was then addedat increasingconcetraions, ranging from 0 to 200
nM (Figure 27). The graphsclearly show that the FATZ-1-CD2 fragmentwas
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able to conpete with the interactions betveen ZASP-1 and both the non
phosphorylated (ESEEL) and phosgorylaed (EpSEEL) peptde ligands.
However, 10 times less (10 nM instead of 100 nM) FATZ-1-CD2 protan was
requiredto markedlyreducethe binding of ZASP-1 to the non-phosphoryhted
ligand comparedo that of the phosphoryléed ligand. This resultcorrelaeswell
with our previous finding that the ZASP PDZ doman bound better to
phosphorylated than nonphosphoryladd FATZ-3/myotilin pepide This
expeaimentalsoconfirmsthat AlphaScren can quditatively meaurethe strergth
of bindingandthatthe ZASP-1 full-lengthproten behaesin a similar mannerto
thePDZ domain alone.

AccePtor

/ bead

Figure26. Schemaic diagramsshowirg the effectof a third molecuke on
the binding betweentwo interading partnes. The two proteins A and B
can bind to eachother (top). The presenceof thethird proten C prewents
this interacton with the consequencehat no AlphaScren signal is
detected (bottom).
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Figure 27. AlphaSceen competition assay C-terminal FATZ-1 (FATZ-1 CD2) protén
competeswith the interadion between ZASP-1 (100 nM) and the non-phosphorylated
(ESEEL) and phogphaylated (EpSEEL) FATZ3/myotilin peptide ligands (50 nM both). The
resultsshown arethe mean of at leastthreedifferent experimentsand the standarddeviations
of the meanaregivenfor each point Eachpoint denotegshe signd obtainedin the presencef
the competior divided by the signal obtanedwithout the compettor.

IV-7 Thea-actinin-2 protein competes with the interaction between ZASP-
1 and FATZ-3/myotilin peptide ligand

As reportedabove a-actinin-2 bindsto the PDZ domainof ZASP, ALP andCLP-
36 via the final five amino acids of its C-terminal, GESDL. This sequace
repreentsa binding motif for classl PDZ doman proteins. However,the three
PDZ domains can also be classified as class Il PDZ domans since their
interactions with the C-termini of FATZ and myotilin famili es. Therefore, we
wantedto checkif a-actinin-2 wascapmbleof competingthe binding betveen the
ZASP-1 protein and the phoghoryated and nonphosphorylagd peptdes of
FATZ-3/myotiin. As in the previous compettion expeiment, ZASP-1 and
peptides wereusedat 100 nM and50 nM, respetively; then,increasinganouns
of a-actinin2 wereaddedto this interaction(Figure 28). From the grgphswe can
obseve tha a-actinin-2 compete betterwith theinteradion beweenZASP-1 and
the nonphosphorylategeptide(ESEEL). Although the compettion was not as
striking as that seenusing the C-termnal FATZ-1 proten as conpetitor, o-
actinin-2 is capableof interferingwith the interaction betwveen a different class of
PDZ domainandits ligands.
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Figure 28. AlphaSceen competition assay.a-actinin-2 protein competes with the interaction
betweenZASP-1 (100nM) andthe non-phosplorylated (ESEEL)and phosphoriated (EpSEEL)
FATZ3/myotilin peptideligands(50 nM both).

V-8 PDZ binding specificity of the E-[S/T]-[D/E]-[D/E]-L_motif

At this paint it was important to know if the E-[S/T]-[D/E]-[D/E]-L motif was
spedfic for a setof PDZ domainsor if it boundto any PDZ domans. For this
purpose, the TranSigral PDZ Domain Array from Panomics was used (Figure
29). It is acommrercial arraycontaining28 differenthuman PDZ domans spotted
in duplicateaswell aspositiveandnegdive control protens. This array contains
thePDZ domain of CLP-36 (hCLIM 1) but notthoseof ZASP andALP; therefoe,
only the resuts for CLP-36 canbe directly compaed with thoseof AlphaScreen
experiments. However,the membrangossessethe PDZ doman of RIL, anoher
memberof the enigmafamily of proteins.

The PDZ array experimentsweredonein collaboraion with the group of muscle
molecular biology at ICGEB. The samebiotinylated phasphorylaed and non
phosphorylategeptidesusedfor the AlphaScren assgs were employed but ata
concentraton of 0.3 ug/mL. Also a native HIS-taggedC-termind FATZ-3 protein
(aa81-251)wasusedasligandonthe PDZ array ataconcentation of 15 ug/mL.
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Ab B Mint-3-D2 X111L2 protein, PDZ domain #2
AT B Mint-1-Dr1 11 protein, PDZ domain £1
AR 10 Mmt-1-D2 X11 protein, PDZ domain 2
All 12 CSEP Caldum/calmodulin-dependent serine protein kinase
Al3 14 Dig-D1 Synapse-associated protein 97(SAP-97), PDZ domain 21
AlR 16 Digl-D3 Synmapse-associated protein 97(SAP-97), PDZ domain #3
B2 Dig2-D2 Channel assodated protein of symapse-110 (Chapsyn-110), PDZ domain £2
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Bh b DVL1 Dishevelled 1
B7 8 DVL13 Dishevelled 3
B9. 10 DVLL Dishevelled-1-like
Bl11, 12 GIPC GATP C-terminus interacting protein GIPC
Bl3, 14 HizA2 High temperature requirement protein A2
Bl5, 16 LIMEZ LIM mofif-containing protein kinase-2
ci.2 MFF2 MAGUK p55 subfamily member 2
ci4 NEB1 MNeurabin-]
Ch b T Mg Mitochondrial outer membrane protein 25
c7, B @ Human 36 kDa carboxyl terminal LM domain protein
€9:-10 PIrE Protein-tyrosine phosphatase H1
cI1; 12 Z0-2-D1 Zonula occludens protein 2, PDE domain #1
Cl13, i4 hFTP1E-D1 Protein-tyrosine phosphatase 1E, PDZ domain #1
15, 16 hPFTP1E-DA Protein-tyrosine phosphatase 1E, PDZ domain £5
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Figure 29. Schenatic diagram of the TranSigral PDZ Domain Array | (top) with the corresponding®DZ
Domain list (bottom) (TranSignal PDZ Domain Arrays, Panomics). The PDZ proteinson the array are
spottedin duplicateat 100 ng. Positive controls (HIS-taggedligands) are spottedalong the row E ard the
columns17, 18; a negative contol (GST protein) is spoted at the postions D9, 10. The PDZ domainsof
CLP-36 (hCLIM1) and RIL arecircledin bluein both panels.



Results

IV-8.1 FATZ-1 peptidesbind tothe PDZ domainsof CLP-36 and RIL

Both the phosphorylatednd the non-phosphoryléed FATZ-1 peptides (EpTEEL
and ETEEL) were incubatedon two different membrans in orderto check for
interactios with PDZ domain proteins. Interestingly, both the peptides
spedfically recanized only the PDZ domains of the enigmafamily of proteins
(Figure 30). The phoghorylatedpeptice showeda strongerbinding to the PDZ
domainof CLP-36 thanthe nonphosphoylated pepide; wherea in AlphaScreen
expeaiment a similar binding for the two pepides was sea (Figure 25). Both
peptidesboundto RIL PDZ domainsard, as in caseof CLP-36, the binding was
strongerfor the phosphorylategeptide.
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Figure 30. PDZ arrayblots showing the interactions of the phosphorylaed (EpTEEL) and
non-phosplorylated(ETEEL) FATZ-1 peptideswith the PDZ domain proteins on the blot.
Theonly two PDZ domans positivdy sele¢ed werethoseof CLP-36 and RIL.

IV-8.2 FATZ-2/palladin peptidesbind to the PDZ domains of CL P-36 and
RIL

The phosphoryhdted and the nonphosphoryladd FATZ-2/paladin peptides
(EpSEDL andESEDL) wereincubatedon two differentPDZ arrays.Both of them
had interactons with the PDZ domainsof CLP-36 and RIL althoughthe non

phosphorylategeptidebound betterto RIL thanthe phosphorylged one (Figure
31). Both peptidesboundwith equalstrengthto CLP-36, confirming our previous
AlphaSceenexperiments(Figure 25).
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Figure 31. PDZ arrayblots showing the interactons of the phosplorylated (EpSEDL) andnon
phosphorylaied (ESEDL) FATZ-2/pdladin peptdeswith the PDZ domainsof CLP-36 andRIL.
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IV-8.3 FATZ-3/myotilin peptides bind to the PDZ domains of CL P-36 and
RIL

The phosphorylatd and the nonphosphorylded FATZ-3/myotilin peptides
(EpSEEL and ESEEL were incubatedon two different PDZ arrays and both
showedbinding to the CLP-36 and RIL PDZ domains (Figure 32). However, in
this casethe nonphosplorylatedpeptidehad a strongerbinding to both the PDZ
domains.Thisresultis in contradictionwith thatfound usingAlphaScreen (Figure
25). A possble explanationis thatthe amountof protein spoted on the arraycan
vary; therefoe the PDZ array is a less precse method than the AlphaSaeen
wheremoreaccurateeoncentrationsf proteinsandpepidescanbeusel.
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Figure 32. PDZ array blots showingthe interadions of the phosplorylated (EpSEEL)
and non-phosphorylated (ESEEL) FATZ-3/myotilin peptides with the PDZ domainsof
CLP-36andRIL.

IV-8.4 Myopalladin peptides bind to the PDZ domains of CLP-36 and RIL

The phosphorylagd and the non-phosphoryléed myopdladin peptdes (EpSDEL
and ESDEL) were incubatedon two different arrays. The nonphosphoryléed
peptide bound stronger to the CLP-36 and RIL PDZ domains than the
phosplorylated peptide (Figure 33), confirming what previously found with the
AlphaScreerexperiments(Figure25).

-e Ll

-e ..

.. s .o -e

“ LR .9 L L

TR T Stststetatasatetas
ESDEL EpSDEL

Figure 33. PDZ array blots showingthe interactons of the phosphoryhted (EpSDH.)
andnon-phosphorylated (ESDEL) myopalladin peptideswith the PDZ domainsof CLP-
36andRIL.
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IV-8.5 Themutated peptidesdo not bind to the PDZ domains of CL P-36
and RIL

The phosphorylatednd the nonphoghorylaed mutated pepides (EpSEEE and
ESEEE) were both testedfor binding to the PDZ domains on the array. As
expected, both of themdid not interactwith the CLP-36 andRIL PDZ domains.
However, the nonphosphoylated peptde showa an interaction with anoter
PDZ domain,the third PDZ domainof PSD-95 (DIg4-D3). Also in this casethe
impartanceof thelastresidueof theligand motf is evident.
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Figure 34. PDZ arrayblots showing thatthe phosphorylated (EpSEEE)arnd nonphosphorylated
(ESEEE)mutated peptidesdid not showinteractionswith the PDZ domainsof CLP-36 andRIL.
The nonphosphorylated peptide ESEEE bourd to the PDZ domain of the Dig4-D3 protein

IV-8.6 TheC-terminal FATZ-3 protein behaves asthe non-phosphorylated
FATZ-3/myotilin peptides

The C-terminal FATZ-3 proteinwasproducedasa native HIS-taggel proten and
usedin the PDZ array experimentsto ched if it could show the samebinding
activity asthenon-phosphorylategheptide(ESEEL).
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Figure 35. PDZ array blots showing that the native HIS-tagged C-termiral FATZ-3 protein
interactswith the PDZ domansof CLP-36 ard RIL.

As can be seenin Figure 35, the C-terminal protean bound well to the PDZ
domains of CLP-36 and RIL, thus showing the sane binding activity of the
ESEEL peptide.This resultindicatesthat the non-phosphoryhted peptide andthe
C-terminal FATZ-3 proteinbehaven a similar mannerin bindingexpe&iments.
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IV-8.7 Overview of the PDZ domain array experiments

A composie figure of the PDZ doman array expermens using the
phosphorylate@ndnonphosphoriatedpepidesaswell asthe C-terminal FATZ-
3 protein is given in Figure 36. It is clear that all of the peptdes bound
specifically only to the PDZ domairs of CLP-36 (hCLIM1) and RIL, two
membes of the enigmafamily of proteins.On the contray, the mutated peptides
ESEEEandEpSEEE did not show anyinteradions with thesetwo PDZ domairs;
instead,the nonphosphorylatednutatedpepide showedan interaction with the
PDZ doman of DIg4-D3. The FATZ-2/palladin peptdes (ESEDL, EpSEDL)
bourd equally well to the CLP-36 PDZ domahn, confirming wha found with
AlphaScreenAlso the poor binding of the phosphoylated myopalbadin peptde
(EpSDEL) corfirms the AlphaScreerexpagimens. In contrast, the binding of the
FATZ-1 nonphosphoylated peptide (ETEEL) was wealer than that seen with
AlphaScreenwhere both the phoshorylaed (EpTEEL) and nonphosphoryléed
peptides showedthe samebinding. Also the resut of the phosphoryléed FATZ-
3/myotilin peptde (EpSEEL is in contadidion with AlphaScreen expeaimens
sinceit did notbind well onthe PDZ array.

The bindingof RIL PDZ domainto peptidescorrespondng to the last five amino
acids of FATZ-1, FATZ-2, FATZ-3, myotilin, paladin and myopaladin was
previously unknown; interesingly, it agreeswith the fact that RIL belongsto the
samefamily of theZASP,ALP and CLP-36 proteins.
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Figure 36. An overview of the PDZ domain array experiments using the phosphorylated and non-phosphorylated peptides. Specific binding was seen with the PDZ
domains of CLP-36 (hCLIM1) and RIL. The mutated peptide ESEEE bound only to DIg4-D3. The intensities of the spots give an indication of the binding affinity of the

ligand of interest to the PDZ domains.



IV-9 Characterization of the interactions between the C-terminal peptides
of the FATZ and myaotilin families and the PDZ domain of ZASP with

the SPR technique

To better characerize someof the interactions studiedso far, SPR experments
were performal. In fact, the SPR technque is capabé of studying biomoleaular
interactions in red-time, andthe subsequentiataanalyss can give informations
about the kinetics and affinity of a paricular binding event. SPR experments
were done with the BlAcore 2000 instrument at University of Kent, UK. The
maja requrementwhen performing SPR measurenents is that the proteins are
highly pure.In addition,it is recommendedhat the samplebuffer (the analyte
containingbuffer) matchesthe running buffer as much as possble. In this way,
refractiveindex changesare only relatedto the binding event.l spentpart of the
timein thelaborabry of Dr. A. Bainesat University of Kent in seting up the best
conditions for the expreson and purification of different proteans. When
necessary,protens were further purified with gel filtration chromatogrgphy. The
SDS-PAGE naive gel relative to the purification of the ZASP HIS-taggedPDZ
domainis only givenasanexampe in Figure 37.

-

Figure37.15% SDSPAGE gel staned with CoonassieBril liant blue showingthe purification of
the ZASP HIS-taggel PDZ domain. Lane 1: after inducton with IPTG; lane 2: lysate(soluble
proteins);lane3: after binding to the Ni-NTA resin; lane 4-5: first andsecondwasheslane 6-7-
8-9: first, secand, third and fourth elutions(250 mM imidazole);lane 10: Precision PlusPraein
Standards- Dual color (Bio-Rad).

Most of the experimentswere dore using the peptides as ligand and the ZASP
PDZ domainasanalyte Biotinylated peptideswere cgpturedon the sensoisurface
by neutravdin molecules. The experimentl design of a typicd interadion
measurerantwith BIA coreis describedn Figure38.
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Figure 38. Experimenal desgn for the study of interadions using BIA core. Neutravidn-coated
suface wascreaed on CM5 sensorchips usinganine couplingchemisty (top pane). Biotinylated
peptideswere capured onto the neutravidin surface in differentflow cdls at 100-200 RU (middle
pand). PDZ domah-analytesolutionswere injected, and binding was followed as an increag in
therespons during the assaiation phaseand a deaeasein the respose during the dissociation of
the complex(bottom pand). Sensagramis shown for 320 nM solution of ZASPHIS-taggedPDZ
domain at 20 pL/min over an EpSEH -coatedsuiface
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Binding analses were generallyperfomed at flow rates of 20 uL/min for 12.5
min at 25°C, andthe BIAcore instrumentwas progranmedto performa seies of
experiment with increasingconcentration®f analte over the sameregenerted
surface to maxmize reproducibility betwe& andyses. Different analyte
concentratbnswererun on the peptidecoaed suiface after intervak of 40 min to
dlow spontaeous dissociationof bound protens. Sensorchip CM5 contaned
four flow cells, and sensorgramswvere usually obtained for all of the cells
simultareously. Three of thesecells were immobilized with a different ligand,
while the remaining cell servedasa negdive control. Sensorgrans obtainedwith
the control cell were subtractedrom thoseobtaned with the andyte cell prior to
startanalysis.

IV-9.1 Interaction between the PDZ domain of ZASP and FATZ-3/myatilin
peptides

In orderto comparethe strergth of the binding of a phosphoylated and non-
phosphoryated pegide to the PDZ doman of ZASP, the FATZ-3/myotilin
peptides were usedfor SPRexperiments Figure 39 showsthe time courseof the
non-phoghorylatd peptide(ESEEL) binding to five different concentraions of
ZASP HIS-tagged PDZ domain (10-40-80-160-320 nM), wherea Figure 40
representsthe binding of six different conentrdions (10-20-40-80-160-320 nM)
of the samePDZ domainto an EpSEEL-coatal surface In both casesthe data
were analyzed by GlobalFitin the BIAevduation progran. The model usel for
the fitting wasthat of heterogeneouanalte. Cdculatedcurvesfitted to the data
(shownin black) are superimposedn the observeddaa (shownin colour). The
bottom panelof eachfigure showstheresidualplots, which indicae the difference
betweenexpermentalandfitted datapoints. As canbe seenfrom the greph, the
residualsare accepablefor boththe experiments.

The dissociaibn congants(Kp) for the EpSEEL/ZASRPDZ and ESEEL/ZASP-
PDZ interactons were calculatedas describedin the Matenals and Methods
chapter.Kp is determinedas the concentrationof analye at which the fraction
bourd is 50% of thetotal analyte;this resuledto be 113.68+ 0.27nM and351.77
+ 0.86 nM, respectivelyfor the phosphoylated and the nonphosphorylted
peptide. A lowerKp indicaesa higher affinity of the ligandfor the amalyte, since
alow concentation of analyteis necessaryo bind hdf the ligands The resultis
in agreementwith previousAlphaScreenexperiments,where a highersignd was
obtained for the binding betweenthe ZASP PDZ domainandthe phosphoryléed
peptide EpSEEL.
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Figure 39. ZASP PDZ domainat five different corcentratons was injected at 20 pL/min over an
ESEELsurfacein the BIAcore 2000instrumen. Sensorgrans wereglobally fittedto a heterogaeous
analte interacton modd; thefitted curves(in blad) supgimposethe experimertal curves (in colour)
(top panel).Therelaive residualfor eachcurvewascalculatal (bottom parel).
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Figure 40. ZASP PDZ domain at six differentconcertrationswas injected at 20 uL/min over an
EpSEEL surface in the BlAcore 2000 instrument. Sensorgams were globally fitted to a
heterogeneos aralyte interaction mocel; the fitted curves (in bladk) superimpos the experimental
curves(in calour) (top panel). Therelative residual for eachcurvewascdculated(bottom panel).

93



IV-9.2 Interaction between the PDZ domain of ZASP and FAT Z-2/palladin
and myopalladin peptides

SPR experments were repeatedas desaibed earier but using the FATZ-
2/palladin (EpSEDL) and myopalladin (EpSDH.) phosphoryhted pepides as
ligard and the ZASP PDZ domain as anayte. Bindings resuled to have
dissociationconstais of 149.27+ 0.27 nM and452.65+ 1.74 nM, respe&tively
for the EpSEDLandEpDEL peptidesTheKp of the binding betweenEpSEDL
and ZASP PDZ domainwas somewvhat similar to tha of the interacion of the
EpSER. peptidewith the samePDZ domain. On the contray, the strengh of the
interaction seened to decreasen the binding betwe& EpSDH. and ZASP PDZ
domain.Also in this casethe resut corrdateswith the AlphaScreenexperments,
where a good interaction signal with ZASP PDZ domain was possibé only
douHing the concettration of the EpSDEL peptde compare to that usedfor the
EpSEBR. andEpSELDL peptides.

The expeaiment performed with the nonphosphorylaged myopdladin peptde
(ESDEL) andthe PDZ domainof ZASP wascharaderized by a consantnegaive
drift (Figure 41). This phenomenonprobably due to loss of mateial from the
sersa chip surface complicatedheinterpreation of our resuls and did not allow
an estimaion of affinit y constants.
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Figure 41. ZASP PDZ domainat six differentconcertrations wasinjected at 20 uL/min over an
ESDEL surfacein the BIAcore 2000instrunent. All the experimentalcurves displayeda negatve
drift; therefore theywere not usedfor the estimaton of affinity constats
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Results

IV-9.3 Interaction between the PDZ domain of ZASP and the mutated
peptide ESEEE

SPR asays were also performedwith the mutated peptide ESEEE. Absene of
interactionresulta in the experimentbetween the ESEEE peptde and the PDZ
domain of ZASP, thus validating AlphaScrea and PDZ array expgiments and
confirming the importanceof the lastresidueof the motf in the binding with the
PDZ doman.

IV-9.4 Interaction between the PDZ domain of ZASP and a-actinin-2

Further SPR experimentsvere madeusing the a-actinin-2 proteinas ligand and
the PDZ domainof ZASP asanalyte.First, a-actinin2 was covalentlyboundby
means of its amino groupsto the sensorchip surface. Then, the BIAcore 2000
instument was progammedto perform a series of expermentswith increasing
concentratons of ZASP PDZ domain (20-40-80-160 nM) over the same
regeneratedr-acinin-2 surface (Figure 42). The PDZ doman of ZASP was
injectedat 20 puL/min for 10 min at 25°C. Sersorgramswere fitted using the
hetaogeneousanalyte interaction model This experiment denonstated the
binding betveen a-acinin-2 and the ZASP PDZ domain and the dissociation
constanffor theinteractiorresultedto be83.59+ 0.39nM.
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Figure 42. ZASP PDZ domainat four differentconentrationswasinjected at 20 uL/min overaa-
actinin2 suface in the BlIAcore 2000 instrumat. Sensorgams were globally fitted to a
hetengeneos amalyte interaction model; the fitted curves (in bladk) superinposethe experimental
curves(in calour) (top panel) Therelative residualfor eat curve wascalcuated (bottompand).
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IV-9.5 Interaction between the PDZ domain of ZASP and ANKRD2

Last SPRexperimens employedthe ANKRD2 protan asligand. ANKRD2 was

directly boundto the surfaceof the sensorchip, andthe ZASP PDZ doman was

injected at four different concentration§20-40-80-160 nM) at 20 puL/min for 10

min at 25°C overthe chip surface(Figure43). Sensorgrams, which wereglobally

fitted to a heterogneas analyte model, denonstated an interaction beween
ANKRD2 and ZASP PDZ domain.Also in this case,the strengthof the binding

wasin the nM rangeandin particulara Kp of 170.73% 0.74nM was calculated.
This wasa conpletely newindicationabout the binding betwea the PDZ domain

of ZASP and ANKRD2; our collaborabrs in Trieste have recently found by

coimmunopreciptationexperimentsan interadion involving the ZASP full -length
proteinandANKRD?2 (pernalcommuni@tion, datanot shown).
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Figure 43. ZASP PDZ doman at four differert concertratiors was injected at 20 uL/min overan

ANKRD?2 surface in the BlAcore 2000 instument. Sensorgramswere globally fitted to a

heterogeneas analyteinteraction model;thefitted curves(in bladk) superinposethe experimental
curves(in colour) (top pand). Therelativeresidualfor eat curve wascalculated (bottom panel).

IV-10 Expression studies of murine sarcomeric genesusing Real-Time PCR

Taking into accountthat PDZ domainconfining proteins can interact with the
same C-terminal motif-containing partners,their coexpression in speific cell
types could allow usto supportor excludea possibleinteracion atthe Z-disc
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Results

RealTime PCRwasusedto determinghetranscrpt abundaceof produds of the
FATZ family, myotilin and ZASP genes in different murine striated muscks:
soleus (a slow-twitch muscle),tibialis (a fasttwitch musclg, gastrocnenius (a
musclewith mixed fibers) and cardiacmusck (here referredto as heart). Liver,
kidneyandbrainwereusedasnegativecontols.

Three templatedilutions were replicatedfor evely genein everytissue andthe
dilutions were as follows: 1:5, 1:10 and 1:20 for the anplification of low
expressd isoforms; 1:10, 1:20 and 1:40 for the forms expressé at intermedate
levds; 1:25,1:50and1:100for the abundantvarians. f-actin cDNA wasdiluted
to final concentrationsof 1:50,1:100and1:200,wherea for the GAPDH gerethe
dilutions 1:500,1:1000and1:2000wereusel. All thesedilutionswerechosernon
the basis of preliminary PCR reactions. Data analysis was performel after
normalization of the Ct values the 1:50 dilution was seleted as reference
dilution. For eachgeneanamplificationefficiency of 2 resulted from the stancrd
curvesanalysis.TheR value wasthencalcubted asdescribé in the Materials and
Methods chapter,by consideringthe meanof the normalzed Ct values of each
geneandthe geometricmeanof the nomalized Ct valuesof the referencegeres.
The AR errorassociaté to eachR valueis alsoreportal.

IV-10.1 Expression of ZASP alternatively spliced isoforms

In orderto evaluatethe expressn anddistributionin different murine musclesof

the six ZASP variarts identified so far (HuangC et al., 2003), six primer pairs

were designed.The primer pair ZASP E2-E4 ampified the region comprised
betweenexons2 and4. Sinceexon4 is speific for the cardac musck forms, it

did not anplify the skeletal musle variants. On the contrary, ZASP E2-E5

primers were desgnedto amplify only the skdetal muscleforms. In both cases,
al the shortandlong isoformswere amplified. Cardiac and skdetal shortZASP

forms were discriminated by the primer pair ZASP E8-E10, whereasthe long

variants were amplified by the primers ZASP E16-E17. Within the long ZASP

isoforms, the primer pair ZASP E8-E12 amplified both the variants includng

exon 11 and without exon 11; the primears ZASP E8-E11 were specfic for the

long ZASP with exon 11 only (Figure 44). As reference genes, p-actin and
GAPDH were sekcted.Two distinct geneswere chose, in orde to conpensate
for possble small gere expressiordifferencesin the considerd tissues.
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Figure 44. Schematiadiagramshowirg the ZASP gene orgarzation with its 17 exons (top) and
the corresponling six splicing variants(bottom) in mouse.

Tale 4 showsthe R valuesrelative to the expressionof the different ZASP
variantsin the four murine musclesconsideed; the sane values are graphially
repatedin Figures45and46.

ZASP isofoms

. . Gastrocnemius Tibialis Soleus Heart
(primer pair)

LongZASP

0.088.+0.013 | 0.065.+0.020 | 0.142+0.019 | 0.06Q +0.039
(ZASPE16E17)

Short ZASP

0.17.+0.027 | 0.189.+0.043 | 0.345+0.0% | 0.10Q+0.012
(ZASPES-E10)

LongZASP

(with exon 11 and
without exon11)
(ZASPES8E12)

0.037+0.007 0.035+0.010 | 0.071+0.010 0.068+ 0.014

LongZASP
with exon11 0.0020 +0.0003 | 0.005+0.002 | 0.014+0.008 0.028+ 0.007
(ZASPES8-E11)

Skeletalmuscle ZASP

0.128+0.021 | 0.200+0.067 | 0.193+0.03 | 0.009+0.0007
(ZASPE2-E5)

Cardiac ZASP

- - - 0.243+ 0.089
(ZASPE2-E4)

Table 4. R valuesand AR errors relaive to the expressionof the different ZASP isoformsin
gastrocnemius (musde with mixed fibers), tibialis (fasttwitch muscle), soleus (slow-twitch
muscle) and heart The expressionof long ZASP (first row) and long ZASP (with exon 11 and
without exan 11) (third row) should be the sameln fact,al thelongisoformsareanplified in both
cases.However,it is known that the retrotrarscription efficiency is highe near the 3' end and
deaeasegowards the 5’ end of a gene.The primer pair ZASP E16-E17 anplifies a regionof the
gene closerto the 3' end compaed to the primersZASP E8-E12. Nevertheless the primer pair
ZASP E8-E12 wasusd in order to comparethe expressionof the long ZASP with exon11 and
long ZASP without exon11.

98




Results

Our results showed a higher level of expressn of the shortisoformsof ZASP
comparedo thatof thelong proteinsin both skdetal and cardiac musdes (Figure
45). Among these,the long variantslacking exon 11 were more expressed than
the isoformswith exon 11 in all the four muscletissuesconsideed (Figure 46).

However, the expressionof the ZASP long variant containing exon 11 was
significantin soleusandheartcomparedo thetibialis andgastrocneius muscles.
From our resuts seemedhatthe overall ZASP expresson washigherin skeletal
musclethanin heart.
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Figure 45. Expres$on values for the long ard short ZASP isoforms
after normalizaton with reference genes in gastrocnemius(G),
tibialis (T), sdeus(S) and heart (H).
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Figure 46. Expresson vauesfor the long ZASP isoforms (with exon
11 and without exon11) and long ZASP isoforms with exon 11 after
normalizaton with referen@ genesin gastrocnaius (G), tibialis (T),
soleus (S) ard heart (H). The differene betwee the expressionof
long ZASP (with exon 11 andwithout exon 11) and long ZASP with
exon 11 should representthe red expressin of long ZASP without
exon1l.
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IV-10.2 Expression of the FATZ family of proteinsand myotilin

The R values relative to the expresson of the FATZ famiy of protens and
myotilin in the four murine musclesconsderedare shownin Table 5; the sane
valuesaregraphically reportedn Figure47.

Protein Gastrocnemius Tibialis Soleus Heart
FATZ-1 0.656+ 0.079 0.679+ 0.169 0.283+ 0.055 0.001+ 0.001
FATZ-2 0.068+ 0.010 0.067+ 0.027 1.030+ 0.236 0.497+ 0.080
FATZ-3 0.055+ 0.013 0.020+ 0.006 0.022+ 0.003 0.0001+ 0.0001
myatilin 0.166+ 0.034 0.265+ 0.075 0.541+ 0.02 0.020+ 0.004

Table 5. R values and AR errorsrelative to the expression of FATZ-1, FATZ-2, FATZ-3 and
myotilin in gastocnemius(musde with mixed fibers), tibialis (fasttwitch muscle),soleus(slow
twitch musck) andheat.

FATZ-1 was preferentially expres®d in fasttwitch fiber type (tibialis and
gastrocnemus) and to a lessr extentin slow-twitch fiber type (soleus); no
expresson wasfoundin heart.FATZ-3 behavd similarly to FATZ-1 althoughits
expresson was overall lower in all of the tissuesanalyzed. On the contrary,
FATZ-2 seened to be expresed predomnanty in soleusand in heart which
sharesseveralmolecularfeatueswith slow-twitch fiber type.

As expected,the expressionof myotilin was preferentally resticted to skeletal
muscletissuesand no expressiomwasfoundin heart

BGO0TESOH

04 4

02+

00 M S S

FATZA FATZ-2 FATZ-3 Myoctilin
Figure 47. Expres$on values for FATZ-1, FATZ-2, FATZ-3 ard myotilin after
normalization with reference genesin gastrocnemiugG), tibialis (T), solets (S)
and heart(H).
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V DISCUSSION

The sarcomereis the functional unit of striatedmuscle Its organiation represents
a unique example of biological systemwherein seveal dozens of proteans are
assembled into a highly specialized strudure, which is able to convet the
molecular interacions producedby actin and myosin proteins into the efficient
maaoscopicmotion of contraction The essenil componenthat confersto the
sarcomee this ablility is representedby the Z-disc The Z-disc definesthe lateral

boundarief the sarcomeravherethin filamentsareanchoré. It actsby keepng

the structureof the sacomerein registerand transmiting tensionduring muscle
contraction Over the pastfew years,the percepion of the Z-discin musde has
undegone significant changes Beyond a well-defined strucural fundtion, it is

now emeging the hypothesighat Z-disc could havea role in signaltransduabn

both in skdetal and cardiacmuscles(Frank D et al., 2006) Indeed,numerous
signalling moleculeshave shownto interactwith Z-disc proteins, and some of

themcanshutle betweenthe Z-disc andothercdlular compartnens, suc as the
nucleusthusunderliningthe dynamicnatureof Z-disccomponerg. Alteratons of

the tightly regulaed interactionsbetween Z-disc protans can leadto disrupion

and mdfunction of the contractile apparatis, resultng in myopahies and/or
muscular dystrophies. Although sewral Z-disc protans have recently been
identified,the complexmoleculararchitectire of Z-disc andthe medanismof its

assanbly and adgtation are mostly unknown. Therefore, a beter knowledgeof

Z-discprotensandtheirinteractonsis essental for understadingther rolein the
structure and function of muscle. The work of this thesis,which was part of a
wider projed involving the groupscoordnated by Dr. G. Faukner at ICGEB,
Trieste, and Prof. O. Carpenat Universty of Turku, Finland, has led to the
identificationof a binding motif commonto the C-terminusof FATZ andmyotilin

famiies of protans. We have found that this C-terminal motif specifically

interactswith the PDZ domainof the enigmafamily membes ZASP,ALP, CLP-

36 and RIL. Theseinteractionswere identified with differentin vitro methods
such as the AlphaScreen(Amplified Luminescait Proxmity Homogaeais
Assay techniqueand the TranSgnal PDZ Domain Array. The SPR (Surface
Plasmon Resonance}echniquewas finally usedto evaluge and conpare the
strengthof someof thes bindings.



FATZ andmyotilin families constitutetwo groups of manly sarcomeéc protens.
The FATZ family is compogdby FATZ-1, FATZ-2 andFATZ-3. Theseproteins
share high homology at their N- and C-termini but are less conservedin the
intervening region. All of the three memberslocalize at the Z-disc where they
interactwith severalproteins;y-filamin, a-actinin, telethonin, ZASP, myotilin and
caldneurin are the binding partnersshared by the FATZ family of protens. On
the cortrary, the myotilin family comprisesprotens with a wider range of
distribution; myotilin and myopalladinare predomnantly expressedn skeletal
and cardac muscleswhereagalladinis presentin a variety of tissues. Togeher
with our collaborates, we notedthatthe C-termnal five amino acids of FATZ-1
(ETEEL), FATZ-2 (ESEDL), FATZ-3 (ESEEL), myotlin (ESEH), palladin
(ESEDL)andmyopalladin(ESDEL) arehighly similar. Notably, thoseof FATZ-2
and pdladin are identical as are those of FATZ-3 and myotilin. This high
simil arity raisedthe questionof whethertheseprotens could interad via their C-

termini with the sameproteinor proteins,then the possibiity that the C-terminal
five aminoacidsin FATZ and myotilin familieswould represent new binding
motif involvedin proteininteractions.

In orderto find outif otherproteinscontained the putatve binding motif E-[S/T]-
[D/E]-[D/E]-L, a programwas written by my supervisorProf. G. Valle, CRIBI,

Padova. This progamwasusedto scanthe UniProt Knowledgebasdreleasell.3
(UniPraKB/SwissProt  Protein Knowledgebae Release 53.3 and
UniProtKB/TrEMBL Protein Databas Rdease 36.3of July 10, 2007).Theresult
of the databasescan interestingly reveakd tha the motif is restrided in

Vertebratesto the FATZ and myotilin families with the excepion of histidine
ammonglyase that hasits final C-terminal amno adds (ESEDL) idenical to
thoseof FATZ-2 and palladin (Table 3). Histidine anmonialyaseis a cytosolic
enzyme catalyzingthe first reactionin histidine catabolsm, the non-oxidaive
deaminationof L-histidine to transurocnic acid. Geneic ddficiency of the
enzyme,transnitted as an auto®mal recessivetrait, causeshistidinaema, which
is chaacterizedby elevatechistidineandhistamne aswell asdecreaeal urocaiic
acid in body fluids. Although thereis a report of histidine ammong-lyasein the
sarooplasn of the muscle(Krishnamoothy RV, 1977) normally it is not foundin
muscle.lt is probablethat hystidineammoné-lyase can bind to the same proteins
as the FATZ andmyotilin families but whethe it redly doessowould dependon
its localizaton. On the contrary, the FATZ family, myotlin, paladin and
myopalladin are mainly locatedat the Z-disc of strialed musclewherethey can
interactwith the samesetof proteins.
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Discussion

It is now well-establishedthat the phenomenon of binding to C-terminal
sequences of other proteinsis the canonicé binding mode of PDZ domain
containing proteins (van Ham M, and Hendrks W, 2003. Furthemore, PDZ
domains are classified consideringthe C-terminal sequene of the interating
protein, with paricular attentionto the residuesP, ard P, (SangyangZ et al.,
1997). Also the classfication usedby the ELM progran is based on the C-
terminalsequene of the ligand but with a more precise definition of the four C-
terminalligand residuegPuntervoll P et al., 2003).To date threeclassesof PDZ
domainsaredefined:classl is repregrted by the motif X-[S/T]-X-[V/I/L], class
Il by the motif X-[V/Y/F]-X-[V/I/L], andclasslll by themotif X-[D/E]-X-[V/I/L]
(Figure 48, top panel).Basedon this classfication the termnal four amno acids
of FATZ-1, FATZ-2, FATZ-3, myotilin, paladin and myopdladin were
considereda probablebinding motif for classlll PDZ domain proteins(Figure48,
middle panel).As canbe noted,the canoni@l PDZ ligand motf is usudly four
amino adds in length; neverthelessye considertha alsoE at the posiion P4 of
the motif is importantas it is conservedrom zebrafsh to humansin both the
FATZ andmyotilin families.

Starting from the knowledgethat ZASP canbind to the FATZ family of proteins
via its N-terminal PDZ domain(FreyN, andOlsonEN, 2002, thattheinteraction
betweenZASP andmyotilin is mediatedoy the C-termini of myotili n (preliminary
resuts of our Finnish collaborator$, and consideing our previousobservabns,
we wantedto deermineif the last C-terminal five amno acids of al the FATZ
and myotilin menberscould have a role in the interaction with ZASP and other
enigmaproteins.

Proteins of the enigmafamily are charaterized by the presene of a single N-
terminal PDZ domain and one to three C-terminal LIM domains. The enigma
family is formed by sevenmembersgrouped into two subfamiies basedon the
number of LIM domains The enigmasubfanily (three LIM domains) includes
enigma, ENH and ZASP, the ALP subfamily (oneLIM domain)is composedby
ALP, CLP-36, RIL andmygique.ZASP, ALP and CLP-36 havealsoin common
a congrved stretch of 26-27 residuescdled ZM in their internd region. PDZ
domains are globular 80-100 aa interad¢ion modules found in protans with
diversefunctions. They usually recogrize short sequence (4 to 6 aa in length)
locaed at the very C-termini of interacing proteins. The binding occursin a
groove betweenthe strandpB and the helix aB of the PDZ domain,whereaghe
connectingloop betweenpBA and B is involved in the interactionwith the C-
terminal carboxylategroup of the ligand sequace. This loop is referredto as the
carboxylae-binding loop and it usually contans the residuesGLGF (glycine-
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leucineglycine-phenilalanine);instead, the PDZ domans of the enigma family
membes possess the sequence PWGF (proline-tryptophanglycine-
phenyldanine). It is possble that this sequa&ce accounts for the binding
specificity of the PDZ domainsof the enigmafamily membes for the C-terminal
motif of the FATZ and myotilin families of protens. However, it hasto be
reminded that RIL is mainly found in nonmusck tissues;consauentl, its
interaction with the FATZ family, myotilin and myopalldinis unlikely to occur
a leastat the Z-disc. In the sameway, palladin is primarily locaized in smodh
muscleandnonmuscletissuesandit could interactwith the PDZ domain of CLP-
36 that presentsa wider tissue distribuion comparedto the otha enigma
membes.

class| PDZdomain class || PDZ domain classill PDZdomain

Ps | P2 | Pa Po Ps P Py Po Ps | P2 | P Po

X SIT| X | VL X VIYIF X V/I/L X D/IE X V/I/L

P Ps [Py | P | Py
FATZ-1 E|T|E|JE]|L
FATZ-2/palladin | E| S | E | D | L binding motif for
FATZ-3/myotlin | E| S | E | E | L classlll PDZdomain
myopalladin E| S| D|E]|L
Ps| P3| Py [ Pi| P binding motif for
a-actnin G| E|S|D]JL class| PDZdoman

Figure 48. The three classesof PDZ domans as claséfi ed by the ELM progam consdering the
last four amino acidsof the ligand motf (top panel). Accordirg to this classfication (but also
includingtheresdue at postion P_,) the C-terminus of the FATZ andmyotilin families of protans
is classifiedasa binding motif for class Il PDZ domains(middle parel), whereasthe C-termirus
of a-actinin is classified asa binding motif for classl PDZ domaing(bottom pand).

AlphaScreerexperimentsperformedusing the PDZ domans of ZASP, ALP and
CLP-36 reveale an interactionwith the full-lengh FATZ-1, FATZ-2, FATZ-3
and myadtili n protens (Figure 22). This interaction seenedto be mediaed by the
last five amino acids of theseproteinsas the truncaed version of the FATZ
proteins and myotilin did not show any binding to the samePDZ domans. The
strengthof the binding varied dependingon ligand and PDZ doman. All of the
ligard proteins boundto thethreePDZ domainsalthoughthe FATZ-3 proten did
not bind aswell asmyotilin, with which shareghe C-terminal motif. However, it
isimportantto rememberthatboththe PDZ domans andtheligandproteinswere
expressedin backria and thereforenot phosphoryltéed. Phosphorylaon coud
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represenbone of the mechanims able to influencesuchan interadion. Also a-
actinin-2 wasincludedin this study;its C-terminushaspreviously been shownto
interactwith the PDZ domainsof ZASP and ALP (ZhouQ et al., 1999;Faulkner
G etal., 1999;KlaavuniemiT etal., 2004). AlphaSceenexpeiments effectively
confirmed the interaction of ZASP and ALP PDZ domains with a-actinin2. As
descibed in the Introduction CLP-36 is able to intera¢ with a-acinin-2 via its
LIM doman (Kotaka M et al., 2000) here, an interaction betweenthe PDZ
domain of CLP-36 and a-acinin-2 also emerged The C-terminusof a-actinin-2
containsthe sequenc&ESDL, which fits with the consenss ligandsequenceof
classl PDZ domains(Figure 48, bottom pand). Thesefindings togeher would
sugges that the PDZ domainsof ZASP, ALP and CLP-36 are both classl and
classlll PDZ domains.They do not representhe sole examples of PDZ domain
with a dual specifcity of binding. Indeed the syntenn protein contans two PDZ
domainsthatareableto interactwith peptides from differentclassesPDZ1 binds
to peptidesfrom clases| and Ill, while PDZ2 interact with classe | and II
(KangBS et al., 2003). This would indicate that PDZ domain classfication is far
from being definitive and needsfurther improvenentsin orde to predict with
sufficient confidencethe putativetargetsof anyPDZ domain

Thespecificty of thebinding betweernthe PDZ domansof ZASP,ALP and CLP-
36 andthe C-terminalmotif of the FATZ andmyaotilin families wasdemonstated
by further AlphaScreemxperimentsSyntetic peptdescorrespondig to the last
five amino acids of FATZ-1, FATZ-2/palladin, FATZ-3/myotilin, myopaladin
and a-acinin-2 behawedasligandsfor the PDZ domans of ZASP,ALP and CLP-
36 (Figure 23). Alsoin this casetherewassone variability in the strengh of the
binding, andgenerallyall of the peptidesboundpoorly to the ALP PDZ domain.
Thesedataarein contrastwith thoseobtanedusingthe full -lengthproteinswhere
good interacton signalswith the ALP PDZ doman were detected. AlphaScreen
interactionassaysalso confirmedthe importanceof the last residueof the matif
for the PDZ domain recognition. Indeed,the binding to the three PDZ domains
was compktely dedroyed after changng the last amino acid of the ligand
sequene from leuane (L) to glutamicacid (E).

The interacton betweenPDZ domain and its ligands can be regulaed by
phosphorylain of the ligand sequenceThe C-termind motif of the FATZ and
myotilin familiesof proteinsanda-acinin-2 containsa potentialphosphorylation
site. Syntheic phops$orylated peptideswere usedin AlphaScrea expaiments
and all of them showed binding to the PDZ domainsof ZASP, ALP and CLP-36
(Figure 24). However,the effect of phosphoryation on binding varied depenthg
on the PDZ domain and the ligand (Figure 25). In fact, phosphorylabn greatly
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increasedinding of all the FATZ andmyotilin families peptdeswith ZASP PDZ
domain. In the sameway, the FATZ-3/myotilin and a-acinin-2 peptidesbound
bette to the PDZ domainof CLP-36 whenphoslorylated, wherea the binding to
the FATZ-1 andFATZ-2/palladinpeptidesdid not changeupon phosphoryltion.
In contrest, phosphoriation of the C-terminal myopalbdin peptide led to
disruption of binding to the PDZ domainof CLP-36. This is the mostcommon
effect of phosphoriation of the C-terminal PDZ-binding motf (Kim E, and
Sherg M, 2004) The ALP PDZ doman behavedsimilarly to ZASP in that
phosphorylabn stronglyincreagd the binding to al the FATZ, myotilin anda-
actinin-2 ligandpeptidesHowever, it hasto be remindedthatbinding of the PDZ
domain of ALP to peptidesdid not reach the values registeral for the other
peptides. In conclsion, we can saythat phosphorylabn seemsto modulde the
ability of the FATZ andmyotilin peptidesto bind to the PDZ domainsof enigma
family members.An important finding from our collabordors is the fact that
differentkinasephosphorylatehe C-terminal amino acids of the groupof ligand
proteins (von Nardelstadh P et al., 2009. CaMKIl (caldum/calmodulin
dependentproten kinasell) can phosphorylée in vitro FATZ-3 and myatilin,
which sharethelastfive aminoacids onthecontray, PKA (proteinkinaseA) can
phosphorylaten vitro FATZ-1 andFATZ-2 but not FATZ-3 andmyotili n. Thisis
not caslal andthe use of different kinasesfor phosphorylabn could be another
facta that deddes which protein binds to its target when there are potential
several partnersavailable.

As thenumberof proteinsknownto interactwith each othe increaes, it would be
importantto understandvhat hapgenswhenthey meetat the same time. For this
purpose somecompetitionexperiments using the AlphaSaeentechngue were
performed. We looked at the competition in the binding betveen the ZASP-1
protein and the FATZ-3/myotilin pepide ligands The C-terminal of FATZ-1
(FATZ-1 CD2) cancompetewith theinteracton beéweenZASP-1 andthe FATZ-
3/myotilin ligandboth phosphorylate@ndnot (Figure27). This mearsthata PDZ
classlll interacton could be competedyy the addiion of anoterclasslil ligand.
Therewasalso competitionwhenthe a-actinin-2 protein was usedas competibr
but in this casemuch higher concentration®f the protein were neededto obtain
the sameeffect asthe C-terminal of FATZ-1 (Figure 28). The C-terminal ligand
of a-actinin-2 is a class| PDZ binding ligand therdore it may not be able to
competeaswell asatypelll ligand
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Anotherimportant resultof this work conernedthe spedficity of the interaction
betweenthe PDZ domainof enigmaprotans andthe FATZ andmyotilin families.
In fact, only a restricted number of PDZ domans was sdectively boundby the
peptideligandsin the TranSignalPDZ Domain Array expermens. Interestirgly,
thesePDZ domainscomregpondedto the only two enigmafamily memberson the
array, CLP-36 (hCLIM1) and RIL (Figure 29). Unfortundely, ZASP and ALP
PDZ domans were not representean the array; thereforeit was not possble to
completely compare the results of PDZ arrays with those of AlphaScreen
expeaimens. However, in agreement with the AlphaScree resuts the
phosphorylatednyopalladinpeptideboundpoorly to the PDZ doman of CLP-36
(Figure36). Alsothe FATZ-2/palladin peptdesbehased similarly in bothsystems
used The main cortrastbetweenthe AlphaScren resuls and the arrayswasthe
binding with the FATZ-3/myotilin peptides sincein the arraysthe phosphoryhted
peptide did not bind well. Another discrepang concerné the binding of the
FATZ-1 non-phosphoriated peptidethat did not show the samebinding of the
phoshorylatedpeptide as detectedin the AlphaScreen assgs. The differences
observedin AlphaSceenand PDZ array expermentscould be explainedby the
variability in the amountof proteinspottel, which could vary from array to array.
On the contrary, the AlphaScreertechnque allows a more precse monitoring of
the concentrations usedfor proteinsand peptides. Another explanaton could be
baseal on the differenceof the PDZ domans usedin the two systens: HIS-tagged
PDZ domans in solution for AlphaScreenexperinents,and GST reconbinant
PDZ domainsimmobilized onto membraes for PDZ array experiments. As
mentionedearier, PDZ arrays allowedtheidentificaion of a previously unknown
interactionbeweenthe PDZ domain of RIL and the C-terminal region of the
FATZ and myotilin families of proteins.These interactons are likely to occur
since RIL belorgs to the same protein family as ZASP, ALP and CLP-36.
Anotherimportantconfirmationgiven by the PDZ array expgiment was about
the natureof the lastresdue of the motif in PDZ-ligandrecogniion. Indeed, both
the mutatedpeptdes,phosgorylatedandnot, did not bind to the PDZ domans of
the enigmaproteins CLP-36 and RIL; furthermore the ESEEE peptde showed
binding to the PDZ domain of anothe proten, DIg4-D3. These expeiments
confirmed the importanceof the leucine at the posiion Py for spedficity of
binding.

To quantify the strengthof binding between the PDZ domains of enigma family

and the FATZ and myotilin ligand peptdes, the SPR techngue was used.
Although many examplesof PDZ-peptde ligand interactions have now been
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identified, uncertanty existsaboutthe binding affinities of PDZ domainsfor their
peptide ligands (Harris BZ, and Lim WA, 2001). Estimats of dissoci&on
constantgyKp), measired using a variety of technigueshaverangedfrom low nM
to high uM. Much of this confusionmay realt from the methodsused: solid-
phaseassys such as SFR or ELISA (enzme-linked immunosorbat assays),
which involve immobilization of onebinding partne on a solid support meaured
affinities in the 10-100 nM range.Theresuls of my SPRexperiments effectively
matd with the nM affinities reportedin literaure. On the otherhand,in-solution
measurerant suchasfluorescencepolarization deeded lower &ffi nities of PDZ
binding to their ligands beingin the uM range(1-10 uM). Sucd modeatevalues
are suitabe for regulatory functions, since binding can be reversibé and
dependenbn intracellularconditions.Howeva, it is possibletha in vivo binding
affinity is muchhigherdueto the presnce of many PDZ domans within a single
protein or simultaneousnteractians of other protén-proten interacion modules.
Forexampleit is knownthatbothZASP andALP havetwo interadion siteswith
a-actnin; the ZM-motif on ZASP and ALP bindsto the rod cental region of a-
actinin, whereasthe PDZ domainof theseproteins interacts with the a-actinin C-
terminal portion (Klaavuniemi T et al., 2004; Klaavunemi T, and Ylanne J,
2006). It is possble thatthe PDZ domairmediated binding may occur only after
the coloalizaton of ZASPandALP with a-actininat the Z-discmediatedby their
ZM-motifs.

SPR experimens were performedin the laboatory of Dr. A. Baines at the
Univergty of Kent, UK, using the BlAcore 2000 instrunment. As a gereral
obsevation, all of the experimentalcurves obtanedfor the PDZ-peptde or PDZ-
protein interactons were fitted with good accuracy using the heerogeneus
analyte model indicating that more than one process might be involved. Sucha
mockel implies the presenceof two different species in the andyte sample, the
PDZ domain solution in my experimentsHowever, it has beensuggestedhat
other factors can contribute to this multiphase kinetics (Edwards PR, and
Leaherbarow RJ,1997). Onecontributoy effect is sterichindrane, whereinitial
binding causesphysical occlusion of some binding sites within the three
dimensonal carboxymethyldextramatrix of the sensorchip. Binding to the less
accessible sites then either requires dissociaion of alread/-bound materal
followed by rearangementandrebinding,and is slowerdueto restrided accessto
thesesites. Thus, the kinetics for this kind of interadion is charaterized by two
different rate constantsthe fasterrate hasbeen foundto correspondnost closely
to the rateconstanfor theinteractionin soluion. However, it is very important in
evaluatingkinetic datato acceptthe simplestmodelwhich fits the daa within the
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limits of the experiment. A more complexmodelmay fit the data beter, but the
crucial queston is whethe the improvenent is biologically or expermentally
significant Forthisrea®n, | decidedio evalatethe bindingaffinitiesconsideing
the stead/-state respons at equilibrium obtained at different analye
congentratons.

Experimens done with the FATZ-3/myotilin phosphoryhted and non
phosphorylategbeptidesconfirmedthe interaction with the PDZ domain of ZASP.
The disciaion constam waslower in the binding of ZASP PDZ doman to the
phosphorylatedpeptide (EpSEEL) compaed to that of the non-phosgorylated
peptide (ESEEL). Theseresultssuggestthat the binding betwee EpSEEL and
ZASP PDZ domainis strongerif relaed to the interacton of the same PDZ
domain with the correspondingnonphosphorylagd peptide The dissocaton
constantof the binding betweenthe FATZ-2/palladin phosphoryléed peptide
(EpSEDL) and ZASP PDZ domainwas similar to that of the interaction of the
EpSEEL peptide with the samePDZ doman. On the contray, the strength of the
interaction seemedto decreasein the binding between the myopaladin
phosphorylategeptide(EpSDEL and ZASP PDZ domain. Theseresults,asthe
previous arein agreemenwith the AlphaSaeenstudies,where a goodinteraction
signal with the PDZ domain of ZASP was possibé only doubing the
concentraton of the peptideEpDEL comparedto tha usedfor the EpSEHR. and
EpSEDL peptides. SPRexperimentsalso confirmed the interacton beweenthe
ZASP PDZdoman anda-actinin-2.

An importantfinding of the SFR experments concened the identifi cation of an
unknown interacton betweenthe PDZ doman of ZASP and ANKRD2. The
ANKRD2 protein is presentin the nucleus of undifferentiated strigded muscle
cells and in the cytoplasn of adult cells. As described in the Introducton, the
ANKRD2 geneis significantly upregulated in responseo prolongedmecharical
inducedstreth. Recently it has beenfound tha ANKRD2 accurnulatesin the
nuclei of damagd mydfibers after musck injury, andit tendsto be localizedin
euchromain, wheremary genesaretranscrptionaly acive (Tsukanoto Y et al.,
2008). In effect, ANKR D2 haspreviouslybeenshownto bindto YB-1, PML and
p53 transcripton factors,suggestingts role in signdling. ANKRD?2 is also ale
to interad with Z-disc proteins such as telethonn (Kojic S et a., 2004. SPR
experiments reveakd an interactionbetweenANKRD2 andthe PDZ doman of
ZASP, with a dissociationcongant for the binding in the nM range This restit
seemsto be suppored by arecentfinding from our collaborabrsin Trieste where
an interacton betveen the ZASP full-length protan and ANKRD2 has been
demonstragdd by means of coimmunopre@itation expeaiments (persoml
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commurncation). Severalinterestingquestionsare now opened and this result
could representhe startingpoint for bette investgating the role of ANKRD2 in
muscle.

As alreadyenphasizedn this thesis,the fact that multiple binding parinersfor a
protein is the rule ratherthanthe excepton, it would be very hdpful to define if
and whereall of theseproteinscould bind in reality. Therefore,a period of my
PhD project was dedicatedto expressn studes using the RealTime PCR
technique;mRNAs from different musdes of adut mice were usedas starting
mateial. Partiaular attention was focused on ZASP, for which seveal
alternatively spliced isoforms have beenrepored (Huang C et al., 2003). In
mouse the gene contains17 exonsand gives rise to six splice variants, three
cardiac isoforms and three skeletal one Within each musde subtype ZASP
isofams can be further subclasgied as shortor long, based on the deletion or
inclusion of exons encodingthe C-terminal LIM domans, respetively. Among
the ZASP long isoforms thereis a furthe distinction in those containing or
lackingexon11. Our resultsrevealedthat the shortisoforms are more expressed
than the long proteinsin both skeletaland cardiac adut muscles.In effeq, it is
known from the literaturethat the short isoform expressionis barely deiectadle
during embryogenads but it increags postbirth, suggestig an importantrole in
matue muscle(Huang C etal., 2003) Regardinghe ZASP long isoforns, Huang
C and colleagies repated that in skeletal musck ZASP with exon 11 is the
predominantlong isoform during embryogensis and in neonaal musck, but is
gradualy replacedby the long isoform lacking exon 11 with progressiveaging
Our expermens showed a higher expressiorof the ZASP long variant lacking
exon 11 in adultmurine musclesthusconfirming what already known. However,
ZASP long variantcontainingexon 11 was moreexpressedh soleus(slow-twitch
muscle)compaedto tibialis (fag-twitch muscle)andgastrocnemus (musclewith
mixed fibers). Also in cardiacmus<le the long isoform of ZASP with exon 11
showeda significant expressn althoughthe long isoform without exon 11 was
the mainly expressedvariant. This would probaby indicake a more important
function of the ZASP long isoform with exon 11 in solaus and cardia muscle,
which alsoreflect a higher similarity betweenthesetwo musckes compaed with
tibialisandgastrocnemius.

Regardingthe FATZ family of proteins,RealTime PCR expermentsconfirmed
what prevously known (Frey N, andOlsonEN, 2002).FATZ-1 is prefereantialy
expressedin fasttwitch fiber type (tibialis and gastrocneius) and to a lesser
extentin slow-twitch fiber type (soleus);no expressionis foundin heat. FATZ-3
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behavessimilarly to FATZ-1 althoughits overdl expressiornis gredly reducel in
al of the tissuesaralyzed. In contras, FATZ-2 is predoninantly expressedin
soleus and heart, which sharesseveralmoleaular featureswith the slow-twitch
muscle. As expeckd, the expressionof myotilin is preferentialy restricted to
skeletal musde tissueqtibialis, gagrocnenius andsoleus)wherea no expression
is found in heat. Unfortunately ALP and CLP-36 werenotincludedin the Real
Time PCR experinents;howeverit would be usdul to extendthis studyto them
in orderto haveanoverviewof thereal expressiorof theseproteinsin musde.
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VI CONCLUSIONS

The mainfinding of this thesisis the identificaion of a binding motif commonto
the C-terminus of the FATZ and myatilin families of sarconeric protens that
spedfically interacs with the PDZ domans of the enigma family membes ZASP,
ALP, CLP-36 andRIL. The E-[S/T]-[D/E]-[D/E]-L C-terminal motif is foundin
Vertebrateso be redricted to the FATZ and myotilin families, and it can be
considereda novel type of classlll PDZ binding motf spedfic for the PDZ
domainsof enigma protens. Theseinteradions were identified by different in
vitro binding techniquessuch asAlphaScren, PDZ Domain Array and SPR.The
work of this thess was part of a wider project donein collaboraion with the
groups of Dr. G. Faulkner,ICGEB, Trieste and Prof. O. Carpen,University of
Turku, Finland.

AlphaSceenexperimentsshowthat the interaction betweenthe PDZ domains of
ZASP, ALP and CLP-36 is mediatedby the lastfive amino acids of the FATZ
famiy of proteinsand myotilin. The spedfic binding site on these protans was
demonstragd by absencef interactionwhen usingthe truncaed version(lackng
the terminal five amino acids) of the FATZ protans and myotili n. Biotinylated
peptidescorresponihg to the lastfive aminoacids of FATZ-1 (ETEEL), FATZ-
2/palladin (ESEDL), FATZ-3/myotilin (ESEEL) and myopaladin (ESDEL)
behave asligandsfor the PDZ domairs of ZASP, ALP and CLP-36, confirming
that binding to PDZ domainsoccursvia the C-terminal region of theseproteirs.
Thevery lastamno acid of the ligand motif (L in FATZ andmyotilin families of
proteing is fundanentalfor the PDZ recogniton asthe interacion with the three
PDZ domans is completelydestroyd after changimg the last amino acid from
leudne to glutamic acid. AlphaScreenexperiment also confirm the aready
known interactonsof ZASP andALP PDZ domans with a-acinin-2 (Zhou Q et
al., 1999;FaulknerG etal., 1999;KlaavuniemiT et al., 2004 and demonstra an
interactionbetweernthe PDZ domainof CLP-36 and a-actinin2. The interactions
betwean ZASP, ALP and CLP-36 PDZ domains and a-acinin-2 involve the last
five aminoof this proteinasverified by AlphaSaeenexpeaiments donewith the
C-terminal peptideligand of a-actinin-2. Unlike FATZ andmyotilin families, the
C-terminusof a-acinin-2 (GESDL) is considereda class| PDZ binding matif.
Theseresults togeherwould indicatethat ZASP,ALP andCLP-36 PDZ domains
have a dual specificity of binding asthey can interact with both classl andclass
1l PDZ binding motifs. Phoghotylation of the ligand sequenceseens to be an



importantfactor in modulatingthe binding activity betweenthe PDZ domans of
enigma protens and the FATZ and myotilin families. AlphaScren interadion
experiment weredone with the samebiotinylated pepitdesbut phosphoylated on
the serineor threonineresdue. The mostcommon effect of phosphoryl#ion is the
disruption of the binding between PDZ and its ligand (Kim E, and ShengM,

2004). We noteda negativeeffectin a single situation (i.e. betveen CLP-36 PDZ
domain and myopalladinpeptide).In some casesbinding was not affeded by
phosphorylabn of the ligand sequencde.g. betveen CLP-36 PDZ doman and
FATZ-1 and FATZ-2/palladinpeptide$, but in mostcasesgphosphorylatin even
increasedhe strengthof the interadion (e.g. betwee CLP-36 PDZ doman and
FATZ-3/myotiin and a-actinin-2 peptides)

The interacton of the FATZ and myotilin families with the enigma family

membes is highly specific as demonstated by the restrcted numbe of PDZ
domainsboundby the pegide ligandsin PDZ array expermens. Interestingly,

thesePDZ domans correpondto the only two enigmafamily menberson the
array, CLP-36 (hCLIM1) andRIL. Basedon the results of the PDZ arrays,RIL

would seemanoter binding partnerfor protens of the FATZ family, myotilin,

palladin andmyopalladin.However,it hasto be noted thatRIL is mainly foundin

non-muscle tissues;congquently, its interaction with the FATZ and myotilin

families needdurtherinvegigations.

Important questionsremainto be answeed; for example it would be helpful to
undeastand what happes when severalprotens, able to interact with the sane
partners, meet at the same time. Interestng resuls were obtaned from
AlphaScreencompetitionsstudies. Such expegiments demonstate that a PDZ
class Il interaction (betweenthe ZASP-1 protén and the FATZ-3/myotilin

peptides) can be competedby the addiion of anoher classlll ligand (the C-

termnal region of FATZ-1), asexpectedOn the contary, a classl PDZ binding
ligard (a-actinin-2) is not ableto competeaswell asatypelll ligand in the same
interaction. Also expresionstudiesvould beusetl in this sensesince they could
provide indications about the level and patern of distribution of the single
proteinsin different muscles RealTime PCR expaiments show tha the FATZ

family of protens, myotilin andZASP (with its alternatvely splicedisoforms)are
differently distributedin variousmusclesFor exanple, FATZ-1 and FATZ-3 are
mainly foundin fasttwitch musdes (tibialis andgastrocnmius), whereasFATZ-

2 is expressedh slow-twitch muscle(soleus)andheart. On the contrary, myotilin

is only found in skeletal muscle, while expresson of ZASP long isoforms
characterizedby the presencef exon 11 is more significant in soleusand heart
than in tibialis and gastr@nemius As denonstated by our interadion
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expeaiment, all of theseproteins can effedively bind with each other, but the
relevanceof ther interactionsshould also conside the patern and levd of

expressiorof eachproteinin agivenmusck.

The strengh of the bindingsbetweenthe PDZ domain of ZASP and someof the
peptideswas evduated with SPR experimentsdonein the laboratoryof Dr. A.

Bainesat University of Kent, UK. The affi nities of the intera¢ions arein the nM

range but theyvary dependingn theligand consdered.SPRresultsindicae that
phosphorylatbn may be a mechanismable to influencethe interactions between
the enigma membersand the FATZ and myotilin families of protens. The
unknowninteracton of ZASPPDZ domainwith ANKRDZ2, a protein involvedin

musclestresgespons pathways andinteracting with seveal transcripton factors,

is undoubedly relevant. In fact, it would provide anindicaion of the furtherrole

of the Z-discasa coordinatorof intracellular signdling.

The function of PDZ domaincontaining protans as adapbrs in reauiting

signalling moleculesto the actin cytoskektonis now well -establishel. In muscle,
it is thought that they are ableto transmitmedianical stresssignds from the Z-

discto the nucleus(ValleniusT etal., 2004). This is basedon the ability of some
PDZ protens to associatewnith cytoskeleal structures via the PDZ doman, and
also on the camcity of severalPDZ-LIM protans (suchas the enigma family

proteing to bind to kinasesby meansof ther LIM domans. Thus, it is possille

that enigmafamily memberdink protens of the FATZ and myotilin families to

signalling eventssuwch as PKC phosphorylabn. However, it is importait to

realize that the results presentedn this thesis are basedon in vitro binding

techhiques.They provide evidencethat the interacions ocaur, but they might not
always refled the in vivo situation. It would be of greatinterestto verify these
resuts with in vivo models.In this way, it would be alsopossibleto beter define
if and where all of the proteins studied could bind in realty, and if

phoghorylaton effectivelymodulateghe strengthof theseinteracions.
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