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Introduction

1. Introduction

1.1 Transcriptional regulation in Eukaryotes

In eukaryotes, RNA polymerase Il transcribes protsiding genes. Eukaryotes have
three nuclear RNA polymerases (Table. 1), each digtinct roles and properties (Carter
and Drouin 2009). RNA pol Il is located in the remblasm and is responsible for
transcription of the vast majority of genes inchglithose encoding mRNA, small
nucleolar RNAs (snoRNAs), some small nuclear RNASRNAS), and microRNAs.
Gene transcription is a remarkably complex proc&ks. synthesis of tens of thousands
of different eukaryotic mRNAs is carried out by RNl Il (Kettenberger, Armache et
al. 2003). During the process of transcription, RP# Il associates transiently not only
with the template DNA but with many different prioig, including general transcription
factors. The initiation step alone involves theeassly of dozens of factors to form a pre-
initiation complex. Transcription is mediated byetleollective action of sequence-
specific DNA-binding transcription factors alongtiwthe core RNA pol Il transcriptional
machinery, an assortment of co-regulators thatgberithe DNA-binding factors to the
transcriptional machinery, a number of chromatimadeling factors that mobilize
nucleosomes, and a variety of enzymes that catalgzalent modification of histones
and other proteins. There are two other importarkag/otic polymerases — RNA
polymerase | and RNA polymerase Il (Hurwitz 200BNA polymerase | reside in the
nucleolus and is responsible for synthesis of #rgd ribosomal RNA precursor. RNA
polymerase Il is also located in the nucleoplasmd & responsible for synthesis of
transfer RNA (tRNA), 5S ribosomal RNA (rRNA), andmse snRNAs (Hurwitz 2005).
Plants have a fourth nuclear polymerase, named Rdlymerase IV, which is an RNA
silencing-specific polymerase that mediates symhed small interfering RNAs
(siRNAs) involved in heterochromatin formation (Q@eoa, Haag et al. 2005). For RNAP
Il (protein-coding genes), initiation requires seletranscription factors that assist

binding to promoter sites. Promoter sites recagphizy RNAP Il (and associated protein
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factors) are several conserved elements that aegeld upstream from the transcription

start point (the +1 base).

Name transcribed
RNA Polymerase | nucleolus Larger ribosomal RNA (rRNA)
(Pol I, Pol A) (28S, 18S, 5.8S)
RNA Polymerase Il nucleus Messenger RNA (mMRNA) and
(Pol II, Pol B) most small nuclear RNAs

(snRNASs)

RNA Polymerase Il nucleus (and possibly the | Transfer RNA (tRNA) and other
(Pol Il , Pol C) nucleus-nucleoplasm small RNAs (including the small
interface) 5S rRNA)

Table 1. The three nuclear RNA polymerases presariEukaryotes

The basal level of transcription requires a sebadal transcription factors that bind to
DNA or other proteins. Firstly, a protein recogiznd binds to the TATA sequence at
the promoter. TATA binding protein (TBP) bends A and auxiliary factors binds to
the TBP. This protein complex promotes the binding of RNAlyprerase and its
association with the proteins. The complete praatn complex denatures the nearby
DNA helix. RNA polymerase 1l and its associatedtpios move along the unwound

DNA and produce a messenger complex complimentettyet DNA template.

The consensus sequences of the conserved elearenty—30 = TATAAAA [TATA
homology or Goldberg-Hogness box] bB0 = GGCCAATCT [CAAT box] c)
GGGCGG [GC box] and often present but occur in edéht positions and in
ATTTGCAT [octamer box] different copy numbers. TRATA homology is found in all
eukaryotic promoters known to date. The remainicgn$ensus” sites are found but not
necessarily in the same promoter. All “consensitg’s affect binding efficiency of RNA
polymerase/transcription factors (Smale and Kadar2@03). RNAP | and RNAP Il

2
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utilize some of the same transcription factors &AR Il but the promoters are quite

different. RNAP III utilizes internal promotersathare present within the transcriptional
units (Veras, Rosen et al. 2009). The level ofdcaiption is increased above the lower
basal levels by activators bound to specific enbasequences. Activators can act to
stabilize the pre-initiation complex and make itsiea for the TBP or the RNA

polymerase to bind to the DNA. Stabilization of t@mplex by activator proteins may
also allow binding of subsequent RNA polymeraseanules. Activator proteins increase
transcription while inhibitor proteins decreasenseiption. Together, these regulatory
proteins modulate transcription by determining vehevhen and how much transcription

occurs in a particular type of cells.
1.1.1 Protein-coding gene regulatory elements

Expression of protein-coding genes is mediatedart py a network of thousands of
sequence-specific DNA-binding proteins called tcaipgion factors (Lee and Young
2000). Transcription factors interpret the inforioatpresent in gene promoters and other
regulatory elements, and transmit the appropriaspanse to the RNA pol I
transcriptional machinery. Information content la¢ genetic level is expanded by the
great variety of regulatory DNA sequences and timepiexity and diversity of the multi-
protein complexes that regulate gene expressiomyMdifferent genes and many
different types of cells in an organism share taes transcription factors. What turns on
a particular gene in a particular cell is the ueigombination of regulatory elements and
the transcription factors that bind them (Lee amaryg 2000).

1.1.2 Transcription factors

MRNA and eventually proteins are most often produgken and where they are needed
in an organism. Some genes, such as those for keegag proteins and processes like
glycolysis are expressed all of the time. Theseegeundergo what is known as
constitutive transcription. Other proteins are ophpduced at specific times in certain
cells. In these cells, genes undergo a processdcadgulated transcription. Transcription

is regulated by proteins called transcription festdhese factors are proteins produced
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in the cytoplasm and eventually migrate into thelews where they interact with DNA
and activate transcription. These transcriptiortdiaconly interact with specific genes,
those genes whose transcription they control. Mokiaryotic species have over 1000

transcription factors.

Regulated transcription begins when a signedadsived by the cell. The signal, often a
protein begins the signal transduction cascadel¢étathe cell know that certain proteins
are now needed. The most common activation everd forotein in a signal pathway is
the addition of a phosphate group. That activatedep in turn interacts with another
protein. This interaction leads to the phosphomytabf the next protein in the pathway.
There is often a series of proteins activated bgsphorylation. At the end of this
cascade, the final protein will be activated arehtlenter the nucleus. It must make this
journey because transcription only occurs insigerthcleus. After entering through the
nucleopore, the protein interacts with the spedifanscription factor responsible for
activating mRNA production. As with the earlieopins, the transcription factors are
modified through phosphorylation. The activatechs@iption factor will next bind to an
enhancer region. The enhancer is a region of DNgtrapm of the transcription start site
that binds the transcription factor. The transasiptfactor then binds to the DNA and
moves to interact with the rest of the transcriptiprotein complex located at the
transcription start site. When the formation osthomplex is complete, transcription of
the gene will begin. It is the sequence of evemis énsures the gene required for specific

tissue only a t a specific time are expressed gpjartely.

The regulation of gene activity at the transcripéiblevel generally occurs via changes in
the amounts or activities of transcription factofbe genes encoding the transcription
factors themselves may be transcriptionally induoedepressed by other regulatory
proteins, or the transcription factors may be at&d or deactivated by proteolysis,
covalent modification, or ligand binding (Spiegelmand Heinrich 2004). Transcription

factors influence the rate of transcription of spegenes either positively or negatively
(activators or repressors, respectively) by spediiteractions with DNA regulatory

elements) and by their interaction with other prete(Latchman 1997). Transcription
factors mediate gene-specific transcriptional atidn or repression. Transcription

4
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factors that serve as repressors block the gerea&cription machinery, whereas
transcription factors that serve as activatorseiase the rate of transcription by several
mechanisms like stimulation of the recruitment dndding of general transcription
factors and RNA pol Il to the core promoter to foanpre-initiation complex (Abrahem
and Pelchat 2008), inducing a conformational geaor post-translational modification
(such as phosphorylation) that stimulates the eatigmactivity of the general
transcription machinery and interaction with chrdmaemodeling and modification of
complexes to permit enhanced accessibility of émeplate DNA to general transcription
factors or specific activators. These differenesotan be promoted directly via protein—
protein interaction with the general transcriptimachinery or through interactions with

transcriptional co-activators and co-repressorsctiaan 1997).

1.1.2.1 Transcription factors are modular proteins

Transcription factors are modular proteins (Yan@®8)9consisting of a number of
domains (Fig. 1). Recognition of this feature teged the development of a powerful
technique for analyzing protein—protein interacsionvivo — the yeast two-hybrid assay.
The three major domains are a DNA-binding domaitraasactivation domain, and a

dimerization domain.

Transactivation domain

DNA-binding domain

Dimerization domain

Ligand binding domain

Nuclear localization sequence (NLS)

Nuclear export sequence (NES)
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Figure 1. Transcription factors are composed of seable, functional components
They typically include a DNA-binding domain, a tsantivation domain, a dimerization
domain, nuclear localization sequence (NLS), anthes@lso have a nuclear export
sequence (NES). Some transcription factors alsoe higyand-binding (regulatory)
domains, such as hormone-binding domains, whichemsential for controlling their

activity.

In addition, transcription factors typically havenaclear localization sequence (NLS)
(Kalderon, Richardson et al. 1984; Kalderon, Rabettal. 1984), and some also have a
nuclear export sequence (NES) like in the caseuafear factor of activated T cells
(NFAT) (Beals, Clipstone et al. 1997; Klemm, Beatsal. 1997). Some transcription
factors also have ligand-binding (regulatory) damsai such as hormone-binding
domains, which are essential for controlling thagtivity. Many transcription factors
become activated or inactivated as a result ohtigainding (Grove and Walhout 2008).

1.1.2.2 Transactivation domain

The transactivation domain of a transcription fagsanvolved in activating transcription
via protein—protein interactions. Transactivatioom@ins may work by recruiting or
accelerating the assembly of the general trangmnigactors on the gene promoter, but
their mode of action remains unclear. Some trapsor factors do not contact the
general transcription machinery directly but ingtéand co-activators that in turn contact
the general apparatus. Unlike the well-defined Dbidding domains, transactivation
domains are structurally more elusive (Biochemistrgignal transduction and regulation
— Gerhard Krauss 2008). They are often charactei®e motifs rich in acidic amino
acids, so-called “acid blobs” (Pandit, Bednarskiakt2003) In addition to acid blobs,
there are other distinct motifs. For example, tcapsion factor Spl contains a nonacidic
transactivation region with multiple glutamine-richotifs (Courey and Tjian 1988;
Kadonaga, Courey et al. 1988). Other motifs assettiavith transactivation include

proline-rich regions and hydropholfiesheets.
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1.1.2.3 Dimerization domain

The majority of transcription factors bind DNA asnmodimers or heterodimers.
Accordingly, they have a domain that mediates diragipn between the two identical or
similar proteins. In contrast to our detailed kneslde of protein—DNA interactions, far
less is known about the exact molecular charatiesisf these protein—protein contacts.
As described above, two dimerization domains that relatively well characterized
structurally are the basic helix-loop-helix (bHLBi)d basic region leucine zipper (bZIP)
motifs. Several TFs bind DNA as obligatory dimengluding members of bZIP, bHLH
and nuclear hormone receptor (NHR) families (Walleerl999); (Newman and Keating
2003); (Lamb and McKnight 1991).

1.1.3 Transcriptional Co-activators and Co-represss

Gene transcription is a multistep process involvangyery large number of proteins
functioning in discrete complexes. As describedvabtranscription factors bind to DNA
in a sequence-specific manner. They mark a genactoration or repression through the
recruitment of co-activators or co-repressors. Co/ators and co-repressors are proteins
that increase or decrease transcriptional activiggpectively, without binding DNA
directly. Instead they bind directly to transcrgptifactors and either serve as scaffolds for
the recruitment of other proteins containing enzyenactivities, or they have enzymatic
activities themselves for altering chromatin stoawet Co-activators and co-repressors
have been much harder to study compared with trigien factors. In general, assays
for protein—protein interactions are more diffictdtperform than techniques for studying
DNA—protein interactions. In addition, techniques fletermining which co-activator is
docking on a particular transcription factovivowere not available until recently.

Most known co-activators are very large protelreg harbor multiple activation domains
and receptor-interacting domains (L'Horset, Dauvaisl. 1996; Ding, Anderson et al.
1998; Onate, Boonyaratanakornkit et al. 1998; Vhddeine et al. 1998). Interestingly,
some co-activators share significant sequence hmgyolMore interestingly, some co-
activators are able to acetylate histones (Tsukayamd Wu 1997). Acetylation of the

conserved lysine residues in the N-terminal donshimistones results in the loosening of
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the nucleosome structure, making the DNA more a&ilglesto transcription factors Co-

activators, in the broadest sense, can be divigediivo main classes namely Chromatin
modification complexes: multi-protein complexes tthanodify histones post-

translationally, in ways that allow greater acaafssther proteins to DNA and Chromatin
remodeling complexes: multi-protein complexes @& tleast SWI/SNF family (or their

mammalian homologs BRG1 and BRM) and related fasilhat contain ATP-dependent
DNA unwinding activities (Chiba, Muramatsu et a@9%) and (Ichinose, Garnier et al.
1997). On the other hand co-repressors have thesgppeffect on chromatin structure,
making it inaccessible to the binding of transcaptfactors or resistant to their actions
(Jenster 1998). Deacetylating histones and thecebypacting nucleosomes into a tight
and inaccessible structure is a potent mechanisnshatting down gene expression.
Inhibitors of HDAC, such as trichostatin A, themefaelieve repression by unliganded

receptors (Wong, Patterton et al. 1998).
1.2 Transcription Enhancer Factors (TEFS)

Transcription enhancer factors (TEFs) are essefudiakcardiac, skeletal, and smooth
muscle development and uses its N-terminal TEA dion(AEAD) to bind M-CAT
elements. The MCAT element was originally identfias a muscle-specific cytidine-
adenosine-thymidine sequence, 5-CATTCCT-3', in tiécken cardiac troponin T
promoter (Cooper and Ordahl 1985). MCAT element basn found in a number of
cardiac, smooth, and skeletal muscle-specific geinekiding cardiac troponin T (Mar
and Ordahl 1988)p-myosin heavy chainp¢(MHC),(Rindt, Gulick et al. 1993) smooth
musclea -actin (SMx -actin), (Swartz, Johnson etl8P8) and skeletat -actin (Karns,
Kariya et al. 1995). It has been shown to play wrode in the transcriptional regulation
of these genes, although it is also present inptbenoter regions of some non-muscle
genes.

The proteins that bind to the MCAT element belomghie TEF-Xamily of transcription
factors (Xiao, Davidson et al. 1991), (Farrancey Mtal. 1992). This family shares a
highly conserved DNA binding domain called the TEA domaird consist®f four
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members (Table. 2) including TEF-1 (NTEF-1/TeadRJEF-1 (TEF-3/ETFR-2/FR-
19/Tead4)ETF (TEF-4/Tead2), and DTEF-1 (TEF-5/ETFR-1/Tead3).

. Percent Identity to Percent Identity to TEF -1
Name Alternative Name TEF-1 within the TEA Domain
TEF -1 NTEF -1, Teadl
ETF ETEF -1, TEF -4, Tead2 64% 100%
RTEF-1 |TEF-3, ETFR -2, FR -19, Tead4 74% 100%
DTEF -1 |TEF-5, ETFR -1, Tead3 70% 99%

Table 2. The TEF Family Members

a4-adrenergic receptor
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Cytoplasm ‘ /
@ Nucleus @
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(B)
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RTEF-1 DTEF-1
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Yeoshida, T. et al, 2008, Arterioscler Thromb VB&d

Figure 2. Regulation of TEF-1 family members

TEF-1 family member-dependent transcription of MC&&ment-containing muscle-
specific genes is modulated by: (A) phosphorylattdnTEF-1 family members; (B)

interaction with cofactors; (C) interaction with BRMEF2/Max; (D) flanking sequence
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and its binding factors; (E) accessibility of TEFdmily members to MCAT elements;
and (F) alternative splicing of TEF-1 family member

The TEA domain is also referred to as the ATTS damaecausé appears in yeast,
vertebrate, plant, and fly transcriptidactors AbaA, TEC1, TEF-1, and Scalloped
(Burglin 1991), (Campbell, Inamdar et al. 1992).aAbregulatedevelopment of the
asexual spores iMspergillus nidulansand terminates vegetative growth, TEC1 is
involved in the activatioof the Tyl retro transposon in ye&iccharomyces cerevisjae
and theDrosophilagene Scalloped plays an important rolesénsory neuron and wing
development. Conservation of the TH&main in multiple organisms indicates its critical
role in regulation of gene transcription. TEF-1, RTEF-1d ddTEF-1, respectively,
initiate translation at an isoleucine (AUU), leue(tUG), and isoleucine (AUA) codon
that lies upstream of thest methionine codon (Xiao, Davidson et al. 19%tewart,
Richard et al. 1996; Jiang, Wu et al. 1999). ETéwéwver, uses the methioni(gUG)
codon for the initiation of translation.(YasunarBiyzuki et al. 1995) Second, TEF-1
family members bind to the double-stranded fornthef MCAT element, but not to the
single-stranded MCAT element (Carlini, Getz et28l02). Theissue distribution of TEF-
1 family members has been examirigda number of studies. TEF-DTEF-1, and
RTEF-1 are widely expressed in multiple tissimetuding the skeletal muscle, pancreas,
placenta, lung, anigeart. In contrast to these three factors, ETElsctivelyexpressed in
a subset of embryonic tissues including the cehefpetestis, and distal portion of the
forelimb and hind limb budas well as the tail bud, but it is essentially albdeom the
adult tissues (Yasunami, Suzuki et al. 1995). E&F &lso been shown to be expressed
fromthe 2-cell stage during development (Kaneko, Catliet al. 1997).

1.2.1 Role of Transcription Enhancer Factors

1.2.1.1 Cardiac development and hypertrophy

TEF-1 plays a vital role in cardiatevelopment. TEF-1 knockout mice exhibited an
enlargedpericardial cavity, bradycardia, a dilated fouremtriclein the brain, and died

by embryonic day (E) 12.5. Histologieatamination revealed that the ventricular wall in
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the hearbf TEF-1 knockout mouse embryos was abnormally with a reducedumber
of trabeculae. These results indicate that TEFr&qgsiredor cardiac morphogenesis and
that other TEF-1 family membersannot compensate for TEF-1 function during
embryogenesis. Cardiac hypertrophy occurs in a eumbpathophysiologicalonditions
such as hypertension, valvular disease, myocardattion, and cardiomyopathy. At the
cellular level, it ischaracterized by an increase in cell size and praynthesiand by
reactivation of the fetal cardiac genes includfalyIHC and skeletab-actin (Simpson,
Kariya et al. 1991). Stimulation af;-adrenergic signalingas been shown to induce
cardiac hypertrophy and activate transcriptdrine p- MHC gene and the skeletal—
actin gene in culturedeonatal rat cardiomyocytes. Interestingly;adrenergic receptor-
mediatednduction of these genes is abolished by mutatfoth® MCAT element within
the promoters (Kariya, Karns et al. 1994). In #ddi RTEF-1, but nofTEF-1,
potentiates thew-adrenergic response of tileMHC and skeletalo-actin promoters
(Stewart, Richard et al. 1996). In addition, MCATeraentsmight contribute to the

induction of fetal cardiac genesather in vivo models of cardiac hypertrophy.

1.2.1.2 Smooth Muscle Development

Studies provide evidence that the MCAIEment plays a critical role in smooth muscle
development (Creemers, Sutherland et al. 2006; Gdoshida et al. 2007).
Transcriptional regulation of Myocardin which iscéxsively expressed in SMCs and
cardiomyocytesvas recently identified to contain an MCA&lement as well as a MEF2
binding site and multiple FoxO bindisges. Mutation of the MCAT element selectively
abolished LacZ expression in SMCs, but not in tearty whereamutation of either the
MEF2 binding site or FoxO binding sitdsamatically reduced LacZ expression in both
SMCs and cardiomyocyte$Shese results suggest that the MCAT element behaves
SMC-specificupstream signaling pathway for the induction of thgocardingene.
However, it remains undetermined which TEF familgmbersbind to this MCAT

element, and how the MCAT element functisekectively in SMCs.
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1.2.1.3 Skeletal Muscle Hypertrophy and Regeneratio

The MCAT element has been shown to be involvedhenregulatiorof muscle-specific
genes in skeletal muscle likeactin (Carson, Yan et al. 1995) ghdiHC (Rindt, Gulick

et al. 1993). Denervation-inducddcrease if;-MHC expression is also mediated by the
proximal MCAT element in rat soleus (Huey, Haddad et al.300hich indicates the
regulation of muscle-specific genes by MCAT elemienskeletal muscle. Howeves,
series of studies by Tsika and colleagues showadiniductionof the f-MHC gene in
overloaded skeletal muscle was noediated by the MCAT elements, but by the
association of TEF-proteins with the A/T-rich element located betwdetw MCAT
elements (Tsika, Wiedenman et al. 1996; Vyas, Miyaet al. 1999; Karasseva, Tsika
et al. 2003). Additional work is required to rectd@the discrepancy. Zhao et al. (Zhao,
Caretti et al. 2006) showed that the MCAT elemerat BTF were implicateith a process
of skeletal muscle regeneration. They showed thedrdiotoxin-induced
degeneration/regeneration of skeletal musdeurred abnormally in fibroblast growth
factor receptor 4 (FGFR4&nockout mice as compared with wild-type mice. Bydays
aftercardiotoxin injection, much of the skeletal musebibitedimpaired regeneration
and was replaced by fat and calcificationGFR4 knockout mice. They found that ETF
expression was inducead skeletal muscle during regeneration in vivo ahdt ETF
induced the promoter activity of the FGFR4 gene aidICAT elementin C2C12
myoblasts. These results suggest the importanabeoMCAT element and ETF in
muscle regeneration, although evidenseindirect. Further studies are needed to
determine whethémockout of ETF also exhibits abnormal skeletal cheisegeneration

in vivo.
1.2.2 Cofactors of TEF-1 Family Members

Ectopic expression of TEF-1 does not induce taggete transcription in cell lines
which the endogenous TEF-1 protein is absent. Qpeessionof TEF-1 in cells that
express TEF-1 family members resuits the transcriptional repression of MCAT
element-containingenes (Xiao, Davidson et al. 1991). Because thbsereations are

consistent with a squelchinghenomenon of co-activator activity, the presenée o
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cofactorsfor TEF-1 family members has long been predicte@cdrtly, multiple
cofactors for TEF-1 family members have been idiewtiThey include the p160 family
of nuclear receptor co-activatqSRC1, TIF2, and RAC3) (Belandia and Parker 2080),
Src/Yes-associated protein YAP65 (Vassilev, Kanekacal. 2001), TAZ, (Mahoney,
Hong et al. 2005). Vgll-2 / VITO-1 (Mielcarek, Gilner et al. 2002) and Vgl-4 (Chen,
Mullett et al. 2004). Of these, Vgl-2 is expresseda tissue-specific manner and

contributes to the cell-specifi@nscription of MCAT element-containing genes.

VITO-1 (also called as Vgl-2) interacts with TEFRafhd RTEF-1 (Maeda, Chapman et al.
2002), and regulateke binding activity of TEF-1 family members to MCAelements
(Chen, Maeda et al. 2004; Gunther, Mielcarek e@04).Co-transfection assays have
shown that RTEF-1 and Vgl-2 cooperativelgrease the promoter activity of the skeletal
a-actin gene incultured cells. Of importance, suppression of Vghf antisense
morpholino decreases MHC expression in C2C12 myscahd chickelimb muscles in
vivo. As such, VITO-1 is a key cofactor ®EF-1 family members regulating muscle-
specific gene transcriptiom skeletal muscle (Gunther, Mielcarek et al. 200K
contrast, Vgl-4 doesiot exhibit cell type—specific expression pattearsl functions
differently from Vgl-2 (Chen, Mullett et al. 2004Ygl-4 is relatively widelyexpressed in
multiple tissues including the heart, brain, kidngyall intestine, lung, and placenta.
Vgl-4 physically interactwith TEF-1 and MEF2. Overexpression of Vgl-4 inezds
with the basal and;-adrenergic agonist-induced activity of the skeletactin promoter
in neonatal cardiomyocytes. In additien;adrenergisignaling elicits nuclear export of
Vgl-4 in cardiomyocytesThese results suggest that Vgl-4 acts as a repre$stEF-1
family member-dependent gene transcription undemmab conditions,and that it
translocates to the cytoplasm and modifies thestigptionalactivity of these genes after
stimulation.

1.3 VITO-1 (Vestigial like 2, Vgl-2)

VITO-1 is a homolog of Drosophila vestigial and amTONDU protein identified

using a subtractive hybridization approach (MieéarGunther et al. 2002). VITO-1 is

characterized by the presence of a scalloped gtteradomain (SID) which has been
13
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described in both Drosophila vestigial and TONDWtpmns. It is presumed that the
interaction and regulation of VITO-1 with its tatggenes are mediated through this SID
domain. VITO-1 is expressed in the differentiatsmgnites and branchial arches during
embryogenesis and is exclusivadypressed in skeletal muscle in the adult (Maeda,
Chapman et al. 2002). The expression of VITO-1tstiom E8.75 in the somatic
myotome during mouse embryonic development. Intamditransient domains of VITO-
1 expression were found in the branchial archearyPigeal pouches and clefts, cranial
pharynx and Rathkes pouch during embryogenesigadiit tissues its expression was
restricted to skeletal muscles (Mielcarek, Gun#teal. 2002). VITO-1 was identified as
the first known TEFs co-activator, which modulatganscription enhancer factors
activity in a tissue specific manner. VITO-2 stardsbe expressed from E8.0 in the
prospective area of the midbrain followed by itpmression in the myotome of the
somites from E9.5. In contrast to VITO-1, VITO-2 ubiquitously expressed in adult
tissues and its expression domains overlap with-FE&nalysis of VITO-1/2 expression
in deltal and Myf-5 knockout embryos indicated tW&IO-2 but not VITO-1 is under
control of the Notch pathway and that the VITO fignaif genes is a direct target of Myf-
5 during specification of the myogenic precursdiscer myoblasts. However, VITO-1
was still detectable in the branchial arches of b lacking Myf-5 indicating that
VITO-1 in the brachial arch is not expressed in aeiprecursor cells. It should be noted
that VITO-1 and VITO-2 strongly stimulate TEF-1 am&F-3 mediated transcriptional
activation (Gunther S, Mielcarek et al 2004). Fioral analysis of VITO-1 shows that
VITO-1 is able to enhance MyoD mediated converssri0T1/2 and 3T3 fibroblasts
cells into myotubes but are not able to activategrdifferentiation of these cell lines by
itself indicating that it plays a supportive rolehich enhances and modifies a cellular
decision imposed by other target genes (Gunthegldsliek et al. 2004). VITO- 1
together with MyoD and TEF-3 induced MyHC expreasiio 293T cells, which are not
able to differentiate into myotubes thus indicatargimportant role in control of muscle
gene regulation. Disruption of VITO-1 using siRNppaoach resulted in an inhibition of
myogenin expression and an obstruction of C2C12taigs formation (Mielcarek,
Gunther et al. 2002). VITOs act as specific modutatof TEF proteins without the
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ability to activate transcription directly as thiagk the transactivation domain or nuclear

localization signal (NLS).

1.4 Contractile proteins in skeletal and cardiac mu  scle

are organized in sarcomeres

In general all muscles use actin and myosin fortragtion, but only in skeletal and
cardiac muscles are these proteins organized iefioedl structures called sarcomeres,
which are the fundamental contractile units of asé&dl muscle. The sarcomere is
composed of ordered thick (myosin) and thin (adiopomyosin, troponin) filaments
that slide past each other during contraction. Zkaisc is the boundary of individual
sarcomeres where thin filaments are anchored ($trd®98). Some of the key features
of Z-discs from electron microscopy studies arearighoring points for actin filaments;
2) placed in a precise and complicated contexhwécellular sarcoplasmic cisternae and
T-tubules; 3) seen as dense, protein-rich formatidtowever, despite these features
being known for some time, most Z-disc proteinsehanly recently been discovered and
characterized at the molecular level (Faulkner fitzarchi et al. 2001).

At a molecular level in the sarcomere, the meclariarce produced by the interaction
of myosin and actin within the sarcomere requiresiigable structure able to collect it.
The emerging structural complexity of the Z-disamsextraordinary example of intricate
molecular architecture, while the mechanisms ofagsembly and adaptation remain

mostly unknown (Faulkner, Lanfranchi et al. 2001).
1.4.1 The Z-disc is a complex integration of sevdrproteins

As shown in Figure 3, EM studies show that withie Z-disc the actin filaments are
organized in a square pattern (Yamaguchi, Robsah é982). Furthermore, for several
proteins it was possible to determine the approteméocalization using EM

immunolabeling; for instance, telethonin maps nibar edge of the Z-disc (Gregorio,
Trombitas et al. 1998; Mues, van der Ven et al8)9®&hereas titin, the giant protein that
spans across half a sarcomere, has its N-termouged near the Z-disc and it's C-

terminus near the M-band at the center of the saeces (Labeit, Gautel et al. 1992).
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Figure 3. Schematic representation of the Z-disopgins embedded in muscle fibers
The Z-disc has been schematically represented sasgde pair of anti-parallel F-actins
(red rods) joined bya-actinin 2 (yellow/brown). The N-terminal of titiigreen) is
interacting with telethonin (yellow) and with thet€minal of nebulin (blue rod) before
crossing the Z-disc where a variable number of pee#s (green ovals) organize the
binding ofa-actinin 2. Titin also interacts with the centrabtion of a-actinin 2, before
proceeding towards the center of the sarcomere @lawiwn). FATZ (Myozenin) is
interacting witha-actinin 2, telethonin, calcineurin (white), anefilamin (gray). The
latter is also binding F-actin and myotilin (ligiiue), as well as sarcoglycans on the
sarcolemma (not shown). ALP and ZASP (dark bluekaodn) are shown attached to
the spectrin-like repeats afactinin 2. It should be noted that in some casdwre there
is more than one protein partner, competition ratkigan simultaneous binding could

occur

The above figure gives a very simplified represgémtaof Z-disc proteins, in which
everything has been squeezed between two antglarBHactins. The actual 3D
organization of the Z-disc is certainly more compl@lpha-actinin connects two anti-

parallel F-actins at the “sides” of the square grattin which F-actins are arranged.
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However, an alternative pattern could be obtaingddiagonally connecting F-actins
(Schroeter, Bretaudiere et al. 1996), on the bafss computational analysis from EM
data. Furthermore, from EM data it appears thandwontraction the structure of the Z-
disc undergoes conformational modifications thatynpday an active role in the
mechanism of contraction (Jarosch 2000). Howeviee, molecular basis of these
modifications remains uncertain and it is unknowhnether they are accompanied by

topological alterations.

1.4.2 Proteins of the Z-discs

Actin, one of the best-studied proteins belongsatdhighly conserved family of
cytoplasmic proteins present in two physical foighabular actin and F-actin polymers.
Six genes code for different isoforms:skeletal,a-cardiac,a-vascular smooth, ang -
enteric smooth actin are found in muscle cells wagrthe non-muscle cytoskeletal
isoformsp- andy -actin are components of the microfilament netwdmkthe sarcomere,
F-actin forms thin filaments that are both strualyrand functionally polarized. CapZ is
a heterodimeric protein, which in muscle is compopgncipally of two subunitso( 2
and p1). It attaches actin filaments to the Z-disc amtb to the (C) end of the actin
filaments to prevent de-polymerization, thus remdgthe thin filaments stable. CapZ
also binds to the spectrin-like repeatsuofactinin 2 (Papa, Astier et al. 1999), a Z-disc
protein that binds actin. Alpha-actinins belongatéamily of proteins that cross-link F-
actin as antiparallel homodimers. There are foffeidint isoforms ofx -actinin in cells,
isoform 2 that is found in skeletal and cardiac ceigBeggs, Byers et al. 1992) is a
major component of the Z-disc. It is found in abiefr types where it links overlapping
antipolar F-actin thin filaments from adjacent sameres (Yamaguchi, lzumimoto et al.
1985). Theu -actinin 3 isoform (Beggs, Byers et al. 1992) @ found in heart but only
in skeletal muscle in a subset of type 2 fast neubkers where it can form heterodimers
with thea -actinin 2 isoform (Chan, Tong et al. 1998). Sal&rdisc proteins have been
reported to bindu -actinin 2, including nebulin (Nave, Furst et 4890), ALP (Xia,
Winokur et al. 1997), Myozenin (FATZ) (Faulkner, lIBaicini et al. 2000), myotilin
(Salmikangas, Mykkanen et al. 1999), titin (Ohtsukajima et al. 1997; Sorimachi,

Freiburg et al. 1997; Young and Gautel 2000), aA&E (Faulkner, Pallavicini et al.
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1999). Titin (connectin) is one of the largest kmoproteins having a molecular weight
greater than 3,000 kD. It is an elastic filamermtttils anchored in the Z-disc and extends
to the M-line at the center of the sarcomere whasen and myosin fibers overlap
(Trinick 1996). The N-terminal region of titin (3MD) is located at the periphery of the
Z-disc and the following 60-kD region extends asrtise Z-disc. The Z-disc region is
composed of two Ig-like repeats (Z1 and Z2) folloMay a series of alternatively spliced
z-repeats (zrl-zr7). The difference in number t¢érahtively spliced repeats in titin
isoforms has been suggested to affect the numbeoes$-links betweea -actinin 2 and
F-actin filaments and hence to cause variation-ths€ thickness (Gautel, Goulding et al.
1996). There appear to be two types of bindingsdive titin in o -actinin 2: 1) the C-
terminal CaM domain that interacts with severakpeats of titin; 2) the zg-Z4 region
that binds to two spectrin-like repeats (R2 andTR@ latter binding is independent of
dimer formation (Young and Gautel 2000), whereaskimding of titin z-repeats to -
actinin 2 does not occur if the-actinin 2 is present in the form of a dimer. Thigo-
inhibition can be released by phosphatidylinoditisbhosphate binding to the actin-
binding domain of the dimer. This mechanism hasnbpeoposed as a means of
controlling a -actinin 2 interactions with titin during sarcoraeiormation (Young and
Gautel 2000).

Nebulin is a large inextensible protein (800 kDattis anchored at the Z-disc by its C-
terminal region and spans the length of the thanfent ending at the edge of the H-zone
(Kruger, Wright et al. 1991; Wright, Huang et a@9B). It is found in skeletal, but not
heart, muscle whereas nebulette (107 kD) a smaitgein with a very high similarity to
the C-terminal region of nebulin is only found ieant muscle (Moncman and Wang
1995; Millevoi, Trombitas et al. 1998). As nebulras the same length as the thin
filaments in skeletal muscle, it has been suggestdae a “protein ruler” regulating the
length of these filaments (Kruger, Wright et al91® Nebulin can bind strongly to actin
in vitro and may have many actin binding sites glas length (Wright, Huang et al.
1993). It has also been shown to bimdactinin 2 and its N-terminal domain binds

tropomodulin.
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Figure 4. The complexity of Z-disc proteins and thenteraction with other partners

Telethonin (T-cap) has been identified as one efrtiost abundant transcripts expressed
in striated muscle (Valle, Faulkner et al. 1997)cd-localizes with actin in the Z-disc,
not myosin as originally thought. Two other Z-digmteins interact with telethonin,
namely Myozenin (FATZ) and titin. Telethonin bindsthe Z1 and Z2 Ig-like N-terminal
repeat region of titin (Mues, van der Ven et a8 The C-terminal region of titin can
function as a kinase that has been shown to phogat®a serine (S157) of telethonin in
early differentiating myocytes (Mayans, van der \&ral. 1998). The activation of this
titin serine kinase occurs when tyrosine (Y170) tin is phosphorylated and
calcium/calmodulin binds to the C-terminal of titinterestingly, the titin kinase site is in
the C-terminal of titin that is located at the eddehe M-band, whereas telethonin, its
substrate, is located in the Z-disc approximatelyn from this site. Therefore, it is
difficult to explain how they can interact. Howeyémoth telethonin and the C-terminal
domain of titin have been found to co-localize itress fiber-like structures
19



Introduction

differentiating myocytes; thus, it has been progabat during myofibrillogenesis when
the cytoskeleton undergoes reorganization, the @iterminal could be transiently in
close proximity to telethonin thus allowing phosphation (Mayans, van der Ven et al.
1998). Recently, the absence of full-length telathdhas been found to be responsible
for a form of autosomal recessive limb-girdle muacuaystrophy (AR LGMD) type 2G
(Moreira, Wiltshire et al. 2000). LGMDs are a gecaty heterogeneous group of
disorders that affect mainly the proximal musculatuTwo different mutations in
telethonin were identified in three families witlGMD 2G; both gave rise to premature
stop codons resulting in truncated telethonin. regengly, the C-terminal truncation
eliminates the domain of telethonin that is phosplated by titin kinase. Telethonin is
the first sarcomeric protein associated with an KBMD (Moreira, Wiltshire et al.
2000).

Myozenin also known as FATZ or Calsarcinffamin, a-actinin, and telethonin-binding
protein of the Z-disc) is a novel protein expressedskeletal muscle, which is up-
regulated during differentiation. The C-terminaicten of myozenin binds to two of the
spectrin-like repeats (R3-R4) afactinin 2 (Faulkner, Pallavicini et al. 2000). Téame
region of myozenin also bindsfilamin, as detected by yeast-two-hybrid experitsgn
whereas the region binding telethonin remains unddf Frey and colleagues (Frey,
Richardson et al. 2000) found that an interactioay occur between myozenin and
calcineurin. Calcineurin has been implicated intthasduction of signals that control the
hypertrophy of cardiac muscle and slow fiber gexgression in skeletal muscle. How
myozenin can bind all of these different protem®iot clear, especially because it has no
canonical protein-protein interaction domains. Hegre Takada and colleagues (Takada,
Vander Woude et al. 2001) have shown thactinin 2 andy-filamin compete with each
other for binding to the C-terminal region of Myoz® Myozenin could have a structural
role in Z-disc assembly via its ability to bind fdifent Z-disc proteins as well as a
possible role in signaling pathways via its bindiagalcineurin.

ZASP (Cypher/Oracle) is a Z-band protein that legemtly been characterized in human
skeletal muscle, as an acronym for “Z-band altérabt spliced PDZ motif protein.”
(Zhou, Ruiz-Lozano et al. 1999), (Passier, Richamdst al. 2000). ZASP1 (Cypher2)

binds a-actinin 2 via the interaction of its N-terminal PRlomain with the C-terminal
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CaM domain ofa-actinin 2 (Faulkner, Pallavicini et al. 1999; ZhdrRuiz-Lozano et al.
1999). The LIM domains of Cypherl, one of the alatively spliced forms of ZASP
(Cypher), can bind equally well all six isoformspbtein kinase C (PKCy; -p1, 9, - &,

- v, € (Zhou, Ruiz-Lozano et al. 1999). Therefore, it bhaen proposed that Cypherl
could function as an adapter to couple PKC—-mediatigdaling to the sarcomere.
Another interesting hypothesis is that the majormfoin skeletal muscle ZASP1
(Cypher2) that lacks LIM domains may inhibit theM_Ldomain forms in a dominant-
negative manner. ALP (Actinin-associated LIM projeis another PDZ/LIM domain
protein of the Z-band that is up-regulated on défdiation. In contrast to ZASP, its N-
terminal PDZ domain binds to the spectrin-like @peofa-actinin 2 (Xia, Winokur et al.
1997). There are two isoforms of ALP derived byemdative splicing; one is found in
heart and the other in skeletal muscle. The sketatacle isoform has a central region of
111 amino acids that is spliced out and replaced Oiferent region (63 amino acids) in

the heart isoform (Pomies, Macalma et al. 1999).

Filamins (or actin-binding proteins) belong to anfly of dimeric proteins that cross-link
actin filaments. There are three isoforms, filaigfBP-280) that is ubiquitous,-filamin
(ABP-L, filamin2) that is specific for striated nmale (Thompson, Chan et al. 2000; van
der Ven, Obermann et al. 2000), ghtilament. All of these isoforms have an N-terminal
actin binding domain followed by 24 Ig-like repeatsd a C-terminal domain necessary
for dimer formation. Interestingly;-filamin is the only isoform with a unique 78-amino
acid insertion in the Ig-like domain 20, and thissertion has been shown to be
responsible for targetingfilamin to Z-disc of striated muscle (van der VéMiesner et
al. 2000). The N-terminal of-filamin is located at the periphery of the Z-diand
recently this region has been found to bind to rhiyotan a-actinin-binding protein.
During a search for proteins binding to sarcoglgcanfilamin was found to bind
specifically toy- ands- but nota- andp-sarcoglycans (Thompson, Chan et al. 2000). In
normal muscley-filamin is found mainly in the Z-disc but also mw levels in the
sarcolemma, whereas in muscle with mutationsy-sarcoglycan,é-sarcoglycan, or
dystrophin, there is an increase in thefilamin level in the sarcolemma. Although-

filamin is not expressed in undifferentiated musmds, it is very quickly up-regulated
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during differentiation and may therefore be invalva the formation of the Z-disc (van
der Ven, Wiesner et al. 2000).

Myozenin can also bingHilamin, a-actinin 2, and telethonin (Faulkner, Pallavicibiaé
2000), therefore, this would be another casefdamin forming a link betweep- ands-
sarcoglycans and indirectky-actinin 2. Mutations in telethonin can lead to LGY)
respectively type 1A (Hauser, Horrigan et al. 20809 type 2G, and that telethonin has
been suggested to be involved in signal transmmasionyofibrillogenesis (Mayans, van
der Ven et al. 1998; Mues, van der Ven et al. 1998)

In conclusion, the complex z-disc proteins foundancomeres mediate multiple protein-
protein interactions, thereby playing a major rioléntegrating structure and signaling in

this complex three-dimensional network
1.4.3 The Z-discs act as Stretch sensing sensordramsmitting signals

It is known from previous studies that in heartj\acmuscle contraction is produced
by membrane depolarization that stimulates**Cefflux from the sarcoplasmic
reticulum (SR), initiating discrete pulses of “dransients called sparks. These
coalesce and raise €devels throughout the cytoplasm surrounding thetremtile
filaments (Maier and Bers 2002). Contraction istshed on by the binding of €ato

the thin filament troponin-tropomyosin complex, gucing a conformational change
that enables cross-bridge formation. Calcium uptaek into the SR through an ATP-
dependent pump relaxes the muscle. This pump (SBREAartially inhibited by
phospholamban (PLB), which can be reversed by cAlMpendent protein kinase
(PKA)-mediated PLB phosphorylation. The releaseahid inhibition is mediated by
the B-adrenergic signaling pathway, which increasesr#te of force production and
relaxation under exercising conditions and is ®@dnih heart failure. It is during the
relaxed phase of the heart cycle that inflowingolipassively stretches the chambers
of the heart. Stretch induces changes in cardiogtgogiology that are implicated in
heart failure, but the mechanism by which stretchkensed and signals are transduced
is unknown. New understanding of the Z disc elemehtontractile units is beginning
to elucidate the mechanism of stretch sensing snetlation to cardiac adaptation and

disease (Epstein and Davis 2003).
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Cardiac architecture at the cellular level is deteed by myocytes, which contain the
bundled myofibrils with repeating series of contilacunits, the sarcomeres bounded
by Z discs. Titin spans the distance from Z distitbne and holds myosin-containing
thick and actin-containing thin filaments in longiinal register. Human titin
mutations are associated with dilated cardiomyopathwhich the ventricular cavity
enlarges as the walls stretch and become thinnenu(iGGramlich et al. 2002). Titin
contains distinct motifs with different elasticitlyat sequentially unfold as the muscle
is stretched and which provide much of the cardiglts passive tension when it is
stretched (Granzier and Labeit 2002). Mutationmany sarcomeric protein-encoding
genes have been identified as causing hypertropaidiomyopathy, an inherited
predisposition to increased ventricular wall thitke and corresponding decrease in
size of the ventricular cavity. Some of the sameegeand other cytoskeletal genes
have been shown to cause dilated cardiomyopathg.ZT'disc transmits the tension
between sarcomeres and its architecture is believdxt partly organized by unique
N-terminal titin Z repeats that bingdactinin. Additional Z disc-associated proteins are
being reported, and mutations in many of theseasseciated with disease in humans

or mice.

The Starling Law of the Heart suggests that a piynstretch sensor and responder
operate on a beat-to-beat time scale. The work tign€hien and colleagues (Knoll,
Hoshijima et al. 2002) describes a primary stresehsor, which when disrupted, leads
to cardiac dilation and failure. The study focusestheir previously reported mouse
model of dilated cardiomyopathy produced by knogkiut MLP, a two LIM domain
protein that binds ta-actinin in the Z disc (Arber, Hunter et al. 199FHearts from
MLP null mice appear normal at 2 weeks of age hl#ated and display contractile
dysfunction by 4 weekd he fact that MLP expression is restricted to s#damuscle
strongly suggested that this was due to a primafeal at the level of the cardiac
myocytes. A striking finding is seen when neonatatliomyocytes from these mice are
cultured on deformable membranes and stretchedefithése conditions, the cells fail
to upregulate brain natriuretic peptide (BNP) atrdhbnatiuretic factor (ANF) mRNA,

both reliable in vivo indicators of mechanical ssgEpstein and Davis 2003). Despite
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the uncoupling of this response from mechanical,ltlde hormonally activated portion

of the pathway remains functional in the null ML#lg, since treatment with endothelin
or the a-adrenergic agonist phenylephrine triggers BNP mRdyAthesis. T-cap and

MLP are shown to interact, and the authors obsieéoss of T-cap from the Z discs of
some muscle fibers in the MLP null mouse heart.Spent with this is the detection of
T-cap in the soluble fraction of homogenates. THes#ings to the hypothesis that a
titin/T-cap/MLP complex is critical to the sensiafjmuscle length and those distortions
of the architecture and associated structures yoedhe normal response to stretch
(Granzier and Labeit 2002).

Transcriptional control of skeletal muscle-specifiene expression is achieved by
combined action of various transcription factorattare either specifically expressed
in the skeletal muscle lineage or show a more ksl expression pattern.
Transcriptional regulation in heart and skeletalsohess is basically governed by 3
major families namely the bHLH, MADs box transcigot factors and the
Transcriptional enhancer factor (TEFs) which plaportant roles for the development
of muscle tissues and for the regulated expressionuscle specific genes. It seems
rather easy to anticipate how tissue-specific &gt of muscle cell-specific genes
might be achieved by transcription factors thattaemselves tissue-specific such as
the MyoD family of transcription factors. Vitol & 33 kD protein expressed only in
skeletal muscle but not in other tissues. Skeletdh and cardiac TroponinT genes
depend on SRF and TEF transcription factors, reésfebe In such cases muscle
specific transcription might be achieved by theeaddy of larger transcriptional
complexes, which utilize DNA-binding proteins asking stations for tissue-specific
bridging or co-activating factors that might conéelditional activities to DNA-bound
proteins. Recently a new family of transcriptiocatregulators (VITO gene family)
(Mielcarek et al., 2002) was identified, which binal different TEF transcription
factors (Gunther et al., 2004). Vitol was foundbtan essential co-factor of TEF1
thereby activating TEF1, which results in the aion of its downstream target genes

leading to muscle-specific gene regulation.
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The aim of this study was: 1) to find the specibée of individual components of the
TEF/VITO complex for muscle specific gene activati®) Does the TEF/VITO/
complex contain additional proteins and do theg@fDNA binding specificity and/or
transactivation? 3) ldentification and investigatiof new interacting partners of

VITO-1 and establish their biological significanoeskeletal muscle gene regulation.
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2. Materials and Methods

2.1 Materials

2.1.1 Basic materials

Bacterial / Yeast Plates
Cell culture Plates
Filters Minisart NML
Whatmann filter paper
Cover slips

Cover slides

Glass wares
Polyacrylamide gel
Nitrocellulose membranes
Plastic Pipettes

Protein G beads

Cell scraper

Surgical instruments
2.1.2 Chemicals / Reagents

In general the basic reagents and chemicals wderent from the following companies:
Roth (Hamburg/Karlsruhe, Germany), BD BioScien&shringer Mannheim
(Mannheim), Invitrogen (Karlsruhe), Merck (Darmdjadiolecular Probes (Goéttingen),
New England Biolabs (Schwalbach), Pharmacia (Frggh&®romega (Mannheim),
Qiagen (Hilden), Serva Feinbiochemika (Heidelbegyyma-Aldrich (Deisenhofen),
Stratagene (Heidelberg).
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2.1.3 Radiochemicals

Radioactive labeling of translated proteins weredus TNT Coupled Reticulocyte

Lysate Systems and was purchased from Promega
* (35S)methionine (> 1000Ci/mmol at 10 Ci/ml)

2.1.4 Specific reagents

- DAPI (4',6-diamidino-2-phenylindole)

- Dimethylsulfoxid

- Dubelcco’s Modified Eagle Medium (DMEM)
- Fetal Bovine Serum

- Fluoromount

- Horse serum

- IPTG (Isopropyp-D-tiogalactopyranosidase)
- NP-40

- Penicillin-Streptamycin-Glutamine

- (Y2H) All the yeast reagents used

- PFA (paraformaldehyde)

- Prestained Protein Ladder 10-180 kDa

- Protease inhibitor coctail EDTA-free

- RNasin®

- Triton X-100

- Trypsin 2,5%

-  Tween-20

- X-Gal (5-bromo-4-chloro-3-indolyl

- p-D-galactopyranoside)

Inkogen (Karlsruhe)
Sigma-Aldrich(Deiseofen)
nJitrogen (Karlsruhe)

Invitrogen (Kaulse)

Sigma-Aldrich(Deisenhofe
Invitrogen (Karlsruhe)
Roth (Karlsruhe)

Roth (Karlsruhe)

Imaigen (Karlsruhe)

BD Bieaces - Clontech

Merck (Daraa$t

Fermentas (Lithuania)
Roche (Karlsruhe)

Invitrogen (Karlsruhe)

Roche (Karlsruhe)

Invitrogen (Karlsruhe)

Roche (Karlsruhe)

Roth (Karlsruhe)
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2.1.5 Instruments / Equipments

Confocal Laser scanning microscope
Normal Microscope

Cell culture laminar flow hood
Cell culture incubator

PCR machine
Spectrophotometer

pH meter

Yeast incubator

Versadoc

Centrifuge

Microcentrifuge

Vortex

Sonicator

Protein measurement

Vacuum / drier for gels

2.1.6 MATERIALS COMPANY

Biodyne® Nylon Membrane Pall (Dreieich, Germany)

Bio-Traces® Nitrocelulose Pall (Dreieich, Germany)

Blotting Paper 3MM Whatman International (Maidstpne

England)

Cell culture plates Nunc (Roskilde, Denmark), Falco

Glass slides and cover slides Roth (Karlsruhe, @ayn

Glassware Schitt (Gottingen, Germany)

Filters Minisart NML (0.2 and 0.4pm) Sartorius (Go6ttingen, Germany)
Filters

Schleicher & Schill (Hannover,

Germany)
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NAP-5™ columns (Sephadex® G-25) Pharmacia BiotSeteden)
Plastic ware Nunc (Wiesbaden, Germany)

Pro-Bond Ni-chelating Resins Invitrogen (Karlsru@&rmany)
Round cover slides Roth (Karlsruhe, Germany)

X-ray developer Kodak (Frankfurt/Main, Germany)

X-ray Film Kodak (Frankfurt/Main, Germany)

2.1.7 Kits used

Yeast transformation kit BD Biosciences
Yeast plasmid isolation kit BD Biosciences
Qiagen mini prep kit Qiagen
Nucleobond AX 500 Maxi kit Macherey-Nagel
DNA Cycle sequencing kit Abi, Weitersadt
TnT® Coupled Reticulocyte Lysate System Promega

QIAEX Il Gel Extraction Kit Qiagen
Nucleofector™ electroporation kit Amaxa Biosystems

FuGENE 6 transfection kit Roche
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2.1.8 Bacterial Strains used

BL21 (DE3

F ompT gal dcm lon hs@g®s mg) MDE3 [lacl lacUV5-T7

gene 1 ind1 sam7 nin5]

BL21 (DE3) pLysS

FompT gal dem lon hsd®s mg?) AM(DE3) pLysS(cr)

DH10B (Invitrogen)

F endAl recAl galEl5 galK1l6 nupG rpslAlacX74
®80lacZAM15 araD139A(ara,leu)7697 mcrAA(mrr-hsdRMS-
mcrBC) L\

JM109

endAl ginV44 thi-1 relAl gyrA96 recAl mcrR(lac-proAB)
el4- [F traD36 proABlacl® lacZAM15] hsdR17 (& mk")

TOP10 (Invitrogen)

F- mcrAA(mrr-hsdRMS-mcerBCp80lacZAM15 AlacX74 nupG
recAl araD139 A(ara-leu)7697 galE15 galkK16 rpsL(3tr
endA1A

XL1-Blue
(Stratagene)

endAl gyrA96(ndl) thi-1 recAl relAl lac ginV44 F[::TnlD
proAB” lacl® A(lacZ)M15] hsdR17¢ mk*)

2.1.9 Cell lines used

Cell line Organism Origin tissue Morphology ATCC-Nr
HEK-293 Homo sapiens Embryonic kidney epithelial LEE73
C3H-10T1/2 | Mus musculus Embryonic fibroblast CCL-226"
mesenchymal
C2C12 Mus musculus muscle myoblast CCL-1772
COos-1 Cercopithecus | kidney fibroblast CRL-1650"
aethiops

Table 3. Cell lines used
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2.1.10 Vectors used

Vector Size Selection markers Source
pGBKT7 7.3 kb E.coli — Kanamycin | Clontech
Yeast — W (Trp)
pGADT7 8.0 kb E-coli — Ampicillin | Clontech
Yeast — L (Leu)
pEGFP-C2 4.7 kb Kanamycin Clontech
pDsRed2-N1 4.1 kb Kanamycin Clontech
pCS2 4.1 kb Ampicillin Kind gift from Prof,
T. Braun
pCDNA3.1 5.4 kb Ampicillin Kind gift from
Prof. T. Braun
HA-N1 4.1 kb Kanamycin Kind gift from Prof.
M.S. Gautel
pCR®2.1-TOPO® |3.9kb Kanamycin/ampicillin Invitrogen
pRSETA 2.9 kb Ampicillin Invitrogen
pT7T3-Pac 2.9 kb Ampicillin Pharmacia

Table 4. Vectors used during this project
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2.1.11 Sequencing primers

Primers Sequences

T7 TAA TAC GAC TCACTA TAG GG
T3 ATT AAC CCT CAC TAA AGG GA
Sp6 ATT AGG TGA CAC TAT AG

M13 forward GTA AAACGACGG CCAG

M13 reverse

CAG GAA ACA GCT ATG AC

5- GFP

CAA GTC CGG CCG GAC TCAGATC

5'- pDsRed 2.1

CCA AAATGT CGT AAC AACTC

5°AD LD-Insert screeningCTA TTC GAT GAT GAA GAT ACC CCA

amplimer

CCA AAC CC

3'AD LD-Insert screening

amplimer

)GTG AAC TTGCGG GGT TTT TCA GTA TCT|
ACG AT

pGBKT7 (T7)

TAA TAC GAC TCA CTA TAG GGC GA

3'DNA-BD sequencing

) AAA AGC AAAATT TTG GAT TTC TCA G

primer
GST GAC CAT CCT CCA AAATCG GAT CTG
Vitol GAG TAG TAG GCT AGT TTC TGG
Vitol —SID CTC CAG ATG TGT CCT CTT CAC

Table 5. Primers used for s

equencing plasmids duthirs study
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2.1.12 Antibodies used

Primary antibody

C-myc

Hemagglutinin (HA)

o — actinin

o — sarcomeric actinin

o — tubulin

o — sarcomeric actin

telethonin (T-cap)

Myozeninl

eGFP

Secondary antibody

Alexa fluor 488

Alexa fluor 594

Cy3

Horse radish peroxidase (HRP)

HRP

anti-mouse (Santacruz)

anti-mouse (Abcam)

anti-rabbit (Sigma)
anti-rabbit (Sigma)

anti-mouse (Sigma)
Sigma

BD Bioscience

Eurogentec

anti-mouse (Invitrogen), anti-rabbit (Alnga

anti-mouse, rabbit (Invitrage

anti-mouse, rabbit (Invitrogen

anti-mouse (Rockland)
anti-mouse (Pierce)

Anti-rabbit (Pierce)
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2.2 Materials for Y2H Screen

2.2.1 Testing for GAL1-HIS3 Auto-Activation

Yeast media containing additives such as 3-amiaadie (3-AT) should be produced by
adding the appropriate amount of a concentrateter-fterilized solution after

autoclaving and cooling the medium to at least 60°C
2.2.2 Testing for Colonyp-Galactosidase Activity

Z Buffer: NaH2PO4-H20 13.79 g/L, KCI 0.75 g/L, Mg&OJH20 0.246 g/L, Titrate
with 10 N NaOH to pH 7.0. Z buff¢//ME: This should be made fresh by adding 270 pL
of B-mercaptoethanoB¢ME)/100 mL of Z buffer. X-GAL: 20 mg/mL, dissolvk0 g of
X-GAL in 50 mL of N, N-dimethyl-formamide and stoe¢ —20°C. Z buffer3-ME/X-
GAL: This should be made fresh by adding 270 plB-MIE and 1.67 mL of X-GAL
solution to 100 mL of Z buffer

2.2.3Preparation of Yeast Lysates for Western Blotting

Extraction buffer: 50 Ml HEPES, pH 7.4, 200 kh NaCl. 10 nM EDTA
(ethylenediaminetetraacetic acid) , ZnNavO4, 10 i NaF, 5 pg/mL aprotinin, 5
pag/mL  leupeptin, 2 pg/mL E-64 (trans-Epoxysuccibyteucyl-amido  (4-
guanidino)butaneN-(trans-Epoxysuccinyl-L-leucyl-amido) 4-guanidinéydamide; L-
trans-3-Carbonxyoxiran-2-carbonyl-L-leu-cylagmajin2.5 pg/mL pepstatin A, 1 kh
phenylmethylsulfonyl fluoride (PMSF). Acid washedags beads, 425-600 microns
(Sigma, cat. no. G-8772). Sodium dodecyl sulfa@SBloading buffer: 3% (w/v) SDS,
62.5 nM Tris, pH 6.8, 720 Ml B-mercaptoethanol, 10% (v/v) glycerol, 0.125% (w/v)

bromophenol blue.
2.2.4 AD: cDNA Library Amplification

LB (Luria Bertani) Medium + ampicillin (600 mL),yptone 6 g, yeast extract 3 g, NaCl
6 g, distilled water 600 mL. Titrate to pH 7.0 will® N NaOH. For plates: add 10 g
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Difco Bacto Agar to 600 mL volume in each flaskgorio sterilization. When cooled to
60°C add 300 pL of a 100 mg/mL stock of ampicillmix, and pour plates. Sterile
saline: 150 vl NaCl, dissolve 8.7 g/L and autoclave. TE (Tris EDBuffer: 10 mv
Tris, pH 8.0, 1 ™M EDTA. Make 100 mL by adding 1 mL of 1M Tris Cl, pH 8.0, and
0.2 mL of 0.5M EDTA, pH 8.0 to 98.5 mL of double-distilled H20.

2.2.5 Library Transformation Efficiency Test

All solutions for transformation can be referred(o Daniel Gietz — Yeast Protogar

Yeast protocols handbook BD Biosciences
2.2.6 Isolation of AD: cDNA Plasmid

Yeast Lysis buffer, 20 M Tris, pH 8.0, 10 vl EDTA, 100 nM NaCl, 1% (w/v) SDS,
2% (v/v) Triton X-100. Make 100 mL by adding 2 mL1o0M Tris, pH 8.0, 2 mL of 0.5
M EDTA, pH 8.0, 2 mL of 5.0 NaCl, 5 mL of 20% (w/v) SDS, and 2 mL of Triton X-
100.

2.2.7 Transforming chemically Competen€&.coli and Selection of LEU+

Colonies

M9 salts (10X): Na2HPO4 60 g, KH2PO4 30 g, NaCl 5I54ClI 10 g, per L of distilled
water and autoclave. M9 Leucine prototrophy mediiti-L): 60 mL 10X M9 salts, 540
mL distilled water, 10 g Difco Bacto-agar. Autoatathis solution and allow to cool to
60°C, then add the following amounts (each soluisosterile) 0.6 mL 1.04 MgSO4, 0.6
mL 0.1M CaCl2 0.5 mL thiamine (4 mg/mL), glucose (20% [)/@.15 mL FeCI3 (0.01
M), 0.6 mL vitamin B1 (2 mg/mL). Depending on thengéc markers found in thE.
coli strain, add the appropriate amino ackescoli strain KC8 (genotypéisdR leuB600Q
trpC983Q pyr::Tn5(kanr), hisB463 lacDX74 strA, galU, galK) add the following; 6 mL
histidine (2 mg/mL), 6 mL uracil (2 mg/mL), 6 mLyptophan (2 mg/mL).
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2.3 Methods

2.3.1 Two-Hybrid Screen Preparation

2.3.1.1 Construction of the DNA Binding-Domain BaitGene Fusion Plasmid

The first step is to construct the DNA binding-demaait gene fusion plasmid. Our
favorite gene encoding the protein of interest éidered the bait), VITO-1 is cloned into
a suitable Y2H vector (here pGBKT7) in-frame witie thosen DNA binding domain.

~ DNA binding o _ Yeast seletion
Plasmid . Restriction sites DNA sequence and frarr
domain marker

Ndel Sfil/Ncol EcoRl Smal BamHlI Sla.l_l_
Pstl

RP1

pGBKT7 GAL4BD
CAT ATG GCC ATG GAG GCC ccCi

GGG ATCCGT CGAC

Ndel Sfil/Ncol Smal BamHI Sail Pstl TRP1
PAS2 GAL4ABD |CAT ATG GCC ATG GAG GCC CCi oVHD

GGG ATC CGT CGA CCT GCA GCC

EcoRIl Smal BamHI Sall Pstl TRP1
pPGBT9 |GALABD |GGA TTC CCG GGG ATC CGT CG

CCTGCAG

EcoRI Smal BamHI Sall Pstl TRP1

pBTM116 LexABD GGA TTC CCG GGG ATC CGT CG
CCTGCAG

Table 6. Two-Hybrid System DNA Binding Domain Pldsvectors

There are many different DNA binding-domain vectavailable and are listed in (James

2001). An important consideration is to match tiéADbinding-domain plasmid used to
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the appropriate yeast strain. A few of the DNA limgddomain vectors used more

frequently are listed in Table 6.
2.3.1.2 Choosing the Right Y2H Reporter Strain

Yeast strains for th&AL4 system include reporter constructs that utilize #iS3
ADE2 LEU2, URA3 CYH2 lacZ, and MEL1 genes. TheHIS3 reporter allows direct
selection of Y2H positives; however, some straioatain “leaky” derivatives, which
require the addition of the chemical 3-amino trlaz(8-AT) to the medium to quench
background expression of th#iS3 gene product (Durfee, Becherer et al. 1993). The
HIS3 reporter gene also selects for the optimal ratibsusion proteins to produce
reporter gene expression for growth on selectivdinme (Aspenstrom and Olson 1995).
In some strains, th&DE2 reporter can be used to select for co-activatigimg rise to a
more stringent screen. ThecZ and theMELL1 reporters can be used to verify positives
through co-expression as well as generate quamtitateasurements of gene expression.
Another important quality of a Y2H yeast strainitsstransformation characteristics. The
ability to generate large numbers of transformasiag current transformation protocols

is essential for Y2H screening.

2.3.1.3 Y2H Reporter Strains

Yeast Promoter Constructs Used To Regulate Reporter G ene Expression
Plasmid or Reporter Origin of UAS Origin of Expression level °
host strain # gene UAS regulated by TATA sequence |Induced (uninduced)
HE7C lacZ UASG 17 -merta) GAL4 CYC1 low
HIS3 GAL1 GAL4 GAL1 high (tight)
Y190 lacZ GAL1 GAL4 GAL1 high
HIS3 GAL1 GAL4 HIS3 (TC+TR) high (leaky)
Y187 laczZ¢ GAL1 GAL4 GAL1 high
SFY526 lacZ GAL1 GAL4 GAL1 high
PI69-2A HIS3 GAL1 GAL4 GAL1 high (tfght)
ADE2 GAL2 GAL4 GAL2 high (tight)
HIS3 GAL1 GAL4 GAL1 high (tight)
AH109 ADE2 GAL2 GAL4 GAL2 high (tight)
lacz MEL1 GAL4 MEL1 low

Table 7. Yeast two hybrid reporter strains usedegulate the expression of reporter

gene
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2.3.1.4 Testing for GAL1-HIS3 Auto-Activation

The activation of reporter genes by the BD:baispial in the absence of an activation
domain plasmid is defined as auto-activation. Ti@ms the BD:bait plasmid into the
appropriate reporter yeast strain using the rapahsformation protocol (Gietz and
Woods 2006) then proceed to test both reporter ggémreauto-activation. To test for
auto-activation of th&5AL1-HIS3reporter, yeast cells containing the BD:bait plasm
should be plated, not streaked, onto SC-H (syrtleetmplete medium minus histidine)
medium containing increasing concentrations of 3{AT5, 10, 25, 50 M). As well,
these yeast cells should be plated onto SC-W (sfinttcomplete medium minus
tryptophan) medium to select for the BD:bait plagsnais a control of growth. The
addition of 3-AT into the medium is used to suppré®e “leaky” nature of this reporter
in most strains. The concentration of 3-AT needmeliminate background growth is

plasmid and strain-dependent.

Grow the yeast transformant containing the veriiatbait plasmid overnight in SC-W
medium to select for maintenance of this plasmitferAatively, a 10-uL blob of cells
can be scraped from a freshly grown SC-W plate r@sdspended in 1 mL of sterile
water. Titer the liquid culture using a spectrogmoéter (ORgo 0.1= ~ 1 x 1B cells/mL)
or a hemocytometer Plate at least 500 cells/plate a pair of SC-W plates as well as
pairs of SC-H plates containing 0, 1, 5, 10, 2% 86 nM 3-AT and incubate at 30°C for
up to 5 d. Examine the SC-H + 3-AT plates for gtowlost BD:bait plasmids will not
produce colonies on the medium once the apprope@teentration of 3-AT is reached.
The SC-W control plates should contain approxinys®0 colonies. If growth cannot be
inhibited completely even at a 5Qvirconcentration, its better considering either tmel
a different gene fragment into the BD:bait plasnadcloning our gene of interest into

another BD vector.
2.3.1.5 Testing for Colonyp-Galactosidase Activity

In addition to testing foGAL1-HIS3auto-activation, it is prudent to also test GAL1-

lacZ auto-activation in those strains that contain theporter gene. This can be
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accomplished by using the pair of SC-W plates Wee plated for th6&AL1-HIS3auto-

activation test above

1. Carefully place a sterile 75-mm circle of Whatrm@l filter paper on top of the
colonies or patches growing on selective mediunsuEmnthat the filter paper makes good
contact with the colonies. Mark the orientationtloé filter paper relative to the plate

using an 18-gauge needle to punch through the iiltan asymmetric pattern.

2. Remove the filter from the plate with steriledeps after it has become fully absorbed

to the colonies and immerse into liquid nitrogen6-15 s.

3. Carefully remove the filter from the liquid maggen and thaw by placing on a piece of

plastic wrap colony-side up. Repeat the freeze-ttyale twice more.

4. Place another 75-mm sterile Whatman no. 1 fifiew an empty petri plate (100 x 15
mm) and dispense 1.25 mL of Z buffeME/X-GAL onto the filter.

5. Place the filter, colony-side up, onto a filpaper soaked with Z buff@ME/XGAL
taking care that the filters line up to distribthe solution evenly.

6. Place the lid on each plate and transfer t@stiolbag and incubate at 37°C.

Strong activation of théacZ gene will give a blue color within 1-2 h. If coldoes not
develop, continue to incubate the filters overnighbte the time needed for color
production. A faint blue color after overnight if@tion is considered minimdhcZ

activation.

2.3.1.6 Preparation of Yeast Lysates for Western Btting

Prior to screening, the steady-state expressiothefBD:bait fusion protein should be
assayed by Western blotting. This may be accomgidishthe appropriate reagents are
available, such as a specific antibody for the pobdbf our gene of interest. Some
vectors, such as pGBKT7 and pGADT7, contain the rayd HA tag that can be

recognized by the commercially available monocloaatibody (MAb). The Gakb
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antibody (Santa Cruz Biotechnology Inc. or Inviead can also be used. In addition to
indicating the expression levels of the fusion @irmt Western blotting can verify the in-
frame cloning strategy, because the size of theriusrotein detected should compare to
the predicted value. Yeast lysates are prepareéléatrophoresis following a modified
method of (Rocchi, Tartare-Deckert et al. 1996pcliiate the yeast strain containing the
BD:bait plasmid into 50 mL of SC-W medium. Incubate80°C with shaking until a titer
of 1.0 x 10 cells/mL is reached. This may take 16—24 h. Alérely a 10-mL overnight
culture can be used to inoculate 50 mL to 2.5 %cHlls/mL and incubate until a titer of
1-2 x 10 cells/mL is reached. This will take 4 to 6 h onder in SC-W medium. Collect
the yeast cells by centrifugation at 59d06r 5 min and wash the cells with 1/2 volume of
sterile water. Determine the volume of the celllgieby adding a specific volume of
water and then measuring the total volume of thlest@ry. Transfer the slurry to a 1.5-
mL microfuge tube. Re-suspend the cells in 2 voluwface-cold Extraction buffer. Add
1 volume of glass beads and place each samplei@nt¥igorously vortex each sample
for 30 s and return to ice to cool. Repeat six sifte each sample. Centrifuge samples at
14,00@ at 4°C for 1 min to pellet unbroken cells and delbris. Transfer the supernatant
to another 1.5-mL microcentrifuge tube and coolhesample in ice slurry for 1 min.
Centrifuge each sample again at 14@@® 4°C for 1 min to further clarify extract.
Carefully remove supernatant, mix 1:1 with SDS Iogdbuffer, and heat in a boiling
water bath for 2 min. These extracts can be usellVigstern blot analysis and stored at
—70°C until needed.

2.3.1.7 Library Transformation Efficiency Test

Library transformation efficiency test is accompisl by transforming increasing
amounts of library plasmid DNA into the two-hybrdast strain containing the BD:bait
plasmid at a 1 x transformation scale. This expenihwill allow you to use the library
plasmid DNA efficiently, as well as target a speciiumber of transformants for Y2H
screening. If the DNA concentration used for thensformation is too high, multiple
AD:cDNA library plasmids will be transformed into single yeast cell, making

subsequent analysis of two-hybrid positives moficdit.
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1. Using the *“high-efficiency transformation probvdic (Gietz and Woods 2006),
transform increasing amounts of the AD:cDNA librgglasmid DNA into your Y2H
yeast strain containing the BD:bait plasmid atXMXetransformation scale (e.g., 0.1 pg, 1
Mg, 2 ug , 5 pg, and 10 pg of AD:cDNA library plagnDNA). Plasmid DNA
preparations containing RNA can be estimated farceatration from agarose gels.
Incubate the plates for 3—4 d at 30°C.

2. Count the colonies on each set of plates torméte the Transformation Yield (total
number of transformants) as well as the TransfaondEfficiency (transformants/ug) for

each transformation.
2.3.1.8 The Library Screen

Once the transformation yield test has been comblet large-scale library screen can be
performed as outlined in (Gietz and Woods 2006pidally a 30x or 60x transformation
scale-up is used. It is recommended to use at ¥xst00 large (150 x 15 mm) Petri
plates containing SC-W-L-H + 3-AT medium. Freshlgde plates should be allowed to
dry for a few days at room temperature to eliminaxeessive condensation. Media
should also be stored in the dark to prevent aatémtuin plating efficiency owing to
exposure to fluorescent lighting. Using the appadpr amount of AD:cDNA library
plasmid DNA, transform the Y2H yeast strain contagnthe BD:bait plasmid using the
methods outlined in (Gietz and Woods 2006) andeptatto medium that selects for
reporter gene activation. Plating a 30X or 60X $fammation onto 100 large plates can
take up to 30 min. Spread the plates out on a eouop, 10 at a time, and dispense 400
puL of transformed cells onto each plate. Using exilst glass spreading wand, the
inoculum was carefully spread onto the surfacehef éntire plate. Incubate plates in

loosely taped Petri plate bags to reduce dryinghdugrowth for 4—21 d at 30°C.
2.3.1.9 Picking Y2H Positives

Transformation plates were checked for coloniegrat d of incubation at 30°C.

Continue to check the plates and pick positivesyeday for the first week and then

every 2 d for up to 3 wk. When colonies becomeblgsithey were patched to fresh
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selection plates (SC-W-L-H + 3-AT) in a grid patterThese patched plates were
incubated at 30°C until sufficient growth occurgl@hies that do not produce growth on
the patched plate after 5—7 d can be eliminatedcerWiicking positives, colonies that are
actively growing were selected. To be certain, oles¢he colony growth over a number
of days. Depending on the strain and BD:bait pldsmmmall colonies can usually be

found in areas of the plate containing heavy inmcul These types of colonies were
avoided because they are usually not true positResitives were kept on medium that
selects for reporter gene activation and all pldsnait all times (e.g., SC-W-L-H + 3-AT

plates). This ensures that the BD:bait and AD:cDN#ary plasmids encoding the

interacting fusion protein are maintained. In casbere a yeast transformant contains
multiple AD:cDNA library plasmids, this will ensurthe maintenance of the correct
plasmid. Yeast colonies were streaked to fresheplateekly and/or cryo-preserved

(positives) as soon as possible.

2.3.1.10 LacZ Reporter Gene Activity

A good indication of a true Y2H positive is co-aetiion of all reporter genes. ThecZ
reporter can be used for this purpose. Once pesitare patched and replicatéa;Z
gene activation can be assayed. It is importanm&intain positives on medium that
selects forGAL1-HIS3reporter activation. This will optimize the expses of fusion

proteins to give good levels of reporter gene &gtiv

2.3.1.11 Cryo-Preserving thédis+ lacZ + Positives

Patched colonies that activate theZ reporter should be cryo-preserved. Streak-ise
lacZ+ positives onto fresh SC-W-L-H + 3-AT plates andubate at 30°C for 24 to 48 h.
Scrape a blob of fresh inoculum using an inocuwplimop or a sterile toothpick and
resuspend in 1 mL of sterile 25% glycerol in a mb-microcentrifuge tube or cryo-tube.
Store at -70°C.
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2.3.1.12 Characterizing Two-Hybrid Positives

Primary Y2H positives that activate both tHE3 and thelacZ reporter genes can now
be subjected to further analysis. Owing to theiuo\wnature of this system, unforeseen

obstacles may be encountered that may one to retarprevious step.
2.3.1.13 Isolation of AD:cDNA Plasmid

To isolate the AD:cDNA library plasmid, nucleic dsiare extracted from the yeast cells
of each Y2H positive. A quick and effective methambscribed in (Hoffman and Winston
1987) uses glass beads and phenol:.chloroform taaxtucleic acids. Alternatively, a
method (Cryer, Eccleshall et al. 1975) that us@isdge to produce spheroplasts can also
be used. These nucleic acid preparations will ohelbothTRP1andLEUZ2 plasmids and
should be transformed into & coli host containing deuB mutation to specifically

select for the yeastEU2 gene harbored on the AD:cDNA library plasmid.

This protocol, modified from (Hoffman and WinstoA8F), can be used to isolate DNA
from yeast cells grown in either liquid culture barvested from a plate. Inoculate
individual Y2H positives from SC-W-L-H + 3-AT plaeanto 2 mL of SC-H or SC-W-L
medium and incubate at 30°C overnight. Alternativetrape a 50-pL blob of cells from
an SC-W-L-H + 3AT plate and resuspend in 500 plLstdrile water in a 1.5-mL
microcentrifuge tube. Collect the yeast cells frtiva liquid culture by centrifugation at
13,00@ for 30 s. Remove the supernatant and add 200 |ykast lysis buffer and gently
resuspend the cell pellet using a micropipet tipwoid the generation of bubbles. Add an
approx 200 pL volume of glass beads and 200 plufiebsaturated phenol:chloroform
(1:1 [v/v]). Vortex each sample vigorously for 3@usd then place on ice. Repeat twice,
leaving samples 30 s on ice between treatmentdriftigee tubes at 13,0@0for 1 min.
Remove the aqueous phase (~ 200 pL) to a freshandb@recipitate the nucleic acids by
adding 20 pL of 3.0M sodium acetate, pH 6.0, and 500 pL of 95% ethdnolubate at
—20°C for 30 min and collect the precipitate by taémgation at 13,009 for 5 min at
4°C. Wash the pellet with 100 pL of 70% ethanob(mtemp) and dry the pellet for 5

min at room temperature. Dissolve the pellet inu2%f TE buffer and store a20°C.
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2.3.1.14 Transformation of Chemically Competent E.coli — selection of LEU+

colonies

Transformation efficiency is significantly affectdsy temperature. Falcon tubes and
pipette tips should be prechilled at 4°C. Prep&entcal competent cells and thaw them
in ice.Add 10pI of yeast plasmid solution to a piked 10-ml Falcon tube. Add 100ul
of competent cells to the tube and mix well by getatpping the tube. Incubate on ice for
30 min. Transfer the tube to a 42°C water bath iandbate for 45-50 sec. Chill on ice
for 2 min. Add 1 ml of LB or (preferably) SOC mediwvith no antibiotic. Incubate at
37°C for 1 hr with vigorous shaking (250 rpm). Beltells by centrifuging at 2,500 rpm
for 5 min in a table top centrifuge. Discard sup¢ant and resuspend pellet in 100ul of
the selection medium and spread on the approglates. Incubate plates at 37°c for 24
hr (LB/amp selection only), or for 36-48 hr (fortritional selection on M9 medium).
Typically, 10-100 colonies will be seen on the pl&dr a successful transformation using
isolated yeast plasmid. A parallel transformatiging the control puC19n DNA should

be used to calculate the transformation efficiency.

2.3.1.15 Isolating Plasmid DNA from the E. coli trasformants

This can be done using a standard plasmid mini-prepedure to isolate plasmid DNA

from the E. coli transformants. (Sambrook et £&89)

2.3.3.16 Analysis of Isolated AD:cDNA Plasmids

The LEU2 AD:cDNA library plasmids isolated from tHeuB E. colistrain can now be
characterized by restriction enzyme (BRluHadll) digestion and agarose gel
electrophoresis. Restriction enzymes that digesthen3 and 3 ends of the cDNA are
vector- and library-specific; check the AD:cDNA d#sy plasmid information. This
analysis will group the plasmids by insert size eggtriction pattern. Restriction enzyme
analysis should be carried out on 4-5 library pldssolates from each Y2H positive. If
more than one type of library plasmid is isolateahf a single Y2H positive, further

analysis should be carried out with each uniqudateo Independent positives with
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similar-sized inserts should not be considered idafds until sequence information can

be produced.
2.3.1.17 Reconstruction of Two-Hybrid System Posites

Plasmid DNA isolated from thHeuB E. colistrain is transformed back into the Y2H yeast
strain containing the BD:bait plasmid. Thus, a espntative from each plasmid group is
tested for activation of both tHé¢lS3 andlacZ reporter genes when in combination with
the original BD:bait plasmid. This is accomplishassing the high-efficiency
transformation protocol mentioned above. Transfaroells are plated onto SC-W-L as
well as SC-W-L-H + 3-AT media. Growth on SC-W-L ¢ioms the presence of both the
BD:bait and AD:cDNA library plasmids. Colony form@at on SC-W-L-H + 3-AT
demonstrates activation of thRBS3reporter gene. These His+ colonies can also Iedes

for activation oflacZ reporter using thg-galactosidase assay.
2.3.1.18 Failure of Y2H Positives to Reconstruct

The failure to obtain colonies on SC-W-L-H + 3-ATedium while generating colonies
on SC-W-L medium suggests that the AD:cDNA librapjasmid used in the
transformation was not responsible for activatidrth® reporter genes in the original
Y2H positive. There are two specific situationstthee known to give rise to this. The
first is the presence of multiple AD:cDNA libraryagmids in the original Y2H positive,
caused by transformation with high library plasNA concentrations. The second is

alteration of the BD:bait plasmid in the yeastistra
2.3.1.19 Multiple Library AD:cDNA Plasmids

The presence of multiple AD:cDNA library plasmiasa single yeast Y2H positive is a
relatively common occurrence if high plasmid DNAncentrations were used in the
library transformation reaction. This situation vble immediately apparent if multiple
restriction digestion patterns are identified amading 4-5 AD:cDNA library plasmids

originally isolated. Each plasmid type should b&ted for reconstruction. If each of the

4-5 AD:cDNA library plasmids have identical restion patterns and do not reconstruct
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reporter gene activation, it is likely that your Ffpositive contains multiple AD:cDNA
library plasmids. An additional 10-2B. coli colony should be isolated from the yeast
DNA preparation and analyzed to identify otherssplals that may be responsible for
reporter gene activation. Failure to identify otAdD:cDNA library plasmids in a Y2H
positive suggests that it may be nontypical. Dependn the numbers of positives from

the screen, these nontypical positives can bescefor later analysis.
2.3.1.20 Sequencing Positives

Representative members of each group of AD:cDNAatp plasmids that reconstruct
should be sequenced to identify those positives ¢batain ORFs in-frame with the
GAL4 »p Double-stranded plasmid DNA can be sequenced wsingus commercial kits

or companies. The primers used to sequenceGa#iyt+based Y2H vector can be found
in Table 8.

Primers Vectors
5'-TCA TCG GAA GAG AGT AG -3' pGBKT7, pGBT9, pAS1, pAS2
5'-TAC CAC TAC AAT GGA TG -3' pGADT7, pGAD10, pGAD424, pACT, pACT2

Table 8. Sequencing Primers

DNA sequence information can be analyzed using yauorite DNA analysis software
package. Complete or partial THS vector sequeteg ¢ian be found either at GenBank
http://www.ncbi.nlm.nih.gowor the Vector databasét(p://seq.yeastgenome.org/vectojdb/
The sequences from AD:cDNA library plasmids shooddanalyzed using the BLAST
2.2.9 algorithm fttp://www.ncbi.nlm.nih.gov/BLASTY to identify previously cloned
genes in the GenBank database. In addition, thaaatid sequence of the predicted in-
frame ORF can be used to search for similarities motein database. Positives found to
encode short fusion proteins of under 20 aminosacah usually be eliminated from

further analysis; however, this decision shouldnbade with reference to additional
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criterion. For example, the Y2H was used to suduafigsidentify short peptides that

interact with a protein of interest (Yang, Wu etk895).

2.3.1.21 ONPG Test

Ortho-Nitrophenyl- -galactoside(ONPG) is a colorimetric and spectrometric sulstan
for detection of beta-galactosidase activity. Tliempound is normally colorless.
However if B-galactosidase is present, it hydrolyses the ONR(&c¢ule into galactose
and ortho-nitrophenol. The latter compound haslwecoloration that can be used to
check for enzyme activity by means of a colorintetaissay. Beta-galactosidase is
required for lactose utilization, so the intensifythe color produced can be used as a

measure of the rate that Beta-galactosidase camwllyyd lactose

Co-transform the two supposedly interacting plasmithich need to be assayed into an
appropriate yeast strain like AH109. Prepare ogtrincultures in the appropriate liquid
SD selection medium. Vortex and transfer 2 ml af tb 8 ml of YPD medium and grow
the cells at 30°C with shaking (250 rpm) untilytheach an OB, of 0.5-0.8. Transfer
1.5 ml culture onto three 1.5 ml tubes and cergafat 14,000 rpm for 30 sec. Resuspend
the cell pellet in 1.5 ml of Z-buffer, centrifuggain and finally disperse the cells in 300
pl of Z-buffer. Note the concentration factor. Tsger 100 pl of cell suspension into a
fresh tube and subject it to several freeze thaslesyusing liquid nitrogen for complete
cell lysis. Set up a blank tube with 1Q0 of Z buffer. Add 0.7 ml of Z buffer -
mercaptoethanol to the reaction and blank tubemddiately add 16@lI of ONPG in Z
buffer to the reaction and blank tubes and inculaat80°C until the development of
yellow color. Stop the reaction by adding 400 plLd¥l NaCOs. Record time elapsed in
minutes. Centrifuge reaction tubes for 10 min g0@@ rpm and measure the Qpof
the supernatant against the blank using the spdwitometer. The ODs should be
between 0.02-1.0 to be within the linear rangdefdssay.

Calculate the RR-galactosidase units using the flarprgalactosidase units = 1,000 x
0OD420 /(t x V x OD600)where: t = elapsed time (in min) of incubation, V180 pl x
concentration factor and OD600 = A600 of 1 ml dfure
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2.3.2 Rabbit Reticulocyte Lysate

Rabbit reticulocyte lysate is a highly efficientuitro eukaryotic protein synthesis system
used for translation of exogenous RNAs (either mahtar generated in vitro). In vivo,
reticulocytes are highly specialized cells primariesponsible for the synthesis of
hemoglobin, which represents more than 90% of timtepn made in the reticulocyte.
These immature red cells have already lost thastemubut contain adequate mRNA, as

well as complete translation machinery, for extemgjlobin synthesis.

Coupledin vitro transcription / translation
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Figure 4. The principle of Coupled Invitro transgption/translation

This method is used for transcription and trangtaif genes cloned into appropriate
vectors downstream from the SP6 (circular plasmMAR or T3 and T7 (linear DNA)
RNA polymerase promoter.
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TNT® Lysate Reactions

ST S.tand;\rd reacFion.
Using [ “>S]methionine
TNT® Rabbit Reticulocyte Lysate 25pl
TNT® Reaction Buffer 2l
TNT® RNA Polymerase (SP6, T3 or T7; 1ml of appropriate polymerase[s]) 1ul
Amino Acid Mixture, Minus Methionine, 1mM 1pl
[**S]methionine (>1,000Ci/ mmol at 10mCi/ml) 2ul
RNasin® Ribonuclease Inhibitor (40u/pl) 1ul
DNA template(s) (0.5ug/ul) 2ul
Nuclease-Free Water to a final Volume of 50ul

Table 9. The components to be used for In vitrogcaption/ translation reaction

Rapidly thaw the components mentioned in the tabl25°C and assemble the reaction
components together on ice. Mix them gently andilvate the reaction mixture at 30°C
for 90 minutes. Once the translation reaction mglete, denature the proteins by adding
SDS sample buffer and heating at 100°C for 2 meut®ad a small aliquot of the
denatured proteins onto a SDS-PAGE. After eletiwogsis, place the gel in a plastic
box and cover it with fixing solution (50% methantD% glacial acetic acid and 40%
water) and agitate slowly in a shaker for 30 misutéow soak the gel in 7% acetic acid,
7% methanol, 1% glycerol for 5 minutes to prevéet gel from cracking and place them
on a sheet of Whatmafi8MM filter paper, cover with plastic wrap and dry&9°C for
30-90 minutes under a vacuum using a conventiogladiger. Expose the gel on Kodak
X-ray film for 6-15 hours at room temperature wéiltoradiography.

2.3.2.1 Co-Immunoprecipitation (Co-IP from in vitro transcripted / translated

proteins)

Co-IP is the technique of precipitating a protemtigen out of a solution using an
antibody that specifically binds to that particufaotein. This process can be used to
isolate and concentrate a particular protein frosample containing many thousands of

different proteins and can be used to study pretentein interaction. The SP6, T7 —
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based coupled transcription and translation systath, rabbit reticulocyte lysate (TNT,
Promega) and Easy Taj$] methionine-L was used to produce radiolabledgims and
peptides. Briefly, equal amounts 81S labeled proteins (bait and prey) were mixed
together in 200ul of interaction buffer (20 mM TijgH 8.3), 150 mM NaCL, 1%
Nonidet P-40. 0.1% Tween 20, and 1 mg/ml bovinersealbumin or cocktail protease
inhibitors).Each reaction was carried out in tgpte for 30 minutes on ice. Subsequently
each reaction mixture was nonspecifically immunojmiéated with rabbit IgG or mouse
IgG for 1 h. Following pulling down of nonspecifltmune complexes with protein A/G
sepharose beads, supernatants were subjecteditomzoroprecipitation with specific
primary antibodies (anti-myc or anti-HA, anti E2-2nmnune complexes were pulled
down with protein A/G beads. Beads were washedvihxinteraction buffer, suspended
in SDS sample buffer, heated at 75°C for 10 min, laaded on SDS-PAGE for analysis.
Following electrophoresis, the gels were fixededrand subjected to autoradiography

either at -80°C overnight or 6-10 h room tempesmatur
2.3.3 Phenol: Chloroform Purification of DNA

20-30ugs of plasmid DNA to be purified was diluiedl00 pl water. To this, 60 pl of
Phenol: chloroform mixture was added and vortex&htrifuge for 1 min at max speed
and transfer the upper phase to a new eppi. Add! %0 chloroform to the upper phase
and vortex. Centrifuge for 1 min at max speed aadsfer the upper phase to a fresh
eppi. Measure the upper phase volume. Add 2.5 wel(@oh upper phase) of ice cold
ethanol (-20°C) and 0.1 volume of 3 M sodium aeed 5.2 and incubate for 20 min -1
h at -80°C. Remove and centrifuge for 5 min at seed. Discard the upper phase. Add
50 pl of ethanol to the pellet, centrifuge, rem®upernatant and air dry. Resuspend
purified DNA pellet in 20-30 pl water and measure toncentration using nano drop or

spectrophotometer.
2.3.4 Sequencing of plasmids

Sequencing was carried out using an automated DdgfAencer based on the principle of
chain terminating inhibitors (Sanger, Nicklen etl77) using ABI PRISM TM system.
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Reaction mix:

Ready reaction premix (DNA polymerase, dNTPs, #soent marked ddNTPs) — 4 pl
5 x Big dye sequencing (Terminator) buffer -2 ul

Primer - 10 pmol

Template — (200ng -1 g) depends on the templaté use

The reaction mixture were amplified in the thermdey

95°C (Denaturation) 30 sec

25 X

37 — 60°C (annealing - varies with the primers Jised | 30 sec

60°C (extension) 4 min

Table 10. The thermocycling reaction performed gisire PCR
Annealing temperature is calculated using the fdarfiim = 4(G + C) + 2(A + TY".
Preparation of reaction mix for sequencing:

To the reaction mixture add 5 pl of 125 mM EDTAlldwed by 75 ul of 100% ethanol
in an eppi. Mix them by inverting the tube sevdnales. Incubate at room temperature
for 15 min in dark. Centrifuge at 13000 rpm at rommperature for 15 min and carefully
remove the supernatant. Add 200 pl of 70% Ethandl iacubate for 5 min at room
temperature. Centrifuge, discard supernatant andrgithe pellet. The pellet is finally
dissolved in 12 ul TSR sequencing buffer and deedtdor 2 min by the automatic

sequencer.
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2.3.5 Western Blot

Western Blot is an analytical method that involtkee immobilization of proteins on
membranes before detection using monoclonal orcpwigl antibodies. Concentration of
protein samples were measured using the standadfdd assay. The proteins were
dissolved in SDS sample buffer and denatured af 96f 3 min or 75°C for 10 min. The
samples were loaded on a SDS - polyacrylamide NelPAGE 4%-12% bis-tris,
Invitrogen) and subjected to electrophoresis fornii. Depending on the experiment
proteins can also be visualized without blotting diing a Coomassie staining. The
proteins were then wet transferred to a nitrocelalmembrane by blotting them for 2 hr
at 30 V. The membrane is then washed with wateraargd alert staining is performed to
visualize the protein bands which confirm the profransfer of the proteins onto the
nitrocellulose membrane. The membrane is then vdagbe 30 min in TBS buffer
followed by blocking the membrane with 3% milk pavgrepared in TBST for 1 hr at
room temperature with gentle agitation. The membran then incubated with the
respected primary antibodies specific to the pnstédiluted in 3% milk powder-TBST)
either 1 hr at room temperature or overnight at.AA@&sh the membrane 5x 5 min in
TBST and add the secondary antibody diluted 1:500010000 (HRP conjugated anti
mouse IgG or anti rabbit 1gG) and incubate the nmamd for 45 min at room
temperature. The membrane is then washed 5 x SmilBST and the proteins were

detected using chemiluminescent detection systeme(SSignaf® West Femto, Pierce).
2.3.6 Cloning strategies

All plasmids were cloned either by subcloning iatwother factor in frame or by PCR
amplification. After PCR amplification with Tag Bwoherase (Eppendorf) or Expand
High Fidelity Polymerase (Roche) and specific prsngee 3.1.7.1)fragments were
cloned into the pGEM-T-vector (Promega), pCR TOPQ 2r pCR TOPO Il
(Invitrogen). After digestion with restriction enalaclease enzymes, positive clones were
analyzed using agarose gel electrophoresis toyw#rd proper length of the insert and
vector and finally were sequenced using primersnfrboth sides. All sequencing
reactions were prepared with ABI 310 Genetic Analygzequencer (Perkin Elmer). After
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verification of the clones, fragments were cut with restriction enzymes and subcloned
into the target vectors. All sequence and alignsevere prepared using data bases at

www.ncbi.nih.gov BLAST

2.3.7 Cell culture

Frozen C2C12 or HEK 293 or 10T1/2 cells were rapitlawed in 37°C bath and
distributed into 10 ml of DMEM (Dulbecco’s Modifieagle’s Medium) with 1%
glucose, 1% penicillin/streptomycin and 10% FCSgFealf serum) in a 100 mm tissue
culture dish (Nunc). Incubate cells at 37°C in 10@,. The medium is changed after all
cells have adhered. Cells were routinely split 4:%:10 when they get dense, usually
every 2 days. C2C12 cells should not be allowe@ach confluence as they will begin to
differentiate, even in normal growth media. Celte asually grown to about "70% -

80%" confluence. Cells were fed every alternatesday

To differentiate C2C12 cells, they were allowedgtow to about "90%" confluence.
Switch dense cells into DM (differentiation mediuam)d feed every day. Ideally, the
cells should be plated on collagen coated dishdsrdedifferentiating (for better
adherence of the myotubes). In a healthy culturee must see some spontaneous
twitching of the myotubes. To get maximum diffeiaibn of C2C12 cells, they can be
treated with AraC (10 mM) when switched into DM g¢bminate dividing cells. This
keeps the myoblasts from crowding out the myotuled,allows a myotube culture to be

maintained for about 2 weeks.

2.3.7.1 Culture of primary chicken myocytes

Chicken eggs were bought from the farmer and kefhe incubator at 37°C with timely

rotations for the proper orientation of the embryeartilized chicken embryos that were
11 — 13 days old were cleaned with 70% ethanol@aded on a small beaker with its
round side facing upwards. The shell was carefulbken and the embryo was taken out
with a forceps and decapitated. The thin outer skiar the breast muscle was carefully
removed. Small pieces of tissue of the breast musek picked with sharp forceps and

suspended in DMEM with 10% FCS. This procedure meaeated with all the embryos
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and finally the muscle tissues were pooled togetkiance them into as small pieces as
possible with the help of micro scissors. Trandfier tissue along with the medium to a
50 ml falcon tube and homogenize by pipetting ugh @mwn. Centrifuge at 1000 rpm for
5 min. Discard the supernatant carefully and a@%%. trypsin without EDTA (Gibco)
and incubate at 37°C for 15 min. Repeat this proced the cells are not completely
dissociated. Pass the cells through a 100 micrdonnfyiter (BD Bioscience) and add
primary culture medium (DMEM + 10% horse serum + @8icken embryo extract) and
plate the cells densely. The medium is changedolleving day and the cells are set for

transfection using the CaQhethod.
2.3.7.2 Primary chicken Cardiomyocytes

Embryonic chick cardiomyocytes were isolated usingethod (Budinger, Chandel et al.
1996) modified from (Barry, Pober et al. 1980). 8§, hearts wereemoved from 11-
day-old chick embryos and washed in Hatledanced salt solution lacking magnesium
and calcium (Life Technologieshhe ventricular tissue was minced and then dissetia
using 4-6cycles of trypsin (0.025%, Gibco) digestion witmtleshaking at 37°C. After

8 min, the trypsin digestion was stopg®d transferring the cells to a trypsin inhibitor
solution. Thecells were then filtered (100-pm mesh), centrifug@dS minat 1,200 rpm
at room temperature, and resuspended in growthumediith 6% heat-inactivatefetal
bovine serum, penicillin (100 U/ml), and streptomy00mg/ml). Cells were preplated
for 45 min on a petri dish in a humidifiedcubator (5% C@95% air at 37°C) to
promote early adherenad fibroblasts. The nonadherent cells were counidith a
hemacytometegnd their viability was assessed using trypan [ué2). Approximately

1 x 10 cells in nutritve medium were plated onto glassverslips (2%nm) in

35 x 10 mm dishes. Cells were maintained in a hifiitlincubator for 2-3 days, at
which time synchronous contractiookthe monolayer of cells were noted though not

always.
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2.3.7.3 Cell stocks

Cells were trypsinized and then spun down. Celleewesuspended in DMEM (500 pl
per 100 mm dish) containing 20% FCS. Now DMSO wdded slowly and finally
accomplished by adding to the resuspended celésjaal volume of DMEM containing
20% fetal calf serum and 20% DMSO. Cells were mlaoea well-insulated box that has
been pre-chilled in the freezer and put the bothan-70°C freezer overnight. Transfer

the cells to liquid nitrogen the following day f@ng term storage.
2.3.8 Transfection

Transfection is the process of introducing nuckgals into cells by non-viral methods.
Cells were grown to 40-50% confluence and the nmadias changed 2 — 4 hr before
transfection. Cells were transfected either usinGENE 6 transfection reagent (Roche)
or CaC} method. In the Cagmethod method, CagWwas pipetted to the eppi containing
DNA. Now 2 x HEPES buffer was added dropwise witnudtaneous mixing. The

mixture was incubated for 15-20 min at RT for ppéeaite formation. This precipitate was
added to the cells slowly with constant mixing é»en distribution. Cells were incubated
at 37°C for 6-8 hr. Then cells were washed wittuserfree medium and exposed to
glycerol shock buffer (3 parts glycerol 15%, 7 pasater, 10 parts 2 x HEPES) for 1-3
min. Wash the cells with serum free medium andllfinadd the respected growth

medium and incubate at 37°C for 24-48 hr. Cellslater lysed for protein extraction or

fixed to make immnunocytochemistry.

In the FUGENE system, the FUGENE reagent was tiradded to the medium, mixed
and incubated for 5 min at room temperature. PlddDNA was added to this mixture
and incubated for 15 min at room temperature. Remgolture dish from the incubator
and add the transfection reagent: DNA complex ¢ocills in a drop-wise manner. Swirl
the dish to ensure even distribution. Cells wereulvated for 24-48 hr for protein

expression.
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2.3.9 Immunocytochemistry

Immunocytochemistry is a common lab practice whisks antibodies that target specific
peptides or protein antigens in the cell via spe@pitopes. Cells were washed with PBS
and fixed with 4% PFA (Para formaldehyde) for 1% @t room temperature. Wash them
with PBS. Fixed cells were permeabilized with 0.018ton X-100 for 15 min and
washed again with PBS. Add blocking buffer (1% B8A’BS) and incubate the cells for
30 min at room temperature. Add antigen specifimary antibody diluted in 1% BSA-
PBS and incubate the cells for 1 hr at room tentperaWash the cells 3-5 timed with
PBS. Now add the biotinylated secondary antiboahyi (@bbit IgG or anti mouse 1gG)
and incubate for 45 min. Add Dapi to a final ditutiof 1:2000 and incubate the cells for
10 min. Wash the cells 3-5 times with PBS. Findtly cells were washed with water (to
remove the salts) and air dried. The cover slipeweounted on glass slides with moviol

for microscopic imaging of the expressed proteins.
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3. Results

3.1 Expression of the transcriptional co-activato rviTOl1

in different cell types

Previous studies showed that VITOL1 is a skeletadateuspecific gene expressed in the
somatic myotome from E8.75 of mouse embryonic dguaknt and its transient domain
expression during embryogenesis was found in thadhial arches, Pharyngeal pouches
and clefts, cranial pharynx and Rathkes pouch @dielk, Gunther et al. 2002). VITO-1
was identified as the first known co-activator &&Hs (Gunther, Mielcarek et al. 2004),
which modulates transcription enhancer factorsivagtin a tissue specific manner. To
analyze and compare the subcellular localizatiomlifferent cell types, VITO-1 was
over-expressed in HEK 293, C2C12 and CH10T1/2liced|

3.1.1 Over-expression of VITO-1 in HEK 293 cell igpredominantly

cytoplasmic

Human Embryonic Kidney 293 cells, also often refdrto as 293 cells, are a specific cell
line originally derived from human embryonic kidneglls grown in cell culture. HEK
293 cells are very easy to grow and transfect veagily and have been widely-used in
cell biology research for many years. They are atssd by the biotechnology industry to
produce therapeutic proteins and viruses for geaepy.

To investigate the expression of VITO-1 in HEK 28| line, VITO-1 was ectopically
expressed by transfection using FuGene 6 reagdferént concentration of the plasmid
DNA ranging from 0.5 to 2 pg was tested to optimfiaehigher transfection efficiency.
Using 1 pg of VITO-1 dsRed along with 3 pl of Fugeragent in serum free DMEM,
HEK 293 cells were transfected and incubated forhf2n serum free medium. The

medium was later changed to growth medium i.e. DMEith 10% FCS and antibiotics
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and the cells were further incubated until 24 Hre Tells were fixed with 4% PFA at two
different time points, 24 hr and 48 hr. The nucle@s stained using Dapi. After 24 hrs
of transfection, VITO-1 dsRed showed a cytoplasdigtribution (Fig. 5A). Even after

48 hrs, VITO-1 still remained in the cytoplasm slrogmo nuclear localization (Fig. 5C).

Although VITO-1 is a co-activator of TEFs, this ggtasmic distribution may be

attributed to the absence of endogenous VITO-IT&fFs.

VITO1 - DsRed merge

24 h

48 h

Figure 5. Subcellular localization of Vitol (redh HEK 293 cell line

VITO-1 DsRed was transfected in HEK 293 cells qu$tngene 6 reagent to see the
expression pattern. (A) Cells expressing VITO-Iwatba cytoplasmic distribution after

24 hrs of transfection. (C) After 48 hrs of tramdfen, VITO-1 still remained in the

cytoplasm. Nuclei were stained with dapi.
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3.1.2 VITO-1 shows a predominant nuclear localizatin in C3H-10T %2

cell line

The clonal mouse embryo cell line, C3H/10T1/2, eldh (10T1/2) provides a unique
opportunity to examine the molecular genetic retjuha of both the developmental
determination of vertebrate stem cell lineages #melr subsequent differentiation.
10T1/2 is an apparently multipotential cell linatltcan be converted by 5-azacytidine
(Constantinides, Jones et al. 1977) into three dersaal stem cell lineages. Since these
cells have the ability to differentiate into muschdls on external stimulation, we decided
to test the expression of VITO-1 in these undiffeisged cells.

VITO-1 DsRed was transfected using Fugene 6 andi@alphosphate to test different
concentrations of plasmid DNA to optimize the tfagton efficiency. Since FuGene 6
yielded a better efficiency with 1.3 pg of DNA invéell plates, VITO-1 DsRed was
transfected by this method and incubated for 18imiSerum free DMEM without any
antibiotics. Afterwards the medium was replacechidMEM containing 10 % FCS and
antibiotics (penicillin/streptomycin). Cells werxdd with 4% PFA and permeabilized
using 0.05% Triton. To score for any cytoskeletahroges, microtubules were stained
using mousen — tubulin (1:500) as the primary antibody and dité by Alexa 488
(1:1000) as the secondary antibody (Fig. 6B, 6RE fuclei were stained with dapi (Fig.

6C, 6G) and the cells were mounted on glass slatawicroscopic analysis.

VITO1-DsRed a- tubulin Dapi merge
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VITO-1 (24 hrs) VITO-1 (48 hrs)
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Figure 6. Distribution of VITO-1-DsRed overexpressén C3H-10T1/2 fibroblast cell
line. Expression of VITO-1 dsRed at different time oafter transfection. (A) After 24
hrs VITO-1 is distributed uniformly all over thellse (E) But after 48 hrs, VITO-1
localizes primarily to the nucleus (histograms megent quantitation using Image J
software) although some punctated cytoplasmic ibigion could be seen. (B, F)
Microtubules were stained fertubulin as a control for normal cytoskeletal orggzation

in cells expressing VITO-1. (C, G) Nuclei were alged using Dapi staining.

After 24 hrs of transfection VITO-1 was localizelll aver the cells showing diffused
expression in the cytoplasm (Fig. 6A). After 48,Ar§TO-1 translocated into the nucleus
and showed more than 70% nuclear intensity (Fig). 60he corrected total cell
fluorescence (CTCF) was quantitated using Imagdtd/are.

CTCF = Integrated Density — (Area of selected celX Mean fluorescence of
background readings)

This translocation into nucleus could possibly he do the presence of endogenous
TEFs or other regulatory molecules, which faciétaticlear translocation of VITO-1.

3.1.3 VITO-1 Localizes prominently in the nucleus bundifferentiated
C2C12 cells

C2C12 cell line is a subclone of the mouse myoldaltline established by D. Yaffe and
O. Saxel. The C2C12 cell line differentiates rapidorming contractile myotubes and
producing characteristic muscle proteins. Care lshba taken not to allow the cells to

become confluent as this will deplete the myobtagtiopulation in the culture.
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Diffentiation and myotube formation of C2C12 cdlsstimulated when the medium is
supplemented with 2% horse serum instead of FCS.

Northern blot analysis using RNA from C2C12 celldirevealed the presence of m-
VITO-1 RNA in proliferating C2C12 cell indicatingxpression of the gene in dividing

myoblasts that have not yet undergone terminagudifftiation (Mielcarek, Gunther et al.
2002). The expression level in C2C12 myoblasts ag&r compared to differentiated

C2C12 myotubes.

To investigate the localization of VITO-1 in C2C1&lls were cultured on 6 well

fibronectin coated plates and transfected withp&f VITO-1 pEGFPc2 using FuGene
6 reagent. After transfection, cells were incubatath serum free medium without

antibiotics for 8 hrs after which the medium waglaeed with DMEM containing 10%

FCS and penicillin/streptomycin). Cells were fixedh methanol-acetone for 10 min and

the nucleus was stained with Dapi.

VITO-1 GFP merge

12h

24 h

48 h

61



Results

Figure 7. Expression of VITO-1 (green) in undiffergiated C2C12 muscle cell line

VITO1-GFP was transfected into C2C12 cells usinggdfie 6 and the distribution
pattern was monitored at different time points. Mfer 12 hrs, VITO1 show a puntacted
distribution all over the cytoplasm in most of tbells. (C) After 24 hrs, VITOL is
distributed both in the cytoplasm as well as thelews. (E) After 48 hrs, VITOL is
associated prominently in the nucleus which suptsg role as a transcriptional co-

activator.

After 12 hrs of transfection, VITO-1-GFP was foysr@dominantly in the cytoplasm in a
punctuated pattern in most of the cells althougmes@ells still show a weak nuclear
localization (Fig. 7A). In 24 hrs, one can obseiive distribution of VITO-1 both in the
nucleus as well as in the cytoplasm (Fig. 7C). A#& hrs, VITO-1 completely
translocates into the nucleus (Fig. 7E). VITO-1vehoan endogenous expression in
undifferentiated C2C12 myoblasts and the localratf VITO-1 in the nucleus could
support its possible role as a co-activator whemight interact with TEFs or other
transcriptional factors that are involved in thiertmal differentiation of muscle cells and

control gene regulation.
3.1.4 Expression of VITO-1 in differentiated C2C12nyotubes

Proliferating C2C12 cells can be triggered to défgiate into myotubes by culturing
them in low growth factor medium when they are aogrit. To monitor the expression of
VITO-1 in differentiated myotubes, a GFP taggeddnsplasmid (VITO-1-pEGFP-c2)

was used. C2C12 (mouse myoblast cell line) celieweown on 6 well plates in DMEM

containing 10% FCS and Penicillin/Streptamycin [P&tibiotics. When the cells

reached 60% confluence, they were transfected 2vjilys of the plasmid VITO-1-GFP
using FUGENE 6 reagent and incubated for 48 hrsenMhe cells reached ~ 100%
confluence, the medium was replaced with DMEM cimiimtg 2% Horse serum. Cells
were allowed to differentiate for 4 — 5 days uttig¢ formation of multinucleated mature
myotubes. Later the cells were fixed with 4% PFAl dhe nuclei were stained with
DAPI. The cover slips containing the fixed cellsrevevisualized using a fluorescence

microscope.
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Dapi

Figure 8. Over expression of VITO-1 in matured myotubes of CI2 cells The top four
panels show the expression of VITO-1-GFP in C2C4alk @after differentiation into

myotubes. Nuclei were stained using Dapi (bottormefs.

VITO-1-GFP was predominantly expressed in diffaseti myotubes (Fig. 8 top panels)
indicating that cells expressing VITO-1 showed aecreased property to form myotubes
compared to their neighboring untransfected cellsiciv did not form the mature

myotubes. These findings show that VITO-1 mightyga important role in association

with transcription factors to facilitate terminaffdrentiation of muscle cells.

3.1.5 Expression of mutant VITO-1 constructs in C2C2 cells shows the

requirement of SID domain to translocate to the nuleus.

VITO-1 mediates interaction with TEFs and other tpires through its scalloped
interaction domain (SID) [(Gunther, Mielcarek et @0D04)]. We hypothesized that,
VITO-1 lacking the SID domain may not interact wilfEFs or probably may not
associate with other proteins, thus losing its fiomal properties. To provide further
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evidence of the importance of SID domain, a mutamstruct lacking the SID domain
was fused to IRES-GFP (VITO-A SID-GFP). This construct was transfected into
C2C12 cells plated in 6 well chambers with 1 pglaismid DNA using the FuGene 6

reagent and were fixed using 4% PFA. After 48 Hriransfection, full length VITO-1

was mainly expressed in the nucleus (Fig. 9A). \AT@cking the SID domain did not

translocate into the nucleus even after 48 hrs digplayed a prominent cytoplasmic

localization (Fig. 9B). The corrected total celldtrescence (CTCF) was quantitated using

Image J software.
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Figure 9. Sub cellular localization of VITO-1 mutann C2C12 cells.
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(A) Full length VITO-1-GFP localized mainly in thecleus after 48 hrs of transfection.
(B) VITO-1 mutant lacking the SID domain (VIT@-1SID-GFP) is distributed
throughout the cells with prominent punctated pattéHistograms represent total cell

fluorescence quantitated using Image J software)

The results demonstrate the SID domain of VITO-linstrumental for an efficient
translocation into nuclei where it may act as adcaiptional co-activator to regulate
expression of target genes.

3.2 Over-expression of TEF3 together with VITO-1, esults in a

complete recruitment of VITO-1 into the nucleus invarious cell types

The expression of VITO-1 was analyzed in varioustgpes like C2C12, HEK293 and
10T1/2 in the presence of TEF3. VITO-1 — GFP wasransfected with TEF3-pCDNAS
in an equimolar ratio using the FuGene 6 reagefter 48 hrs of transfection, cells were
fixed with 4% PFA and nucleus was stained by DART.O-1 when transfected alone in
these cell lines did not completely localize in theleus. After 24 hrs of co-transfection,
VITO-1 still remained in the cytoplasm in most tketcells and did not show much
difference with cells transfected with VITO-1 alomBait interestingly after 48 hrs, VITO-
1 was completed translocated into the nucleuslingdl types including HEK 293 cells
(Fig. 10). It should be noted that VITO-1 transéettalone never showed a nuclear
expression (Fig. 5). This is probably due to thesoamtion of VITOl with the
transcription factor TEF3 during translocation intbe nucleus. The endogenous
expression of TEF transcription factor seems nfiicgent to drag over-expressed VITO-

1 into the nucleus.
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VITO1 GFP + TEF3 Dapi merge

10T1/2

C2C12

HEK 293

Figure 10. Full length VITO-1 translocates compldieinto the nucleus in the presence
of TEF3 in different cell types10T1/2, C2C12 and HEK 293 cells were trasnfeutid
VITO-1-GFP and TEF3. In the presence of TEF3, VIT@mpletely translocated to the

nucleus in all three cell types. Nuclei were stdimath Dapi.

The next important question was whether VITO-1 lagkhe SID domain translocates
into the nucleus in the presence of TEF3. To itigate this, VITO-1A SID-GFP was
co-transfected in C2C12 cells with TEF3 in an equianconcentration with a total DNA
concentration of 1.5 pg using FuGene 6 into cedted in 6 well chambers.
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VITO-1A SID-GFP / TEF3 merge

Figure 11. Subcellular localization of VITO-ASID-GFP in the presence of TEE3
VITO-USID-GFP is distributed all through the cell and nogstricted to nuclear

compartment alone.

Cells were fixed and stained as stated previousty \Asualized in the microscope. It
should be noted that after 48 hrs of transfectwefis expressing VITO-A SID-GFP did
not completely translocate into the nucleus evetinénpresence of TEF3 (Fig. 11). This
shows the requirement of the SID domain to activilE€3 and its downstream target
genes. These findings underline the importance hef $ID domain in mediating
interaction of VITO-1 with other proteins such &sFB.

3.3 Screening for novel interacting partners of VIT  O-1

using the Yeast Two Hybrid (Y2H) system

The yeast two-hybrid system is a versatile metlwodentify new interaction partners of
individual proteins. To identify additional bindiqgrtners of VITO-1 which are involved
in skeletal muscle regulation and other importaiological processes, the yeast two
hybrid method was chosen. The yeast two-hybridesyss an invaluable todbr the
successful identification of novel protein—prot@iteractionspoth in standard laboratory

screens and in high-throughput automdteohats.
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GAL1-bs1 TAGAAGCCGCCGAGCGG
GAL1-bs2 GACAGCCCTCCGAAGGA

GAL1UAS GAL1-bs3 GACTCTCCTCCGTGCGT MEL1 UAS GGGCCATATGTCTTCCG
GAL1-bs4 CGCACTGCTCCGAACAA

GAL2-bs1 CGGAAAGCTTCCTTCCG
GAL2-bs2 CGGCGGTCTTTCGTCCG
GAL2 UAS GAL2-bs3 CGGAGATATCTGCGCCG UAS G17.mer CGGAAGACTCTCCTCCG
GAL2-bs4 CGGGGCGGATCACTCCG
GAL2-bsS CGGATCACTCCGAACCG

Figure 12 Sequence of the GAL4 DNA-BD recognition sites iretlGAL1, GAL2, and
MEL1 UASs and the UASG 17-mer consensus sequendri¢@r and Ptashne 1988)

The screening is based on the GAL4 UASs systemhiohneither an intadBAL1, GAL2
or MEL1 UAS or an artificially constructed UAS consistiafthree copies of the 17-mer
consensus binding sequence, is used to conferategugjene expression on the reporter
genes.

The yeast strainSaccharomyces cerevisid¢1109 (MATa, trp1-901, leu2-3, 112, ura3-
52, his3-200, gald, gal8Q\, LYS2::GAL1yas-GALLtaTa-HIS3, GALZ2)as-GAL2ATA-
ADE2, URAS3::MEL1,as-MEL17ata-lacZ, MEL1) and Y187 (MA®, ura3-52, his3-200,
ade2-101, trp1-901, leu2-3, 112, galdnet-, gal8@, URA3::GAL1 as-GALLrata-laczZ,
MEL1) were employed as hosts in the two-hybrid ps#d1109 contains 2 nutritional
reporter genes for adenine and histidine. Both AHa8d Y187 harbor the LacZ reporter
gene. The HIS3 reporter of the AH109 and HaeZ reporter of Y187 are all tightly
regulated by the intact GAL1 Promoter (including tBAL1 UAS andGAL1 minimal
promoter). The ADE2 reporter of AH109 is tightlygréated by the intacGAL2
promoter, whose induction properties are similarthose of theGAL1 promoter. In
AH109, LacZ is under the control of the MEL1 UASJaminimal promoter.

VITO-1 (1 — 291 amino acids) was cloned into theBgG7 vector containing the cMyc
epitope tag (Bait) and the plasmid was expressetianyeast strain AH109. A human
skeletal muscle library was used as the Prey a®©VITexpression is confined to skeletal
muscle tissue. The library was already cloned ih® protein-encoding sequence of

pGADT7 containing a HA epitope tag and pre-transked into the Y187 strain.
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. cDNA inserts

AD
pGADT?
In AH109 strain In Y187 strain
— ) _

l Mix the two yeast strains
incubate ovemnight

Higher Stringency Selection Lower Stringency Selection
Plate on SDI-Ade!-Hist-Leu!-Trp to Plate on SD/Hisl-Leul-Trp
select for colonies strongly expressing to select for colonies expressing

both the ADEZ2 and HIS3 reporters

the HIS3 reporter only

Replica plate colonies to
SD!-Adel-His!-Leul-Trp

(X-alpha-Gal) {(X-alpha-Gal)
(or)

R-Gal colony lift filter assay

- Matchmakel" Library Construction & Screening kits user man(rabdified)

Figure 13. Overview of the Y2H screen for identifying potertigITO-1 interacting
target genesVitol was cloned into the DNA binding vector pGBKand transformed
into AH109 strain. The human skeletal muscle cDiRraty was already cloned into the
AD vector pGADT7 and pretransformed into the Y18@irs These pretransformed
plasmids were subjected to overnight mating andewsated the following day onto
plates containing nutritional selection markers @hiallows the growth of colonies
(clones) expressing the reporter genes. These €lweee confirmed positive after doing

an Xu-Gal assay or a [3-Gal colony lift filter assay.
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3.3.1 Detecting expression of VITO-1 in yeast cells

After generating the bait plasmid (VITO-1-pGBKT&xpression levels in yeasts were
tested by western blot. For this, VITO-1 pGBKT7 viasformed into the AH109 strain

and plated on agar plates lacking -Trp. Liquid unds were prepared by inoculating a
single colony and grown at 30°C with shaking (2pth) until the OD600 reaches 0.4-
0.6. Cells were centrifuged and the pellet waseeitored at -80°C or proceeded with
protein extraction.

Proteins from yeast cannot be extracted simply @ing or sonication. Protein was

extracted by the Urea/SDS method as described iarrals and methods. The extracted
sample was loaded on a SDS PAGE and electro blottéal nitrocellulose membrane.

The protein was detected using c-myc monoclonabady against the c-myc epitope tag
of pGBKT?7 vector.

- <« PGBKT7-53

- <« VITO-1

W
o
]
.

Figure 14. Expression of VITO-1-pGBKT7 transformednto AH109. Proteins
trsnaformed into yeast were extracted and a westdoth was performed to test its

expression level. pGBKT7-53 was used as a positingol

VITO-1 could be detected as a 33 kD protein (Fiy\dAich confirmed its expression.
pGBKT7-53 that expresses a 57 kD protein was used positive control (Fig. 14).
Before proceeding for screening, the bait was defstetoxicity and auto-activation of the
reporter gene.
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3.3.2 Testing bait for Toxicity

It is important to demonstrate that the bait proisinot toxic when expressed in yeast. If
the bait is toxic to the yeast cells, both solid &quid cultures will grow more slowly.

To test if VITO-1 is toxic to yeast cells, 0.1 pigempty pGBKT7 and VITO-1 pGBKT7
were transformed into the AH109 strain and 100 g wlated on SD/ -Trp agar plates
with 1:10 and 1:100 dilutions. Plates were growBGHC for 3-5 days.

If VITO-1 (Fig. 15B) is toxic, then one should nz#ithe colonies significantly smaller
compared to the control empty pGBKT7 vector (FigA), which was not the case.

Figure 15. VITO-1 is not toxic when expressed inage VITO-1(B) and empty pGBKT7
vector (A) was transformed in yeast and platedikattidns of 1:100. The colony size of

VITO-1 is similar to the control which indicates iton-toxicity to grow in yeast cells.

3.3.3 Testing VITO-1 for Auto-activation

To maximize sensitivity of thellS3 reporter gene, the AH109 strain already expregses
basal level ofHIS3. Additionally, bait proteins often contain a eént level of

transcriptional activity. This is enough to inigadome transcription at the most sensitive
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reporter in the systenjIS3. Moreover VITO-1 being a transcriptional co-aatiw, it is
very important to check for auto-activation of te@orter gene and to delete this property

before initiation of the screen.

To test for auto-activation of VITO-1, 0.1 pg ofapmid DNA was transformed into
AH109 and mated with empty AD vector pGADT7 in Y18{fain without the prey and
were plated on SD/-Leu-Trp and SD/-Leu-Trp-His ggates and incubated for 3 days at
30°C. Slight growth of the yeast colony was noticedSD/-Leu-Trp-His agar plates

which showed auto-activation by VITO-1 as confirnfgd3-galactosidase assay.

HIS3 encodes an enzyme involved in histidine biosysithevhich can be specifically
inhibited in a dose-dependent manner by 3-Aming4ijJZiazole (3AT). The
concentration of 3-AT was determined empiricallydamcluded in plates lacking
histidine, such that even slight increases in Hi§3rter gene expression are detected.
This will enhance the probability of detecting wepkotein-protein interactions. To
suppress the auto-activation of VITO-1, coloniesfrSD/-Leu-Trp were replica plated
onto SC-Leu-Trp-His plates containing 3AT at corications of 0 mM, 10 mM, 25 mM,
50 mM, 75 mM, and 100 mM (Fig. 16) and the plategenincubated for 3-5 days at
30°C.

Bait usable 3 AT con
for bait
VITO-1 pGBKT7 10 mM
+ pGADT7
pGBKT7-53+ 10 mM
pGADT7 (Ctrl)
3 AT concentration 0mM 10 mM 25 mM 50 mM 75 mM 100 mM

Figure 16. Reporter gene auto-activation test folT\D-1.
10mM concentration of 3AT was sufficient to supprte auto-activity of the reporter
gene by VITO-1. This concentration of 3-AT was usedITO-1 in all further yeast

experiments.

72



Results

The lowest concentration of 3AT that inhibits threwgth of the cells from transformation
(containing bait and pGADT7) is the basal amounBAfl added to all plates lacking
histidine. It was found that 10 mM of 3 AT was sti#nt to inhibit the auto-activation of
the reporter genes by VITO-1 and subsequentlydtmeentration was used for all future

experiments during screening.
3.3.4 Two-Hybrid Library Screening Using Yeast Matng

Screening was performed as described in materiats methods. A concentrated
overnight culture of the bait strain VITO-1 pGBKWas prepared by inoculating a fresh
large colony (2-3 mm) in SD/-Trp and incubate $hgK250—270 rpm) at 30°C until the
OD600 reached 0.8 (16—20 hr). Cells were harveastedresuspended at a density of >
1x1@ cells per ml in SD/~Trp (5 ml). The 1 ml skeletalisnle cDNA library strain pre-
transformed in Y187 was thawed and combined wiehkiit strain together with 45 ml
of 2xYPDA liquid medium (with 50ug/ml kanamycin) under aerobic conditions and
incubated at 30°C for 20—24 hr with slowly shak{#@ rpm).

VITO-1 pGBKT7 in MAT o AH109 was mated with human cDNA skeletal muscle
library-pGADT7 in MAT a Y187. Co-culturing the two strains overnight prods an
array of diploid yeast clones, each co-expresdmghait with a different library prey
protein.

Figure 17. Formation of diploid yeast clones duringnating as seen under the light

microscope.
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The mated culture (10@l) was spread with dilutions of 1/10, 1/100, 1/Dp@nd
1/10,000 dilutions on SD/-Trp, SD/-Leu, SD/-Leuf-TPDO) and SD/-Trp/-Leu/-His
and incubated for 5 days at 30°C. Thamber of screened clones (diploids) was
calculated by counting the colonies from the DD@éxgxd after 5 days.

* Number of Screened Clones = cfu/ml of diploidesuspension volume (ml)

In the case of VITO-1, 23 colonies grew on thedd0 dilution on DDO plates.

Number of clones screened for VITO-1 =23 x 11.50 x 1,000 = 2.65 million

The mating efficiency (percentage of diploids) wakulated as follows

No. of cfu/ml of diploidéNo. of cfu/ml of limiting partner x 100 = % Diplasd

« No. of cfu/ml on SD/-Leu = viability of the Préybrary (1.4 x 10)
(140 colonies grew on the 1/10,000 diluttonSD/—Leu)

« No. of cfu/ml on SD/=Trp = viability of Bait (1.8 15°)
(1800 colonies grew on the 1/10,000 on SD/-Trp)

« No. of cfu/ml on SD/-Leu/Trp = viability of dipid (3.4 x 16)
(34 colonies grew on the 1/1,000 dilution on@plates)

Since the Prey Library was the limiting partnethis screen,

Mating efficiency is (3.4 x 18/ 1.4 x 16) x 100 = 2.42 %

3.3.5 High stringency selection of VITO-1 clones

The VITO-1 clones obtained from SD/-Trp/-Leu/-Hiseahe ones that express the
appropriate reporter genes and markers, indicatiegpresence of interacting hybrid
protein pairs. However these clones might alsoaiorfalse positives which can further
be eliminated by selecting them using high strimgeconditions. This was achieved by
replica plating the clones onto SD/-Trp/-Leu/-Higle (QDO) which provides a tight
control to select positive clones that activatehibdiS3 andADE2
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These VITO-1 clones were further confirmed positiyesubjecting them to either -

Galactosidase assay or a 3-Galactosidase colofijtdif assay.

X-alpha -GAL R-GAL colony lift filter

L

Figure 18.Interaction of Vito1-pGBKT7 with the skeletal muselcDNA library clones
by (A) X-alpha-Gal and (B) 3-galactisodase coloify filter assay.

(A) - Yeast strains producing alpha-galactosidése chromogenic substrate X-alpha-
Gal can be used to assay GAL4-based two-hybridaotens directly on the nutritional
selection plates which gives a quick report abbatgrotein-protein interactions

(B) - R-galactisodase colony lift filter assay néirm the interaction of VITO-1 with its
partner clones as identified by the activation dSHeporter gene. The 3-galactosidase-
producing colonies were identified by aligning thileer and the agar plate using the
orientation marks. 3-galactocidase assay is 10 dim@re sensitive than o<gal assay
and hence can be used to identify even weak irtterac between the bait and its

partners.

In yeast, alpha-D-galactoside galactohydrolasesresyme encoded by tIMEL1 gene is

regulated by sever@AL genes. Secretion of this enzyme in respons&Ab4 activation

leads to hydrolysis of X+Gal in the medium causing yeast colonies (pos)ivi®

develop a blue colour. A big advantage of this reggosystem is that the result can be
75



Results

seen immediately on the selection plates (Fig. 1A RR-gal colony lift filter assay is
much more sensitive than &Gal assay and is used to measure 3-galactosidagiya

to screen large number of cotransformants thatiweithe HIS3 growth selection. This
assay is particularly useful when the cells to $&aged contain one or only a few copies
of the lacZ reporter gene. (Fig. 18B) shows the positive clooke¥ITO-1 after 3-gal

colony lift filter assay.
3.3.6 Novel interaction partners of VITO-1

From a total of 79 clones obtained after screefong/ITO-1, 48 clones were identified
truly positive as identified by X+Gal and 3-gal colony lift filter assay. The clorzes a
mixture of both Gal4 DBD and Gal4 AD plasmids. DMAs extracted from these yeast
clones and was transformed into E.coli and plate@mpicillin plates to select for Gal4
AD (pGADT?7) inserts alone. The DNA of the interacficlones was extracted from
E.coli using the Qiagen mini prep kit. The plasmidse cut using the restriction enzyme
Alul which is a frequent cutter to eliminate repeé or identical clones. Unique putative
clones were sequenced. The sequence of aroundo@8scivhich is a mixture of both
overlapping as well as identical clones showed lanties with known proteins (Table.
11).

Since VITO-1 is a transcription co-activator of T ke expected members of the TEF
family or other transcription factors or represstwossurface in our yeast two hybrid
screen. Surprisingly none of the newly identifieshding partners directly had an
annotated function in the regulation of transcopti We focused our interests on
Telethonin (T-cap) and Myozeninl (MYOZ1) becauseytivere isolated as independent
overlapping clones. All other clones were eithangk clones like PKIA, PKM2,
ARDBK1, DUSP13, MT2A and UNC 119 or identical clensuch as ADAMTSS,
ATP2A2 and FTL.

76



Results

Genes ldentified Expression profile No. of
clones

Telethonin(T-Cap) Muscle, heart larynx peripheral nervous 4
system, prostate, pancreas, tongue, bone, liver,
lung, placenta, skin, eye

Myozenin1 (MYOZ1) muscle,heart, soft tissue, prostate, larynx, 2
tongue, kidney, eye, lung

Protein kinase inhibitor | heart, muscle, brain, PNS, liver, thymus, 1

alpha(PKIA) prostate

Pyruvatekinasemuscle | all tissues 1

(PKM2)

Adrenergic beta receptor| thymus, lymph node, blood, PNS muscle and| 1

kinase 1(ADRBK1) all other tissues except heart and larynx

Dual specificity muscle, heart, bone marrown PNS, pancreas, | 1

Phosphatase 13 prostate, testis, eye, liver, brain

(DUSP 13)

Metallothionein 2A muscle, liver, vascular, prostateand almost | 1

(MT2A) all other tissues

Adam Metallo peptidase | lung, prostate, blood, brain, colon, placenta, | 2

with thrombospodin type | ovary, pancreas, testis

1 motif 8(ADAMSTS8)

ATPase Ca transporting, | muscle, heart, larynx, PNS and everywhere | 2

cardiac muscle slow except in thymus

twitch 2 (ATP2A2)

UNC 11€ homolog eye, cervix, ovary, PNS, thymus, uterus, 1

(C.elegany muscle, heatrt...

Ferritin light polypeptide 7

(FTL) all tissues

Galactosyl transferase | blood, ovary, PNS, muscle, heart and all othey 1

polypeptide tissues

(BAGALTS)

Proteosome subunit beta| skin, cervix in all other tissues except thymus 1

type 4(PSMB4)

Chaperonin containing 1

TCP1 subunit 7(CCT7)

all tissues

Table 11 Clones identified for VITO1 as potential interact partners by Yeast Two

hybrid screening using a human skeletal musclafior

77




Results

3.4 Interaction of VITO-1 with Telethonin and Myoze ninl

3.4.1 VITO-1 interacts with both Telethonin and Myaeninl in the yeast
two hybrid system

To confirm the interaction of VITO-1 with T-cap aMivOZ1, VITO1-pGBKT7 was co-
transformed with the overlapping clones of T-capARG7 and MYOZ1-pGADT7 in
individual experiments and were plated on SD/-Tmpd/-His (TDO) plates and
incubated at 30°C for 4-5 days.

-Trp, Leu,

Q8.
8. b
2.

1 - pGBKT7-Lam + pGADT7-T (-ve control)

2,3 -pGBKT7-53 + pGADT7-T (+ve control)

4,56 - pGBKT7-p71 + pGADT7-E-cadherin clones(+ve control)
7,8 -pGBKT7-VITO1 + pGADT7-MYOZ21 (overlapping clones)
8,9 -pGBKT7-VITO1 + pGADT7-T-cap (overlapping clones)

@C)

v

VITO1 (pGBKT7) +
MYOZ1 (pGADT?7)

VITO1 (pGBKT7) +
T- cap (pGADT7)

3.0.0¢
7 LJ 8 W& 10
- Trp, Leu, His LacZ
B i c >
3 L—» controls
1 T2 3
‘ -
‘- g |, p0071 (PGBKT7) +
b ; E -Cadherin clones (pGADT?7)
.# 4 4 5 ‘6
> . Yo ]
. . » : '
e ﬁ i 3 3 } ;'
it 7 w7 8 w9 10 Strains
L J A -

VITO1 - AH109
T-Cap, MYOZ1 - Y187

Figure 19. Yeast two hybrid (Y2H )- Interaction of VITO-1 witilrelethonin and

Myozenin Yeast clones obtained after screening were clom@dpGADT7 and retested
for interaction by lacZ test. pGBKT7-Lam + pGADTWw&re used as a negative control
(A, B, C # 1) and pGBKT7-53 + pGADT7-T as a posittontrol (A, B, C # 2, 3). The
already known interaction between p0071 and diffectones of E-cadherin were used
as additional positive control (A, B, C # 4, 5, Bjteraction of Vitol with its screening
partners, MYOZ1 (A, B, C # 7, 8) and different p-ctones (A, B, C # 9 and 10) were
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tested. Clones were streaked onto plates lackipgaid -leu as a control to confirm the
growth (A- clones 1-10). The same clones were lsdg@nto — trp, -leu, -his to test for
reporter gene activation (B- clones 1-10). Thederes (B- clones 1-10) were subjected
to a 3-gal colony lift LacZ filter assay to confirtime interaction between the bait and
prey (C- clones 1-10). Vitol was found to intenath both MYOZ1 (C- clones 7,8) and
the different overlapping clones of T-cap (C- cloB8g10).

The colonies were replica plated again on TDO plate streaks and were allowed to
grow until a thick patch of yeast growth was obsérvThese patches of yeast colonies
were analyzed for positive interaction by [3-galoogl lift filter assay. As a negative
control, pGBKT7-Lam was co-transformed with pGADT7while pGBKT7-53 co-
transformed with pGADT7-T served as the positivetocd. Moreover already known
interaction between p0071 and E-cadherin clone® wesluded as additional positive
control (Hatzfeld, Green et al. 2003). As expedi¢tOl interacted with both T-cap as

well as MYOZ1 clones as indicated by activation Zaeporter gene (Fig 19).
3.4.2 VITO-1 binds TEFs with greater affinity than T-Cap and MYOZ1

To determine the binding affinity of VITO-1 with éhsarcomeric proteins T-cap and
MYOZ1 in comparison to the transcription factor TR 3-galactosidase reporter gene
liquid culture assay using Ortho-nitropheiflyD-galactopyranoside (ONPG) as substrate
was carried out. This assay provides a quantitatieasurement of the reporter gene
activity depending on the strength of interactietween two proteins fused to the GAL4
system. For this experiment, VITO-1 pGBKT7 was @isformed with either TEFs or
T-cap or MYOZ1 pGADT7 and the liquid cultures wegown on medium with SD/-
Trp/-Leu/-His + appropriate 3 AT concentration. T¢els were allowed to grow until
mid-log phase and the Q§ was measured. The cell pellet dissolved in Z-luffas
subjected to freeze (-80°C) thaw cycle followed thye addition of ONPG and R3-
mercaptoethanol. If R-galactosidase is presentdlmirless ONPG is split into galactose
and o-nitrophenol, a yellow compound. Samples wecebated at 30°C and the time
required for the development of yellow color to Sample solutions was recorded. The

reaction was stopped by the addition of 1M sodiambanate. The Of3, of the samples
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were measured and the reporter gene activity waasunmed by calculating the [3-
galactosidase units.

gl

o
!
-
Y

Vito1
T-cap pGBKT/7

3
N

:
3

Figure 20. Quantitative measurement of [3-galactosidase aggivising ONPG liquid
culture assay Together with Vitol, MYOZ1 shows > 3 fold aciwat T-cap > 6 fold
and TEF3 > 9 fold activation of the LacZ reportesrg.”

The binding affinity of Vitol with its interactinmartners was characterized using ONPG
assay. MYOZ1/T-cap/TEF3 (in fusion with GAL4AD) afitb1l can efficiently activate
lacZ reporter gene expression. Enzyme activitiee aormalized against control
containing both pGADT7 and pGBKT7.

Enzyme activities were normalized against controhtaining both pGADT7 and
pGBKT7. All experiments were performed in triplieat It was found that VITO-1 was
able to synergistically activate the LacZ reportegether with its binding partners
namely TEf3, T-cap and MYOZ1. However VITO-1 showaedtronger interaction with
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TEFs (> 9 fold) in comparison with T-cap (> 6 fom)d MYOZ1 (> 3 fold) with respect
to the controls (Fig 20).

3.4.3 VITO-1 might require other binding partners o eukaryotic

cellular environment to stabilize its interaction wth Z-disc proteins

After confirming the interaction of VITO1 with boffi-cap and MYOZ1 in Y2H, Co-IP
from in vitro transcripted/translated protein fraabbit reticulocyte lysate system was
used to confirm protein interactioms vitro. Full length myc-VITO1 (1-323 aa) and its
mutants, a) N-terminal myaVITO1 (1-199 aa), b) C-termin@VITO1-myc (1-199 aa)
which contains the SID domain and c) myc- VITAZID (108-323 aa) without the SID
domain were used to investigate their interactioithwr-cap in subsequent co-
Immunopecipitation experiments. Proteins were dusigher with a c-myc tag or with a
hemagglutininHA) tag. Myf-5 and E2-2 known to form stoichiometcomplexes with

each other were used as positive controls.

VITO-1 constructs, Telethonin and Myozenin used for subsequent co-
immunoprecipitation experiments.

start
stop
r’ S5 9 VITO1 cDNA
1 L == 1 223 (1-323 aa)
N C
myc | myc-VITO1
1 323 (1-323 aa)
N C
[mycTAG |  myc-viTo1aSID
108 323 (108-323 aa)
N C
lmycTAG g‘B | myc-AVITO1 (N terminal)
1 199 (1-199 aa)
myc AVITO1-myc (C terminal)
1 199 (1-199 aa)
| Telethonin | HA-Tag | T-Cap-HA | Telethonin-HA
1 167
Myozenin | HA-Tag | MyoZ-HA | Myozenin-HA
1 299
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Proteins were translated in vitbhy using a TNT T7 polymerase-coupled reticulocyte
lysate systerPromega). 2 ul of the protein samples were loane8DS PAGE gels and
were detected for proper and specific translatio@ach protein (Fig. 21 — Lysate). Myf-
5 and E2-2 known to form stoichiometric complexegshweach other were used as
positive controls. 10 pl of the translated VITOMalrelethonin were incubated with 6 pl
of c-myc antibody and were immunoprecipitated udingtein A sepharose beads. For
Co-Immunoprecipitation, 10 pl of the translatedtpnas (to be analyzed for interaction)
were mixed together, precipitated usibgug c-myc antibody (for VITOl - T-cap
interaction) and were detected by autoradiographiyO-1 did not co-immunoprecipitate
with T-cap (Fig. 21). Myf5 and E2-2 complex wasqgyp@ated using 21g E2-2 antibody

as a positive control (Fig.21).

P/
Lysate autoradiography
myc-VITO1 (358) + - - - + B
Telethonin — HA - + - - + -
Myf-5 - - + - - +
E2-2 - - - + 1 - +
I
- | —> E2:2
|
- : . —s VITO1 (*5)
|
- | > WyfS5
1
: —> Telethonin
1

Figure 21. VITO-1 does not co-immunoprecipitate Wil -Cap in the rabbit reticulocyte
model.

Myc-VITO-1 was radiolabelled with®S and mixed with T-cap HA. The known
interacting partners Myf-5 and E2-2 were used asifpe controls. The protein
complexes were immunoprecipitated with c-myc adgiband subjected to SDS PAGE

and autoradiography. Protein lysates before immuaoipitation were loaded as input
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controls. Telethonin did not co-precipitate withT@-1. The positive control complex

partners, Myf5 and E2-2 were co-precipitated.

—> Telethonin

Lysate IP / autoradiography
myc-AVITO1(¥s) + - - - . + ..
myc-VITO1A SID (35S) - + - - - - + -
Telethonin - HA - - + - - + + -
Myf-5 - - - + - - - +
E2-2 - - - - + o, - -+
1
1 — E2-2
1
- : —> myc-A VITO1 (355 )
|
- : -— —> myc-VITO1ASID (5 )
1
- I - > Myf5
|
|
1
1

Figure 22. Co-Immunoprecipitaion of VITO-1 deletioconstructs with T-cap.

VITO1 deletion constructs my/ITO1 and myc-VITOASID were radiolabelled with

%5 and mixed with T-cap HA. The known interactingtpars Myf-5 and E2-2 were used
as positive controls. The protein complexes werenunmoprecipitated with c-myc
antibody and subjected to SDS PAGE and autoradpgra Protein lysates before
immunoprecipitation were loaded as input controlBelethonin did not Co-precipitate
with VITO-1. The positive control complex partnefdyf5 and E2-2 were co-

precipitated

Two VITOL1 deletion constructs, N-terminal myATO1 (1-199 aa), which contains the
SID domain and myc-VITOASID (108-323 aa) without the SID were tested for
interaction with T-cap from proteins that were invitranscripted/translated. Translated
proteins from different plasmids were loaded on SP8GE and detected by

autoradiograpgy to check for proper translatiompst controls (Fig. 22). Myf-5 and E2-
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2 known to form stoichiometric complexes with eaatmer were used as positive
controls. 10 pl of the translated VITO-1 deletiaanstructs and T-cap were incubated
with 6 ul of c-myc antibody and immunoprecipitatexing Protein A sepharose beads to
avoid any unspecific cross reactivity between thetgin and antibody. For Co-
Immunoprecipitation, 10 pul of the translated pnose(to be analyzed for interaction)
were mixed together, precipitated usiBgug c-myc antibody and were detected by
autoradiography. The positive control Myf5/E2-2 qdex was co-immunoprecipitated
with 2 ug E2-2 antibody (Fig. 22).

Telethonin did not co-immunoprecipitated with eithgyc-AVITO1 or myc-VITOIASID
(Fig. 22).

A similar experiment was carried out with the sacoeditions and procedure to find if

VITO-1 interacts with Myozenin-1 (Fig 23). VITO-lIiddnot co-immunoprecipitate with

- —> Myf-5

Myozenin-1.
IP/
Lysate autoradiography
myc-VITO1 (358) + - - - + -
Myozenin — HA - + - - + -
Myf-5 - - + - -
E2-2 - - - + 1 -
[
- - —> E2-2
[
- | e _s VITO1 (*5)
[
R 1 —> Myozenin
1
[
[

Figure 23. VITO-1 does not co-immunoprecipate withlyozeninl in the rabbit
reticulocyte systemMyc-VITO-1 was radiolabelled witfrS and mixed with Myozenin-
HA tagged fusion protein. The known interactingtpars Myf-5 and E2-2 were used as
positive controls. The protein complexes were inopuecipitated with c-myc antibody
and subjected to SDS PAGE and autoradiography. dfrotlysates before

immunoprecipitation were loaded as input controlglyozeninl did not Co-precipitate
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with VITO-1. The positive control complex partnefdyf5 and E2-2 were co-
precipitated.

The rabbit reticulocyte system system failed tovjgte evidence of physical interactions
between VITO-1 / T-Cap and VITO-1 / Myozeninl. Taée®sults did not support or
confirm the physical interaction of VITO-1 with T and MYOZ1 previously observed
in the Yeast 2 Hybrid system.

The failure of this system to detect VITO-1/T-cap&/ITO-1/MYOZ1 interactions in
the coupledn vitro transcription / translation system could be duevadous reasons.
Analysis of protein-protein interactions in the nigaription / translation system is
artificial since additional components that mightifitate or stabilize interactions are
missing. In addition, newly synthesized proteinstle reticulocyte system are not
properly modified, which might also compromise noollar interactions. It seems
possible that VITO-1 requires other proteins tonfoa complex to allow a stable
interaction, which is missing in thig vitro system or requires post-translational
modification. Although yeast two hybrid system litgsown disadvantages, it embodies
an in vivo technique using the yeast host cell as a livettdst reflecting processes in
higher eukaryotic cells better than mostwitro approaches. Thus VITO-1 might require
other binding partners of eukaryotic cellular eomiment to mediate its interaction with
T-cap and MYOZL1. To verify the Y2H interaction of NO-1 with T-cap and MYOZ1,
we hence switched to mammalian cell lines wherepitoteins are expressed in their
native environment. Due to high transfection effic@y and easy handling, HEK 293 and

C2C12 cell lines were chosen for the Co-IP assay.

3.4.4.1 VITO-1 does not bind with T-cap in both HEK293 cells and undifferentiated
C2C12 cells

HEK?293 cells

HEK 293 cells were grown until 50% confluency andrevtransfected using FuGene 6
reagent. VITO-1 full length myc-VITO1 (1-323 aa)damutant constructs, N-terminal
myc-AVITO1 (1-199 aa), C-terminahVITO1-myc (1-199 aa) which contains the SID
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domain and myc- VITOASID (108-323 aa) without the SID domain were cosfacted
with Telethonin-HA (T-cap-HA). Cells were harvestafler 48 hrs of transfection and
Co-IP was performed as described in experimentatqutures. Proteins in total cell
lysate were quantified using the standard Bradésshy and 10% of total protein lysate
used for IP was loaded as input controls. Proteiie immunoprecipitated with pgc-
myc and the bound proteins were detected by webtetranalysis using mouse anti-HA
(2:200 dilution) and mouse anti-c-Myc (1:100 ditut). HRP conjugated goat mouse
(1:5000) was used for chemiluminescent detection.

VITO-1 full length and their mutant constructs didt co-immunoprecipitate with T-cap
in HEK293 cells (Fig. 24).

HEK 293 cells
Lysate IP
myc-VITO1 + - - - - + - - -
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - - + -
myc-VITO1ASID - - - + - - - - +
Telethonin— HA - - - - + I + + +
— | — —> Vito1 - full length
IB: Myc ; _ .
—— - — ] - Vito1 — deletion
| constructs
IB:HA - : —> Telethonin
1

Figure 24. Co-immnunoprecipitation of Vitol constots with T-cap from transfected
HEK 293 cells

HEK 293 cells were cotransfected using Fugene & wither myc-VITO1, mycA
VITO1, AVITO1-myc, myc-VITOASID together with telethonin-HA. Protein lysates
saved before immunoprecipitation and 10% of totatgin lysate used for IP was loaded
as input controls. Telethonin was not co-precipitagith Full length VITO-1(myc-
VITO1) and its deletion constructs (mycVITO1,AVITO1-myc and myc-VITOASID).
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C2C12 cells

Since VITO-1 is a muscle specific protein, C2C1fscehich is a muscle cell line was
chosen to address the interaction of VITO-1 witletteonin. VITO-1 full length myc-
VITO1 (1-323 aa) and mutant constructs my¢rTO1, AVITOl-myc and myc-
VITO1ASID were co-transfected with Telethonin-HA (T-capHCells were harvested
after 48 hrs when the C2C12 cells were still in itfackntiated state (myoblasts).
Proteins in total cell lysate were quantified using standard Bradford assay and 10% of
total protein lysate used for IP was loaded as tirqmntrols (Fig. 25). Proteins were
immunoprecipitated with 1ig c-myc and the bound proteins were detected by weste
blot analysis using mouse anti-HA (1:200 dilutioapd mouse anti-c-Myc (1:100
dilution). HRP conjugated goat mouse (1:5000) was used for chemiluminescent
detection.

VITO-1 full length and their mutant constructs didt co-immunoprecipitate with T-cap
in undifferentiated C2C12 cells (Fig. 25).

C2C12 cells Lysate IP
myc-VITO1 + - - - - + - - -
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - - + -
myc-VITO1ASID - - - + - - - -+
Telethonin — HA - - - - + | + + + +
— | — —> Vito1 - full length
IB: Myc | _ _
- | Yt
IB:HA - : —> Telethonin
'
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Figure 25. VITO-1 does not co-immunoprecipitate with T-cap C2C12 myoblasts
C2C12 cells were cotransfected using Fugene 6 &tier myc-VITO1, mya VITO1,

AVITO1-myc, myc-VITOASID together with telethonin-HA. Protein lysatesvesh
before immunoprecipitation were loaded as inputtads. Full length VITO-1(myc-
VITO1) and its deletion constructs (myc-VITO1,AVITO1l-myc & myc-VITOKSID)

did not co-immunoprecipitate with telethonin-HA.

3.4.4.2 VITO-1 did not interact with Myozenin 1 in both HEK293 cells and
undifferentiated C2C12 cells

With similar experimental conditions as the pregicexperiment, VITO-1 full length
myc-VITO1 (1-323 aa) and mutant constructs mydTO1, AVITO1-myc and myc-
VITO1ASID were co-transfected with Myozenin1l-HA (MyoZ-H&k) HEK293 cells and
undifferentiated C2C12 cells.

HEK 293 cells Lysate 1P
myc-VITO1 + - - - - + - - -
myc-AVITO1 - + - - - - + - -
AVITO1-myc - = + - - - - + -
myc-VITO1ASID - - - + - - - - +
Myozenin — HA - - - - + I + + + +
E | - —> Vito1 - full length
IB: Myc 1
e I e
IB:HA - : —> Myozenin
'

Figure 26 VITO-1 does not co-immunoprecipitate with Myozeninin HEK 293
cells. HEK 293 cells were cotransfected using Fugeneit® wyc-VITO1l, mycA
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VITO1, AVITO1-myc, myc-VITOASID together with Myozenin-HA. Protein lysates
saved before immunoprecipitation and 10% of totatgin lysate used for IP was loaded
as input controls. Full length VITO-1 (myc-VITOI)daits deletion constructs (mya-

VITO1,AVITO1-myc & myc-VITOKSID) did not co-immunoprecipitate with Myozenin-
HA.

VITO-1 full length and their mutant constructs diot co-immunoprecipitate with
Myozenin 1 in both HEK293 cells (Fig. 26) and ufeliéntiated C2C12 cells (Fig. 27).

C2C12 cells Lysate P
myc-VITO1 + - - - - + - - -
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - - + -
myc-VITO1ASID - - - + - - - - +
Myozenin — HA - - - - +, + + +
— I - —> Vito1 - full length
1B: Myc : Vito1 — deletion
- -= | —— 1> constructs
IB:HA - —> Myozenin
'

Figure 27. VITO-1 does not co-immunoprecipitate with Myozenih in C2C12
myoblastsUndifferentiated C2C12 cellwere cotransfected using Fugene 6 with myc-
VITO1, myc-A VITO1, AVITO1-myc, myc-VITOASID together with Myozenin-HA.
10% of total protein lysate used for IP was loaded input controls before
immunoprecipitation. Full length VITO-1 (myc-VITCdnd its deletion constructs (myc-
A VITO1, AVITOl-myc & myc-VITOKSID) did not co-immunoprecipitate with
Myozenin-HA in C2C12 cells.
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3.4.5 VITOL1 interacts with the Z-disc proteins T- ap and MYOZ1 in
differentiated C2C12 cells and Chicken primary Myogtes via its

Scalloped Interaction Domain (SID)

Based on Northern blot analysis, it was known WatO-1 is specifically expressed in
skeletal muscles and upregulated in differentid@@@@€12 myotubes. Since we failed to
detect stable protein-protein interaction with VFIGand the sarcomeric proteins T-cap
and myozeninl by Co-IP in undifferentiated C2cldlscewe wondered whether
interaction of VITO-1 and the Z-disc proteins ragsiadditional components not present
in undifferentiated cells. It seemed possible tlther proteins expressed during
differentiation of muscle cells or during formatiaf sarcomeric proteins serve as a
bridging complex facilitating the interaction of MD-1 with telethonin and myozeninl.
To verify this hypothesis, differentiated myotulfiesn C2C12 cells and primary chicken

myocytes which form mature sarcomeres were chasethé Co-IP experiments.
3.4.5.1 Interaction of VITO-1 with T-cap in differentiated C2C12 myotubes

C2C12 cells were grown to 50% confluence in DMEMhwW10% FCS and were co-
transfected using Lipofectamine 2000 reagent witethonin-HA (T-cap-HA) and
VITO1 constructs (myc-VITO1, myaVITO1, AVITO1-myc and myc-VITOASID).
After 48 hrs, when the cells were almost 100% ea@nft, the medium was replaced with
differentiating medium (DMEM with 2% Horse Serummdathe cells were allowed to
differentiate for 72-96 hrs until the formation wiature myotubes Removal of growth
factors from proliferating C2C12 cells causes thtemeversibly withdraw from the cell
cycle and to rapidly begin expressing a varietynokcle-specific proteins.

Medium was changed every day until the cells werdl wifferentiated showing
formation of large mature myotubes. Cells were ésted and Co-IP was performed as
described in experimental procedures. Proteinstal tell lysate were quantified using
the standard Bradford assay and 10% of total prdieiate used for IP was loaded as

input controls (Fig. 28).
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C2C12 myotubes

Lysate IP
myc-VITO1 + - - - -+ - = a
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - - + -
myc-VITO1ASID e
Telethonin — HA - - - - +1 + + +
I - —> Vito1 —full length
IB: Myc |
| Vito1 — deletion
- - 1 - ... 1> constructs
IB:HA - : .- e - —> Telethonin
1

Figure 28 Vitol co-immunoprecipitates with T-cap in differeated C2C12 myotubes
C2C12 cells were transfected using Lipofectamin@02@ith VITO-1 constructs (myc-
VITO1, mycAVITOL1,AVITO1-myc and myc-VIT@SBID) and T-cap and were allowed
to differentiate to form mature myotubes beforevkation for the immunoprecipitation
(IP) experiment. Protein lysates from the diffeteith myotubes were loaded as input
controls (10% of total lysate used for IP). TelatimoCo-precipitated with all the three
VITO-1 constructs (myc-VITOL1, my&ITO1 andAVITO1-myc which contained the SID
domain. VITO-1 mutant lacking the SID domain (MyEQAASID) did not Co-

Immunoprecipitate with T-cap.

Proteins were immunoprecipitated with 10 pg of azraptibody and the bound proteins
were detected by western blot analysis using manseHA (1:200) and mouse anti-c-
myc (1:100). T-cap co-immunoprecipitated with Helhgth myc-VITO1 (1-323 aa) and
its mutants, N-terminal myaVITO1 (1-199 aa) and C-termin@VITO1-myc (1-199
aa), all containing the SID domain (Fig. 28). lbsld be noted that myc- VITQSID
(108-323 aa) without the SID domain did not inténaith T-cap. These results suggest
the requirement of the Vitol SID domain to mediateraction with its binding partners
like T-cap or TEFs.
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3.4.5.2 VITO-1 Co-immunoprecipitates with T-cap wha over-expressed in Primary
Chicken Myocytes

Primary myocytes from chicken embryos are a goodehto study the interaction of
various Z-disc proteins as they form well definadcemeres, easy to handle and mainly
due to its high transfection efficiency when studyiectopically expressed proteins such
as VITO-1.

Primary myocytes were isolated from 11 day old kéic embryos as described in
materials and methods and plated at 60% confluend&MEM containing 10% FCS.
The following day, medium was changed and the ce#se transfected using the
Calcium phosphate method with with Telethonin-HAd@p-HA) and VITO1 expression
constructs (myc-VITO1, myaVITO1, AVITO1-myc and myc-VITOASID). After 8 hrs

of transfection, the medium was changed to DMEVhi0% Horse serum. Cells were
allowed to differentiate for 72 hrs until they foeoh multinucleated myotubes and
matured into functional myofibers. At this stages tbells were harvested, lysed and
subjected to immunoprecipitation using 10 pugs afyc antibody. Precipitated proteins
were detected using anti-HA (1:200) and anti-c-niyd.00) by immunoblotting. HRP
conjugated goatt mouse (1:5000) secondary antibody was used fomittiainescent
detection. Proteins in total cell lysate were gifiexat using the standard Bradford assay

and 10% of total protein lysate used for IP waslémhas input controls.

Chicken - Primary Myocytes

Lysate P
myc-VITO1 - - + - - - - +

myc-VITO1ASID + - - - - + - - -
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - -+ -
Telethonin—HA - - - - + + + + +

. - : S —> Vito1 - full length

1B Mye I o Vito1 — deletion
— : o SPe— 3> constructs
IB:HA —: S ~wm —>  Telethonin
1
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Figure 29. Vitol interacts with T-cap in vitro vids SID domain

Primary myocytes were isolated from 11 day oldckém embryo transfected using
Calcium Phosphate method with Vitol contructs (M1, mycAVITOL, AVITO1-
myc and myc-VITQUSID) and T-cap. 10% Of total protein lysates froifiedentiated
myocytes were loaded as input controls.

Telethonin Co-precipitated with all the three VITIOeonstructs (myc-VITO1, myc-
AVITO1 andAVITO1-myc which contained the SID domain. VITO-Xamiulacking the
SID domain (myc-VITQASID) did not co-immunoprecipitate with T-cap.

T-cap co-immunoprecipitated with full length mycI\01 (1-323 aa) and its mutants, N-
terminal mycAVITO1 (1-199 aa) and C-terminAMITO1-myc (1-199 aa), all containing
the SID domain (Fig. 29). VITO1 mutant without t&D domain myc-VITOASID
(108-323 aa) did not physically associate intevattt T-cap (Fig.29).

3.4.5.3 VITO-1 associates with MYOZ1 in both diffeentiated C2C12 myotubes and

primary chicken myocytes.

Since VITO-1 associated with T-cap in C2C12 myotuaed primary chicken myocytes,
we used the same model and conditions to testheigal interaction of VITO-1 with
Myozeninl (MYOZ1).

C2C12 myotubes

Lysate IP
myc-VITO1 + - = = - + - - om
myc-AVITO1 - + - - - - + - -
AVITO1-myc - - + - - - -+ -
myc-VITO1ASID - - - + - - - - +
Myozenin — HA - - - = + ] + + + +
I —> Vito1 - full length
O R
1B Mye : Vito1 - deleti
- I — ito1 — deletion
— — I w1 constructs
IB:HA -, -~ — myozenin
|
1
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Figure 30. VITOl1l Co-immunoprecipitates with MYOZ1ni differentiated C2C12
myotubes C2C12 cells were transfected using Lipofectamg@®90 with VITO-1
constructs (myc-VITO1l, myVvITO1, AVITOl-myc and myc-VIT@BEID) and
Myozeninl were allowed to differentiate to form unatmyotubes before harvestion for
the immunoprecipitation (IP) experiment. 10% ofatoprotein lysates from the
diffentiated myotubes were loaded as input contidigozeninl Co-precipitated with all
the three VITO-1 constructs (myc-VITO1, myxdTO1l and AVITOl-myc which
contained the SID domain. VITO-1 mutant lacking $1B domain (myc-VITQ{SID)

did not Co-immunoprecipitate with Myozeninl.

chicken primary myocytes

Lysate IP
myc-VITO1 + - - = = + - - -
AVITO1-myc - + - - - - + - -
myc-AVITO1 - - + - - - - + -
myc-VITO1ASID - - - + - - - -+
Myozenin — HA - - - - + 1+ + +
| .
Vito1 — full length
IB: Myc " | — —> Vito1 —full leng
— I Vito1 — deletion
- I - -] constructs
IB:HA - ler = —> Myozenin

Figure 31. Interaction of VITO-1 with MYOZ1 in citken primary myocytes required
the SID domain Primary myocytes were isolated from 11 day olitkdn embryo
transfected using Calcium Phosphate method withOZITontructs (myc-VITO1, myc-
AVITO1,AVITO1-myc and myc-VIT@QBID) and HA-tagged Myozeninl. 10% of total

protein lysates (used for IP) from differentiategatytes were loaded as input controls.

94



Results

Myozeninl Co-precipitated with all the three VITCetnstructs (myc-VITO1, myc-
AVITO1 andAVITO1-myc which contained the SID domain. VITO-Yamulacking the
SID domain (myc-VITQUSID) did not Co-Immunoprecipitate with Myozenin1.

The experimental procedures for Co-IP were the sasepreviously described for
telethonin. C2C12 cells were co-transfected usimgpfiectamine 2000 reagent with
Myozenin-HA and VITO1 constructs (myc-VITO1l, my/TO1, AVITO1l-myc and
myc-VITO1ASID) and allowed to form mature myotubes beforevésting for IP
experiment. Proteins in total cell lysate were dfiéa using the standard Bradford assay
and 10% of total protein lysate used for IP waslémbas input controls (Fig. 30).

For primary chicken myotubes, myocytes were isdlétem 11 day old chicken embryos
and transfected using calcium phosphate methods @efe allowed to differentiate for
72 hrs until they form multinucleated myotubes &advested for IP. Proteins in total cell
lysate were quantified using the standard Brad&sshy and 10% of total protein lysate
used for IP was loaded as input controls (Fig. 31).

Proteins were immunoprecipitated with 10 pg of ccraptibody and the bound proteins
were detected by western blot analysis using aAtiadd anti - c-myc. Myozeninl co-
immunoprecipitated with full length myc-VITO1 (1-3za) and its mutants, N-terminal
myc-AVITO1 (1-199 aa) and C-terminAVITO1-myc (1-199 aa), in both differentiated
C2C12 myotubes (Fig. 30) and primary chicken myegyig. 31). All these VITO1
constructs contained the SID domain. VITO1l mutaitheut the SID domain myc-
VITO1ASID (108-323 aa) did not interact with Myozeninlbioth the cell types (Fig. 30
and Fig. 31)

3.4.5.4 VITO-1 forms a complex with Z-disc proteindyy physically interacting with
T-cap and MYOZ1 in differentiated C2C12 myotubes ad Chicken primary

myocytes

To verify if VITO-1 forms a complex with both T-cagnd MYOZ1, VITO-1 constructs
(myc-VITO1l, mycAVITO1, AVITOl-myc and myc-VITOASID), Telethonin-HA

tagged and Myozeninl-HA tagged were over-expressadsiently in equimolar

95



Results

concentrations in both differentiated C2C12 myosufgsing Lipofectamine 2000) and

Chicken primary myocytes (calcium phosphate metlasdjescribed earlier.

Protein complex were immunoprecipitated with 10gfig-myc antibody and the bound

proteins were eluted after washing the beads tavenunspecifically bound proteins.

Eluted proteins were detected by western blot amalysing mouse anti-HA (1:200) and
mouse anti-c-Myc (1:100). Proteins in total cedldye (C2C12 myotubes) were quantified
using the standard Bradford assay and 10% of potd€in lysate used for IP was loaded
as input controls (Fig. 32). Both the Z-disc asatea proteins Telethonin and Myozeninl
co-immunoprecipitaed with full length myc-VITO1 @23 aa) and its mutants, N-

terminal mycAVITO1 (1-199 aa) and C-termin@VITO1l-myc (1-199 aa), in C2C12

myotubes (Fig. 32).

C2C12 myotubes Lysate IP
myc-VITO1 + - - - - - + - - -
A VITO1-myc -+ - - - - -+ - -
myc-AVITO1 - = + - - - - - + -
Myc-VITO1ASID - = = + - - - - - +
Myozenin — HA S L + +
Telethonin — HA - - - - -+ | +
1 - —> Vito1 — full length
IB: Myc !
! J— ] Vito1 — deletion
. I constructs
I .
I —> Myozenin
IB:HA |
-, —> Telethonin
I

Figure 32. VITO-1 Co-immunoprecipitates with T- Capnd Myozenin in C2C12
myotubes forming a complexC2C12 cells were transfected using Lipofectan20e0
with VITO-1 constructs (myc-VITOL1, my§4TO1,AVITO1-myc and myc-VITQBID),
Telethonin and Myozenin. 10% of total protein lgsased for IP was loaded as input
controls. All the three VITO-1 constructs (myc-VIT@nycAVITO1 andAVITO1-myc
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which contained the SID domain co-immunoprecipttateth telethonin and myozeninl
thus forming a complex. VITO1 mutant without tHe 8bmain myc-VITOASID did not
show interactions with Telethonin and/or Myozenin1.

For primary chicken myotubes, myocytes were isdi&tem 11 day old chicken embryos
and transfected using calcium phosphate methods @efre allowed to differentiate for
72 hrs until they form multinucleated myotubes aadvested for IP. Proteins in total cell
lysate (primary chicken myotubes) were quantifisthg the standard Bradford assay and
10% of total protein lysate used for IP was loadednput controls (Fig. 33). Both the Z-
disc associated proteins Telethonin and Myozeniodinenunoprecipitaed with full
length myc-VITO1 (1-323 aa) and its mutants, N-t@eahmycAVITO1 (1-199 aa) and
C-terminalAVITO1-myc (1-199 aa), in primary chicken myotub@sg. 33).

Thus VITO-1 forms a complex with Telethonin and Mgainl in both differentiated
C2C12 myotubes and primary chicken myocytes. AgéimO1 mutant without the SID
domain myc-VITOASID did not show interactions with Telethonin and¥tyozeninl in
both the cell models (Fig. 32 and Fig. 33).

chicken primary myocytes

Lysate IP
myc-VITO1 + - = = e -+ - - -
AVITO1-myc R T
myc-AVITO1 T
myc-VITO1ASID - = = + - - - - - +
Myozenin — HA - = = - -+ + + + +
Telethonin — HA - = = = + -+ + + +
- : - —> Vito1 — full length
IB: Myc . - I - ]y Vito1 - deletion
- I = = constructs
nd : —> Myozenin
IB:HA - | # »#  —> Telethonin
|
1
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Figure 33 VITO-1 Co-immunopecipitates with Telethonin and MYAQ in chicken
primary myocyte forming a compleXPrimary myocytes were isolated from 11 day old
chicken and were transfected using Calcium Phogphathod with VITO-1 contructs
(myc-VITO1l, myaVITOl, AVITOl-myc and myc-VIT@BID), Telethonin and
Myozenin. 10% of total protein cell lysate used I®mwas loaded as input controls. All
the three VITO-1 constructs (myc-VITO1l, myxdTO1 and AVITO1l-myc which
contained the SID domain co-immunoprecipitated welethonin and myozeninl thus
forming a complex. As anticipated, VITO1 mutanthwit the SID domain myc-
VITOIASID did not show and interaction with Telethonir&m Myozenin.

Our results confirm that VITO-1 interacts with Twdenin and Myozeninl in
differentiated C2C12 myotubes and primary chickgmaytes and forms a complex with
both these Z-disc proteins. Since more T-cap prste&o-immunoprecipitated with
VITO-1 compared to MYOZ1, it seems likely that VITDinteracts more efficiently with
T-cap compared to MYOZ1. This is consistent wite findings from ONPG reporter
gene assay (Fig.20). From the above Co-IP expetsmeis clear that the functional SID
domain of VITO-1 is required to mediate its intéiac with the Z-disc proteins. VITO-1
also associates with TEFs via its SID domain (GentNMielcarek et al. 2004). It would
be interesting to see if TEFs and the Z-disc pnstéir-cap and MYOZ1) both compete
for the same binding sites in the SID domain orehdiferent binding sites.

3.5 VITO-1 localizes at the sarcomeres of both camimyocytes and

primary myocytes and translocates between the nuals and cytoplasm

VITO-1 being a transcriptional co-activator is sapedly expressed in the nuclei of
different muscle cell types where it interacts witkFs. But its interaction with the
sarcomeric proteins prompted us to investigatelfQ/1 shuttles between the nucleus
and cytoplasm. Since the interaction between VIT&nd the Z-discs proteins T-cap and
MYOZ1 occurs in differentiated and striated musdells, differentiated C2C12
myotubes, primary chicken myocytes and mouse caryboytes were used as a model
system.
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3.5.1 Ectopically expressed VITO-1 is localized pdominantly in the

nucleus of cardiomyocytes isolated from mouse

VITO-1 DsRed VITO-1 + a-actinin

VITO-1 DsRed VITO-1 + Dapi

Figure 34. VITO-1 localizes prominently in the nuel of cardiomyocytes

Cardiomyocytes were electroporated with VITO-1DsRsithg the nucleofector kit and
the expression was analyzed after 72 hrs. (A, G)ajority of the transfected cells
expressing VITO-1 were confined to the nucleus- ¢Bactinin staining as a sarcomeric

marker control. (D) — dapi nucler staining.

Even though VITO-1 is a skeletal muscle specifiot@in, cardiomyocytes isolated from
mice were used to analyze the exogenous expres$idTO-1 as these cells mimic
muscle cells in many aspects like striated pattstmess-sensor proteins, etc. We chose
this model to study the localization VITO-1 in Centhyocytes.
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Neonatal cardiomyocytes were isolated from mousedescribed in experimental
procedures and these cells were immediately elgatabed using the Nucleofector kit to
transiently express VITO-1-DsRed. After electropiora the cells were plated on
collagen coated cover slips and were incubatedMEM with 10% FCS for 2-3 days.
Cells were later fixed with acetone and stainechgishouse monoclonal sarcomeric
alpha-actinin (1:100), a marker for Z-discs ancedetd with ALEXA 488 (green) goat
anti mouse secondary antibody (dilution 1:1000) ¥mualization. Cells were further
prepared for fluorescent microscopy

VITO-1 was localized mainly in the nuclei of cardigocytes (Fig. 34 A, C) although
one could see some diffused pattern in the cytaplahis association in the nucleus
could possibly be due to the presence of increassalint of endogenous TEFs or other

transcription factors to which VITO-1 might intetadth to form a complex.

3.5.2 VITO-1 is localized at the Z-discs of sarcomes in mouse

cardiomyocytes

As described previously, even though VITO-1 wasntyalocalized in the nucleus of

cardiomyocytes, some cells still showed a diffusgtbplasmic localization. Neonatal

cardiomyocytes were prepared and electroporatett Wito-1 DsRed as described

previously. Interestingly we found cells where VHIOvas expressed in the Z-discs of
cardiomyocytes (Fig. 35 A).

This may be due to high expression of its Z-dgeracting partners in thses cells which
might have undergone terminal differentiation.

The question remains open, under what circumstaWt€®-1 shuttles between the

nucleus and Z-discs. This could be due to somermeai stimuli or stress conditions or

many other external factors which needs a closgdaeper analysis.
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VITO-1 DsRed a - actinin

Dapi » ‘ merge
Figure 35. VITO-1 (red) associates at the Z-disdsn@onatal mouse cardiomyocytes
Cardiomyocytes were freshly isolated from neonatile and were electroporated with
Vitol-DsRed using the Cardiomyocyte-Neonatal Ndettor kit and the cells were
plated on collagen coated dishes. (A) — After 72 MITO-1-DsRed localized at the Z-

discs. (B) w-actinin staining a marker for Z-discs.

3.5.3 VITO-1 localizes at the Z-discs of primary citken myocytes after

over-expression of T-cap

VITO-1 physically interacted with T-cap in the CB-lexperiments from isolated
myocytes from chicken embryos. Hence we attemptedobk for the sarcomeric
association of both these proteins. T-cap is a kwelwn Z-disc protein found in striated

and cardiac muscle that serves as a scaffold tohwhiyofibrils and other muscle related
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proteins are attached. Primary chicken myocytestumd form well-structured
sarcomeres and are comparatively easier to trartsime cardiomyocytes which are quite
challenging. Hence this model was chosen to testhgpothesis that VITO-1 might

associate with T-cap at the sarcomeres.

Chicken Primary Myocytes

VITO1-GFP Dapi

VITO1-DsRed Telethonin-GFP Merge

Figure 36. VITO-1 (red) colocalizes with T-cap (green) at tlzebands of sarcomere
from primary myocytes.

Primary myocytes were isolated form 11 day old ¢mmland cotransfected with VITO-1-
DsRed and T-cap-GFP and allowed to differentiatiterA72 hrs (C) VITO1l-dsRed and
(D) Telethonin-GFP associated at the Z-discs angqgglocalized with each other. A)
VITO1-GFP transfected alone localized at the nusleu
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Primary chicken myocytes were isolated from theasrenuscle of 11 days old chicken
embryos and were plated on collagen coated 6 wélire dishes containing cover slips
in DMEM with 10% FCS. The following day, when thells reached a confluence of
70%, VITO-1-DsRed and T-cap-GFP were co-transfeatsohg calcium phosphate
method. After 8 hrs of transfection, the medium weslaced with DMEM containing

10% Horse serum and the cells were allowed to réiffigate for 3 to 5 days until the
formation of mature myofibers. The cells were Idired with 4% PFA and the cover

slips were mounted on glass slides with moviol.

VITO-1 was expressed strongly at the sarcomereslaadized at the Z-discs where it
associated with Telethonin (Fig. 36 C, D & E). VIIGFP transfected alone, localized
at the myoctes’ nuclei (Fig. 36 A). This shows tiW&IO-1 translocates from the nucleus

to cytoplasm when its Z-disc partners are expreabeddantly in striated muscle cells.

3.6 Vitol might be involved in the initial stage omyofibrillogenesis

Myofibrillogenesis occurs basically in three stagesm premyofibrils to nascent
myofibrils to mature myofibrils. It is known fronitérature that a premyofibril model for
myofibrillogenesis accounts for sarcomeric formation skeletal muscle cells.
Premyofibrils are the starters of sarcomeres, whrehcomposed of Z-bodies containing
mainly the muscle specific isoform of alpha-actinithen titin and muscle myosin |l
filaments are expressed, they modify the premyidiin such a way that they align to
form nascent myofibrils. Several Z-bodies fuse thgeto form Z-bands in which muscle

myosin Il filaments are eliminated finally resufyim the formation of mature myofibrils.

Telethonin does not represent a static componetiteofmyofibril, but might be a protein
involved in the dynamic control of early events gdfdisc formation during of

myofibrillogenesis where it co-localizes with titemd thus plays an important role in
myofibril turnover. Since VITO-1 interacts with g in both yeast two hybrid system
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and protein binding assays, we asked whether VITi®-dlso associated in the early

stages of myofibrillogenesis.

Vito1 GF|

Figure 37. Vitol might be involved during myofibldgenesis of skeletal muscle cells.
Skeletal muscle cells were isolated from 11 dayabidken embryo and cotransfected
with Vitol GFP and T-cap N1. VITO1 could be semvolved in myofibrillogenesis
where it localized to the Z-bodies and nascent iogithé and thus might play an

important role in skeletal muscle myogenesis

Primary myocytes cultures from 11 day old chickembeyos were isolated as described
in materials and methods. Cells were transfected WiTO-1 GFP and T-cap-N1 using
calcium phosphate method and the spreading edgeyotyte expressing VITO-1-GFP
was monitored over a 15h time period. Cells werediat two different time points
expressing VITO-1-GFP (4 hrs and 8hrs) and visadliznder a fluorescent microscope.
VITO-1 is expressed in punctuated patterns whiok supposedly premyofibrils or
nascent myofibrils containing the z-bodies whidedamature to form Z-bands containing
mature myofibrils (Fig. 37). These findings need ke confirmed by using early

myofibrillogenesis markers like muscle alpha-actinmuscle myosin I, titin, etc.
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4. Discussion

Translocation of proteins from nucleus to cytoplaptays a very important role in

regulating gene expression. In the past it wasmasduhat regulatory factors are confined
to either the nucleus or the cytoplasm, until aprapriate signal triggers transport of
these factors to the other side of the nuclear lepee Recently several pieces of
evidence suggest that most of these proteins akénman and out of the nucleus thus
transmitting various signals necessary for genalagign. Depending on the equilibrium

between import and export rates, such proteindlitgcaither in the nucleus or in the
cytoplasm. Compared to the model of retention \&etsansport, continuous shuttling
may allow for a tighter regulation of protein adiyv Firstly, interaction of transport

receptors with shuttling proteins most often getesranactive protein complexes, thus
preventing action in the lack of appropriate signabecondly, the existence of a
permanent pool of the protein in both compartméaers a more rapid association to
target molecules upon signal induction, without tletay associated with translocation
across the nuclear envelope. Interfering with mmygoplasmic shuttling opens a novel

and exciting window to manipulate cellular procasse

4.1 Other partners of VITO-1 obtained from the Y2H

Screen

The Y2H screen of VITO-1 also displayed some oth&resting candidates which have
to be still investigated. A single clone of the dsjecificity phosphotase (DUSP13) was
detected as a possible partner of VITO-1. Membéithe protein-tyrosine phosphatase
superfamily cooperate with protein kinases to ragul cell proliferation and
differentiation. This superfamily is separated iti@ families based on the substrate that
is dephosphorylated. One family, the dual spetyfiphosphatases (DUSPs) acts on both
phosphotyrosine and phosphoserine/threonine residilgs gene encodes different but
related DUSP proteins through the use of non-oppitay open reading frames, alternate
splicing, and presumed different transcription potens (Lang, Hammer et al. 2006).

Expression of the distinct proteins from this gléas been found to be tissue specific and
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the proteins may be involved in postnatal develapnt# specific tissues. A protein
encoded by the upstream ORF was found in skeletsicila MDSP (Muscle-restricted
dual specific phosphotase), whereas the encodediprioom the downstream ORF was
found only in testis TMDP (Testis and Muscle speaifual specificity phosphatase). In
the mouse, a similar pattern of expression was doWultiple alternatively spliced
transcript variants were described, but the fullgth sequence of only some were
determined. Both MDSP and TPDP, has been repodeal rauclear protein in cultured
cells (Tanner, Trievel et al. 1999; Todd, Tannerakt 1999) and to be diffusely
distributed in the cytosol of resting T-cells (Akm Rahmouni et al. 2003). Hsu-Hsin
Chen, Ralf Luche et al (Chen, Luche et al. 2004rexpressed untagged MDSP in
differentiated C2C12 myotubes and performed a timenunofluorescence. MDSP
displayed a diffuse staining in the cytosol and wpparently excluded from all nuclei.
The same results were obtained COS-1, Hela ceflsalso when C2C12 myoblasts were
transfected with MDSP prior to induction of diffatation and hence concluded that
MDSP is primarily cytosolic. VITO-1 is also presemt a diffuse pattern in the
cyotoplasm when over-expressed alone. In the pceseh T-cap, VITO-1 is strongly
expressed in the cytosol and translocate into theens in the presence of TEF. It is
quite possible that MDSP dephosphorylates VITO-1d aihis post-translational
modification might be involved in the shuttling eft of VITO-1 in regulating TEF
dependent genes as well as the Z-disc proteins.ekemthe true interaction of VITO-1

with MDSP needs to be established before comiramyofinal conclusions.

4.2 Nucleocytoplasmic translocation of VITO-1 might

play an important role in skeletal muscle myogenesi S.

Initially VITO-1 was identified as a co-activatof ®EFs in regulating the transcription
of muscle specific genes. Reporter gene assaysaiedihat VITO-1 by itself was not
able to trans activate the reporter gene but wés tabdo so in the presence of TEFs
(Gunther, Mielcarek et al. 2004). This indicateattNITO-1 plays a supportive but

significant role in activating the TEFs from itsrd@nt state to regulate its target genes.
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MyoD, a member of the myogenic regulatory factddRkEs) family, is a key protein in
regulating muscle differentiation. This gene ensodenuclear protein that regulates
muscle cell differentiation by inducing cell cycterest, a prerequisite for myogenic
initiation and also plays a role in muscle regetena Being one of the earliest markers
of myogenic commitment, it activates its own traiqgon which may stabilize
commitment to myogenesis. VITO-1 seemsb® an important component of this
program that appears b@ necessary to activate TEF-1 transcription factéhe knock
down of VITO-1 using siRNA inhibits expression ofyogenin and results in the
attenuation of C2C12 myotube formation. The supyertole of VITO-1 in MyoD
mediated myogenic conversion of 10T1/2 fibroblasts muscle cells further established
the role of VITO-1 as an important co-factor of tineiscle regulatory program. Studies
from this thesis work reveal a novel interactiotvieen VITO-1 and the Z-disc proteins
T-cap and MYOZ1. When T-cap is over-expressed, \VIT€huttles from nucleus to the
cytoplasm where it localizes at the Z-discs of sareres. Quantitative ONPG reporter
gene assay show that VITO-1 binds to TEFs withngfeo affinity than with T-cap or
Myozeninl suggesting that relative amounts of adtBon partners as well as their

binding activity will dictate the eventual localtaan of VITO-1.

Several other muscle proteins are known to shb#teveen the cytoplasm and nucleus.
The muscle LIM protein (MLP) is a muscle-specifidvi-only factor that exhibits a dual
subcellular localization (Kong, Flick et al. 199Bging present in both the nucleus and in
the cytoplasm. Overexpression of MLP in C2C12 magstd enhances skeletal
myogenesis, whereas inhibition of MLP activity ttecterminal differentiation as
observed for VITO-1. MLP functions through a phgsiinteraction with the muscle
basic helix-loop-helix (bHLH) transcription factolyoD, MRF4, and myogenin but
does not associate with the myocyte enhancer fa&cttMEF2) protein, which acts
cooperatively with the myogenic bHLH proteins toooote myogenesis. Similar to
VITO-1, MLP also lacks a functional transcriptiontigation domain and serves as a
cofactor for the myogenic bHLH proteins by increastheir interaction with specific

DNA regulatory elements.
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Cardiac ankyrin repeat protein (CARP, also knowrAakrdl) has been independently
identified by several groups as a cytokine-induitshnscriptional regulator, a protein
interacting with transcription factor YB-1, and ardiac doxorubicin-responsive protein.
In skeletal muscles, CARP expression is up-regdlateder particular conditions
including hypertrophy, eccentric contraction, deadéopn, and muscular dystrophy
(Carson, Nettleton et al. 2002; Tsukamoto, Sendad. 2002; Nakada, Tsukamoto et al.
2003; Barash, Mathew et al. 2004; Witt, Labeitle2805; Hentzen, Lahey et al. 2006).
Although CARP is known to be involved in the redida of gene expression in the
heart, Bang et al. 2001demonstrated that CARP ddc#& both the sarcoplasm and
nucleus, suggesting a shuttling of CARP in cell@amponents. CARP also localizes in
cardiac sarcomere although the roles of “sarcom@A&RP” are not fully elucidated.
Several reports have demonstrated that CARP bitid&connectin, myopalladin, and
desmin at the Z/l-region of sarcomere. Myopalladam also bind nebulin and alpha-
actinin, (Bang, Mudry et al. 2001) and these priteire able to bind other members of
the Z-disc, thus constituting a network of intei@aes. Unlike VITO-1 and MLP, CARP
expression is up-regulated not only by myogenin &bD, but also induced by
myocyte enhancer factor 2 (MEF2), which acts asaastriptional regulator of skeletal

muscle remodeling and is expressed from embryogetiesugh to adulthood.

Ankrd2 (also known as Arpp) is a sarcomeric protiand in the | band, (Kemp,
Sadusky et al. 2000; Moriyama, Tsukamoto et al.12@allavicini, Kojic et al. 2001)
that is involved in skeletal muscle hypertrophykAd? is able to interact with the Z-disc
protein telethonin and with three other transooiptiactors PML, p53 and the ubiquitous
transcription factor YB-1 similar to CARP (Kojic, &deot et al. 2004). The Ankrd2 gene
is significantly up-regulated in response to prgem mechanical induced stretchl as
well as denervation4 and the protein is up-regdlat@on myoblast differentiation
(Pallavicini, Kojic et al. 2001). It should be ndt¢hat VITO-1 is also upregulated in
differentiated C2C12 myotubes although some exmeswas found in proliferating
myoblasts. Ankrd2 has putative binding motifs foe tmuscle specific transcriptional
factor MyoD (Pallavicini, Kojic et al. 2001). CanailBean et al (Bean, Salamon et al.
2005)used MyoD - silenced C2C12 cells to demorsstthat Ankrd2 is a MyoD
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downstream target gene. The promoter activity ofkrdB was investigated under
conditions where C2C12 cells express altered leskeldyoD and found that a minimal
region of 290 bp contains putative E-boxes andhes dritical regulator of Ankrd2.
Ankrd2 expression is regulated by MyoD during earlistages of myogenic
differentiation (1d time-point) and later (3d andl time-points) seems to be replaced by

unknown alternative mechanism in regulating Ankedpression.

It was previously shown that NFAT proteins tranalec from the cytoplasm to the
nucleus in response to sustained‘Gaobilization and return to the cytoplasm when the
Cd" signal ends. NFATc remained completely cytoplaswtien both the Rel-similarity
domain (RSD NLS) and the NFAT-homology region (NHRiclear localization signal
(NLS) were mutated (Beals, Clipstone et al. 199¥jer having translocated to the
nucleus and bound to DNA, NFAT proteins can enhdrmescription by recruiting or
facilitating the binding of AP-1 transcription facs to NFAT—-AP-1-binding sites (Luo,
Burgeon et al. 1996). The components of the APahstription factor (Fos and Jun
polypeptides) then mediate the induction of traipsion by recruiting co-activators such
as CBP (CREB-binding protein), p300 and JAB1 (Juivation domain binding
protein), through their transcriptional activatidamains (Karin, Liu et al. 1997). These
co-activators augment transcription activity by ru#ing the basal transcription
machinery through direct protein—protein interagsi@nd by acetylating histones, which
increases accessibility of nucleosomal DNA to tcaipsion factors (Hertel, Lynch et al.
1997). Co-transfection of ribosomal S6 kinase (RS#&2d NFAT3 markedly enhanced
multinucleated myotube differentiation of C2C12 rlasts (Cho, Yao et al. 2007). In
addition, RSK2 mutation or knockdown dramaticallgcceased NFAT3 activity and
promoter activity of NFAT3 target genes as well mgotube differentiation. These
results suggest that NFAT3 is critical for myotuttiferentiation. Moreover, RSK2 is
shown to be a key protein kinase that phosphoiyl&AlEEAT3, which is critical in the

process of differentiation.

The functional complex of VITO-1 with TEFs and tAedisc proteins reveals a novel

mechanism for both initiating and maintaining thgogenic program and suggests a

global strategy by which VITO-1 proteins may cohteo variety of developmental
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pathways The mechanism by which VITO-1 promotes skeletal cteuslifferentiation
remains to be investigate&urther functional analyses are required to undedsthe
molecular basis of the relationship of VITO-1 anties genes mentioned above with
MyoD and to clarify their direct role in muscle @&dopment or other pathological

situations.

4.3 The subcellular localization of VITO-1 is modul ated

by TEFs and the Z-disc proteins

VITO-1 functionally and physically interacts withEF-1 factors (Gunther, Mielcarek et
al. 2004) as reported also for Vgl-2 (Maeda, Chapetaal. 2002) which is a homologue
of VITO-1. The contribution of the interaction ofiNMO-1 with TEFs in muscle-specific
gene regulation needs to be further studied inild&taen et al (Chen, Mullett et al.
2004), showed that the amount of endogenous TH#&afl binds to the MCAT DNA
sequence decreases as skeletal muscle differentjatogresses. This might suggest that
TEF-1 expression declines with muscle differentiatiAlternatively, an up-regulation of
VITO-1 expression during muscle differentiation htig modulate TEFs-DNA
interactions resulting in a reduction of the oceupeof MCAT binding sites by TEFs.

Differentiation of muscle cells into myotubes amuhfly into mature myofibers requires
the interplay of many proteins that are involvedancomere assembly. In striated muscle
cells, the Z-disc constitutes the bordéindividual sarcomeres, where anti-parallel actin
filamentsspanning the sarcomeres are cross-linked. The Zal&sy/s a keyole in the
supramolecular assembly of the sarcomeric unitnduriyogenesis, in the transmission
of the tension generated bgrious sarcomeres along myofibrils and in the legn of
contractile activity. Mutations in Z-disc componefitave been found to besponsible
for various forms of muscle disorders, proving fthgortance of these proteins in
maintaining the integrityf striated skeletal muscle cells (Dalkilic and IKKeh2003).
Some of the Z-disc proteins includiag -actinin 2itther 2000)telethonin (Mues, van
der Ven et al. 1998), ZASP-1 (Faulkner, Pallaviehial. 1999)FATZ-1 (filamin, «-
actinin and telethonin binding proteintbke Z-disc; also termed myozenin-1 or calsarcin
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2) (Faulkner, Pallavicini et al. 2000; Frey, Ridfson et al. 2000; Takada, Vander
Woude et al. 2001), myotilin (Salmikangas, Mykkaretnal. 1999) and myopalladin
(Beggs, Byers et al. 1992; Bang, Mudry et al. 2080&)primarily or exclusively found at
thatlocation. According to this study, VITO-1 is a nb¥edisc associated protein which
interacts with both telethonin, myozeninl as welllze transcription factor TEFs. Over-
expression of VITO-1 together with T-cap resultsthe translocation of VITO-1 from
Nucleus to the Z-discs in mouse cardiomyocyteselsag in chicken primary myocytes.
From the ONPG reporter gene assay it is clearMhED-1 binds to TEFs with a higher

efficiency compared to either T-cap or Myozeninl.

When VITO-1 was over-expressed in the presence Ef Th differentiated C2C12
myotubes, VITO-1 translocates into the nucleus.(B& D, I, N) as observed in other
cells types like HEK293 cells and 10T1/2 cells. @& other hand, when VITO-1 is over-
expressed together with T-cap VITO-1 does not shoy specific localization in the

nucleus but is completely distributed all over diféerentiated cell (Fig. 38 C ,H, M).

Vito1 pCS2 + Vito1 + Vito1 +
Vito1 T-cap T-cap Tef3 pCDNAS T-cap +Tef3
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Figure 38. VITO-1 translocates between cytoplasmdanucleus in differentiated
C2C12 myotubeqD, I, N) - VITO-1 GFP is completely transportedtbhe nucleus when
co-transfected with TEF3. (C, H, M) — When VITOtadransfected with T-cap, VITO-1
is distributed throughout the cells. (E ,J, O) --ansfection of all three plasmids,
VITO-1, T-cap and TEF3 directs VITO-1 to the nuslas well as cytoplasm. However

VITO-1 was more intensely expressed in the nucleus.

Interestingly, when VITO-1 was co-expressed withFE and T-cap, VITO-1 is

distributed both in nucleus as well as cytoplasig.(#2 E, J, and O). However it should
be mentioned that VITO-1 is localized at the nusleuth more intensity where it
supposedly interacts with TEF-3 than in the cytsplavhere it might associate with T-
cap. This is consistent with the ONPG assay in WMETO-1 activated the reporter gene
with TEF-3 two to three folds more than with T-cap MYOZ1 (Fig. 20). This

nucleocytoplasmic property of VITO-1 needs to balgred further to attribute the

significance of VITO-1's role in different cellul@omponents.

4.4 Post-translational modification might be involv ed in
trafficking VITO-1

Posttranslational modification is the chemical nficdtion of a protein after its
translation. It is one of the later steps in proteiosynthesis for many proteins. During
protein synthesis, 20 different amino acids can im®rporated in proteins. After
translation, the posttranslational modification aino acids extends the range of
functions of the protein by attaching to it othéndhemical functional groups such as
acetate, phosphate, various lipids and carbohyrhtechanging the chemical nature of
an amino acid or my making structural changes, tlileeformation of disulphide bonds.
Transcriptional factors and co-factors are modifguaite often by phosphorylation,
SUMOylation, ubiquitination, glycosylation, acetyta, methylation and many others
that change the regulation of genes thus indudinugtsiral changes and addition of other
proteins or peptides. The computational biologyveafe NetPhos 2.0 Server predicted
several phosphorylation sites and two potentialsdation sites for VITO-1 (Fig. 43w)
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VITO-1 sequence

MSCLDVMYQVYGPPQPYFAAAYTPYHQKLAYYSKMQEAQECASPGSSASGSSFSNPTPASUREE
EGSPEKERPPEAEYINSRCVLFTYFQGDISSVVDEHFSRALSHPSSYTASSKAHRSSGPWRAEGT
FPMSQRSFPASFWNSAYQAPVPAPLGSPLAAAHSELPFATDPYSPATLHGHQGAADWHHAHPH
HAHPHHPYALGGALGAQASAYPRPAVHEVYAPHFDPRYGPLLMPAATGRP®LAPASAPAPGSPP
CELABREGEPAGSAWAAPGGPFVSPTGDVAQSLGLSVDSGKRRRELBSAPPALYPTLG

Potential Phosphorylation sites predicted: Se@)e19
Threonine (T): 2; Tyrosine (Y): 3

Sumoylation sites predicted: JENIKEENAKGE

The amino acids underlined and highlighted in yeltwlor is the SID domain through

which VITO-1 mediates its interaction with othertpers.

NetPhos 2.8: predicted phosphorylation sites in Sequence

Serine

Threonine

Phosphorylation potential

CL [ Hxllll\ 1N

T T T
a S8 1008 158 =417 2508 300

Sequence position

Figure 39.Phosphorylation sites of VITO-1 as predicted froatgos 2.0 software

As predicted from Netphos software, VITO-1 has #irg& (green), 2 Threonine (gray)
and 2 tyrosine potential phosphorylation sites. drigntly considered should be the

phosphorylation sites in the SID domain of VITOED (- 156 amino acids) as VITO-1
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requires the SID domain to interact and activaee TeF-1 and TEF-3 genes (Gunther,
Mielcarek et al. 2004) and control the regulatidrtheir dependent genes. VITO-1 also
interacts with the sarcomeric Z-disc proteins T-aag MYOZ1 (FATZ) through its SID
domain as seen from the yeast two hybrid, Co-IPigmunocytochemistry experiments.
The SID domain of VITO-1 contains 10 serine, 1 dmiee and 1 tyrosine
phosphorylation sites. Although one might be temptelook at the consensus sequence
containing the phosphorylation sites, even phosgaton at non-consensus sites might
be important to modify the function of VITO-1 toafrsclocate from nucleus to the
sarcomeres in striated muscle cells. Point muteggerse different serine residues in the
SID domain of VITO-1 will help to evaluate the pot@l impact of phosphorylation
events at these sites. The nucleoplasmic shutdinghany proteins is modulated by
different kinases and phosphotase responsibléhéoposttranslational modifications thus
exporting the protein from nucleus to cytoplasm ait# versa in response to various
stimuli and extracellular growth factors. Vestigialnomologue of VITO-1 interacts with
Scalloped (sd) through a 56-amino-acid domain, &gsl&s not bind to a deleted Vg
protein missing only these amino acids, and a cocséncoding only this portion of the
protein will still bind to Sd. Significantly, a dlipate panel of Vg deletion proteins
probed with TEF-1 shows that TEF-1 interacts with Wa the same protein domain.
Affinity columns containing this protein fragment ¥g bind Sd and TEF-1 protein as
well as full-length Vg (Halder and Carroll 20010i$ Sd/TEF-1-binding domain of Vg is
serine rich and includes putative phosphorylatigess(Williams, Bell et al. 1991).
Phosphorylation of Vg at these sites may potentiallodify the Vg-Sd interaction
similar to that of VITO-1 and TEF.

Muscle LIM protein (MLP) and myopodin are two sar@ric proteins of the Z-band that
bind a-actinin and move between the sarcomere and thkeusicmuscle LIM protein
(MLP) and myopodin. Faul et al (Faul, Dhume e28l07) showed how phosphorylation
and dephosphorylation regulate myopodin’s localratto the Z bands or nucleus.
Phosphorylation of myopodin by either protein kmas (PKA) or calcium-calmodulin—
dependent protein kinase Il (CaMKII) induces mydp&drelease fronuw-actinin, its

binding partner in the Z band, and its entry inte@ nucleus. Dephosphorylation of
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myopodin by the calcium-activated phosphatase realein permits myopodin to remain
or relocalize to the Z band. If the phosphataseviactof calcineurin is inhibited,
myopodin moves into the nuclei of cardiac myocyt&oreover, pharmacological
inhibition of the phosphorylation action of PKA remd or abolished the import of
myopodin into the nucleus. Activation of PKA by phmacological agents leads to
diffuse Z-band localization and nuclear localizatioof myopodin in adult
cardiomyocytes. The mechanism of MLP movement fioenZ band into the nucleus has
not been determined. Protein kinase inhibitofPKIA) was also identified as a single
clone from the VITO-1 Y2H screen. VITO-1 might albe phosphorylated by PKA or
CaMKI kinase which leads to the translocation oT @1 from the sarcomeres into the
nucleus. De-phosphorylation of VITO-1 by DUSP-13uéD specificity phosphatase)
which is another potential interaction partner migbntrol the relocation of VITO-1
back to the Z-discs.

VITO-1 interacts with telethonin and is localizetl the Z-discs in its presence. It is
known that telethonin can be phosphorylated bykthase region of titin. This domain of
titin is, surprisingly, located in the M-band regiof the A band, about as far apart as two
partners might be in a sarcomere. These dispavatdions led to speculation that titin
might be released from the middle of the thickrfints to phosphorylate the telethonin
in the Z band.. Studies also reveal the presendeaaip in the nucleus however its role in
the nucleus is not yet investigated. VITO-1 asaadcriptional co-factor is located in the
nucleus even in the absence of T-cap. It seemsutifadund T-cap translocates to the
nucleus where it associates with VITO-1 and indymesttranslational modifications that
lead to a release from the nucleus into the sarpmnfeuch hypotheses have to be
analyzed carefully. The predicted phosphorylativessof VITO-1 should be confirmed
by eastern blotting or mass spectrometry. Unpuetigbrevious work from Mielcarek et
al claim that VITO-1 protein was most probably phlosrylated in 293T, 3T3 and C2C12
cell lines since an additional band with a molecwaight shift of 1-2 kD was observed.

Nevertheless this needs further confirmation.

VITO-1 might also undergo sumoylation by SUMO pheseas VITO-1 sequence
contains 2 sumoylation sites (marked in pink in W€&O-1 sequence) and especially the
115



Discussion

one at the beginning of the SID domain (VKEE) adjgdo the serine residue. SUMO is
a member of multiple ubiquitin family proteins thmcomes covalently attached to other
proteins via an amide linkage between the C-terhreagboxyl group of the ubiquitin
family protein and lysine side chains in the targeiteins (Melchior, Schergaut et al.
2003; Seeler and Dejean 2003; Verger, Perdomo. @08B; Johnson 2004; Hay 2005).
Conjugation of ubiquitin, the best characterizednber of the family, to other proteins
usually marks these proteins for destruction by tR6S proteasome; the
ubiquitin/proteasome pathway is the major pathwayrégulated protein degradation in
eukaryotic cells. In contrast, conjugation of SUNI®Dproteins does not mark them for
destruction, but modifies their properties in otheys. Previous genetic analyses have
demonstrated a role for the sumoylation machineryembryonic patterning. For
example, in C. elegans embryos, loss of SUMO, Ubc%he SUMO activating enzyme
results in homeotic transformations apparently tuea role for sumoylation in the
function of the Polycomb group protein SOP-2 (ZhaGgristoforou et al. 2004). In
Drosophila embryos, loss of Ubc9 results in theeti@h of variable numbers of thoracic
and anterior abdominal segments, but in this daseadlevant sumoylation target is not
known (Epps and Tanda 1998). Previous genetic sisalglso suggests a role for
sumoylation in immune system function as mutatismnsumoor ubc9 compromise the
Drosophila innate immune response by attenuatiad BS-induced expression of genes
encoding anti-microbial peptides such as Cecropin (Bhaskar, Smith et al. 2002).
Sumoylation significantly stimulates the functioh tbe Drosophila rel family protein
Dorsal since rel family proteins play critical relen both vertebrate and invertebrate
innate immunity. Finally, a recent yeast two-hybsdreen indicates that Dof, a
cytoplasmic component of the FGF signaling pathwayeracts with multiple
components of the SUMO conjugation pathway. Thigests possible roles for SUMO
conjugation in the morphogenetic processes corttolly FGF receptors such as
mesodermal and tracheal morphogenesis (Batterstigz& et al. 2003). Preliminary
results obtained from sumoylation assay by unphbétisdata from the dissertation work
of Michael Mielcarek (2007) suggested that VITOsla potential candidate to bind
SUMO protein covalently, since two additional banabich caused an increase of the
MW of 10-15 kDa were found. Addition of GAM1 proteieads to inhibition of the
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global sumoylation machinery. Co-transfection of T@F1 with GAM1 efficiently
inhibited formation of several VITO-1 bands. Takemeet al (Takanaka and Courey
2005) show that the SUMO machinery acts to augrWestigial (Vg) function. SUMO
loss-of-function mutations act as genetic enhancérsg loss-of-function mutations.
Flies doubly heterozygous for recessive hypomorphialleles and recessivamoor
ubc9alleles exhibit wing notching that is as severéhas exhibited by flies homozygous
for thevg mutant alleles. In addition, co-overexpressiosoMO and Vg in the wing or

eye significantly exacerbates the phenotype duséoexpression of Vg alone.

Conjugation of SUMO with VITO-1 might direct VITO4b specific subcellular locales
including the nuclear PML oncogenic domains (PO&sshown by (Ishov, Sotnikov et
al. 1999). PML is critical for ND10 formation andcruits the PML-interacting protein
daxx to this nuclear structure when modified by SOHY. Sumoylation can also stabilize
proteins by antagonizing ubiquitylation (DestefRmdriguez et al. 1999; Lin, Liang et al.
2003) and can also modulate the function of VIT@Alich eventually might have an
effect on TEFs transcriptional activity. There & lysine residues (Lys 67 and Lys
269) that are located in a motif resembling thesemsus sumoylation site. Lys 67 is
located in the sequence VKEE and Lys 269 in theueece AKGE, while the
sumoylation consensus y&KxE (with y signifying a hydrophobic residue). Mutagenesis
of lysine to arginine should significantly redute tability of VITO-1 to serve as a target
for sumoylation. It may be well possible that sumatigpn of VITO-1 occurs at non-
consensus sites. There are multiple precedentsuon non-consensus sites in other
sumoylation targets (Johnson and Blobel 1999; Roez, Dargemont et al. 2001). The
prediction of a likely role for sumoylation in VITD adds to a growing body of evidence
suggesting pleiotropic roles for sumoylation in tdevelopment and function of
multicellular organisms.

4.5 VITO-1 a novel Z-disc protein?

Z-discs are not simple mechanical joints but acerapartment built by a complex set of

proteins which contribute to well defined structurthat act as stress sensors in

transmitting signal from the extracellular membrame the nucleus and regulating the
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fate of many cardiac and skeletal muscle speciéoeg. These include a subset of
adaptor molecules that have putative binding mofiise accumulation of signaling-
related proteins at z-discs and their physiologsigihificance were extensively reviewed

by Pyle and Solaro (Pyle and Solaro 2004).
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Figure 40. Z-disc associated cytosketal structumeteins Many of these proteins have
been linked to intrinisic mechanical sensor-sigmabdulator functions. VITO-1(red)
seems to be a novel member of this complex integagtith T-cap and Myozenin in
addition to oits role as a co-factor of TEFs (greevilTO-1, T-cap, MYOZ1, PDZ-3LIM,
one-PDZ and 3-LIM domain protein, MLP/CRP3, Tithnkrd2, MARPSg-actinin,

actin, nebulin, FHL2, MURFS and other proteins lo¢ ta and | band of the Z-discs is

shown above.

In this study, Telethonin and Myozeninl were idéedi as interaction partners of VITO-

1 which is a co-factor of TEF dependent skeletaketel gene regulation. Yeast two
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hybrid analysis, Co-IPs and immunocytochemistry egkxpents clearly suggest that
VITO-1 physically interacts with T-cap and MYOZ1oWever the physical interaction
of VITO-1 with these Z-disc proteins could only éstablished in differentiated muscle
types and not in non-muscle or undifferentiated cteuscells. VITO-1 requires the
striated muscle environment where it needs thestassie of other cofactors or

chaperones to mediate interaction with T-cap andodY.

Studies suggest that a hypo-phosphorylated raktzar & hyper-phosphorylated form of
MyoD may be more subject to acetylation as celldeugo differentiation (Mal et al.,

2001). MyoD is highly phosphorylated in proliferadi myoblasts, but undergoes
substantial de-phosphorylation once these cellsnalieced to differentiate (Kitzmann et

al., 1999). Thus acetylation of MyoD occurs onlydifferentiated cells.

Similarly VITO-1 might undergo certain post-trant@aal modifications in differentiated
cells and/or undergo a conformational change wfachitates interaction with telethonin
and myozenin. Although yeasts do not have sarcan&&O-1 still interacts with
telethonin and myozenin in the Y2H system. A simitaodification of amino acid
residues might possibly occur in VITO-1 during @teatranslation thus exposing their
protein binding sites to interact with telethonindamyozenin. Some proteins might
specifically interact when they are co-expressethényeast, although in reality they are
never present in the same cell at the same timeeker, in most cases it cannot be ruled

out that such proteins are indeed expressed iaigartlls or under certain circumstances.

Co-IPs also revealed T-cap and MYOZ1 both predipgatogether with VITO-1 thus
forming a complex. MYOZ1 (FATZ-1), together with F&-2 and FATZ-3, belongs to a
family of proteins, named calsarcins, and theyrate with sarcomeric calcineurin, a
calcium/calmodulin-dependent phosphataselved in the regulation of genes affecting
muscle differentiatioand the formation of different fiber types (Delljfigureckova et al.
2000; Frey, Richardson et al. 2000; Frey, Barriembal. 2004). MYOZ1 interacts with
actinin-2, Zasp, T-cap, filamin and myotilin whichmainly expressed in striated muscle.
Interaction betweeithese two proteins was established by yeast twoihytudies,

biochemicalnd cell transfection assays as in the case of VIT®athogenimutations
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in the myotilin gene cause a subset of myofibriftafopathies and limb girdle muscular
dystrophy (LGMD) type 1Athat are characterized by streaming of Z-discs and
degeneratiorof myofibers (Hauser, Horrigan et al. 2000; Hauseonde et al. 2002;
Selcen and Engel 2004). Mutations in T-cap alsesedGMD. Telethonin interacts with
ZASP, Titin, MINK, myostatin, MURFs, MYOZ1, PKD aminkrd2. Ankrd2 is also an
interesting protein with bi-functional action inthonucleus and Z-discs like VITO-1.
Ankrd2 can interact with p53, Pre-myelocytic leukamprotein (PML) and YB-1, in vitro
(Kojic, Medeot et al. 2004) and can translocatenfrime 1-band into the nucleus after
muscle injury (Tsukamoto, Hijiya et al. 2008). Refcestudies show that Ankrd2 is
expressed mainly in slow muscle type and is noblirad in hypertrophy. Unpublished
data also reveal that VITO-1 is a slow muscle tgp#ein whose knock out results in a
loss of slow fibers, which are markedly increasadatrophic conditions. CARP, a
transcription factor, is known to be involved irethegulation of gene expression in the
heart. Bang et al (Bang, Mudry et al. 2001) denratesti that CARP localized to both the
sarcoplasm and nucleus, suggesting a shuttling”ddFCin cellular components. CARP,
ankrd-2/Arpp, and DARP, are three members of thesexed gene family of muscle
ankyrin repeat proteins whose expression is indugpdn injury and hypertrophy
(CARP), stretch or denervation (ankrd2/Arpp), andirt recovery following starvation
(DARP), suggesting that they are involved in musttess response pathways. Stretch of
fetal rat cardiac myocytes for 90 minutes resuiied striking increase of CARP staining
in both the nucleus and on myofibrils, in most, nibt all, myocytes, relative to
unstretched control cells (Miller, Bang et al. 20Stretch did not appear to affect
ankrd2/Arpp staining, titin N2A oro-actinin, showing that stretch did not cause
myofibrillar damage. It would be interesting to dyuthe expression of VITO-1 under
such stretch conditions to see if VITO-1 remainsucleus or at the Z-discs or results in

an increased expression in both the nucleus andcz-ds in the case of CARP.

To conclude, we can say that Z-disc proteins hateonly a single or two partners, but
are generally associated with a bundle of protdaeending on the extracellular stimuli
and pathological conditions involved and changer thenctions thereby acting as a

component of the mechanical sensor that signalsetéranscription machinery (Fig. 40).
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Discussion

VITO-1 is a novel member of this family of proteiwith a dual role and it can expected
that VITO-1 probably associates with other partnensidst T-cap, MYOZ1 and the
transcriptional factor TEFs, playing an active rolethe signaling cascade between the
nucleus and sarcomeres to regulate skeletal mapelgfic genes and muscle stress
response pathways.
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5. Summary

Transcriptional regulation in heart and skeletalsohe is controlled by the combined
action of 3 major families of transcription factanamely the the bHLH, MADs box

transcription factors and the Transcriptional emearfiactor (TEFs) which play important
roles for the development of muscle tissues andlaggd expression of muscle specific
genes. MCAT element (5'-CATTCCT-3") has been founa number of cardiac, smooth,
and skeletal muscle-specific genes, including eardioponin T -myosin heavy chain

(B-MHC), smooth and skeletal muscie -actin. The pnstehat bind to the MCAT

element belong to the TEF family of transcripti@actbrs. VITO-1 was identified as an
essential co-factor of TEF1 and activates TEF1ufhnoits SID domain, which results in
the transcription of genes involved in muscle chfferentiation. In this thesis, | have
analyzed various molecular characteristics of VIT@nd studied its role in different cell

types.

To analyze and compare the subcellular localizatiodifferent cell types, VITO-1 was
over-expressed in HEK 293, C2C12 and CH10T1/2 bke#. VITO-1 displayed a
predominant localization in the nucleus of C2C12l &dH10T1/2 cells whereas a
cytoplasmic distribution in HEK 293 cells which rhigbe attributed to the absence of
endogenous TEFs in this cell line. Co-expressioTBFs with VITO-1 in HEK 293,
C2C12 CH10T1/2 cell lines resulted in a completndtocation of VITO-1 into the
nucleus. Expression of VITO-1 deletion mutant cargs in C2C12 cells proved the
requirement of SID domain to translocate into theleus. In the presence of VITO-1,
differentiated C2C12 cells formed large myotubesctisupports its role in muscle cell
formation. To identify additional binding parthe§VITO-1, a yeast two hybrid screen
was performed with a skeletal muscle cDNA librasjng the GAL4 system. From a total
of 48 positive clones we focused on Telethonin §p)cand Myozeninl (MYOZ1,
FATZ) as they were isolated as independent oveilgpplones. Telethonin (T-cap) is
one of the most abundant transcripts expressetliaitesl muscle at the Z-discs. MYOZ1
is also a sarcomeric protein that is known to atemwith T-cap. The interactions of T-
cap and MYOZ1 clones with VITO-1 were reconfirmesing the Y2H assay. An ONPG
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B-galactosidase reporter gene assay revealed thEO-YI binds TEFs with greater
efficiency than T-cap and MYOZ1. A failure of Co-lBing thein vitro transcripted /
translated proteins to substantiate the interadietween these proteins might be due to
the absence of native cellular environment. SinEBOY1 is known to be up regulated in
differentiated C2C12 cells and T-cap and MYOZ1 a&relisc proteins, we used
differentiated C2C12 myotubes and chicken primaryocytes for the Co-IP
experiments. Indeed VITO-1 containing the SID dom@s-immunoprecipitated with T-
cap and Myozeninl in differentiated C2C12 myotubgad primary chicken myocytes
thus demonstrating efficient physical interacti®his interaction is mediated through the
SID domain as VITO-1 lacking the SID domain did imgeract with T-cap and MYOZ1.
Immunohistochemistry analysis showed that VITO-damalizes with T-cap in HEK 293
and cos-1 cells. Ectopically expressed VITO-1 vegslized both in the nucleus and the
Z-discs of neonatal cardiomyocytes. When VITO-1 wasexpressed with T-cap in
chicken myocytes, it was localized predominantiytred Z-discs of sarcomeres. A co-
expression of VITO-1 with TEF and T-cap in diffetiated C2C12 myotubes showed
that VITO-1 is distributed both in nucleus as wagsl cytoplasm. VITO-1 is localized at
the nucleus with more intensity where it supposedtgracts with TEF-3 than in the
cytoplasm where it might associate with T-cap. Thigleo-cytoplasmic property of
VITO-1 needs to be further analyzed. To summarike, transcriptional co-activator
VITO-1 plays a novel role by interacting with tharscriptional machinery (TEFs) as
well as the Z-disc (T-cap and MYOZ1) to regulatesoia specific genes.
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Zusammenfassung

6. Zusammenfassung

Die Genexpression in der Skeletalmuskulur unterlieguptsachlich der gemeinsamen
Kontrolle von drei Transkriptionsfaktor-Familien HbH, MADs and TEFs. Diese
spielen eine wichtige Rolle in der Muskelentwicldgunind bei der Expression von
muskelspezifischen Genen. Das MCAT-Element (5"-C&TT-3") konnte in
herzspezifischen Genen, wie Troponin T und in démeren kette bef-Myosins (-
MHC), sowie in Skelett- und Glattmuskelzeller Aktin nachgewiesen werden. MCAT
bindende Protein gehdéren zur Familie der TEF-traps&nsfaktoren. Ein essentieller
Ko-faktor von TEFL1 ist VITO-1. Die SID-Doméne de$l'®-1 interagiert mit TEF1 und
ist involviert in die Aktivierung von TEF Target-@en, die verantwortlich fur die
muskelspezifische Genregulation sind. In diesereArisollte VITO-1 charakterisiert
werden und die funktionelle Rolle von VITO-1 firsdemyogene Programm untersucht

werden.

Die Beteiligung von VITO-1 an Prozessen der Musidtddung konnte durch die
Ausbildung von grofRen Myotuben aus differenzie@@C12-Zellen in Anwesenheit von
VITO-1 bestatigt werden. Zur Analyse und zum Veidieder subzellularen Localisation
wurde VITO-1 in verschiedenen Zellenlinien tUberéxpert. In C2C12- und CH10T1/2-
Zellen konnte VITO-1 hauptsachlich im Zellkern ngetviesen werden. Bei
Uberexpression in HEK 293-Zellen war VITO-1 jedooh Zytoplasma localisiert,
wahrscheinlich aufgrund der niedrigen Konzentratimm endogenen TEFs. Die Co-
Expression von TEF3 and VITO-1 in HEK-Zellen, sowneder Zelllinien C2C12 and
CH10T1/2 zeigte eine Translocalisation von VITOr1 Nucleus. Durch ein in C2C12-
Zellen eingebrachtes verkirztes VITO-1 Konstrukhite nachgewiesen werden, dass

die SID-Domane fur diese Translocalisation notwegnst.

Zur ldentifizierung weiterer VITO-1 Bindungspartnevurde ein Yeast-two-Hybrid
Screen durchgefiihrt. Insgesamt konnten 48 posKieae isoliert werden, von denen
Telethonin (T-cap) und Myozeninl (MYOZ1, FATZ) waituntersucht werden. Die
Interaktion der beiden sarkomerischen Proteinetfiefen und MYOZ1 konnte durch die

Verwendung eines Y2H-assays bestatigt werden. Deirod ONPG3 — Galactosidase-
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Zusammenfassung

Analyse wurde gezeigt, dass VITO-1 effizienter aBFB bindent, als an T-cap oder
MYOZ1. Die Interaktionen zwischen VITO-1 und T-Cagpwie T-Cap und MYOZ1
wurden in vitro nachgewiesen. Hierfur wurden differenzierte C2Qdgotuben und
primare Myozyten aus dem Huhn verwendet. Es kogereigt werden, das VITO-1 mit
T-cap und Myozenin-1 interagiert. Diese Interak#ionsind abh&angig von der SID-
Domaene von VITO-1. Immunohistochemische Analysad Wonfokale Mikroskopie
zeigten eine Co-Localization von VITO-1 mit T-cap HEK 293- und Cos-1 Zellen.
Ektopische experimentes VITO-1 war sowohl im Zaitkeals auch in den Z-Banden von
murinen neonatalen Kardiomyozyten lokalisiert. Bi@expression von VITO-1 und T-
cap in Myozyten aus dem Huhn war hauptsachlichein 4-Banden der Sarkomere zu
finden, wobei in differenzierten C2C12 Myotuben @11 sowohl im Zytoplasma, als
auch im Nukleus nachgewiesen werden konnte. Zuklaufng der genauen Funktion
von VITO-1 im Nukleus und im Zytoplasma bedarf eseiterer Studien.
Zusammenfassend lasst sich sagen, dass VITO-1 dutieh Bindung mit
Transkriptionsfaktoren (TEFs) und Z-Scheiben-spedilen Proteinen (T-cap und

MYOZ1) eine Rolle bei der Regulation versciedeneskelspezifischer Gene spielt.
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7. Abbreviations

3-AT

A

ADP
AMP
Amp
ANF
ATCC
ATP
bHLH
BHLH-PAS
BLAST
BMP-2
Bp

BSA

CaCl2
CaM
CAT
cDNA
cMLC2
C-myc

cTNC

3-amio 1, 2, 3-triazole

Adenine

adenosine di phosphate
adenosine mono phosphate
Ampicillin

Atrial natriuetic factor

American type culture collection
Adenosine Tri-phosphate

Basic helix-loop-helix

Basic helix-loop-per-arnt-sim
Basic Local Alignment search Tool
Bone morphogenetic protein 2
Base pairs

Bovine Serum Albumin

Cytosine

Calcium Chloride

Calmodulin-like

Chloramphenicol Acetyl Transferase
DNA complementary to mRNA

Cardiac myosin light chain

Myc protein implicated in cancer cells

Cardiac troponin C



Abbreviations

CTNT Cardiac troponin T

DCM Dilated cardiomyopathy

DM Diffentiation medium

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EM Electron Microcropy

EM E-box-M-CAT hybrid motif

ES Embryonic stem cells

EST Expressed Sequence Tag

EtOH Ethanol

FACS Fluorescence activated cell sorter

FATZ Filamin, actinin, telethonin binding proteintbe Z-
discs

FeClI3 Ferric chloride

FGF Fibroblast growth factor

G Guanine

GAL4 AD Gal4 transcription activation domain

GAL4 BD Gal4 DNA binding domain

GFP Green Fluorescence Protein

GM Growth Medium

HA Hem agglutinin

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Ig Immunoglobin
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kD Kilo Dalton

KH2PO4 Potassium dihydrogen phosphate
Lac Z B — galactosidase reporter gene
LB Luria Broth

LCR Locus control region

LGMD Limb-girdle muscular dystrophy
MAPK Mitogen Activated Protein Kinase
MEF2 Myocyte Enhancer Factor

MRF Myogenic Reulatory Factor
MRNA Messenger RNA

MYOZ1 Myozenin 1

Na2HPO4 Disodium hydrogen phosphate
NacCl Sodium Chloride

NavO4 Sodium Orthovanadate

NES Nuclear Export Signal

NH4CI Ammonium chloride

NLS Nuclear Localization Signal

oD Optical Density

ORFs Open reading frame

PMSF phenylmethylsulfonyl fluoride
RNA Ribonucleic acid

RNAP | RNA polymerase |

rRNA Ribosomal RNA
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Abbreviations

SC-H
SD
SDS
SiRNAs
SMC
SOC medium
SUMO
T-cap
TE
TEF
TRABS
tRNA
VEGF
VITO
X-GAL
Y2H
YAPG65
B-ME

B-MHC

Synthetic medium without histidine
Snythetic Dropout

Sodium dodecyl sulphate (SDS)
small interfering RNAs

Smooth muscle cells

Super Optimal Broth

Small Ubiquitous Modifier

Titin cap — Telethonin

Tris EDTA

Transcription Enhancer Factor
transcription balancing sequences
Transfer RNA

Vascular Endothelial Growth Factor
Vestigial and TONDU related protein
bromo-chloro-indolyl-galactopyranoside
Yeast two hybrid

Yes Associated Protein 65 kD

B - Mercaptoethanol

B — myosin heavy chain
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