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1. SUMMARY

Spinal muscular atrophy with respiratory distregget 1 (SMARD1) is an autosomal
recessive neuronal disorder in infants. The dséasnarked by early onset of respiratory
distress and predominantly distal muscle weaknassgonsequences of diaphragmatic
paralysis and progressive degeneration afiotor neurons in the spinal cord, respectively.
Genetically, SMARD1 is caused by mutations in thengle gene encoding
Immunoglobulin  p-Binding Protein 2 (IGHMBP2). Ddésp the tissue specific
degeneration observed in SMARD1 patients, the desegene product IGHMBP2 is
ubiquitously expressed in human and mouse tisstiasrefore, SMARD1 appears to be a
motor neuron disease caused by the malfunction‘lebasekeeping” protein, rather than a
neuron specific factor. IGHMBP2 harbors an N-terahiDEXDc-type helicase/ATPase
domain and has been classified as a member ofuperfamily 1 (SF1) of helicases. This
protein has been assigned to various cellular iieBvsuch as DNA replication, pre-
MRNA splicing and transcription. However its pegcifunction in either process has
remained elusive. The study presented here aiméldeaenzymatic characterization of
IGHMBP2, the identification of a specific cellulgsrocess to which IGHMBP2 is
connected and the role of this factor in the patlysplogy of SMARDL1.

As a first step toward this end, a two-step puatiien strategy was established, which
enabled the large-scale purification of properlyildéodl and enzymatically active
IGHMBPZ2. In vitro enzymatic studies using this recombinant prote&ifinedd IGHMBP2
as an ATP-dependent helicase that catalyzes unvgnali duplices composed of either
DNA or RNA in a 5-3 direction. In contrast to previous reports, iredt
immunofluorescence studies revealed a predominanyfioplasmic localization of
IGHMBP2. Size-fractionation studies and affinityrfication experiments further
showed that IGHMBP?2 is part of an RNase-sensitiaensmolecular complex, which was
identified as the ribosome. Interestingly, IGHMBR&s abundantly detected in both
subunits as well as to 80S ribosomes but only iallsamounts in actively translating

polysomes. These data strongly point to a roléGdiMBP2 in ribosomes-associated gene
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regulation control, such as in mMRNA stabilizationRNA translation. However, its

precise function in those pathways remains to batitied.

The biochemical and enzymatic characterizationGHiIMBP2 allowed for the first time
insights into the pathomechanism of SMARD1. SMARfEusing pathogenic IGHMBP2
variants were investigated for their enzymatic \ainéis and interaction with ribosomal
subunits. Interestingly, among all missense mutatithat have been tested thus far, none
obstructs association with ribosomal subunits. Ehmv, these mutants exhibit specific
defects in either the ATPase or RNA helicase agtior both. The data suggest that
defects in the enzymatic activity of IGHMBP2 dilgctorrelate with the pathogenesis of
SMARD1. Furthermore, these data also raise theilpbgsthat the disease SMARDL is

caused by alterations in the cellular translati@chinery.
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2. ZUSAMMENFASSUNG

Spinale Muskelatrophie mit Atemnot Type 1 (SMARD%) eine autosomal rezessive,
neurodegenerative Erkrankung, die sich haufig sahorSauglings- und Kleinkindalter
manifestiert. Pathologisches Merkmal von SMARDeige frihe und akut einsetzende
Atemnot und eine progrediente, zunachst distal riteto Muskelschwéache, die
durch eine Ladhmung des Zwerchfells und der Skeletkmlatur aufgrund des
Absterbens der motorischen Vordernhornzellen desk&imarks eintritt. SMARDL1 ist
eine monogene Krankheit, die durch Mutationen irm Gi& das Immunoglobulin p-
bindende Protein 2* (IGHMBP2) hervorgerufen wir@bwohl Mutationen in IGHMBP2
ausschlief3lich die Degeneration von Motoneuronesitaan, ist das Gen bei Menschen
und Mausen ubiquitar exprimiert. Deshalb scheifA®D1 durch den Defekt eines
»,Haushaltsproteins® statt eines Neuron-spezifischeasktors verursacht zu werden.
IGHMBP2 verfugt tber eine N-terminale DEXDc-Heliee&TPase-Doméane und gehort
zur Superfamily 1 Helicase. Bislang war lediglidifekannt, dass das Protein in
verschiedenen zellularen Aktivitaten wie DNA Replibn, Transkription und pra-mRNA
Splicing zugewiesen wurdeDie prézise Funktion von IGHMBP2 in den obengenannt
Prozessen, und damit auch die molekulare Ursaché&SARD1 sind jedoch noch vdllig
unklar. Das Ziel der vorliegenden Arbeit war es etaldas IGHMBP2 Protein sowohl
enzymatisch zu charakterisieren als auch den Pozesidentifizieren, in dem dieses
Proteinin vivo agiert. Mit diesem Wissen sollten dann pathogengakten von IGHMBP2
auf Defekte hin untersucht werden.

Ein Schlissel fur diese Arbeit war die Gewinnung vekombinantem, biologisch aktivem
IGHMBP2 durch eine zweistufige Aufreinigungsstrag¢egDieses hochreine Enzym zeigte
eine ATP-abhéangige Helikaseaktivitat, die sowohpmiistrangige DNA als auch RNA
mit einer 53’ Direktionalitdt entwindet. Interessanterweisagge sich, dass dieses
Enzym -im Gegensatz zu friheren Befunden- naheszacaliel3lich im Zytoplasma von
Zellen lokalisiert ist. Dartiber hinaus wiesen Aiginitatsaufreinigungsexperimente und

Grossenfraktionierungsuntersuchungen daraufhins d@&sHMBP2 ein Bestandteil des
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RNase-empfindlichen Komplexes ist, der als Ribosomientifiziert wurde IGHMBP2
interagiert primar mit 80S Monosomen, wobei dastétnomit beiden Untereinheiten in
Kontakt steht. Hingegen ist IGHMBP2 an Polysomanin geringen Mengen zu finden.
Diese Befunde deuten stark auf eine Rolle von IGH2Bei der mRNA Verarbeitung am
Ribosom hin, wobei noch unklar ist, ob es sich vanglationsrelevante Prozesse handelt
oder die mRNA-Stabilitat beeinflusst.

Die biochemische und enzymatische Charakterisiesomg IGHMBP2 erlaubte erstmals
Einblicke in den Pathomechanismus von SMARD1. ém dolgenden Untersuchungen
wurden die enzymatischen Aktivitaten der SMARDJleganden Ighmbp2 Mutante und
ihre Assoziation mit ribosomalen Untereinheiten hggforscht. Interessanterweise
konnten pathogene Missense-Mutanten von IGHMBPA genauso gut wie das Wildtyp-
Protein mit ribosomalen Untereinheiten wechselwirkeJedoch inhibierten alle bisher
getesteten Mutanten die RNA Helikaseaktivitat, rdilegs Utber unterschiedliche
Mechanismen. Diese Daten weisen darauf hin, dassDefekt in den enzymatischen
Aktivitaten des IGHMBP2 direkt mit der Pathogenessr SMARD1 korreliert. Des

Weiteren lassen die im Rahmen dieser Arbeit erhalteErgebnisse vermuten, dass

SMARDL1 durch Defekte in der zellularen Translatimaschinerie entsteht.
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3. INTRODUCTION

3.1 Spinal Muscular Atrophy with Respiratory Distress Type 1

In 1974, Mellins and colleagues described two itfaexhibiting the clinical features
similar to those of the most common and most-charaed motor neuron disease, spinal
muscular atrophy (SMA1; MIM #253300). They sufferéfdm neurogenic muscular
atrophy with subsequent symmetrical muscle weako&déisb and trunk, resulting from
loss and dysfunction of alpha motor neurons in @néerior horn of the spinal cord.
Additionally, the affected infants displayed regpary failure at the very early stage of the
disease (at the age of one to three months). Aenaetailed investigation on the
developing symptoms of this newly discovered disesso revealed defects which clearly
differ from the classical SMAL. In contrast to SMANn which proximal limb muscles are
primarily affected followed by respiratory failudeie to paralysis of the intercostal muscle,
this new disease is marked by the early onsetsfin&tory distress due to diaphragmatic
paralysis and muscle weakness with predominansigkdmuscle involvement (Wilmshurst
et al., 2001; Grohmanret al., 2003). To date, more than 100 cases with simila
characteristics have been reported (Grohmahml., 1999; Grohmanret al., 2003;
Gianniniet al., 2006; Guentheat al., 2007, Maystadit al., 2004, Wilmshursgt al., 2001;
Mohanet al., 2001). This “unusual variant” of SMA1 is nowdwn as spinal muscular
atrophy with respiratory distress type 1 (SMARD1IMW#604302). The prevalence of
this disease is still unclear. Patients with diaginnatic paralysis constitute largely 1% of
patients of those with the early onset of SMA (Rkdbchonebornet al., 1996).
Genetically, SMARDL1 is also divergent from SMAL1 thewcaused by deletion or mutation
in the SVIN1 (survival motor neuron 1) gene on chromosome 5MARD1 results from
recessive mutations in the single, immunoglobulioinding protein 2IGHMBP2) gene at
chromosome 11q13. The following parts descridaildel clinical features of SMARD1
patients and the phenotype of a mouse model of SMARhe so-called neuromuscular

degeneration anmd mouse.
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3.1.1 Clinical Features of SMARD1

In almost all SMARD1-affected infants, prenatal tteas like intrauterine growth
retardation (birth weigh below fpercentile), decreased fetal movements or preitatur
have been observed as the first symptoms (Grohretaadnn 2003; Rudnik-Schénenboah
al., 2004). Within the first 6 months, SMARD1 infargsffer from an acute irreversible
respiratory distress due to diaphragmatic paralgsis develop progressive muscle
weakness with the involvement of predominantlyaligiwer limb muscles (Wilmshurst

al., 2001; Grohmanret al., 2003; Gianinniet al., 2006; Mohanet al., 2001). These
features clearly distinguish SMARD1 from SMAL, irhieh the symptoms manifest in
reverse order. Due to weakness of proximal limisctes, SMA1 patients become floppy
and assume a frog leg position prior to respirafaityre by the age of two years. Some
exceptions to the early onset of respiratory déstreave recently been reported. Two
SMARD1 patients exhibit respiratory distress aneese distal muscle weakness at the age
of 4.3 and 10 years (designated as the juvenile §pIARD1), illustrating the clinical
heterogeneity of this disease (Guenttea., 2004; Guentheat al., 2007b).

Acute life-threatening respiratory distress is tm®st prominent sign of SMARDI.
SMARD1 patients exhibit eventration of right or bdtemi-diaphragms without any thorax
deformity due to predominantly diaphragmatic pas@ly{Fig. 1A). This respiratory failure
can be initially recognized by inspiratory stridand/or weak cry in SMARD1 infants.
Due to the acute respiratory failure, SMARD1 pdaterequire permanent mechanical
ventilatory support to prolong their survival (4.%-years) (Fig. 1C). Some of them die
early following acute respiratory events or witheleh of mechanical ventilator. Weakness
of distal muscles initially begins in the lower by rapidly progresses to the upper limbs,
causing a complete paralysis of limb and trunk rassc Consequently, affected infants
develop foot deformities before finger contractur@sey also can not move their legs and
arms against gravity. Marked distal muscle weakresd atrophy, fatty pads and no
antigravity movement are characteristic phenotypegingers and hands in SMARDL1
patients (Fig. 1B) (Grohmaret al., 2003).



3 Introduction Page 7

Figure 1. Clinical Features of SMARD1 Patients.A. Diaphragmatic paralysis in a 6-week old
girl affected with SMARD 1. Chest radiography shows abnormal elevation of the right
hemidiaphragm (the white arronB. No antigravity movement, marked muscle atropimg fatty
pads (the black arrow) are characteristic for hards fingers of SMARD | patient€. A young
girl affected by SMARD1 remains alert and tentatii&ue to respiratory defect, SMARD1 patients
require continuous ventilatory support throughttiesastoma to prolong their life.

In addition to the symptoms described above, featsimilar to those observed in classical
SMAL1 patients have also been reported for SMARDater stages of the disease, motor
and sensory nervous systems are affected (Mehaln, 2001, Wilmhursgt al., 2001 and
Diers et al., 2006). SMARDL1 infants exhibit elevated body pamature, tachycardia,
increased sweating and hypertension, suggesting thals involvement of autonomic
nervous system (Mohaet al., 2001 and Gianinret al., 2006). Histopathological analysis
shows a severe loss of myelinated axons in senaondy motor nerves, late axonal
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degeneration and high number of unmyelinated axblohanet al., 2001; Wilmshursét
al., 2001; Grohmanmt al., 2003). Ultrastructural studies in peripheraives, skeletal
muscles and neuromuscular junctions (NMJ) of SMARftients have revealed the
coexistence of Wallerian degeneration of nerverébeithout regeneration and marked
axonal atrophy, similar to the defects observe8MAL (Dierset al., 2005). Neurogenic
atrophy and inactivity are observed in skeletal ciressand are more significantly in the
older patients. In neuromuscular junctions of SMXRpatients, all motor end-plates are
defective and lack of the terminal axons indicatimg impaired interaction of the skeletal
muscles, motor neuron and Schwann cells. Moreotles study also identified
abnormalities in myelination such as hyper or hypelmation which are characteristic in
several types of hereditary neuropathy, but hateyabbeen described for SMAs so far.
These ultrastructural findings indicate that SMARDE primarily caused by the

impairment in maintenance and regeneration of siateuscles, axons and Schwann cells.

3.1.2 Genetic Analysis of SMARD1

Recessive mutations iIGHMBP2 are known to be responsible for SMARD1 (Grohmann
et al., 2001; Biswast al., 2001). To date, 67 mutations &HMBP2, which include
frame-shift deletion-, splice site donor, nonsemas®l missense mutations have been
already identified in SMARD1 patients (Grohmaeiral., 2001; Maystadét al., Gianinni

et al., Guentheret al., 2007a). ThdGHMBP2 gene is composed of 15 exons and the
disease-causing mutations are spread over thigeens, one mutation was detected in an
intron and no mutations are located in tie4" and 14" exons. Allelic heterogeneity of
SMARD1 has been previously reported (Maystidi., 2004, Guentheat al., 2007b; Pitt

et al., 2003). SMARD1 patients carry homozygous or conma heterozygous mutations
at thelGHMBP2 locus. Moreover, in almost all SMARD1 patientshwthe infantile onset
of respiratory distress and muscle weakness at teeed GHMBP2 allele has a nonsense
mutation. In the juvenile SMARD1 patient compouheterozygote for two different

missense mutations has been identified (Guermthatr, 2007b).

Most mutations target highly conserved amino aegldues found in the N-terminal part
of IGHMBP2 that is proposed to be an ATPase/Heicdsmain (Guenthest al., 20073,



3

Introduction Page 9

200b; Grohmanret al., 2003). No mutations have been so far identifiredhe other
structural domain of IGHMBP2, such as RH3 and Zimger domains (the detailed
domain composition of IGHMBP2 is described in 3)2.1 Mutations inlIGHMBP2
probably affect either its mRNA level or its prateproducts. In SMARD1 patients
carrying splice site donor mutations IGHMBP2, mRNA levels of IGHMBP2 are
significantly reduced, likely due to nonsense-mitiamRNA decay (Guenthest al.,
2007a). At the protein level, IGHMBP2 harboringhsssense mutation within the putative
helicase domain was reported to influence the lggabf IGHMBP2 in SMARD1 patients
(Guentheret al., 2007b). These data indicate that reduced ledfefisnctional IGHMBP2
and/or alterations in its enzymatic activities nm@ntribute to the pathogenic events of
SMARD1. Further studies would be needed to ptbighypothesis.

3.1.3 Mouse Model of SMARD1:nmd mouse

In 1995, Cook and colleagues from the Jackson ladbor discovered a mutant mouse,
whose phenotypes resemble those of SMARD1. Thesejonamedneuromuscular
degeneration (nmd) mouse, resulted from a spontaneous autosomadsigeemutation in
the Ighmbp2 gene on chromosome 19 (Ceixal., 1998; Cooket al., 1995) and has been
used as a model to study SMARD1 and to investitiggeole of Ighmbp2 in motor neuron
degeneration (Grohmarahal., 2004; Maddatet al., 2004; Coxet al., 1998).

Nmd mice resemble patients with a milder form of SMARPather than the acute
SMARD1. While paralysis of the diaphragm appearmsaaly stages and becomes the most
prominent symptoms in infantile SMARDhmd mice develop the respiratory failure at
late stages of the disease. At an age of 3 wawekd, mice rapidly develop muscle
weakness beginning in the hindlimbs that progress generalized muscle weakness in
limb and trunk muscles (Grohmamhal., 2004; Maddatiet al., 2004; Coxet al., 1998;
Cook et al., 1995). Consequently, these mice can not sptieaid hindlimbs and pull
themselves up from the ground when suspended ailheBefore first clinical symptoms
can be detected, a severe loss of motor neurobaeiés in the lumbar spinal cord already
appears, indicating that motor neuron cell deatanisearly event during the disease in
mice. Like in SMARDL1 patients, axonal degeneratonl the loss of axon terminals at
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motor end-plates occur following loss of motor rurcell bodies in the lumbar spinal
cord, which leads to neurogenic muscular atrophyli@annet al., 2004; Maddatet al.,
2004; Coxet al., 1998; Coolet al., 1995). The progression of motor neuron degéioera

in the spinal cord, axonal degeneration and clirsgenptoms slows down until the mutant
mice die at the age of 3-4 months. Respiratotyr@ibecomes apparent at late stages (8
weeks of age) and seems to be caused by myoplitatiatisns in diaphragmatic muscle
fibers, not by axonal loss (Grohmaetral., 2004).

Genetic analysis dfghmbp2 in nmd mice reveals two mutations in two independamd
mice omd" andnmd®), namely a single amino acid deletion in exon 8rod" allele (this
mouse is extinct) and a splice site donor mutaitiontron 4 ofnmd? allele (this mouse is
referred to asximd). Like in SMARD1 patients|ghmbp2 mutations innmd mice may
result in reduction of its mMRNA level. Mutation imtron 4 creates a cryptic splice donor
and reduces the amount of functiotgtimbp2 mRNA by ~ 80% (Coet al., 1998). Since
nmd” mice are extinct, the effect of the single amie aleletion in exon 8 can not be
assessed. It could be however possible that thatimm in exon 8, which encodes third
and fourth helicase motifs, affects the helicagevidie of Ighmbp2 (Coxet al., 1998), thus
suggesting that like in SMARD1 patients, the haeaactivity of Ighmbp2 may be

impaired in nmd mice.

3.2 Immunoglobulin p-Binding Protein 2

The genedd GHMBP2 has received several names in the literature: 3y(bjizuta et al.,
1993; Fukitaet al., 1995), Glial factor 1 (GF-1, an incomplete versof Ighmbp2) (Kerr
and Khalili 1991), rat insulin enhancer-binding teia 1 (RIP-1) (Shielet al., 1995) and
cardiac transcription factor 1 (Catfl) (Sebastaral., 1994). For the sake of clarity, from
now on, the gene and the gene product are refeorems IGHMBP2 and IGHMBP2,
respectively throughout the texttGHMBP2 was originally isolated as a cDNA clone
derived from a cDNA library of mRNA prepared froniP&/IL-4-stimulated spleen cells
which specifically binds 5 phosphorylated singteaaded DNA containing 5'G and
GGGG stretches similar to the immunoglobulin p shawitch region (Mizutaet al.,

1993). The gene is conserved among vertebrates matt present in yeast and fruit fly
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Drosophila melanogaster (Mizuta & al., 1993). Its mRNA and protein products have been
identified in various mouse, rat and human tissaed cell lines, thus indicating the
ubiquitous expression ®GHMBP2 (Grohmanret al., 2004; Uchiumiet al., 2004; Mohan

et al., 1998; Coxet al., 1998; Shielet al., 1995; Mizutaet al., 1993; Fukiteet al., 1993;
Kerr and Khalili 1991). In humans, mRNA tBHMBP2 is expressed in all tissues with
highest levels in testis, followed by brain andegpl, and low to moderate in other tissues
(Kerr and Khalili 1991). IGHMBP2 protein is obsedrat various levels in a wide range
of mouse tissues, with the highest level in brapinal cord and muscle and a lower level
in lung during mouse embryonic and postnatal dgprakent (Grohmanmet al., 2004). To
date, relatively little is known about the functiohthe IGHMBP2 gene product and its
link to SMARD1.

3.2.1 Domain Organization of the IGHMBP2

In mice and humans, the gene of immunoglobulin4pdinig protein 2 encodes a protein
containing 993 amino acids and a size of approxipatl0 kDa. The nucleic acid
sequence of humalfGHMBP2 is 78.6% homologous to the mouse gene (Fudtital.,
1993). At the protein level, human and mouse IGHNBhare 76.5% identities and 84%
similarities. Sequence analysis has revealed skwwquence motifs and structural
domains in IGHMBP2: (i) an N-terminal putative lase domain, (i) a R3H single
stranded nucleic acid binding domain, (iii) two @matial nuclear localization signals and

(iv) a zinc-finger domain (Fig. 3).

3.2.1.1IGHMBP2 Is a Putative Member of Superfamily 1 Heliase

Sequence comparisons of the N-terminal helicaseadoof IGHMBP2 with other helicase
strongly suggested that the N terminal domain diMBP2 is homologous to Upfl-like
proteins that belong to the DEAD/H box-like DExDelibase of Superfamily 1 (SF1)
(Czaplinskiet al., 2000; Gorbalenya and Koonin 1993; Koonin 1992The group of SF1
helicases is evolutionary conserved from prokaytwesukaryotes and includes some well
known proteins such as Upfl, Senl, yeast helicasgeast MTT1, and Dna2p (Koonin,
1992; Czaplinsket al., 2000).
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Upf1p-like Family (Helicase Domain)

motif | la b Il I v \Y VI
(Walker A) (Walker B)

IGHMBP2

Helicase
18 644 706 785 897 937 993

SF1 Helicase domain
. Single-stranded nucleic acid binding domain RH3

Potential nuclear localization signal

AN1-Zink finger motif

Figure 3. Domain Organization of the Human Immunodpbulin p-Binding protein2.
IGHMBP2 belongs to the Superfamily | helicase or Upfl-ligeteins. Human and mouse
IGHMBPZ2 are approximately 110 kDa in size harboring sedv&ractural domains as indicated
above. The consensus sequence of each SF1- leelds is shown in the top panel (reviewed in
de La Cruzt al., 1999; Tanner and Linder, 2001). This figuraas drawn to scale.

RNA or DNA helicases are defined as enzymes thatahte to unwind double-stranded
polynucleotides or base-paired regions of singlarsted polynucleotide. This unwinding
activity requires energy derived from the hydradysi a nucleoside triphosphate (NTP),
preferentially ATP. The proteins of SF1 share @e8served helicase motifs including the
well-known Walker A (phosphate-binding loop/P loap)d B (Md*-binding asparagine)

motifs implicated in purine NTP-binding that are@found in a wide variety of NTPases
(Tanner and Linder 2001) (Fig.3 and Table 1). €h&snotifs are required for either NTP,
or substrate binding and for coupling the energyN@P hydrolysis to unwind double-

stranded nucleic acids (see Table 1 for the detaiteposed functions of each motif). In
addition to these 7-8 conserved motifs, a glutamesdue N-terminal of the motif | is

present in ATP-specific SF1 helicases. In DnaZfl|Sthe role of the glutamine residue
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seems not to be essential. In the DEAD box protsi<), the similar motif (termed as Q
motif) was discovered 17 residues N-terminal fréwa mnotif | or Walker A and consists of
nine residues harboring a highly conserved glutamésidue (Cordiret al., 2005). The
Q- motif is specific for the DEAD-box proteins, fodi to be associated with motif I. In
contrast to the glutamine residue in Dna2p, thisifnmonecessary for ATP hydrolysis and
RNA binding in DEAD-box proteins. In addition tihe helicase domain with the
conserved motifs, helicases often contain variabMno- or carboxyl- terminal extensions
that can be longer than 500 amino acids. Thesgirtal extensions are considered to
confer substrate specificity, protein and/or addiéil RNA binding motifs, and/or direct
the protein to its subcellular localization (WanmglaGuthrie, 1998).

The IGHMBP2 helicase domain harbors seven of gugitative helicase motifs common
for SF1, namely motif I, la, Ib, II, lll, IV, V an¥1 (Czaplinskyet al., 2000; Mizutaet al.,
1993). Further analysis of the polypeptide seqeefcdGHMBP2 has also revealed two
additional conserved motifs (referred to as mdtd and motif IVa by Czaplinsket al.,
2000), which are also identified in some memberSkt namely Upfl, Helicase A, MTT1
and Dna2p. Based on the occurrence of these ma#aplinskyet al. (2000) sub-
classified these proteins into a subgroup of SEied Upfl-like subclass. Whether these
proteins can be indeed categorized as one subgro8F1 remains unclear. Like other
helicases, in addition to the helicase core dom&HMBP2 has a large extension at its C-
terminal consisting of a R3H motif, two putativectear localization signals and a zinc

finger domain.

Studies onin vitro enzymatic activities of some RNA helicases of $ate shown that
these helicases posses RNA/DNA helicase and DNARDA-stimulated ATPase
activities. Saccaromyces cereviseae and human Upfl proteins exhibit nucleic acids-
stimulated ATP hydrolysis and 53" RNA/DNA helicase activities (Bhattacharghal.,
2000; Czaplinskiet al. 1995). Yeast helicase A, another member of Sélicdse has
demonstrated strong DNA-dependent ATPase ané35 DNA unwinding activities
(Biswas et al., 1995; 1997a). Moreover, MTT1 is known as a DRMNA-dependent
ATPase and a 553’ DNA helicase which is dependent of DNA (Czapkinet al., 2000;
Biswaset al., 1997). Consistent with its classification asember of SFlin vitro, human

IGHMBP2 has been previously characterized as an-AlEBendent DNA helicase as well
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as DNA-dependent ATPase (Biswesal., 2000; Molnaret al., 1997). In addition to
ATPase activity, Molnart al. 1997 have reported that IGHMBP2 is capable of GTP
hydrolysis and this ATPase/GTPase activity is statad by RNA as well as DNA. The
polarity of unwinding by IGHMBP2 on DNA substratesmains a matter of debate.
According to Biswast al. (2000), IGHMBP2 unwinds DNA substrates from thesBd.

By contrast, IGHMBP2 was assessed as-a®’'DNA helicase by Molnar and coworkers
(Molnaret al., 1997).

Motif Proposed functions

I The NTP-binding Walker motif A; NTPase and Hefieaactivities; interacts
with the phosphate of the nucleotide, motif Il, ét and a highly conserved
glutamine residue located 15-22 nucleotides upstregfamotif | (the so-called Q
motif in DEAD box.

la Substrate binding; structural rearrangement WbdR hydrolysis and binding.
Ib Part of domain I; substrate binding, not higlelgnserved and is not always
found.

1] The Walker motif B; crucial for NTP binding; thgdutamine residue coordinates
an Mg ion for the binding of NTP and is responsite the hydrolysis of3-y
phosphoanhydride bond of a bound NTP.

i Bindsy-phosphate and links the ATP binding and hydrolisithe RNA binding
motifs IV and V.

Y Substrate binding through the ribose-phosphaekbone; known as motif 1Va
in SF1 DNA helicase.

Y An RNA binding motif; may regulate ATP hydrolysipon substrate binding.

VI Substrate binding and ATPase activities

Table 1. Eight Conserved Helicase Motifs in the Serfamily 1 (the proposed functional
properties of each motif described here are estaddi for Superfamily 1 and 2 helicases, including
DEAD box RNA helicases; reviewed in Gorbalenya Kodnin, 1993; Cordiret al., 2005; Tanner
and Linder, 2001; de La Crazal. 1999).

3.2.1.2The R3H Motif

The R3H motif of IGHMBP2 is located at amino acid33-785 (Grishin, 1998). This

motif consists of an invariant arginine (R) residared a highly conserved histidine (H)



3

Introduction Page 15

residue, separated by three amino acid residuesxHRxwith x for any amino acid)
(Grishin, 1998). R3H motifs are present in pradgefrom a wide range of organisms,
including Eubacteria, green plants, fungi and neas. Although the precise function of
this motif has not yet been defined, the fact tha motif is found in proteins associated
with ATPase domains, SF1 and SF2 helicase domiiiisgjomains, Cys-rich repeats, and
ring type zink fingers indicates that R3H might ibgolved in polynucleotide binding,
including DNA, RNA and single-stranded DNA. Thesedary structure prediction also
suggested that the R3H alone is not sufficienthigh affinity binding to single-stranded
DNA (Grishin, 1998).

Fukita et al., 1993 have identified a region of the human IGHR2Bconsisting of 150

residues which specifically binds to 5’ phosphatgthguanine-rich single-stranded DNA
sequencesn vitro. This region spanning amino acids 638-786 indutlee C-terminal

R3H domain of human IGHMBP2. The comparison of 3k solution structure of the
R3H domain of human IGHMBP2 and that of the C-taahidomain of the translational
initiation factor IF3 suggests that the RH3 domafrhuman IGHMBP2 functions as a
molecular surface not only for sequence specificleio acid recognition but also for
protein-protein interaction (Liepinskt al., 2003). Whether IGHMBP2 indeed binds
single-stranded nucleic acids and whether the RHE®aih is involved is, however,

unclear.

3.2.1.3The AN1-Like Zinc Finger Domain (AN1-ZnF)

Another structural motif found in the C-terminalrpaf IGHMBP2 is AN1-type zinc
finger (ZnF). This motif was first identified ime& protein from theXenopus laevis AN1
maternal mMRNA. The function of the AN1-type ZnFnuhin is still unclear; it is
frequently found in association with domains linkedhe ubiquitination pathway such as
the A20-type ZnF and the ubiquitin-like domain. general, ZnF domains are considered
to function not only as sequence specific DNA bimgdimotifs, but also as recognition
motifs of RNA and other proteins (Gamsjaegeal. 2007). It is therefore a possibility
that the ZnF domain in IGHMBP2 serves as a bindiitg for proteins and/or nucleic

acids.
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3.2.1.4The Putative Nuclear Localization Signal (NLS)

Further analysis of the peptide sequence of IGHMRR® reveals the presence of two
potential nuclear localization signals (NLSs) (Rakit al., 1993). Generally, NLS is
required for active and receptor-mediated nuclegyort. However, it is still unknown
whether these putative NLSs are functional in thetext of IGHMBP2. The subcellular
distribution of IGHMBP?2 is still contradictive. KBVIBP2 was observed in the nucleus
and in cytoplasmic discrete foci with some perieacl accumulation in HelLa and
epithelial cells 21PT (Molnaat al., 1997). Its intracellular distribution in theateus and
the cytoplasm seems not dependent of cell cyclecohtrast to the observations of Molnar
and coworkers, Grohmarahal. (2004) detected IGHMBP2 at high levels in theopjéism

of mouse motor neuron and cultured mouse motoromsumcluding axons and growth
cones and only at low levels in the nucleus. Thugher studies would be required to

determine intracellular localization and trafficgiof IGHMBP2.

3.2.2 Proposed Cellular Functions of IGHMBP2

Although attempts to unravel the function of IGHMBRave been independently made by
several groups, the precise role of IGHMBP2 imlgvcells is still only poorly understood.
Its widespread expression among various tissues imdhuclear and cytoplasmic
distribution indicate that IGHMBP2 might be assteithwith “house keeping” functions in
the nucleus and cytoplasm GHMBP2 cDNA was initially cloned using a DNA probe
corresponding to the immunoglobulin Su region, thete is no evidence that supports the
involvement of IGHMBP2 in immunoglobulin class sehiing (Fukitaet al., 1993).
Biochemical characterization of recombinant hum@rMBP2 as an ATPase and DNA
helicase (Biswast al., 2001; Molnat al., 1997) suggests a functionMNA metabolism,
such as DNA replication, repair or recombinatiddut none of these proposed functions
have been experimentally proven. Other studieselew reported the function of

IGHMBP2 as general transcription activator, reppessid non-snRNP splicing factor.

Early studies on cellular IGHMBP2 function showéattIGHMBP2 bound human virus
JCV (JC virus, polyomavirus) early and late promotend activated Glial cells-specific
expression of JCV (Cheat al., 1997; Kerr and Khalili, 1991). Further investigpn found
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that IGHMBP2 was also able to bind other promotgré&acer sequences such as the
ubiquitous rat insulin promoter element RIPE3b2i¢Bhet al., 1995), human apoA-1
promoter in hepatoma cell line (Mohast al., 1998), tissue specific-rat antifreeze
protein/AFP enhancer (Miaet al., 2000), myocyte-specific element enhancer of the
atrialnatriuretic factor ( ANF) gene (Sebastianal., 1994) and subsequently transactivate
transcription of the genes carrying these sequaatements. Some other groups, in
contrast, reported negative downstream effect oHMBP2 binding to promoter
sequences. Transcription of genes containing adierisoE1B BLZF1f promoter in EBV-
negative B cell line (Zhangt al., 1999) and mouse mammary tumor virus (MMTV)
promoter (Uchiumiet al., 2004;) was reduced by overexpression of IGHMBRL of
these data indicated involvement of IGHMBP2 in s@iption of several unrelated target
genes. Nevertheless, until most recently, thereigurther functional study that supports

a potential role of IGHMBP2 in transcription.

As mentioned earlier, Czaplinsley al. (2000) have sub-grouped several proteins of SF1
family into an Upfl-like subfamily of Superfamily 1Since most members of this subclass
display its cellular function in RNA metabolismgthhypothesized that the proteins of the
Upfl-like subclass play a role in RNA- rather tharDNA-dependent processes and may
constitute a new family of RNA helicases. GiveatttGHMBP2 belongs to this subclass,
it is likely that IGHMBP?2 is likewise involved in IRA-dependent processes. In keeping
with this notion, two groups reported a link of IGIBP2 to the pre-mRNA splicing
machinery. Interaction studies using the yeasthwiarid system identified IGHMBP2 as
a binding protein of the U6 snRNP structural protesm8 (Lehner and Sanderson, 2004).
Furthermore, IGHMBP2 was found to colocalize witle splicing factor SC35 in nuclear
speckles (Molnaret al., 1997). IGHMBP2 also bound to spliceosomes abamin
nuclear extracts on a pre-mRNA substrate. Theteglagested that IGHMBP2 might be
involved in catalysis of pre-mRNA splicing in theateus (Molnaret al., 1997), but its

precise rolen vivo remains to be elucidated.
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3.3 Aim of this Study

Immunoglobulin p-binding protein 2 (IGHMBP2) is theotein product of the spinal
muscular atrophy with respiratory distress type SMARD1 disease gene. Despite of the
remarkable cell specificity of the disease, the regpion pattern of IGHMBP2 is
ubiquitous rather than restricted to the affecteslies in SMARD1 patients. It is therefore
likely that SMARD1 results from the malfunction af*housekeeping” protein. Despite
intensive studies on IGHMBP2 protein, presentlyyolittle is known about its cellular
function and its contribution to the pathomechanag®MARD1. The prime goal of this
study was to link IGHMBP2 to a specific cellulartipaay and to gain insights into the
molecular basis of SMARDL.

As an initial step toward an understanding of thection of IGHMBP2, attempts were
made to characterize its enzymatic activitiesitro. A prerequisite for these studies is the
availability of recombinant functional protein iare amounts and an enzymatically-active
state. To this end, an efficient bacterial expogsand two-step purification strategy was
established. Since IGHMBP2 contains an N-termih@dicase domain and belongs to the
SF1 helicase, a major focus of these studies wiagmpthe characterization of IGHMBP2's

putative ATPase and nucleic acid unwinding aceeiti

A second focus of this work was to connect IGHMB®2 specific cellular pathway. Two
major questions were addressed in this contextrt apam determining the precise
subcellular distribution of IGHMBP2, these studiesused on the identification of cellular
components that functionally interact with IGHMBPZhis technically challenging task
was approached by affinity purification strategmeaking use of monospecific antibodies

and functional recombinant IGHMBP2.

The biochemical characterization of IGHMBP2 andnitfecation of its cellular function
allow addressing the third focus of this study, einhe pathomechanism of SMARDL1.
For this purpose, pathogenic IGHMBP2 variants wexpressed along the same lines as
already established for the wild-type protein andhpare their enzymatic activities with
the wild-type protein. Lastly, the pathogenic IGHRBvariants were investigated for their

interaction with its cellular partners



4

Results Page 19

4. RESULTS

4.1 Characterization of Enzymatic Activities of Recombnant
IGHMBP2 as a Member of the Helicase Superfamily 1

Based on sequence comparisons, IGHMBP2 has beenifidd as a member of the
helicase Superfamily 1 (SF1). IGHMBP2 containsaamino-terminal helicase/ATPase
domain and has previously been shown to displayreatic activities similar to the best-
characterized member of this family, the Upfl piro{@iswaset al., 2001; Molnaret al.,
1997). Human IGHMBP2 (IGHMBP2) displays nucleicidastimulated/dependent
ATPase and DNA unwinding activities. However ualiklpfl, which was found to
unwind not only DNA but also RNA substratiesvitro (Czaplinskiet al., 1995), no RNA
unwinding activity of IGHMBP2 has been identifidtus far (Molnaet al., 1997). Taking
into consideration that the helicase domains of 1Ugind IGHMBP2 are highly
homologous, it is reasonable to speculate thatdditian to DNA helicase activity,
IGHMBP2 serves as RNA helicase vitro. Until recently, attempts to demonstrate the
RNA unwinding activity of IGHMBP2 have failed simptiue to the difficulty to get hands
on recombinant helicase. As an initial step towtre detailed functional studies on
enzymatic activities of IGHMBP2, an expression affinity purification strategy was
developed to obtain recombinant full length IGHMBIR@n bacterial cells in a pure and
catalytically active state. The recombinant IGHNB®Bbtained by this expression and
purification protocol was used for the subsequerttymatic studies of IGHMBP2 as a

helicase, namely ATP hydrolysis activity and unwmggdactivity on RNA substrate.

4.1.1 Expression and Purification of Recombinant IGHMBP2

As a first step in expression and purification @ambinant IGHMBP2, a derivate of the
pGex6p.1 expression plasmid vector containing tiiddngth| GHMBP2 was constructed,
allowing for high level expression of the protemHk. coli Rosetta strains. A sequence

encoding a hexahistidine tag (6His) was fused ¢oGkerminus of the full length coding
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region oflGHMBP2. This fusion sequence was subsequently integratech downstream
site of the glutathione S-transferase tag (GST tdghe expression plasmid pGex6pl,
resulting in IGHMBP2 preceded in-frame by an N-terah GST tag and flanked by a C-
terminal his tag (Fig 4). Taking advantage of biatlps, bacterially-expressed IGHMBP2
was purified using a two-step affinity chromatodrgpprocedure (Fig. 4). In this
purification protocol, the GST tag at the N ternsgnuas used first for affinity purification
on a glutathione Sepharose resin, followed by arsmt@ffinity chromatography on Ni-
NTA resin. Prior to the second purification steépe fusion protein was cleaved by
PreScission protease to remove the GST tag. $heolitwo separate purification steps
allowed for removal of contaminating proteins amdtgolytic degradation products of the
fusion protein lacking either N- or C- terminal ickges. Thus, after the final purification

step, full length and apparently homogenous recoamttiprotein could be obtained.

4 t
PreScission cleavage site Factor Xa cleavage site

pGex6p1-IGHMBP2-6His Expression in E. coli

Purification. GST-IGHMBP2-6His on Glutathione sepharose beads column

}

Cleavage by preScission protease: IGHMBP2-6His + GST

¥

IGHMBP2-6His on Ni NTA column

¥

IGHMBP2-6his

Figure 4. Strategy for Expression and Purificationof Recombinant IGHMBP2. pGex6pl
containing the full length IGHMBP?2 flanked by ant&minal GST tag and a C-terminal 6xhis tag
was transfected intd&. coli strain Rosetta. Taking advantage of the GST aiddtéfs, the
bacterially-expressed GST-IGHMBP2-6xhis was sukgtd a two-step purification protocol. The
first purification was carried out using glutathiosepharose beads, followed by cleavage with
PreScission protease to remove the GST tag, whah netained on the matrix. The cleavage
products containing IGHMBP2-6his were loaded on aoNi-NTA column. This second
purification step produced his-tagged IGHMBP?2.



4

Results Page 21

As shown in Fig. 5, the full length IGHMBP2 in pGad GST-IGHMBP2-6xhis, was
expressed at high level | coli Rossetta cells upon induction with 1 mM IPTG at@0
for 16 hours (Fig. 5 lanes 1 and 2, before and afiguction, respectively). Following
fractionation by high speed centrifugation, recomabit IGHMBP2 was largely retained in
the soluble supernatant, only small amounts of I@M2 was sedimented into the
insoluble pellet (Fig. 5 lanes 3 and 4). The G&HMBP2-6xhis was then purified from
E. coli cells by glutathione Sepharose beads chromatogrggag® materials and methods
for the detailed protocol). In order to remove @8T tag from the IGHMBP2-fusion, the
purified protein was subsequently treated with presson protease. This treatment led to
cleavage of approximately 50% of IGHMBP2, produding fusion protein harboring only
His-tag at its C-terminal and the GST moiety, whieas retained on the matrix (Fig. 5

lanes 5 and 6). The cleaved protein was furthferigf purified by means of its C-terminal

GST-IGHMBP2-6His

.J“Hl | IGHMBP2-6His

Protein expression in E. coli

1. before induction

2. after induction with 1 mM IPTG

3. pellet after centrifugation of 2

4. supernatant after centrifugation of 2

Protein purification

_\ 5. Glutathione beads after PreScission
protease cleavage

6. flow through from the cleavage onto
Ni-NTA column

7. Ni-NTA beads after elution

8-11. eluted fractions of Ni-NTA column

- [ GST

Figure 5. Expression and Purification of Recombiant IGHMBP2 in E. coli Strains Rossetta.
Protein expression was achieved by induction withM IPTG at 10°C overnight (lanel-2). The
protein was extracted from the bacterial cells faactionated by high speed centrifugation (lane 3-
4).
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(Fig. 5 continued) The soluble fraction/supernatame 4) was subject to protein purification by
affinity chromatography through glutathione sepkarbeads column. The bound IGHMBP2 was
then cleaved with PreScission protease to remogeG8BT tag (lane 5-6) and the flow through
containing IGHMBP2-6xhis was subsequently purifiedugh Ni-NTA agarose beads. The bound
proteins were eluted with imidazol (lane 8-11).otemns were analyzed by 12% SDS PAGE and
visualized by Coomassie blue staining. M: marker.

His-tag on a Ni-NTA column. In this step, the fldhgth fusion protein as well as its N-
terminal degradation products harboring 6His-tags wetained on the NIi-NTA resin.
After extensive washing, the bound proteins wenteel with imidazole. As shown in Fig.
5 lanes 8-11, full-length IGHMBP2-6His was efficignreleased from the resin by elution
with imidazole and only a small fraction of IGHMBR&mained bound on the Ni-NTA
beads (Fig. 5 lane 7). Moreover, two faint bantapproximately 70 and 55 kDa in size
were also observed in the eluted fractions, whienewdentified by Western blot analysis
as the N-terminal degradation products of IGHMBB&t§ not shown). The purity of the
recombinant protein was estimated to be greater #& by Coomassie blue staining and
approximately 0.2 mg purified IGHMBP2-6His was ab&l from 2L ofE. coli culture
(Fig 4. lanes 8-11). Taken together, using two sttutive steps of affinity
chromatography, bacterially-expressed full leng@HMBP2 can be purified to a near
homogeneity, thus facilitating enzymatic studiesl@HMBP2. Additionally, for these
studies, expression plasmids containing IGHMBP 2 witutations either in the Walker A
or B motifs (p.GKT219AAA and p.DE375AA, respectiyelwere also constructed,
allowing for expression and purification of thesatamt proteins as wild-type IGHMBP2.
The experiments described in this section wereopad by Ulf Glnther, collaborator in
this study.

4.1.2 ATPase Activity of Recombinant IGHMBP2

Having established an expression and purificatioocgdure for IGHMBP2, an initial
effort was made to investigate the capability & tecombinant protein to hydrolyze ATP.
In the study performed by Ulf Glnther (collaboratothis work), the recombinant protein
was incubated witl-[P*%- labeled ATP at 37°C for 60 minutes and the hjdis of a-
[P*3-ATP into a-[P*)-ADP was then monitored by thin layer chromatogwap ATP

hydrolysis activity was evidenced by the appeararidabeled ADP and the simultaneous
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disappearance of labeled ATP. As shown in Figage 1, the recombinant IGHMBP2
slowly catalyzed the hydrolysis of ATP when complai@the control reaction at 4°C (lane
14) and those in absence of protein (lanes 9-1B). exclude the possibility that the
ATPase activity of the recombinant protein was ttueontaminating factors in the protein
preparation, IGHMBP2 harboring mutations in eithgalker A or B motifs were also

analyzed for ATP hydrolysis. Previous mutationtaldgees on DEAD box helicases have
suggested that both motifs are crucial for ATPase helicase activities (reviewed in
Cordin et al., 2006). Indeed, in this assay both mutationsiced ATPase activity to

background levels (Fig. 6A lane 7-8). These rasmitlicate that recombinant IGHMBP2
obtained by using the two-step purification strgteghibits intrinsic catalytic activity and

therefore can be used for further functional stsidie

Although ATP is commonly known as the most effitieafactor in NTPase activity, many
helicases are able to hydrolyze other nucleosigidhdsphates. In order to determine
whether IGHMBP2 acts as a general NTPase or hawfarence for a certain type of
nucleotide, a 50-fold molar excess of differentalnalled rNTPs and dNTPs was added as
competitors to the ATPase reaction. The release-{f*J-ADP was analyzed as
described above. As shown in Fig. 6B, under themditions, only ATP or dATP
efficiently inhibited the hydrolysis odi-[P*3-ATP, while the other nucleotides tested had
no measurable effect (Fig. 6B). The cofactor neuent of IGHMBP2 is therefore
identical to other known SF1 and SF2 helicases.rebler, this competition assay also
illustrates the specificity of IGHMBP2 for the cofar ATP. The competition assay was
performed by UIf Glinther as collaborator in thisdst

Since the ATP turnover rates of many type | hebBsasre cooperatively coupled to
substrate binding, the hydrolysis activity of IGHMB was next analyzed in the presence
of nucleic acids. For this purpose, recombinantN@BP2 was incubated with either
double-stranded DNA or homopolymeric RNAs (poly ,(Aply (C), poly (G) and poly
(U)) and ATPase activity was measured as descabegie. Indeed, strong stimulation of
the ATPase could be observed when either DNA oy pa), (C) and (U) were added to
the reaction mixture (Fig. 6A lanes 2, 3, 4 ando8,quantitative analysis see Fig. 6C).
Under the conditions applied here, the presend2Ns or poly A, C and U increased the
release of hydrolysis product-[P*3-ADP by approximately 70%. Only poly (G) was
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much less efficient in this assay and resulted anby marginal increase of ATP hydrolysis
(Fig. 6A lane 5). Moreover, only background levels the hydrolysis product were
observed in the absence of protein (Fig. 6A lanr&8)9 thus suggesting that the observed
stimulation of ATP hydrolysis was due to binding thie nucleic acid to IGHMBP2.
Together, these results indicate that IGHMBP2 is\&Rase that is stimulated by a variety
of nucleic acids. The ATPase experiments in tlag pere performed by Ulf Gunther,

collaborator in this study.
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Figure 6. IGHMBP2 Has an ATPase Activity That Is $imulated by a Variety of Nucleic
Acids. A. ATP hydrolysis activity of IGHMBP2. Recombina@HMBP2 as well as Walker A
and B mutants of IGHMBP2 was incubated with radivety labeleda-[P**]-ATP, in the presence
or in the absence of nucleic acids and analyzenhi®@tes later by thin layer chromatograpBy.
ATPase competition experiment. A 50-fold molar esscef different unlabeled nucleotides was
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(Fig. 6 continued) added into the ATPase assaynd-)addition of unlabeled nucleotidesC.
Quantitation of A. the ATP hydrolysis of recombind@HMBP2 was stimulated by nucleic acids.
(9): no nucleic acids.

4.1.3 RNA Unwinding Activity of Recombinant IGHMBP2

The results above identify IGHMBP2 as a DNA/RNAmstiated ATPase. Next, it was
tested, whether this protein can also act as adsdias predicted by sequence homology
and by previous studies (Bisweaisal., 2001; Molnaret al., 1997). In order to asses this
possibility, anin vitro helicase assay was established, using partialipldestranded RNA

substrates.
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Figure 7. ATP-Dependent RNA Unwinding Activity ofIGHMBP2. A. IGHMBP2 unwinds
the RNA substrate in a dose dependent manner iprdsence of ATP. The radioactively labeled
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(Fig. 7 continued) partially complementary douktiessded RNA substratef”P]- RNA duplex
(right) was incubated with increasing amounts abrabinant IGHMBP2 in the presence of ATP
and subsequently analyzed by native RNA gel elpbwesis. The®fP]- RNA duplex in the
absence of protein is shown in lane 1 (input).e $mgle-stranded RNA products are determined
by comparison with those generated by denaturimgRNA duplex alone at 96°CB. RNA
unwinding assay was performed with RNA substratdgaining 5’ single stranded extensio@. as

B, RNA substrate carries 3’ single stranded extansi

In a first set of experiments, helicase assays waneed out with an RNA duplex, which
contained single-stranded overhangs at the 3’ aneh@s (Fig. 7A). To generate this
substrate, a radioactively-labeled 200 nt artifiE@&A fragment was annealed to a 136 nt
long partially complementary non labeled RNA (Hg.RNA substrate). The RNA hybrid
was then incubated with increasing amounts of réoamt IGHMBP2 in the presence or
absence of ATP for 60 min and analyzed by natiyggooylamide gel electrophoresis. In
this gel system, the radioactively-labeled doulttergled substrate is significantly more
retarded than the single strand, thus allowingnf@nitoring the helicase reaction. The
position of single-stranded RNA was determined égaduring the RNA substrate at 95°C
and loaded on the gel parallel with the helicagetiens (Fig. 6A lane 2). As shown in
Fig. 6A lanes 3-7, recombinant IGHMBP2 unwound Ri¢A duplex in a dose dependent
manner, as indicated by the appearance of theedbsihgle-stranded RNA and the
concomitant decrease of the double-stranded RNAtsatb. Approximately 100-150 ng
IGHMBP2 were required to unwind 50% RNA duplex. plontantly, omission of ATP
from the reaction or introduction of a single paomttation in the Walker B motif of the
IGHMBP2 helicase domain virtually abolished theidede activity of IGHMBP2. These
controls show that the unwinding reaction was gatetalyzed by the protein and not due
to any contaminating component in the reaction unet These experiments were done by

Ulf Gunther, collaborator in this study.

The above-mentioned findings indicate that IGHMBB2an ATP-dependent enzyme
capable of unwinding RNA duplices. In principl§HMBP2 could unwind the duplex
either from the 5’ end, the 3’ end or from bothesid Whereas some helicases have the
preference for unwinding the duplex only from oite,sothers more promiscuous toward
directionality of unwinding. To determine the piitha of IGHMBP2-catalyzed unwinding
activity, two different RNA substrates were genedatone containing only a 5’ overhang

and the other containing only a 3’ overhang (Fi8). 7Unwinding of the former substrate
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would indicate helicase activity in 5°- 3"directjowhile the latter would suggest the
opposite directionality. Strand displacement assays with these two RNA mibstwere

performed and analyzed as described above. Thegseriments were done by UIf

Gunther, collaborator in this study. Fig. 7B shawat only the substrate containing 5’
overhangs was unwound, as evidenced by the presdribe labeled-single-strand RNA
product, whereas the substrate containing 3’ overhaemained stable over the entire
period of the experiment. Very similar results v@lso obtained with DNA duplexes
(data not shown). In conclusion, these data ddfBiéMBP2 as an enzyme that unwinds

RNA or DNA duplexes with 5’ overhangs in an ATP-dadent fashion.

4.2  ldentification of Cellular Binding Partners of IGHM BP2

Functional enzymatic studies of recombinant IGHMB#&&scribed above characterize
IGHMBP2 as an ATP-dependent 5-3' RNA/DNA helicase vitro. In living cells,
IGHMBP2 has been implicated in DNA transcriptionveal as in the processing of pre-
MRNASs (Mizuta 1993, Shieét al. 1995, Zhangt al. 1999, Molnat al. 1997 and Biswas
et al. 2001). However, until most recently the predsection of IGHMBP2 in those
processes is still unclear. The above-mentiongubtmgsis about the cellular function of
IGHMBP?2 still awaits proof by functional assaysabieast the identification of interacting
proteins or cellular targets. The following stUdgused on isolation and characterization
of proteins interacting with endogenous IGHMBP2s iAitial steps toward this, studies
were performed to investigate the precise subeellidcalization of IGHMBP2 and the

association of IGHMBP2 with other cellular compotsein cellular extracts.

4.2.1 Biochemical Analysis of Endogenous IGHMBP2 in Celliar Extracts
4.2.1.1  Subcellular Localization of IGHMBP2

According to Molnaret al. (1997) IGHMBP?2 protein localizes in the nuclegsagll as in

discrete foci in the cytoplasm. In cultured mousetor neuron cells and mouse motor
neurons, by contrast, IGHMBPZ2 is found predominamtlthe cytoplasm and only at the
low levels in the nucleus (Grohmamhal., 2004). Given that IGHMBP2 contains two



4

Results Page 28

putative nuclear localization signals at its C-tewms and that these motifs might be
functional, it was a possibility that IGHMBP2 is piorted to the nucleus and consequently
localizes in both the nucleus and cytoplasm. T tkis possibility, indirect confocal
immunofluorescence studies were conducted in Heldamaouse fibroblast like-3T3 NIH
cells using purified anti-IGHMBP2 antibodies, whicépecifically recognize only
IGHMBP2 on Western blots. Cells were grown on calgps, fixed and stained with anti
IGHMBP2 primary antibodies and subsequently witlofescent-labeled corresponding
secondary antibodies. Analysis of these cellsgusonfocal laser microscopy revealed the

exclusive localization of IGHMBP2 in granular sttwes in the cytoplasm (Fig. 8A).
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Figure 8. IGHMBP2 Is Part of Cytosolic Large Riborucleoprotein Complexes. A.
Cytoplasmic Localization of IGHMBP2. Hela cellsdaBT3 cells were grown on cover slips,
fixed by 4% formaldehyde, permeabilized and blocketi0% BSA containing 0.3% triton X-100.
The cells were then incubated with anti IGHMBP2ilzodies, and subsequently with Cy3-
conjugated secondary antibodies followed by costaering with DAPI. The staining was
examined with a confocal laser beam microscopeand C IGHMBP2 is part of large
ribonucleoprotein complexes. Cytoplasmic extraativetd from FM3A cells was analyzed by a
linear 5-30% (v/v) glycerol gradient for 4 hourshe presence of IGHMBP2 in each fraction was
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(Fig. 8 continued) examined by Western blottingiagfaanti IGHMBP2 antibody.B. IGHMBP2

is present in salt sensitive ribonucleoprotein clexgs. Cytoplasmic extract was prepared in a
buffer containing 0.01% ionic detergent NP-40 (p@mel), 0.5% NP-40 (second panel), 500 mM
NaCl (third panel) or RNase A (bottom pandl). IGHMBP2 complexes are DNase I-resistant.
Prior to glycerol gradient centrifugation, cytoptas extract was incubated with 0.5U/ul DNase |
at 37°C for 30 min.

The same findings were also obtained using diftebartiches of purified anti IGHMBP2
antibodies. Furthermore, the predominantly cytempia localization of IGHMBP2 was
observed in other cell lines (rat PC12, monkey Carsd human 293), with other fixation
methods such as methanol, methanol/formaldehyde@hen IGHMBP2 was expressed as
GFP, HA, or Flag- tagged variants (data not showif)ese observations are in agreement
with the previous findings of Grohmamhal., (2004), who demonstrated that IGHMBP2

predominantly localizes in the cytoplasm.

4.2.1.2 IGHMBP2 Is Part of Large Ribonucleoprotein Complexes

In a next step, the capability of IGHMBP2 to fortatde complex with other components
of the cellular extract was investigated. For thigpose, cytoplasmic extracts were
prepared from mouse FM3A cells in a physiologicatfér under mild ionic conditions.
The extract was subsequently size-fractionated lorear 5-30% (v/v) glycerol gradient by
ultracentrifugation for 4 hours. 18 Fractions weodlected from the gradient and proteins
of each fraction were analyzed by Western blottisgng anti IGHMBP2 antibody. As
shown in Fig. 8B, IGHMBP2 could be detected untiesé experimental conditions in two
major peaks with S-values larger than 30. The miagztion of endogenous IGHMBP2
(approx. 70%) was reproducibly found in the smalbme of both complexes. Both
complexes seem to be detergent insensitive, simedsing the concentration of the non-
ionic detergent NP-10 in cytoplasmic extract u@16% had no effect on the stability of
the complexes (Fig. 8C, first and second pandRaising the salt concentrations above a
critical level (500 mM NaCl), by contrast led to cuantitative disruption of these
complexes and the floatation of IGHMBP2 on the abghe gradient (Fig. 8B third panel).
A very similar sedimentation profile was observadektracts derived from mouse brain
tissue or from other cell lines (mouse and ratfgdet shown). These findings indicate

that IGHMBP?2 is associated with other cellular comgnts in a salt-dependent manner.
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The fact that IGHMBP2 not only contains a consergeduence indicative for single-
stranded nucleic acid binding (R3H) but also astsaedDNA/RNA helicasen vitro (see
4.2.3) raised the question whether these complesetain nucleic acids. To address this
guestion, FM3A cytoplasmic extract was treatedegithith RNase A (for 10 min at room
temperature) or with DNase | (for 30 min at 37°Qjppto gradient centrifugation and
subsequently analyzed as described above. Indemdation of the cytoplasmic extract
with RNase A completely disrupted both complexed ahifted IGHMBP2 to either the
top of the gradient or into the insoluble pelleig{FBB bottom panel). In contrast, both
complexes were still observed upon treatment wiNege-free DNase | (Fig. 8C upper
panel). Occasionally, a fraction of IGHMBP2 wasoabbserved at the top of gradients
under these conditions. This might be due to aladissociation of IGHMBP2 from the
complexes during incubation 37°C for 30 min rattiean a specific effect upon DNase
treatment, since the same profile was observelarcontrol extract incubated at 37°C for
30 min without DNase. In summary, these resultpyest that the majority of soluble

cellular IGHMBP2 forms cytosolic large ribonucleofein complexes (RNP#) vivo.

4.2.2 lIsolation and Characterization of the Cellular Compmnents of IGHMBP2
Complexes

The previous results show that IGHMBP2 is a predamily cytosolic protein and stably
interacts with other proteins to form large RNPs an effort to elucidate the cellular
function of IGHMBP2, biochemical approaches weredligped to identify the cellular
components of these RNPs. Initial attempts tatsathe IGHMBP2-RNP complexes were
performed by an immunoaffinity chromatography apgto For this purpose, purified anti
IGHMBP2 antibody was immobilized on protein A seqgis& beads matrix and incubated
with FM3A cytoplasmic extract. Following extensiwashing, the bound IGHMBP2 and
its interacting proteins were eluted from the behglspH-shock and assayed by SDS
PAGE and silver staining (data not shown). Unfoately, affinity purification using anti
IGHMBP2 antibody failed to isolate binding partnefSGHMBP2. Although IGHMBP2
was efficiently immunoprecipitated from cytoplasmextracts using several anti
IGHMBP2 antisera, the pattern of co-precipitatedtdes varied from experiment to
experiment, suggesting that these proteins haddaan-specifically to either IGHMBP2
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or the column matrix. A likely explanation for #Hee results was that IGHMBP2
complexes were destabilized under the conditionghef immunoaffinity purification

procedure.

The data described above suggest that immunaffmtification seems to be unsuitable
for purification of IGHMBP2 complexes. Thereforan alternative strategy was then
established to purify these complexes. The resuitsmarized in Chapter 4.1 shows that
recombinant IGHMBP?2 is efficiently expressed inteaal cells and purified to apparent
homogeneity. Taking advantage of this recombin&8T-IGHMBP2-6his, affinity

chromatography was performed using recombinant IGRRIimmobilized on beads as an

affinity matrix.
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Figure 9. Sedimentation Profiles of the RecombindnIGHMBP2 in Cellular Extracts .
Recombinant IGHMBP2 (full length IGHMBP2, C-termirfeagment of IGHMBP2 (amino acids
1-286) and N-terminal fragment of IGHMBP2 (aminoidasc 881-993)) was incubated with
cytoplasmic extracts for 10 min on ice prior to @3 glycerol gradient centrifugation. Protein in
each fraction was TCA-precipitated and analyzed®% SDS-PAGE followed by Western blot
against anti GST antibody and anti IGHMBP2 antibadydetect GST fusion proteins and the
endogenous IGHMBP2, respectively.

Recombinant proteins are commonly utilized as aemdar probe to purify protein
complexes from cellular extracts. However, it mBpbrtant to evaluate whether the
recombinant protein engages in similar interactionsellular extracts as the endogenous

protein. To address this question, FM3A cytopl&srekxtracts were incubated with
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recombinant IGHMBP2 and then analyzed by a line&0% (v/v) glycerol gradient
ultracentrifugation in the similar manner as ddsaxliin 4.2.1. As a control, recombinant
IGHMBP2 was incubated with buffer only and thenlgped in parallel. Western blot
analysis of the gradient fractions demonstratesttiearecombinant full length IGHMBP2
co-sedimented with endogenous IGHMBP2 (Fig. 11 séqoanel), whereas IGHMBP2
alone accumulated on the top of the gradient (datahown). Furthermore, neither GST-
tagged C-terminal nor N-terminal fragment of IGHMBRvhich were expressed and
purified as the full length IGHMBP2, was incorp@atinto the endogenous complexes
(Fig. 11 lower panels). Considered together, thés indicate that endogenous and
recombinant full length IGHMBP2 are efficiently mporated into the same complex (Fig.
11). Therefore, immobilized recombinant full lemgGHMBP2 was chosen as an affinity

matrix to identify the components of the IGHMBP2-RKomplexes.

Recombinant IGHMBP2 was expressedBEncoli and purified similarly as described in
4.1.1. For preparation of the affinity matrix, G&gged recombinant IGHMBP2 was
immobilized non-covalently on glutathione beadsistallowing for the specific and native
elution with glutathione at later stages. The rgf§i matrix was incubated with
cytoplasmic extract prepared from mouse FM3A cella physiological buffer. After
several wash steps under mild ionic conditions,ltbend proteins were eluted from the
beads with glutathione. The eluate was subsequseplarated by SDS polyacrylamide gel
electrophoresis and proteins were visualized byesistaining (Fig. 10A). To control for
the specificity of this affinity chromatography, G&lone was immobilized on glutathione
sepharose beads and treated identically as thenbecant IGHMBP2. As shown in Fig.
12A, lane 1, a series of predominantly small pragi50 kDa) specifically eluted from
the IGHMBP2 column, but not from the control GSTiuwron (Fig. 10A lane 3). These
bands were identified by mass spectrometry as oinas proteins of the large and small
subunits, translation initiation and elongationtéeas and RNA binding proteins, such as
general translation repressor Y-box binding protgor details see Fig. 10 Table B).
Furthermore, RNA analysis of the eluates shows t&% as well as 28S rRNAs
specifically co-eluted from the IGHMBP2 column (FigOA bottom panel). These
findings suggest that ribosomal subunits rathem thadividual proteins bound to
IGHMBP?2 affinity matrix.
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RpS13 (human) 171
RpL32 (rat) 15.7
RpL28 (mouse) 15.6
Figure 10. Purification of IGHMBP2 Complexes UsingRecombinant IGHMBP2 as an

Affinity Matrix .

A. GST-IGHMBP2-6xHis or GST tag alone immobilized glutathione

sepharose beads was incubated with FM3A cytoplagxiacts for one hour at 4°C. After
washing, the bound proteins were eluted with redugieitathione and analyzed by 10% SDS
polyacrylamide gel electrophoresis followed by silgtaining. The specific and prominent bands
were excised and proteins were identified by mpsstsometry.B. RNAs were isolated from the
eluates and analyzed by 1% agarose gel electrapbanrd ethidium bromide staining. Mass
spectrometry analysis of the isolated bands inditat A.

To exclude the possibility that the associatiomilmdsomal subunits was unspecific due to

the mild conditions of the purification strategydatne high abundance of ribosomes, the

eluate of the IGHMBP2 column was further purifiegl dedimentation through a linear 5-
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30% (v/v) glycerol gradient. The gradient analyses carried out as described in 4.2.2.
Proteins of individual fractions were separatedSiyS PAGE and visualized by silver
staining. As shown in Fig. 11A, the majority obpins sedimented as part of two distinct,
homogeneous complexes. Only few of the initiatlgritified proteins did not withstand
this treatment. Moreover, these complexes correspo the small (40S) and large (60S)
ribosomal subunits, as evidenced by the identiioadf 18S and 28S rRNAS, respectively
in the same fractions (Fig. 11A bottom panel). i#iddally, the sedimentation profiles of
the isolated complexes perfectly correlate withsthaf the endogenous IGHMBP2

complexes in the cellular extracts analyzed pdréfig. 11A bottom panel).
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Figure 11. IGHMBP2 Binds 40S and 60S Ribosomal Subits In Vitro. The eluate from the
IGHMBP2-GST pull-down assay (Fig. 10) was analyzed a 5-30% glycerol gradient
sedimentation. 17 fractions and pellet were exathifor RNA and protein. Proteins were
analyzed by 10% SDS PAGE followed by silver stagniRNAs were separated on 1% agarose gel
containing ethidium bromide (middle panel). Thetbtt panel: parallel to the eluate above, FM3A
cytoplasmic extract was fractionated through adire30% glycerol gradient and the presence of
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(Fig. 11 continued) IGHMBPZ2 in each fraction wasedeined by Western blot with purified anti
IGHMBP2 antibody. M: Marker; R: recombinant IGHMBRZ2input/the eluate.

The distribution of 18S and 28S rRNAs in the twiiedtent complexes indicated that 80S
ribosomes might have dissociated into their sulsumitder these gradient conditions. To
confirm this possibility, cytoplasmic extract wasepared in a low-salt buffer containing
Mg** for ribosome stabilization. The affinity purifiten was performed as described
above and the proteins eluted from the IGHMBP2 mwiuvere fractionated through a
linear 7-47% (w/v) sucrose gradient. Fractions eweollected from the gradient and
analyzed by SDS PAGE and silver staining.

7-47% sucrose gradient
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Figure 12. Recombinant IGHMBP2 Binds 80S Monosonsa n Vitro. GST pull-down was
done with FM3A cytoplasmic extract prepared in a®Mmpntaining buffer. The eluate of the
IGHMBP2 column was loaded onto a linear 7-47% (wAugrose gradient. Protein of each
fraction was TCA-precipitated, separated by 10% SBESE and detected by silver staining.
RNAs were isolated from each fraction, separated%nagarose gel and visualized by ethidium
bromide (middle panel). FM3A cytoplasmic extraeis fractionated through a linear 5-30%
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(Fig. 12 continued) glycerol gradient parallel he teluate and the presence of IGHMBP2 in each
fraction was determined by Western blot with pedfianti IGHMBP2 antibody. M: Marker; R:
recombinant IGHMBP2; I: input/the eluate.

In fact, under these conditions, recombinant IGHMB&nd its interacting proteins
migrated as a single complex (Fig 12 fractions B1L-1RNA analysis of each fraction
revealed the presence of both 18S and 28S rRNAisncbomplex, thus indicating that the
isolated IGHMBP2 complex contains 80S ribosomeg.(ER). Of note, the sedimentation
profiles of the purified, eluted complexes corragpto those of endogenous IGHMBP2 in
cell extracts under the same conditions (Fig. 1tfobo panel). Collectively, these findings
indicate that IGHMBP2 associates with 80S ribosome®reover, under conditions that
destabilize ribosomes, IGHMBP2 is still able todboth 40S and 60S ribosomal subunits.
This further also suggests that the complexes ipdriby this strategy recapitulate those
into which endogenous IGHMBP?2 is incorporated

4.3 In Vivo Association of IGHMBP2 with Ribosomes

The findings that recombinant IGHMBP2 associateshwibosomes and ribosomal
subunitsin vitro raised the possibility that endogenous IGHMBP2riatts with ribosomes
invivo. In order to prove this hypothesis, cytosolicasts were prepared using a low-salt
buffer containing M§’, i.e. a condition known to stabilize 80 ribosom@is extract was
size-fractionated by centrifugation through a Imé&a30% sucrose gradient for 135
minutes. RNAs of each fraction were quantifieddigorbance at 254 nm, isolated and
separated by 1% agarose gel electrophoresis andisesisas size markers for ribosomes
and ribosomal subunits. Western blot analysis asfhefraction shows that IGHMBP2
migrated to the positions corresponding to thos&@® ribosomes, as indicated by the
sedimentation pattern of rRNAs (Fig. 13A).

Since formation and stability of ribosomes requitg?*, ribosomes can be dissociated into
ribosomal subunits and release mMRNAs particleshen gresence of EDTA. If in fact,
IGHMBP2 associates with ribosomeés vivo, treatment with EDTA should lead to
dissociation of IGHMBP2 from ribosomes and as aseguence change its sedimentation

pattern. To test this, 15 mM EDTA was added toc#leextract to chelate bivalent cations
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required for 80S formation. Upon ribosomes dissioan with EDTA, a longer
sedimentation (4 hours) through a 5-30% sucroseigmawas carried out to get a better
resolution for ribosomal subunit separation. Tesignment of 28S and 18S rRNAs in two
different complexes confirmed the dissociation liosomes (Fig 13C bottom panel).
Under these conditions, IGHMBP2 co-sedimented pradantly with 40S ribosomal
subunits and to a lesser extend with 60S subuRits (3C upper panel). This result is
consistent with the previous observation that IGHMBwas present in a complex with
40S and 60S ribosomal subunibsvitro (see Fig. 10A and 11). Furthermore, under these
centrifugation conditions, endogenous IGHMBP2 frtme EDTA-free cell extract co-
sedimented with 80S monosomes (Fig. 13C bottomIpaheas suggesting an association

of endogenous IGHMBP2 with ribosomes in cellularasts.

Association of IGHMBP2 with ribosomes and its ribosl subunits led to a question
whether this protein interacts with actively-traslg ribosomes or polysomes. To
address this question, cytoplasmic extract was goeep from FM3A cells previously
treated with cycloheximide for 10 minutes. Cyclotede is a protein translation
inhibitor, which blocks translocation of the riboses on mMRNAs. As a consequence,
ribosomes stall on their mRNAs, leading to the @red formation of polysomes. The
cycloheximed-treated cytoplasmic extract along wiita control cytoplasmic extract was
fractionated through 20-50% sucrose gradients &% fninutes. The effectiveness of
cycloheximide treatment was controlled by the detecof FMRP (fragile X mental
retardation protein), a protein known to preferahtiassociate with polysomes (Fedy
al., 1997). In agreement with the previous findings|RP was found predominantly in
the polysomal fractions (Fig. 13D mid panel). likee, a fraction of IGHMBP2 was
clearly detected in the fraction beyond the monasopeak, illustrating polysome-
association. However when compared to FMRP, patgsassociation of IGHMBP2 was
less pronounced (Fig. 13D). Additionally, no diface in the sedimentation pattern of
IGHMBP2 was observed in the absence or in the poesef cycloheximide under these
sedimentation conditions (Fig. 13D bottom paneTogether, these results indicate that
IGHMBP2 preferentially associates with 80S riboserbet also partially remains bound

to actively-translating ribosomes.
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Figure 13. Association of Endogenous IGHMBP2 wittRibosomes A. FM3A cytoplasmic
extract was fractionated through a linear 5-30%v)wUcrose gradient for 135 min. 20 fractions
were collected and analyzed for RNA and proteinrotdins from each fraction was TCA-
precipitated and analyzed by SDS PAGE followed kgst&rn blot with anti IGHMBP2 antibody.
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(Fig. 13 continued) Total RNAs were isolated froacle fraction and separated by a 1% agarose
gel electrophoresis and visualized by ethidium hdenstaining. As; was measured from each
fraction and the absorbance profile was shown atttip panel. The middle panel shows the
sedimentation profile of IGHMBP2; the bottom paglebws the distribution of ribosomal RNAs in
correlation to the sedimentation profileB. Co-localization of endogenous IGHMBP2 with
translation factor elF4G2 in the cytoplasmC. IGHMBP2 co-migrated with 40S and 60S
ribosomal subunits. EDTA-treated cytoplasmic eottreas fractionated through a 10-50% (w/v)
linear sucrose gradient containing 15 mM EDTA fdrours. FMRP was used as a marker for 60S
ribosomal subunits (middle panel). — EDTA (bottgenel): IGHMBP2 co-migrated with 80S
ribosomes. D. IGHMBP2 is loosely associated with polysomes.ytoplasmic extract was
prepared from FM3A cells previously incubated wagcloheximide for 10 min and directed to a
linear 20-50% (w/v) sucrose gradient sedimentataynl35 min along with the control extract (-
cycloheximide, bottom panel). The third panel shdhe distribution of 18S and 28S rRNA in
correlation to the sedimentation profile.

Immunofluorescence studies shown in Fig. 8 (Chapi2rl.1) revealed the cytoplasmic
distribution of IGHMBP2 in granular structures, remcent to the distribution of the

translational machinery. To test whether thisgratindeed reflects a co-localization of
IGHMBP2 with components of translational machinenydirect immunofluorescence

studies were performed with anti IGHMBP2 antibodyd aanti elF4G2 antibody in the

similar manner as described in 3.2.1. Indeed,azaifmicroscopy analysis of the stained
cells shows that IGHMBP2 co-localized with elF4GRthe cytoplasm, supporting the
finding that IGHMBP2 is associated with protein $esis machinery (Fig 13B).

4.4 Studies on the Cellular Function of IGHMBP2

Interaction of endogenous IGHMBP2 with ribosomes/ meflect the cellular function of
IGHMBP2 in cytoplasmic posttranscriptional geneulegon. In emerging views, such
processes are exerted through mRNA localizatiotoftgsmiccompartmentalization and
polysomal localization), mRNA turnover (stabilizati and destabilization) and mRNA
translation. Interestingly, some well-known SFlidases, such as Upflp and yeast MTT1
have previously been shown to associate with godgomes and plays a role in mRNA
turnover/nonsense-mediated MRNA decay and traaslégrmination, respectively (Atkin
et al., 1995; Czaplinksét al., 2000). Taking these data into consideratioh@following
studies, pilot experiments were designed and peddrto investigate possible roles of
IGHMBP2 in mRNA translation and mRNA stability.
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4.4.1 Downregulation of Cellular IGHMBP2 by RNA Interference Has No

Detectable Effect on Ribosomal Profiles

Given the evidence that IGHMBP2 associates with 86&omes at different functional
states, i.e. at the initiation state (80S) andrdutranslation (polysomes), IGHMBP2 may
potentially have a role in the initiation step oértslation, such as in 80S ribosome
assembly. Therefore, a first set of experiments pexformed in order to elucidate a role
of IGHMBP2 in 80 ribosome assembly. It was sugggghat if IGHMBP2 is in fact
involved in assembly of 80S ribosomes, reducedilzellevels of IGHMBP2 may lead to
alterations in the 80S monosome profile under dam@ supporting stabilization of
ribosomes. To address this point, cellular IGHMBRas down-regulated by RNA
interference and the 80S monosome profile was aedlyoy using sucrose gradient

sedimentation.
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Figure 14. Down Regulation of Endogenous IGHMBPRevels by RNA Interference Did Not
Affect Ribosomal Profile. IGHMBP2 siRNA was transfected into HelLa cellst 7 hours after
transfections, total lysates were prepared and fseslibsequent analysi&. The same amounts
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(Fig. 14 continued) of the control and siRNA extsawere loaded on 10% SDS polyacrylamide gel
and directed to immunoblotting analysis for IGHMBRap) andy tubulin for loading control
(bottom). B. Total extract of the siRNA-treated cells as veallcontrol cells was analyzed by size
fractionation through linear 5-30% sucrose gradidot 2h. RNA was isolated from each fraction
and separated on 1% agarose gel (bottom pandbps®&inal profiles were obtained by plotting the
absorbance A4in each fraction against the fraction numbers (ujpaael).

In this study, small interfering RNAs (siRNA) wedesigned against a sequence of the
coding region of human IGHMBP2 and transfected iH&La cells. Transfected cells
were cultivated and harvested after 24 h, 48 h7ht. During these incubation periods,
no remarkable changes were observed in the morgha@ad growth properties of the
siRNA-treated cells in comparison to the non-traosfd cells (data not shown). Total
extracts were then prepared from the siRNA-transtetieLa cells as well as from the
control cells. The efficiency of siRNA treatmenasvevaluated by a Western blot analysis,
which demonstrates that the protein level of IGHNBRas reduced by approximately
80% at 72 hours upon siRNA transfection (Fig. 14/&)xtracts derived from these cells
were subsequently size-fractionated on a linear0%-3(w/v) sucrose gradient by
ultracentrifugation, as described in Chapter 4.30 fractions were collected and the
absorbance at 254 nm was measured from each fraamtid plotted against the fraction
numbers (Fig 14B upper panel). Total RNAs weréatsal from the gradient fractions and
analyzed by agarose gel electrophoresis. As showg. 14C, although rRNAs levels
were reduced in the siRNA-treated cells, the seniat®n profile of 80S ribosomes
derived of the siRNA-treated cells appeared sintdathe control cells. The basis of the
observed difference in rRNAs level between siRNéated and control cells is not clear
but might be due to slowed growth of the transfatells. In conclusion, these results
demonstrate that decrease in cellular level of I@#2 has no effect on the 40S and 60S

joining to form initiating 80S ribosomes.

4.4.2 Reduced Expression of IGHMBP2 by RNA Interference @ Not Effect Global

Protein Synthesis

The previous experiment implies that IGHMBP2 may play a major role in the 80S
formation. Nevertheless roles in other aspectsawislation cannot be excluded. Next it

was investigated whether IGHMBP2 can affect thediational output of a cell and thus
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behaves like a translation factor. To analyze ploissibility, endogenous IGHMBP2 was
down-regulated by RNA interference and its effectpootein synthesis was analyzed by

radioactive pulse labeling of newly synthesizeddirs.
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Figure 15. Reduction of Endogenous IGHMBP2 Levelslas No Effect on Global Protein
Synthesis. Hela cells were transfected with siRNA againstHMBP2. 72 hours after
transfection, cells were pulse-labeled witf? Siethionine for 1 hour, and total extracts were
prepared and separated by SDS PAGE. Equivalent amounts of each extract was sepagatdd
directed to Western blot analysi®. The loading of total extract was visualized byo@assie
staining. C. The gel in B was dried and subjected to Autorgdiphy.

RNAI experiments were performed in the similar mamas mentioned in 4.4.1. At 72 h
after siRNA transfection, cells were pulse-labeléth S**>-methionie for one hour and the
synthesis of proteins was analyzed by SDS PAGE \asuhlized by autoradiography.
Figure 15B shows that an equivalent amount of eeltacts were loaded on the gel. As
shown in Fig. 15A, 72 hours after transfection, $iRNA against IGHMBP2 reduced the

cellular protein by approximately 50%. Howeverdanthis condition, the overall cellular
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translation output appeared not to be altered (E8). Specifically, the intensity 67S-
methionine labeled proteins was largely equivalarthe control lysates and the siRNA-
treated lysates (Fig. 15C). Moreover, the sameltresas also obtained when the pulse of
%S-methionine was extended to 3 hours (data not showThese data suggest that
IGHMBP2 has no effect on global protein synthesis.

4.4.3 Tethering IGHMBP2 to Reporter mRNA Increases the Alundance of the
Reporter mRNA

In light of the studies described above, it seemigely that IGHMBP2 modulates the
formation of 80S monosomes and global translatiatmyway. The next hypothesis to be
tested was whether IGHMBP2 has a role in mRNA dimjian or stabilization. This
question was approached experimentally by a tethesystem previously applied to
identify factors involved in mRNA turnover. As sk in this study, tethering a fusion
protein with the bacteriophage RNA-binding proteitie MS2 coat protein or the lambda
N (AN) peptide, to the 3’ UTR of a reporter 3-globin NR elicits degradation reporter
MRNA via nonsense-mediated mMRNA degradation (NMBthway, thus recapitulating
NMD pathway (Lykke-Andersesmt al., 2000; Gehringet al., 2003). Using this reliable
system, the potential involvement of IGHMBP2 in NMias investigated. For these
experiments, a set of MS2- ahtl-based tethering reporters was generated (Fig. Thg
coding sequence of IGHMBP2 was fused to the C-teusdf an MS2 coat polypeptide or
to the C-terminus oAN peptide. The mRNA reporter plasmid contains whiel-type
human 3-globin mMRNA with either 6MS2 binding sitess 4AAN peptide binding sites
(termed as BoxB) in its 3’ UTR at a position whareintron induces NMD of a transcript

with a normal open reading frame (Fig. 16).

The expression plasmid containing MS2Ad-tagged IGHMBP2 was co-transfected into
HeLa cells with the corresponding 3-globin mRNAaepr plasmid. Expression levels
were controlled by inclusion of a third vector caining 3-globin mRNA with extended 3’
UTR without reporter binding site (wt300+e3). Twakiate the efficiency of the tethering
systems applied in this study, the known NMD fastaramely Upfl, Upf2 and Upf3b

were expressed as MS2 ®N fusion proteins and utilized as positive controlat 48
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hours after transfection, RNAs and proteins wertraeted from transfected cells and
subjected to Northern blot and Western blot ansJysspectively (Fig. 17 middle-and

bottom panels).

A
3-globin 4BoxB AN
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Figure 16. Schema of Basic MS2-andN Peptide-Based Tethering Systems The R3-globin
gene contains eitheAJ 4 RNA binding sites foAN (BoxB) or B) 6 MS2 binding sites in its
3'UTR. The coding sequence IGHMBP2 was fused &éoGkerminus of MS2 coat polypeptide or
of AN peptide. Position of start codon (AUG) and stodon (UAA) was indicated above.

The mRNA expression level was determined by qugntfthe signal intensity of mMRNAs
detected on Northern blot and is shown in a grapbpresentation. Consistent with
previous reports, the co-expression ®N-or MS2-tagged NMD proteins with the
corresponding 3-globin mRNA reporter induced a giga@duction of the mRNA reporter
level (Fig. 17A and B top panel) (Gehriegal., 2003). In contrast to the NMD-proteins,
tethering IGHMBP2 to the reporter mRNA increasedN#Revel by 1.4 and 1.3 fold in
the AN- and MS2-reporter system, respectively. Thesaltge show that IGHMBP2 does
not induce a specific-degradation of mRNA in thssay. Rather, these suggest that
IGHMBP2 has the opposite effect, namely the stzdtilon of bound mRNA. Further
studies would be needed to elucidate, whetherishiadeed a function of endogenous
IGHMBP2 (see Chapter 5 Discussion, 5.2.2).
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Figure 17. Tethering IGHMBP2 to the R-globin mMRNA 3’ UTR Increases the [3-globin
MRNA Level. A. AN peptide-based tethering assay. Hela cells watrartsfected with reporter
plasmid containing -R-globin MS2 and plasmids eggiregAN peptide-IGHMBP2 (lane 2), orN-
UPF3b (lane 3) or plasmids producikgoeptide coat protein alone (lane 1). The thirasplid
control plasmid (wt300+e3) was co-transfected talwate the efficiency of mMRNA expression.
Total HelLa cytoplasmic RNA was prepared 48 hr aftansfection, fractionated in an 1.2%
formaldehyde containing agarose gel, and probeld avitantisens@-globin cRNA after transfer to
a nylon membrane (middle panel). The radioactigediintensities of RNA band were quantified
by phosphoimager with the relative steady statellef the mRNA normalized to the internal
control (wt300+e3) and to the corresponding corgsgierimentA peptide coat protein alone), in
which mRNA levels were set at 100% (shown as algcapop panel). The expression level of or
AN- tagged proteins was analyzed by Western blottiitig anti V5 (bottom panel)B. MS2-based
tethering assay, performed as A. HelLa cells werdransfected with reporter plasmid containing
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(Fig. 17 continued) R-globin MS2 peptide as welpsmids expressing MS2-IGHMBP2 (lane 2)
or MS2-UPF1(lane 3)or MS2-UPF2 (lane 4) or plasnpdsducingA peptide coat protein alone
(lane 1). Proteins were analyzed by Western bipttiith anti MS2 antibody.

4.5 Biochemical Analysis of Pathogenic IGHMBP2 Varians

Biochemical studies described in this study haveratterized IGHMBP2 as a ribosome-
associated helicase. As the disease gene profinetuioomuscular disorder SMARD1, it
was therefore of importance to investigate the helkween the biochemical activities of
IGHMBP2 and the pathophysiology of the disease. e Tact that SMARD1-related
mutations in IGHMBP2 are located within or adjacenthe putative helicase motifs and
involve evolutionary conserved amino acid resid&ohmannet al, 2001; 2003;
Guentheret al., 2007a) suggests that the helicase/ATPase gcotitGHMBP2 may be
affected in SMARD1. Prompted by the biochemicahd#escribed above and the genetic
data of SMARD1 patients, the following studies warmed to analyze the influence of
pathogenic missense mutations on the enzymaticitaesi and functional association with

ribosomes.

4.5.1 ATPase and RNA Unwinding Activities of PathogenicGHMBP2 Variants

As an initial step to gain insight into the linktlveen the malfunction of IGHMBP2 and
the disease, nine pathogenic IGHMBP2 variants cagrymissense mutations were
investigated for their enzymatic activities. Thesatations were chosen based on their
position in, or directly adjacent to, motifs debed to be essential in distinct steps of
catalysis by helicases (Fig. 18A). Eight IGHMBPRtant proteins contain a single point
missense mutation which lies within or adjacenth#® putative helicase motifs and target
highly conserved residues (Q196R/a conserved glotamesidue upstream of motif |,
T221A/motif I, C241R/motif la, E382K/motif II, H445motif 1ll, D565N/motif V,
N583I/motif V, R603H/motif VI). One mutation, natgeT493l, is not located in close
proximity to any helicase motif (between the mdifand V), but was chosen because it
was identified in two SMARDL1 patients with a valialmnset of the disease (Guentkeer
al.,, 2007b). The pathogenic IGHMBP2 variants werectdraally-expressed as
recombinant protein with an N-terminal GST and @nieal 6His tags and purified in the
same manner as described for wild-type IGHMBP2.(EBB, Fig. 4 and Chapter 4.1.2).



4

Results Page 47

The purified proteins were analyzed by SDS PAGE dsdalized by silver staining. As
shown in Fig. 18B, using the expression and puiitn protocol described in 4.1.2, the
recombinant mutant proteins were obtained in coatgarpurity to the wild-type protein.
Expression and purification of IGHMBP2 was perfodri®y Ulf Gunther, collaborator in

this study.
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Figure 18. Biochemical Characterization of Pathogdac IGHMBP2 Variants. A. A schematic
representation of nine SMARD1- related missenseatimnts used in this study. Eight missense
mutations are located within or adjacent to theseoved helicase motifs of IGHMBP2.
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(Fig. 18 continued) One mutation (T493l) is nothe close proximity to any helicase motiB.
Expression and purification of recombinant IGHMBR2tants. IGHMBP2 protein mutants were
expressed and purified as described for wild-typelMBP2 (see Fig.4 and 5¢. Analysis of
ATP hydrolysis activity of recombinant IGHMBP2 mota The ATPase assay was done in the
presence of poly (A) as described in Fig.5. Thedpcts of ATP hydrolysis were identified by
comparison with those generated by calf intestiplabsphatase (CIP, last lane)D. RNA
unwinding activity of pathogenic IGHMBP2 variantsThe RNA duplex containing 5" and 3’
overhang was incubated with the recombinant mypasteins and analyzed by native RNA gel
electrophoresis, as described in Fig. 6. TiR[{RNA duplex in the absence of protein is shown in
lane 1. duThe positions of duplex and single-stednBNA are indicated.E. Sedimentation
profile of pathogenic IGHMBP?2 in cellular extract3hree pathogenic IGHMBP2 mutants were
incubated with cytoplasmic extracts and assayelihbgar 5-30% glycerol gradient sedimentations
as described previously in Fig 11. Protein of efaabtion was TCA-precipitated and analyzed by
Western blot analysis. Recombinant protein wasaletl by purified anti GST antibody.

The recombinant mutant proteins were initially éelstor their ability to hydrolyze ATP in
comparison to wild-type IGHMBP2. In the experimergerformed by Ulf Ginther
(collaborator in this study), the proteins wereinated witha- [P*)-ATP in the presence
of poly (A) and subsequently analyzed by thin lagi@omatography as described in 4.1.2.
ATP hydrolysis activity of the proteins was indiedtby the appearance @fP*J-ADP as
the product of hydrolysis. As shown in Fig. 18ddal® (-/without protein), incubation of
radioactively labeled ATP with poly (A) alone prasha background level of-[P*-ADP.
The previous result shows that ATPase activity@HMBP2 is stimulated in the presence
of poly (A) (Fig. 6C). Consistently, in this ass#lye wild-type protein displayed poly (A)-
stimulated ATPase activity (Fig. 18C lane 1 and. 1By contrast, seven out of nine
mutants (Q196R, T221A, C241R, E382K, H445P, N583d &603H) exhibited only
background level activity (Fig. 16C). Two mutantgmely D565N and T493l, still
hydrolyzed ATP as efficiently as the wild-type ot (Fig. 18C).

Having investigated the ATPase activity of the mboant mutant proteins, the next
question was whether defect in ATPase activity @he mutants protein consequently
affect RNA unwinding activity of the mutants. Tddress this question, the radioactively-
labeled synthetic partial complementary RNA duptextaining 5’ and 3’ overhangs was
incubated with the mutants in the presence of Alllie single-stranded RNA unwinding

product was examined by native RNA gel electropsisren the similar manner as
mentioned in 4.1.3. Strikingly, all mutants defitién ATPase activity were also defective
in RNA unwinding (Fig. 18D). Mutant T493I which watill able to hydrolyze ATP could
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also unwind the RNA substrate in this experimehese findings are consistent with the
fact, that helicase activity requires energy praduby hydrolysis of an ATP to unwind
substrate. Nevertheless, one mutant namely D563 @ompletely inactive in the
helicase activity, while it displayed an ATPaseawiyt Taken together, these data indicate
that SMARD1-related missense mutations in or adjad¢e critical catalytic motifs of
IGHMBP2 reduce its enzymatic activity. Moreovehese observations support the
hypothesis that the helicase activity of IGHMBP2ynh& impaired in SMARD1 patients.
Surprisingly, one pathogenic variant harboring Ti488tation seems to display enzymatic
activity comparable to the wild-type protein. Thé93l mutation is not located in the
close proximity to any conserved helicase motiig(Fi8A) and consequently exhibited
neither defect in ATPase nor helicase activitiewever, this mutation has been recently
shown to affect the stability of IGHMBP2, hence \ypding an explanation for its
pathogenicity (Guenthest al., 2007b). The above mentioned experiments werenpeed

by Ulf Glnther, collaborator in this study.

4.5.2 Association of Pathogenic IGHMBP2 Variants with Rilbsomal Subunits

The enzymatic characterization of pathogenic IGHMBRiriants shows that missense
mutations located adjacent to, or in conserved chseé motifs lead to loss of
helicase/ATPase activities. In a continuing efftot better understand the biological
behavior of pathogenic IGHMBP2 variants in livinglls, effect of missense mutations on
association of IGHMBP2 with ribosomes was biocheaitycexplored by sedimentation
through a glycerol gradient. Three variants, ngnmi@b65N (no helicase activity but
ATPase activity, T221A (no helicase and no ATPade/iies) and R603H (no helicase
and no ATPase activities) were chosen for thisysaudl expressed as described above. In
this case, the GST tag was not cleaved from thenmbmant protein, thus allowing for
protein detection by anti GST antibody to differaté the recombinant from the
endogenous protein on Western blot. The mutartem®along with the wild-type protein
were incubated with FM3A cytoplasmic extract aneitincorporation into ribosomes was
analyzed by linear 5-30% (v/v) glycerol gradientrailcentrifugations as mentioned in
4.2.2. Western blot analysis of the gradients show significant differences in the

sedimentation profile of the wild-type and mutaBHMBP2 proteins (Fig. 18E). Hence,
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mutations in the helicase domain of IGHMBP2 and lokits enzymatic activities appear
not to have effect on association of the proteithwibosomal subunits. Furthermore,
these results suggest that the pathogenic misseassions do not cause an overall mis-

folding of IGHMBP2 but rather specifically affedsicatalytic activity.
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5. DISCUSSION

Mutations in the gene encoding IGHMBP2 are resgmegor the infantile motor neuronal
disorder “SMARD1” (Grohmanset al., 2001). Despite intensive studies in the paatge
only little was known about the enzymatic propertié this protein, its cellular function
and the affected cellular pathway in the dised$ence, it was a major goal of this study to
link IGHMBP2 to a specific cellular pathway and waravel a connection between its
malfunction and SMARD1. The studies presented Hdeseribe the enzymatic properties
of IGHMBP2 as an ATP-dependent helicase capablenainding RNA and DNA helices
in 5’3’ polarity. Furthermore, the identification of HBMBP2 as a ribosome-associated
factor provides insights into potential roles oHMBP2 in mRNA translation or turnover.
Lastly, biochemical studies on SMARD1-causing IGHRIB variants were conducted,
which have revealed defects in their enzymatic eriogps. Based on these data, a model of
how mutations in IGHMBP2 cause SMARD1 will be potviard.

5.1 Enzymatic Properties of IGHMBP2

5.1.1 IGHMBP2 Is an ATP-dependent 5’-3' DNA/RNA Helicasein Vitro

Based on protein sequence homology analysis, IGHMEE been classified as a member
of the helicase Superfamily 1 (SF1). This protntains an N-terminal helicase domain
with 7 conserved helicase motifs commonly foundhis class (Czaplinsket al., 2001;
Koonin 1992). Unlike other well-known members lotfamily, such as Upfl and Senlp,
which display DNA/RNA helicase activityn vitro (Czaplinskiet al., 1995; Kimet al.,
1999; Biswaset al., 1995), previous studies by Biswetsal. (2001) and Molnagt al.
(1997) have demonstrated exclusive DNA unwinding/ag for IGHMBP2.

In this study, a two-step purification strategy westablished, which allowed for the
production of bacterially-expressed recombinant MB#2 to near homogeneity and in an
enzymatically-active state (Fig. 5 and below). Thves of evidence suggest that wild-

type IGHMBP2 purified in this manner is correctijlded and biologically active. First,
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recombinant IGHMBP2 is incorporated into the sanoenglexes as the endogenous
protein in cellular extracts (Fig. 11 and 16E, dat& shown). Second, the recombinant
protein is able to hydrolyze ATP, indicating itdrinsic catalytic activity, as has been
described for the endogenous protein previouslyrifiPation of recombinant IGHMBP2

in its active state has supplied ample materialdetailed investigations on its enzymatic
activities as a helicase. To control for the sipaty of the enzymatic characterization, all
studies were evaluated by investigating the IGHMBR@tants of Walker A and B.

Indeed, in contrast to the wild-type protein, themsatant proteins have no intrinsic

enzymatic activities, confirming the specificity thle enzymatic studies here.

Helicases are generally thought to couple the gnefgNTP binding and hydrolysis to
promote displacement of duplex nucleic acids (e in Tanner and Linder, 2001).
Consistent with this view, IGHMBP2 can specificallydrolyze ATP and unwind both
RNA and DNA duplexes in an ATP-dependent manngay. (Eiand 7). Further analysis of
the helicase polarity showed that IGHMBP2 unwindsleic acid duplices in a 53’
direction (Fig. 7). Similar to other members ok t®F1, namely Senlp and Upflp
(Czaplinskiet al., 1995; Bhattacharyet al., 2000), IGHMBP2 posses very low intrinsic
ATPase activity but the presence of various honmat lzetero polymers of DNA or RNA
(poly (A), poly (C), poly (U)) can enhance this igity to a great extend. This result
suggests that ATP hydrolysis of IGHMBPZ2 is highlyoperative with its nucleic acid
binding activity. Interestingly, not all RNAs test in this assay had the same stimulatory
effect. In fact, poly (G) completely failed to nease the ATPase activity of IGHMBP2.
The basis for this is not yet clear. However, agag that binding of the nucleic acid to
IGHMBP2 may provoke a conformational change reguie stimulation of its ATPase
activity; it is tempting to speculate that poly (@) not able to bind IGHMBP2 and
therefore could not elicit stimulatiorNevertheless, the hypothesis remains to be cldrifie
whether poly (G) in fact has no or less bindinginay to IGHMBP2 than other

homopolymeric RNAs.

It is important to note that other groups obtaidath that are in part in conflict with those
of this study. According to Molnar and coworkediSHMBP2 unwinds the DNA duplex
in a 35’ direction and is capable to hydrolysis not o#lyP but also GTP. It is

reasonable to speculate that two major reasonuacdor these differences. First, these
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authors used markedly different conditions for tlsudies, including buffer composition,
source and concentration of the protein and substia fact, it has been shown previously
for helicases such as elF4A that their enzymatiwiccan be dramatically influenced by
buffer conditions. Furthermore, the helicase #gtiof elF4A is also affected by the
substrate stability and minimally dependent of kwegth of the single-stranded region
adjacent to the duplex region of the substrateqtloand Herschlag, 1998, Rogersl.,
1999; 2001). Second, it is also noteworthy thaHMBP2 analyzed by Molnar and
coworkers was isolated from cell extracts using B3iiMBP2 antibodies. It is likely that
several other cellular components were co-purifigith this approach, which might have
influenced the enzymatic studies performed by gnigip. Such potential “contamination
artifacts” can be excluded in the study presenterk,has two enzymatically-inactive

mutants of IGHMBP2 have been used as controls.

5.1.2 IGHMBP2 Might Function as RNA Helicase Rather than DNA Helicase in
Living Cells

The enzymatic studies of recombinant IGHMBP2 hdwens that IGHMBP2 can function
as an RNA helicase as well as a DNA helidasdtro. Generally, helicases exhibit very
little substrate specificity when analyzadvitro and their specificity might be conferred
by the presence of additional domains and/or iotemas with cofactors (Wang and
Guthrie 1998). Other members of SF1, such as UafitjhSenlp have been characterized
as DNA and RNA helicasm vitro, but it is now believed that they act solely in KN
metabolic processds vivo (Ursic et al., 2004; Gehringet al., 2003). Several lines of
evidence obtained in this study argued for a rolk&s6IMBP2 as an RNA-specific helicase
invivo. First, the cytoplasmic localization of IGHMBPRig. 8A) gives an indication that
IGHMBP2 may favor RNA rather than DNA in living t®l Second, endogenous
IGHMBP2 is associated with other cellular composeantlarge RNPs (Fig. 8B and see
below), indicating that IGHMBP2 may interact witkllalar RNAs either directly or via

other proteins.

Since cellular RNAs are commonly associated withtggns, RNA helicases are most
likely to encounter RNA-protein complexes (RNPdhea than RNA duplex. Consistent
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with this view, some DExH RNA helicases have relgelnéen reported to displace protein
from RNA-protein complexn vitro as well asn vivo and this activity does not necessarily
require RNA unwinding (reviewed in Jankowsky andvges, 2006; Fairmaet al., 2004).

It would be thus of interest to examine whether NBP2 is likewise able to displace

protein from RNA-protein complex. This could prdeifurther insight into the action of

IGHMBP2 as an RNA helicase in a physiological cahte

5.2 Characterization of the Cellular Function of IGHMBP 2

5.2.1 IGHMBP2 is a Ribosome-Associated Protein

Despite intense studies in the past few years,pteeise role of IGHMBP2 was only
poorly understood. Previous studies have demdedtrénat IGHMBP2 is ubiquitously
expressed and highly conserved among vertebratesif@annet al., 2004; Uchiumgt al.,
2004; Moharet al., 1998; Coxet al., 1998; Shielet al., 1995; Mizutaet al., 1993; Fukita
et al., 1993; Kerr and Khalili 1991), thus suggestingtthGHMBP2 fulfills “house
keeping” functions. In accordance with this nofitlBHMBP2 was found in the cytoplasm
in various mouse and human cell lines in this st(flg. 8A, data not shown). In a
continuing effort to elucidate the cellular pathwap which IGHMBP2 is linked,
experiments were designed to identify the intengcpartners of endogenous IGHMBP2.
These studies indicate that IGHMBP2 associates mbitsomes in various cell types, of
neuronal origin (mouse embryo brain tissue) or neuronal origin (mouse 3T3 and
FM3A cells, rat PC12 cells) (Fig. 8B and C, datastwmwn).

The specific interaction of IGHMBP2 with ribosomisssupported by a series of vivo
andin vitro experiments. First, IGHMBP2 co-localizes with afdhe components of the
translation machinery, the initiation factor IF4GR&,the cytoplasm (Fig. 13B). Second,
glycerol gradient analysis of endogenous IGHMBPZytoplasmic extracts revealed the
presence of IGHMBP2 in two RNase-sensitive peatsesponding to the 40S and 60S
ribosomal subunits (Fig. 8). Third, investigatiosing three different sets of conditions
that alter the polyribosomal profile in sucrosedigats also lends support to the notion
that IGHMBP2 preferentially interacts with 80S mdomnes and only loosely with

polysomes. In the presence of cycloheximide, @lIlGHMBP2 was found at a high
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level in the 80S ribosome fractions and only at lewel in the polysomal fractions (Fig.
13D). When cycloheximide was omitted, most of IGBIRR accumulated in fractions
coincident with 80S monosomes (Fig. 13A). Furthenen when polyribosomes were
dissociated to monomers and ribosomal subunitsarptesence of EDTA, IGHMBP2 co-
migrated with 40S and 60S ribosomal subunits (E8f). Fourth,n vitro binding assays

using GST-tagged IGHMBP2 in cell extracts demonstrahat cellular ribosomal proteins
and ribosomal RNAs were specifically bound by reborant IGHMBP2 (Fig. 10). Fifth,

size-fractionation of the purified IGHMBP2-ribosoncemplex showed that IGHMBP2
was associated with 80S monosomes under condsiadizing ribosomes and with 40S
and 60S ribosomal subunits under conditions pramgaibosome dissociation (Fig. 11 and
12). Taken together, these findings strongly sagtfeat IGHMBP2 associates with the

cellular protein synthesis machinery.

These data are in obvious conflict to studies paréal by others. Specifically, IGHMBP2
had previously been implicated in DNA transcripti@hiehet al., 1995) and pre-mRNA
splicing (Molnaret al., 1997), two cellular processes that occur exeglgiin the nucleus.
While this work was in progress, several experiraefindings by others raised serious
doubt about the role of IGHMBP2 in these nuclearctions. First, IGHMBP2 could not
be detected in proteomic profiles of spliceosonadiough their isolation has made a
major leap in the past years, (Zheu al., 2002; Rappsilbeet al., 2002). Second,
IGHMBP?2 is primarily located in the cytoplasm inding cell bodies, axons and growth
cones of mouse spinal motor neurons and was ddtatt®w levels in the nucleus, thus
suggesting its cytoplasmic function (Grohmane al., 2004). Furthermore,
immunofluorescence studies in differentiated ralPCells revealed the co-localization of
IGHMBP2 with rRNAs in the cytoplasm (data not showit is therefore currently unclear
whether IGHMBP2 is involved in any other cellulatipvay except for the one described
here.

5.2.2 IGHMBPZ2 Is Linked to Gene Regulation at the Level dTranslation

The specific association of IGHMBP2 with ribosomaises the interesting possibility that

this protein has a role in cytoplasmic post-tramsicmal gene regulation. This could occur
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at several levels and in different pathways, inclgdassembly of the translation machinery
or translation, stability and localization of mRNAn fact, a large number of cytoplasmic
RNA helicases, including members of the SF1 and[3ERD box helicases, are known to
be involved in initiation, termination of transkati and in RNA decay pathways, (i.e. as
nonsense-mediated mMRNA decay, 5 mRNA degradatiprb’d8’ exonuclease and 3’
MRNA decay by exosome complex) (reviewed in de kaz@t al., 1999). Therefore,

potential roles of IGHMBP2 in those processes H@ean considered.

5.2.2.1 IGHMBP2 Might Not Be Involved in General Translation Pathway

The process of translation can be divided intottliee phases, initiation, elongation and
termination. Several RNA helicases have been paf#d in the initiation and termination
of translation, such as the DEAD box helicases4al&nd Dbp5, respectively (Rogeats

al., 2001; Grosst al., 2007). By contrast, no helicase described stsfeequired for the

elongation of translation. Translation initiatiorepresents all processes involving
assembly of 80S ribosomes at the start codon omREA template (reviewed in Preiss
and Hentze 2001). Given the fact that IGHMBP2 gnedfitially associates with 80S
ribosomes and it co-sediments with 40S and 60soilmal subunits when polyribosomes
are disaggregated, it was likely that IGHMBP2 pmapates in the assembly of 80S
ribosomes. However, upon reduction of the celldarel of IGHMBP2 by RNA

interference, normal levels of 80S ribosomes catildbe observed (Fig. 14), thus making

the hypothesis unlikely that IGHMBP2 contributeghe assembly of 80S ribosomes.

The biochemical data obtained here also gave dsthe idea that IGHMBP2 might
function as a general translation factor and thiaswaddressed experimentally.
Downregulation of IGHMBP2 by RNA interference, hoxge, had no significant effect on
global translation (Fig. 15). It is neverthelesssgble that only a subset of cellular
MRNAs requires IGHMBP2 for efficient translationdathat these mRNAs have eluded
detection in the assays applied here. Potentiddssates” for IGHMBPZ2 in translation
may be mRNAs with very strong tendencies to forroosdary and tertiary structures

and/or to interact with mRNA binding proteins inight manner. Such mRNAs can only
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be detected by a proteomic approach which hasdsideeen initiated to identify candidate

targets.

5.2.2.2A Potential Role of IGHMBP2 in mRNA Stability

In context of this work, it was also considered #t@HMBP2 could have a role in mRNA
turnover/degradation rather than translation itselfwo general mMRNA degradation
pathways have been described so far in yeast andnnmmals, namely
deadenylation/decapping-dependent 5 mRNA decayximl (5'-3' exonuclease) and 3’
degradation by the exosome complex (Mitchell anliefeey, 2000; Anderson and Parker,
1998). Some RNA helicases have previously beearteg to function as key players in
MRNA degradation mechanisms, for example the DEM{d RNA helicase Ski2 as a
component of the exosome and the DEAD box heli€ds®l for decapping (reviewed in
Long and McNally, 2004Anderson and Parker, 1998). RNA can also be degradthe
nonsense-mediated mMRNA decay (NMD) pathway thaectgkly targets mRNAs
containing premature termination codons (PTCs) i¢med in Changet al., 2007).
Interestingly, a member of the SF1 helicase, Updhether with other RNA-binding
proteins Upf2 and Upf3 appears to constitute thre 8MD machinery.

A potential role of IGHMBP2 in mRNA turnover wasitially examined using a reporter
A- or MS2-based tethering assay, which is widelydusetest whether a protein plays a
role in nonsense-mediated mMRNA pathway (Lykke-Asdpet al., 2000). This assay is
based on the fathat binding of a NMD factor to the MS2 dr-peptide sequence in the 3’
UTR of the reporter [3-globin mRNA triggers the detation of the reporter mMRNA. Quite
unexpectedly, a stabilization rather than destaddilbn of the reporter mRNA tethered to
IGHMBP2 was observed (Fig. 17), indicating the cdotion of IGHMBP2 to the
stabilization of mRNA. This finding also ruled othie possibility that IGHMBP2 is
involved in general mMRNA degradation pathways. Hwav, it is not clear whether the
stabilization of the bound mRNAs observed in thésay subsequently influenced their
translation. It has been recently reported thaldRtabilization is functionally linked to
translation in a fairly complex interplay. Whila most cases stabilized mRNAs are

preferentially subject to translational repressigtawai et al., 2004), in some cases
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translationally-active mRNAs, also exhibit enhans&ability (Anticet al., 1999; Audicet
al., 2002). According to this view, IGHMBP2 probalpgrticipates in translational control
via mRNA stabilization. Alternatively, IGHMBP2 clul stabilize mRNAs without
changing the translation efficiency of the staleitizmRNA. This idea is supported by
studies of polysomes-associated FMRP and Y boxubgngroteinl (YB-1). FMRP
controls mMRNA abundance independently of its fuorctas a translation factor (Zaléh
al., 2007). YB-1, the predominant protein compor@ntranslationally inactive mRNPs,
is considered to play two independent roles as rergé stabilisator of capped-mRNA
(Evdokimovaet al., 2001) and as a global translation repressor Degyet al., 1997,
Minich et al, 1993). Interestingly, YB-1 has been identifiedthe purified IGHMBP2
complex which raises the possibility that both e function together in mRNA

stabilization.

Although these data clearly point to a role in sidme-associated processes, a definitive
function of IGHMBP2 in mRNA metabolism has not yeten discovered. In this context,
it is worth to note that IGHMBPZ2 is not an essdrgratein, which makes its analysis even
more difficult. Thus, more elaborate experimerdgstems such as analysis of global
protein synthesis in IGHMBP2-deficient cells wile lof most importance to elucidate
IGHMBP2's function.

5.3 Pathogenic IGHMBP2 Variants Loose their Enzymatic Ativities
In Vitro, but Still Associate with Ribosomes

Although the clinical feature of SMARD1 patientsdaits variation have been well

described in the past few years, the contributibiGéHIMBP2 to the pathomechanism of
SMARD1 remains unknown. The fact that most SMARfadlsing missense mutations in
IGHMBP2 are found within or adjacent to the highbpnserved helicase motifs, led to the
hypothesis that the helicase activity may be ingghin SMARD1 patients. Indeed, the
enzymatic studies performed with SMARD1-causing seise mutations indicate that
these mutations cause a net loss of RNA unwindimy AT Pase activities of IGHMBP2

(Fig. 18), thus confirming the hypothesis above.
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Seven of nine mutations analyzed (T221A, E382K, 3#4N583I, R603H, Q196R and
C241R) abolished the ATPase and unwinding acts/bielGHMBP2 (Fig. 18C and D). In
human and yeast Upfl, the mutation in the corredipgnresidue of IGHMBP2-R603,
namely R865 (hUpfl) and R809 (yUpfl) caused a defe@&TP binding and hydrolysis
activity (Chenget al., 2007; Wenget al., 1996). Recently, Cheng al. (2007) have
successfully solved the crystal structure of thikchse core of hUpfl. Accordingly, the
residues R865 and T499 of hUpfl, which correspan®k®03 and T221 of IGHMBP2
respectively, have been identified to be structydakated in the nucleotide binding cleft,
thereby suggesting a direct role of these resitludacilitate ATP binding and hydrolysis
(Chenget al., 2007). Given the assumption that the ATP bigditeft of IGHMBP2 is
analogous to that of hUpfl, mutations in IGHMBPZB8EK, H445P and N583I) alter
residues close to the catalytically active residireshe ATP binding cleft, and as a
consequence, the loss of ATPase activity is thegmy defect in these protein mutants. In
addition to conserved helicase motifs, ATP-speclBE1l helicases contain a highly
conserved glutamine residue N-terminal from theifriot In Dna2p, a member of SF1
helicase, this residue is apparently not esseféaiewed in Tanner and Linder, 2001).
By contrast, like in DEAD box helicases, mutationtlois residue (Q196R) completely
abolished ATP hydrolysis and RNA unwinding actegiof IGHMBP2.

Enzymatic studies of IGHMBP2 suggest that the enelgrived from the hydrolysis of
ATP is used for the helicase activity of IGHMBPRowever, an exception has been found
in the D565N mutation of the helicase motif V, whied to the inhibition in the ATPase
but not to the unwinding activity of IGHMBP2 (Fi@8C and D). Uncoupling of the
ATPase and helicase activities has also been exptwt other SF1 helicases, namely UL5
and PcrA. In contrast to studies of the IGHMBP2ant, the ATPase of UL5 mutant was
only moderately reduced to 30-39% (Graves-Woodwebaal., 1997) and the mutations in
PcrA do not occur within the classical helicase ifagfSoultanaset al., 2000). Further
structural studies of the IGHMBP2 protein wouldrexessary to address how a mutation

within the classical helicase motif V uncoupled AirPase from helicase activity.

Taken together, these results provide direct caticel of the enzymatic activity of
IGHMBP2 and the pathomechanism of SMARD1. Nevéegse one exception has been

observed among the missense mutations: the IGHMEIFAnt containing a substitution
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of a threonine in position 493 to isoleucine (T49%thibited neither ATPase defects nor
reduced helicase activity and hence behaved diffiedy as compared to other tested
mutants. Studies on IGHMBP2 levels in the SMARRtignts and heterozygotic carriers
of the T493I (1478T>C) mutation could, however,\pde an explanation why this mutant
is pathogenic. In SMARDL1 patients carrying thistation, steady state levels of cellular
IGHMBP?2 is reduced to 50%, most probably due todmga stability of this variant
(Guentheret al. 2007b). As a consequence, the overall IGHMBP®iac would be
reduced in these patients. These observationsestggat SMARD1 may result from
IGHMBP2 concentrations below a critical thresholthis hypothesis is further supported
by the recent finding that IGHMBP2 protein levetsane SMARD1 patient with a late
onset of the disease is higher than those in gatieith early onset of SMARD1. Residual
levels of IGHMBP2 may attenuate the disease pregyesin the juvenile SMARD1
patient (Guenthest al., 2007b).

Although SMARD1-related missense mutations effitieihibit the unwinding activity
of IGHMBP2, the association of IGHMBP2 with ribosahsubunits is not influenced by
these mutations. All IGHMBP2 variants analyzede(omth impaired ATPase activity,
two with impaired both ATPase and helicase actsitiwere incorporated into the 40S and
60S ribosomal subunits in a manner similar to tiild-type protein (Fig. 18E). Similarly,
in the fragile X mental retardation syndrome, a FMRiutant I1304N, which causes an
unusually severe phenotype, is still able to bisdciytoplasmic mRNA targets and large
ribosomal subunitén vivo as the wild-type FMRP. However, this mutant issgnt in the
“nonfunctional MRNPs”, which are not associatechwiiinslating ribosomes (Schigral.,
2004; Fenget al., 1997; Browret al., 1998). In the case of SMARD1, mutant proteire
still capable to bind ribosomal subunits but cart perform their function as RNA
helicases. Considered together, the results dyromglicate that loss of IGHMBP2
helicase activity, but not its association withodbmal subunits is the major cause of
SMARDL1 at the biochemical level.



5 Discussion Page 61

5.4 The Pathomechanism of SMARD1: a Hypothesis

The data presented in this work suggest that defeactmRNA metabolism may be
responsible for motor neuron degeneration in SMARIZkveral motor neuron diseases,
including the well-known spinal muscular atrophpeyl (SMA1), the amyotrophic lateral
sclerosis type 4 (ALS4) and Ataxia-ocular apraxi@A®A?2), have also been linked to
dysfunction in RNA metabolism (Chestal., 2006; Morreiraet al., 2004). In SMAL, the
protein product of the disease gene, SMN is knawplay roles in UsnRNPs assembly,
MRNA splicing, mMRNA localization and transcriptigreviewed in Kolbet al., 2007).
Interestingly, ALS4 and AOA2 diseases result fromtations in the helicase domain of
Senataxin, the human homolog of yeast Senlp, a member ofh8kdase, which has been
implicated in tRNA termination and splicing (Chetral., 2006; Ursicet al., 2004).

All the above-mentioned diseases have in commat, tthey are caused by defects in
housekeeping genes. Hence the key question is,ontyyspecific cell types are affected
in these diseases while others survive unaffectien the role of IGHMBP2 in mRNA
stabilization and/or translation, it is temptingdpeculate that IGHMBP2 may modulate
stabilization and translation of neuronal specifiRNAs necessary for the survival or
maintenance of motor neurons. Hence, the lossGéfMBP2 activity may result in
inefficient translation of those mRNAs and in tuwetlicit a series of steps that ultimately
lead to loss of motor neurons. The idea of prat@inolved in stabilization and translation
of neuronal specific mMRNAs comes from FMRP in flag{ mental retardation syndrome.
This protein is functionally involved in translatigepression, stabilization or degradation
of a subset of neuronal MRNAs in highly selectivechranism with regards to neuronal
cell type and mRNA target (Zal& al., 2007; Zangt al., 2007; Fengt al, 1997).

The speculation about the molecular pathogenesisSBIARD1 requires further
investigations on the precise cellular role of IGBIRR within mRNA stabilization and/or
translation. In the near future, it is thus of anramportance to identify and to characterize
“MmRNA substrates” or “cellular targets” of IGHMBP2.This can be performed by
proteomic studies using IGHMBP2-deficient cells awatrol cells. The identification of
cellular mRNA targets would then allow studies s&sess whether mishandling of these

MRNAS can be directly linked to the disease. Tlstsdies would pave the way to explore
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the function of IGHMBP2 in motor neurons, i.e. ttedl type that is most severely affected
in SMARDL.
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6. MATERIALS

6.1 Chemicals

All laboratory chemicals were obtained from Rotlgr$a, and Merck KGa at least in p.a quality.

6.2 Antibodies

Primary Antibodies for immunol ocalization studies, immunopurification, Western blot analysis

Antibody Antigene Antibody Type References

481 Fl-lghmbp2 Rabbit polyclone In this worl

482 Fl-lghmbp: Rabbit polyclone In this worl

48¢ N-terminal mighmbp  Rabbit polyclone In this worl

484 N-terminal mighmbp  Rabbit polyclone In this worl

elF4G: human elF4G Goat polyclone Santa Cruz Biotechnolo
rpL7 rpL7 Goat polyclone Santa Crz Biotechnolog
GST Human GS Rabbit polyclone In this worl

FI: full length

Secondary antibodies

Antibody References

Cy2-conjugated goat anti mouse I Dianova Gmbl

Cy3-conjugated mouse anti rabbit | Dianova Gmbl

Cy2-conjugated anti go IgG Dianova Gmbl

Peroxideconjugated ar-mouse Ig( Sigme

Peroxide-conjugated ar-rabbit IgC Sigme

6.3 Cell Lines

Bacterial Cell Lines :E. coli DH5, E. coli RosettaE. coli BL21

Eukaryotic Cell Lines: HeLahuman negroid cervix epitheloid carcinoma)
HEK 293 (human embryonic kidney)
3T3 (Swiss albino mouse fibroblast)
FM3A (mouse C3H mammary carcinoma)
COS7 (African Green Monkey SV40-transfected kydfibroblast)
PC12 (rat pheochromocytoma)

6.4 Plasmid Vectors

Plasmid Vector: pBluescript KSII(-) (Stratagene, Jolla USA)
pCDNA3 (Invitrogen)
pCMV4B (Stratagene, La Jolla USA)
pCMV5B (Stratagene, La Jolla USA)
pCI-Neo (Promega)

pET28a (Novagen)



6

Materials

Plasmid constructs for IGHMBP2 expression

pGem-Mol
pGem-C4
pGex6pl

(Promega)
(Promega)
(Amersham Biosciences)

Protein AA Construct Plasmid 5/3' RE Amino acid
N/C Mutation
terminal

IGHMBP2 1-993 - pBluescript KSII(-)  Sall/Hindlll  WT

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  WT

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  Q196R

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  T221A

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll C241R

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  E382K

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  H445P

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  T483lI

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  D565N

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll  N583I

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll R603H

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll GKT218A

IGHMBP2 1-993 GST/6His pGex6pl Sall/Hindlll DE375AA

Ighmbp2 1-993 His/- pET28a Sall/Hindlll - WT

Ighmbp2 881-993 GST/- pGex6pl Sall/Hindlll  WT

Ighmbp2 1-296 GST/- pGex6pl Sall/Hindlll  WT

IGHMBP2 1-993 -IFlag pCMV4B Sall/Hindlll - WT

IGHMBP2 1-993 -/myc pCMV5B Sall/Hindlll  WT

AA: amino acid

Plasmid constructs for tethering assay

Protein/mRNA Construct (N/C Terminal) Plasmid References

WT IGHMBP2 V5-AN/- pCINeo In this work

WT IGHMBP2 MS2/- pCINeo In this work

WT hUpfl MS2/- pCINeo Gehring al. 2003

WT hUpf2 MS2/- pCINeo Gehring al. 2003

WT hUpf3b V5-AN/- pCINeo Gehringt al. 2003

MS2 coat protein - pCINeo Gehrimgal. 2003

Page 64
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AN peptide V5/-
WT [3globin+e300 mRNA -

WT R3-globin mRNA
WT R3-globin mRNA

h: human

-[3'UTR 6xMS2 binding sites
-/I3'UTR 4BoxB
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pCINeo Gehringet al. 2003
pCINeo Gehriegal. 2003
pCINeo Gehringet al. 2003
pCINeo Gehrirggal. 2003

Plasmid constructs for preparation of dsRNA substrates for RNA unwinding assay

dsRNA plasmid

C4/Mol pGem-C4
pGem-Mol

RNA-A1/RNA-A2 pCDNA3
pCDNA3

RNA-A3/RNA-A4

6.5 Consumable Materials

Glutathione sepharose beads

Ni-NTA agarose beads

Protein A sepharose beads

Protein G sepharose beads

Dialysis membrane MWCO 1000Da
Microspun — chromatography

Whatman paper

Nitrocellulose Membrane (Western Blot)
Nitrocellulose Membrane (Northern Blot)
X-Ray film

6.6 Dye Solutions

Coomassie Brilliant Blue G250
Ponceau S
Bromphenol blue

6.7 Enzymes and Inhibitors

6.7.1 Enzymes

Alkaline phosphatase
RNase-free DNase |
Restriction enzymes
T4 DNA ligase

T4 RNA ligase

Taqg Polymerase

pBluescript IKS(-)ASac/Kpnl
pBluescript IIKS(-)ASac/Kpnl
RE: Restriction enzyme for plasmid linearization

Promoter RE

SP6 Polymerase Pvu ll
T7 Polymerase  Hindlll
T7 Polymerase  Not |
SP6 Polymerase Eco Rl
T3 Polymerase  Pvul ll

T7 Polymerase  Pvulll

Amersham Bioscience
Amersham Bioscience
Amersham Bioscience
Amersham Bioscience
Spectra/Por Biotech
Biorad
E. Merck AG
PAL
Nytran W45 pM, Schleicher & Schluell
Kodak

Serva
Roth
Serva

Promega

Promega

MBI Fermentas
MBI Fermentas
MBI Fermentas
Promega
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RNase

6.7.2 RNase and Protease Inhibitors

Aprotenin (AP)
4-(2-Aminoethyl)benzenesulfonyl (AEBSF)
Leupeptin

Pepstatin

Phenyl methyl sulfonyl flourid (PMSF)
RNase inhibitor (RNasin)

6.8 Oligonucleotides

[0-*P]-ATP

[y-*P]-ATP

dNTPs (dATP, dCTP, dTTP, dGTP)
NTP (ATP, UTP, CTP, GTP)
SiRNA against IGHMBP2
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Promega

Sigma
Sigma

Sigma

Sigma
Sigma
Promega

Amersham Biosciences
Amersham Biosciences
MBI Fermentas
MBI Fermentas
IBA GmBH Géttingen

5" AA GAG CUC CAGAGCCGAGGCGTT &
3 TT CUC GAG GUC UCG GCUCCGCAAY

6.9 Standard Buffers/Solutions and Cell Culture Media

6.9.1 Buffers/Solutions

1XPBS (phosphate buffer saline): 130mM NacCl, 77.4MINa2HPO4, 22.6 ml 1M NaH2PO4, ad

1LddH20

TBE (Tris/Borat/EDTA): 89mM Tris/HCI pH 8.3, 89mMdBic acid, 2 mM EDTA

10TBT : 87.6g/l NaCl, 7.25¢g/l Tris-base, 30g/ISFHICI, 50ml/| Tween 20
10x Net-Gelatin blocking buffer: 1.5 M NacCl, 0.05 EDTA, 0.5 M Tris-Cl pH 7.5, 0.5% (w/v)
triton X-100, 25 g/L gelatin, adjust to pH 7.5

6.9.2 Cell Culture Media and Reagents

Media for bacterial culture
LB: 1% (w/v) Bactotrypton, 0.5% (w/v) yeast extrat¥ (w/v) NaCl
Superbroth: 3.5% (w/v) Bactotypton, 2% (w/v) yeastract, 0.5% (w/v) NaCl

Media for mammalian culture

DMEM (Dulbecco’s Modified Eagles Medium) PAA

Methionine-free DMEM PAA

RPMI PAA

Transfection agents: Nanofectin PAA
Oligofectamin Invitrogen

6.10 Standard Markers

Protein standard (unstained and prestained) MBhEetas

DNA standard (DNA Ladder mix)

MBI Fermentas
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/. METHODS

7.1 Nucleic Acids Analysis
7.1.1 Purification and Isolation
7.1.1.1 Purification of Nucleic Acids Using Phenol/Chlorofem extraction

Proteins are removed from nucleic acid preparatidty extraction with PCI
(Phenol/Chloroform/lsoamyl alcohol). An equal vokinof equilibrated phenol/choloroform/
isoamyl-alcohol was added into a nucleic acid pragg@n. The mixture was mixed vigorously
using vortex and centrifuged at 13.000 rpm for 6. miThe aqueous phase was transferred in a new
tube. The extraction was repeated with an egolaime of chloroform/isoamylalcohol (24:1) in
the same manner as described above. The aqueass pbntaining nucleic acids was removed
into a new tube and directed to precipitation (7. 2).

PCI: Phenol/Chloroform/lsoamyl alcohol: 50% (vAhdpol (equilibrated in TE pH 7.5); 48% (v/v)
Chloroform; 2% (v/v) Isoamyl alcohol.

7.1.1.2 Nucleic Acids Precipitation from Aqueous Phase

Nucleic acids are recovered from aqueous solutipngthanol precipitation in the presence of
cations. Nucleic acid solution was mixed with OMolume of 3 M Sodium acetate pH 4.8 as
cation donor and 2.5-3x volume of ice-cold absokiteanol. After incubation at -20°C for at least
1 hour, the mixture was centrifuged at 13.000 rp#°& for at least 30 min. The pellet was then
washed with ice-cold 80% ethanol. Following cdagation at 13.000 rpm at 4°C for 10 min, the
pellet was air-dried and dissolved in ddH If a small quantity of nucleic acid will be pipitated,
carrier or co- precipitate, such as glycogen thattcap nucleic acid and generates a visible pellet
was added to the nucleic acid preparation.

7.1.2 Quantification of Nucleic Acids

Concentration of nucleic acid was determined usiNgspectrophotometer. This method is based
on average absorption maximum of bases at 260 nnh.ambert Beer Law.

A = g xc xd, where is molar extinction coefficient.

Absorbance (A) is proportional to molar concentmatdf the absorbing substance (c) and length of
the light path in cm (d), When d is equal to 1 @m,absorption of 1 corresponds to concentration
of 50 pg/ml for double-stranded DNA, and 40 pg/amldingle-stranded RNA. To verify the purity
of a nucleic acid solution, absorption spectrunwieen 210 — 340 nm was determined and ratio of
OD,s/OD,g Was calculated. Ratio QEYOD,g, less than 1.8 or 2.0 indicates the presence of
contaminants in the DNA or RNA sample respectively.
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7.1.3 Gel Electrophoresis of Nucleic Acids
7.1.3.1 Agarose Gel Electrophoresis
Native Agarose Gel Electrophoresis

0.8%- 1% (wi/v) agarose gel was used to verify tB& Products, plasmid DNA and rRNAs.

Gel preparation: a desired amount of agarose wétsdrnea 1x TBE buffer. Ethidium bromide was
subsequently added into the warm agarose gel &nitheoncentration of 0.5pug/ml.

Sample preparation: DNA samples were mixed witlx @dume of 6x DNA loading buffer. RNA
samples were mixed with 0.5x volume of 2x denatuRMNA loading buffer.

Gel running: nucleic acid separation was carrieicbgielectrophoresis in running buffer/1x TBE at
120 V.

5x DNA loading buffer: 60% glycerin, 60 mM Tris,20mM EDTA, Bromphenol blue, xylen
cyanol, pH 6.8.

Denaturing RNA loading buffer: 90% formamide, 0.925(w/v) xylen cyanol, 0.025 %
bromphenolblue

Denaturing Agarose Gel Electrophoresis

Denaturing agarose gel with formaldehyde as theatdeant was used to separate RNAs for
subsequent Northern blot analysis (7.3.7).

Gel preparation: an appropriate amount of agar@emelted in ddy© and cooled to 60°C. 10x
MOPS buffer and formaldehyde were then added hgcagarose solution. The gel was allowed to
set at RT.

RNA sample preparation: RNA sample was mixed whth following solutions: 10ul formamide,
3.5 pl formaldehyde, 2 pl 10x MOPS buffer, 2-5 pgAR and ddHO to 19 pl. The mixture was
incubated at 65° C for 15 min and put on ice. @hethidium bromide (10 mg/ml) and 2 pl RNA
loading buffer was added to the RNA sample.

Gel running: the gel was run in 1x MOPS runningféufat 50-110 Volts for 8-16 hours for
Northern blot analysis. The gel was visualizedJdhtransilluminator.

1.4% formaldehyde agarose gel (150 ml): 2.1 gaggmin 100 ml ddyD, 15 ml 10x MOPS-
buffer, 30 ml 37% formaldehyde pH >4.

RNA loading buffer: 50% glycerol, 1 mM EDTA, 0.2586omphenol blue.

10x MOPS: 0.4 M MOPS (3-(N-morpholino) propanefsunic acid), 0.1 M Sodium acetate, 0.01
M EDTA.

7.1.3.2 Polyacrylamide Gel Electrophoresis

Polyacrylamide gel electrophoresis was used to ragmaRNAs under native or denaturing
condition. To achieve denaturing condition, deriatpagent, 8M Urea and formamide was added
to PAA gel solution and RNA samples, respectively.

Denaturing Polyacrylamide Gel Electrophoresis

Gel preparation:

8% (w/v) denaturing polyacrylamide gel (50 ml): @®&rea (8 M), 8% polyacrylamide 40 (19:1),
10 ml 5x TBE, 500 pl APS, 50ul TEMED, ad 50 ml ¢g@H
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10% (w/v) denaturing polyacrylamide gel (50 ml):4 8 Urea (8 M), 10% polyacrylamide 40
(19:1), 10 ml 5x TBE, 500 pl APS, 50ul TEMED, adraDddHO.

Sample preparation:  RNA solution was mixed withviskume of 2x RNA gel loading buffer
containing formamide (7.1.3.1). The mixture waathd at 95°C for 2-5 min, put on ice for 30 sec
to keep RNA strands separated and loaded into .wells

Gel running: prior to sample loading, PAA gel wae-pun at 39 Watt for at least 15 min and the
wells were rinsed with 1x TBE to remove the remagnurea. The gel was then run in 1XTBE at
39 W.

Native Polyacrylamide Gel Electrophoresis

Gel preparation:

8% (w/v) polyacrylamide gel (50 ml): 8% polyacryla® 40 (19:1), 10 ml 5XTBE, 500 pl APS,
50ul TEMED, ad 50 pdidH,0.

Sample preparation: RNA solution was mixed withveaRNA sample buffer.

Gel running (in the cold room): prior to sampledoay, PAA gel was pre-run at 30 Watt for at
least 15 min and the wells were rinsed with 1x TiBEemove the remaining urea. The gel was
then run in 1XTBE at 30 W.

Native RNA-loading buffer: 16% (v/v) Glycerin, 10giml Heparin, 0,025% (w/v) Xylen cyanol,
0,025% (w/v) Bromphenol blue.

7.1.3.3 Detection of Nucleic Acids
Ethidium Bromide

Ethidium bromide stained nucleic acids (RNA/DNA) gels were detected under UV light at the
wave length of 254 nm. Ethidium bromide moleculggrcalate into nucleic acid strands and
subsequently exhibit fluorescence which is visealimnder illumination by UV light.

Autoradiography

Radioactively labeled RNA on gels was detected utpradiography. The gel was wrapped with
plastic membrane, and exposed on X-ray film (Kodakabout 3 min in the dark room. Then the
film is developed, fixed and dried.

Phosphorimaging

Phosphorimaging is a quantitative imaging that upé®sphor storage screen to localize
radioactively-labeled RNAs. In this technique,icadtively labeled RNAs in a gel are exposed to
the image recording plate/phosphor storage scrdgohwn turn accumulates energy radiation.
The radiation image is then scanned by laser beagnread as a digital image that can be
quantified.

RNA gel transferred to a filter paper (Whatmananorthern blot membrane was covered with a
plastic membrane and exposed to an imaging pl&gfdr 2-8 h in the cassette. The IP was
scanned by phosphoimager (FLA-5000 Image Readérfilfy Version 1.0) at laser wave length
of 635 nm. Images were analyzed using Image Gaufe
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7.2 DNA Analysis

7.2.1 Plasmid Isolation from E. coli Cells

Plasmid isolation from bacterial cultures was pernfed according to manufacture’s protocols
(Promega, Qiagen and Macherey-Nagel). This teclenis|based on the alkaline and SDS/Sodium
dodecyl sulfate treatment (Birnboim and Doly, 1979%lasmid-transformed. coli cells were
grown in 5 ml LB medium containing 50ug/ul apprapei antibiotics overnight at 37°C. The cells
were pelleted by centrifugation at 14.000 rpm forsgconds. The addition of SDS and Sodium
hydroxide led to lysis of bacterial cell wall andndituration of chromosomal DNA, plasmid DNA
and protein. After neutralization with potassiunetate, protein, chromosomal DNA as well as
bacterial cell debris formed a non-soluble compiexthe presence of less soluble-potassium
dodecyl sulfate. This complex was then precipitateder high salt concentration, while plasmid
DNA remains in solution. The plasmid DNA was pigadf from other cellular components and
chromosomal DNA on an anion exchange chromatogragiiymn. Following washing with
ethanol-containing wash buffer, the Plasmid DNA whged and precipitated using isopropanol
and ethanol. The pellet was dissolved in sterilel,® and plasmid concentration was measured
using spectrophotometer (7.1.2), the isolated plhsmas examined by digestion with restriction
enzymes and analyzed on 1% (w/v) agarose gel (I)1.3

7.2.2 Plasmid Linearization

Plasmid DNA was used as template forvitro RNA synthesis (see 7.3.4). For this purpose,
plasmid DNA was previously linearized by an appratgr endonuclease restriction enzyme. In a
total volume of 50 pl, 5 pg Plasmid DNere incubated with 15U restriction enzyme and 1x
corresponding restriction buffer at 37°C overnigbpon incubation, phenol-chloroform extraction

(7.1.1.1) was done to purify the digestion proddicim the enzyme. The linearized plasmid DNA

was recovered by ethanol precipitation (7.1.1.2DNA concentration was measured using
spectrophotometer (7.1.2). Two hundred ng of eligbstion product were analyzed on 1% (w/v)
agarose gel (7.1.3.1).

7.2.3 Polymerase Chain Reaction

Polymerase chain reaction allows the DNA from @celd region to be amplifigd vitro. A set of
a PCR is shown in the following table:

Components Stock Concentration End Concentration

dNTP: 10 mM 0.3 mV

PCR Buffe 10x 1x

Primer : 25 uv 0.5 uv

Primer : 25 uM 0.5 uv

DNA Polymeras  2.5U/u 25L

DNA Templatt variable 10 n¢

ddH,O acs0

PCR program: Denaturation 95°C 5min

Denaturation 95°C 1min
Annealing* 1 min
Polymerization** 72°C 1 min

Polymerization 72°C 10 min
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PCR was also used to check whether bacterial clooetain the correct plasmid. In this PCR,
instead of purified DNA, single colony was directlged as source of DNA template. A reaction
of colony PCR is described following:

Components Stock concentration  End concentration

dNTF 10 mM 0.2 mvV

PCR Buffe 10x 1x

Primer 25 uNM 0.5 uv

Primer & 25 uNM 0.5 uv

DNA Template - Bacterial colon

DNA Polymeras 1U/ ul 0.4L

ddH,0 ac20 u

PCR program: Denaturation 95°C 5min

Denaturation 95°C 1min
Annealing* 1 min
Polymerization** 72°C 1 min
Polymerization 72°C 10 min

* annealing temperature depends on the melting ¢eatpre of primers used (annealing
temperature: Tm- 5 °C).

** Polymerization is variable, dependent of thegdnof DNA template to be amplified and DNA
polymerase used.

7.2.4 DNA Cloning in Plasmid Vectors

DNA cloning is used to reproduce DNA fragment irctegial cells. In principle, DNA fragment to
be cloned is inserted into a corresponding plasveictor using enzyme ligase and the ligation
product is cloned in bacterial cells. Plasmid Di&\well as DNA fragment to be cloned must be
previously cleaved with appropriate restrictionyenes to generate the complementary ends. To
avoid the recirculation and self-ligation of DNAJkaline phosphatase is used to remove
5'phosphate end of DNA. The dephosphorylated AEMNA is then ligated with the DNA insert

to generate an open circular DNA molecule. Thé&tien is catalyzed by bacteriophage T4 DNA
ligase. The ligation product is in turn transfochte E. coli cells.

Enzymatic Digestion of Double-Stranded DNA and Dephosphorylation of Nucleic Acids

Reaction mix: 10 pg DNA (PCR product or plasmiatee), 20U DNA restriction enzyme, 1x
restriction buffer.

The mixture was incubated at 37°C overnight. Ongl @alf intestine phosphatase (CIAP) per
20ul mix was added to the reaction and incubatias @ontinued for an additional one hour. The
cleavage products were separated by agarose gebgleoresis, and purified from the gel.

Recombination of DNA
20 ul reaction mix: 1x ligase buffer, 100 ng vecidNA insert (= 2.5x [vector]), 5U T4 DNA
ligase, ad 20 pl ddi®.

Ligation was performed at RT for 2 hours. 10 uthaf reaction mix was used for transformation in
E. coli (5.2.6).

Cloning ofIGHMBP2 (see Materials): A linker sequence containing Hiéxtag was introduced at
the C-terminus of thdGHMBP2 open reading frame in pBluescript KSII(-) vectoy dual
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asymmetric PCR (Young and Dong, 2004). This opaading frame was subcloned into pGex6pl
vector, resulting in pGex6plGHMBP2-6His.

Cloning of IGHMBP2 mutants (see Materials): pBluescript KSII(-) @ning IGHMBP2-6His
was used as template fiorvitro mutagenesis according to the protocol of the (Tindnge® Site-
Directed Mutagenesis Kit (Stratagene). All opemdieag frames were then subcloned into
pGex6pl vector, as described above.

7.2.5 Transformation of E. coli Cells

100-150 ng Plasmid DNAs were incubated with 10@qrhpetence cells for 30 min on ice. After
90 second heat shock at 43°C, the cells were irtedban ice for 2 min and grown in 500 pl LB
medium without antibiotic at 37°C for 30 min. Thecterial culture was plated on LB agar
medium containing corresponding antibiotic(s) anlfivated overnight at 37°C.

7.3 RNA Analysis
7.3.1 RNA Isolation from Cell Extract

1x volume of PK buffer and 2x volume of phenol wadded to cell extract or gradient fraction
and mixed vigorously under shaking for 5 min at Rllhe mixture was then centrifuged at 13.000
rom at RT for 5 min. The aqueous phase was tremsfe¢o a new tube and directed to PCI
extraction followed by ethanol precipitation (7 )J1.1

PK buffer: 150mM NaCl, 100 mM Tris pH 7.0, 12.5 niADTA pH 8.0, 1% SDS

7.3.2 RNA Isolation from Cell Culture Using Trizol

3x volume of TRizol reagent was added to cytoplasexitract. The sample was incubated for 5
min at 15-30°C and mixed with 0.2 ml chloroform &0 pl trizol vigorously by hand for 15 sec.
The mixture was centrifuged at 12.000xg for 15 mim°C. The colorless aqueous phase was
transferred to a new tube. To precipitate RNA,r@l3sopropyl-alcohol was added to the agueous
phase and mixed vigorously by vortex. The sample swbsequently incubated for 10 min at 2-
8°C. The pellet was washed once with 80% ethahahl ethanol per 750 pl Trizol). After
vigorously mixing using vortex, the sample was dérded at 7500xg for 5 min at 4°C. The pellet
was air-dried and dissolved in dgibland stored at -20°C or was stored at -80°C ferymar.

7.3.3 RNA Purification Using Size Exclusion Chromatograply

Gel filtration chromatography was used to sepabdi&/RNA molecules according to their shape
and size. In this work, spin column chromatograplas performed to separate radioactively
labeled RNAs from unincorporated radioactive preour

Spin column chromatography was done by using thdyeised-Micro-Bio-Spin chromatography
column of Biorad: Bio-Gel P-6 and Bio-Gel P-30 wiexclusion limit of 5 bp and 20 bp
respectively.

7.3.4 In Vitro Synthesis of RNA Molecules

Bacteriophage T7 RNA Polymerase has a high actigityn vitro transcription due to its property
that it has only a single polypeptide and doesraquire initiation site (Milligan and Uhlenbeck
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1989). This enzyme is known to recognize only Tifepromoter sequence and catalyzes RNA
synthesis from nucleotide with dsDNA as a templaiethe presence of cation. A set of
transcription condition with a total volume of 2Qgdntains the following components:

Components Stock concentration End concentration
Transcription buffe 5x 1x

NTP mix 25 mM 5 mM

RNasir 40 U/u 40 U

DNA template - 2 uc

T7 RNA polymeras 2U/ul 4U

dH,0 add 50 p

All components were brought to RT except for RNeaid T7 RNA polymerase. Enzyme was
added after all other components were mixed. Adtex hour incubation, 1ul T7 Polymerase was
added in the reaction and the mixture was incubfbedn additional 1 hour at 37°C, followed by
DNasel digestion to remove DNA template. DNasedrddes dsRNA and produces a mixture of
5’ phosphorylated nucleotides in the presence aititin such as Mg 10 U DNase | and 10 mM
MgCl, were added into the reaction and incubated atG76r 30 min. Then the mixture was
brought up to 200 pl by adding RNase-free gdH After phenol/chloroform extraction and
ethanol precipitation (7.1.1), the pellet was diesd in 30 ul RNase-free dd8. 1 pl
transcription products was analyzed by 1% agar@deelpctrophoresis or polyacrylamide gel
electrophoresis.

7.3.5 Preparation of Double-Stranded RNA

Double-stranded RNA was produced by annealing tawiglly/fully complementary RNAs in
hybridization buffer. In this study, one RNA stdawas radioactively labeled during transcription
(7.3.4) and the other strand was unlabeled. Theune was denatured at 95°C for 5 min and
slowly cooled at RT.

Hybridization buffer: 25 mM Hepes-KOH pH. 7.4, 5804 NaCl, 1 mm EDTA, 0.1% (w/v) SDS)

7.3.6 RNA Unwinding Assay

25 fmol RNA duplex was incubated with 33-150 ngtpimo in 50 pl of a reaction mixture

containing unwinding buffer at 30°C for 1h. ThaceBon was stopped by the addition of 150 mM
NaEDTA pH 8.0, 50% (v/v) glycerol, 2% (w/v) SDS and®28% (w/v) xylene cyanol. The

reaction was subjected to non-denaturing 8% poaide gel electrophoresis (7.1.3.2).
Visualization was achieved by autoradiography 83).

dsRNA substrate used in this work: C4/mol (5 aBidsingle-stranded extensions); RNA-
A1l/RNA-A2 (a 5’ single stranded extension); RNA-RBIA-A2 (a 3’ single-stranded extension).

Unwinding buffer: 200 uM ATP, 50 mM NacCl, 30 mM $+HCI pH 7.0, 1.2 mM MgCI2, 1.5 mM
DTT, 0.5 mM EDTA, 20U RNasin, 15% glycerol (DTT, RTRNasin were freshly added).
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7.3.7 Northern Blot Analysis
Gel preparation: see 7.1.3.1 (denaturing agard3e ge

Northern transfer of RNA: the formamide agarodenges gently soaked in sterile ddH20 for 2x10
min and was incubated in 50 mM NaOH for 20 minb&aquently, the gel was rinsed with ddH20
and equilibrated in 20XSSC for at least 40 min.e Tapillary blot (baking dish) was filled with
20XSSC and set up as following: 1 Whatman 3MM payqebiwet transfer membrane (a nylon
membrane)-two wet Whatman 3MM papers-two dry Whatngaper towels- glass plate-weight.
Transfer was allowed for 18 hours. RNA on the nyleembrane was UV-crosslink in a UV cross
linker (1200 mJ in a Stratalinker).

Hybridization with cRNA probes (Church): the nath membrane was pre-hybridized in Church
buffer at 65°C for 2 hours. The pre-hybridized rbeame was then incubated with the
radioactively-labeled RNA probe in prewarmed chuociffer overnight at 65° C. The membrane
was washed 2x 15 min with wash buffer 1 at 65°@feéd by washing with wash buffer 2 for an
additional 2x15 min. The membrane was dried, wedpm saran and exposed to x-ray film at
80°C.

20xSSC: 3 M NaCl, 0.3 M TriSodium-citrate, pH 7.0
Church buffer: 0.5 M Na2HPO4, 1 mM EDTA, 7% SDS, pa
Wash buffer 1: 2x SSC, 0.1% SDS

Wash buffer 2: 0.2x SSC, 0.1% SDS

7.4  Protein Analysis

7.4.1 Quantification of Protein Concentration According to Bradford

Protein concentration was estimated using Coomddsi (Bradford) assay. This method takes
advantage of the fact that the absorbance maxinfuhealye in acidic solution will shift from 465
to 595 nm after adding protein. Protein sample dikged in 800 pl ddkD, mixed with 200 pl
Bradford reagents, incubated at RT for 5 min argbdiance of this mixture was measured at 595
nm. As a reference: instead of protein sampleetaneasured, an appropriate buffer used in the
protein sample was added into the d@HBradford reagent mixture.

7.4.2 Denaturing Discontinuous SDS PAGE (Sodium Dodecyl uHate
Polyacrylamide Gel Electrophoresis)

Proteins are separated on polyacrylamide gel irptheence of negatively-charged detergent, SDS
according to their molecular weight (Laemlli, 1970)

Gel preparation and composition:

Separating gel:

Components 8% 10% 12%
Acrylamide/Bis (39:1 6.4 m 8 ml 9.6m
1 M Tris pH 8.t 12 m 12 ml 12 m
10% SD:¢ 320 u 320 u 320 u
APS 400 400 400
TEMED 20 p 20 p 20 p
ddH,O 12.8 m 11.26 m 9.66 m

Total Volume 32 ml 32 ml 32 ml
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Components Volume
Acrylamide/Bis (39:1 0.81m
0.5 M Tris pH 6.! 1 nl
10% SD¢ 80 u
APS 40
TEMED 10 u
ddH,O 3.09m
Total Volume 45 m

Sample preparation: a protein sample was diluteld &:2x volume of 6x SDS loading buffer. The
mixture was then heated at 95°C for 3-5 min to detefy denature proteins.

Gel running: the gel was run in 1x SDS/Laemlli ringnbuffer at 80 volt until the samples reached
the top of the separating gel, and the currentin@sased to 120 Volt.

Following electrophoresis, proteins were visualibgdnethods described in 5.4.2.2

Gel running buffer: 10x SDS/Laemlli buffer: 250 mvis pH 6.8, 1.92 M glycin, 1% SDS
6x SDS-loading buffer: 100 mM Tris/HCI pH 6.8, 2rv EDTA, 0.1% Bromphenol blue
50% Glycerin, 100 mM DTT (Dithioerythrol)

7.4.2.1 Detection of Proteins on Gel

Visualization of electrophoretically separated pnag requires use of dyes or stains. Organic stain
such as Coomassie blue and metal-based stair, sibia, has been adapted for protein detection
on gels.

Dye staining with Coomassie Brilliant Blue

In the Coomassie blue staining, an acidic mediurmredpiired for generation of an electrostatic
attraction between dye molecules and amino grodppratein. This electrostatic attraction,

together with van der Waals forces, binds the dydemn complex together. Proteins are

visualized as discrete blue bands. Gel was soakedediately after electrophoresis in a

Coomassie blue fixative solution for 15 minutes ahdn washed with a large excess of a
destaining solution. The destaining solution wlaanged several times, until the background has
been satisfactorily removed.

Coomassie blue fixative solution: 1,25g Coomassgi#adt Blue, 225ml Methanol, 225ml H20,
50ml Essigséure (100%)

Destaining solution: 30% acetic acid, 10% methanol

Slver staining

Silver staining offers the highest sensitivity apbvides more than a 100 fold increase in
sensitivity over the commonly used organic protain, Coomassie blue. As little as 0.1 — 1 ng
protein/band can be detected by silver stain thaiased on the differential reduction of silver ion
bound to side chain of amino acids. Reactive gsafpolypeptides involved in the silver-staining
reaction are the free amines and the sulfur grolipshis work, silver staining was done according
to Merril-system. The gel was briefly washed twieigh ddH,O. Proteins in the gel were fixed
with fixative solution at RT for at least 1 houihe gel was then washed 3x20 min with wash
buffer. After incubation with fresh oxidizer soloti (thiosulfate buffer) for 1 min, the gel was
briefly washed 3x 20 sec with dgB. Following soaking the gel in fresh silver reagfor 25
min, the gel was then rinsed briefly with dd@MHfor 2x 20 sec and immersed in the freshly-prepare



4 Methods Page 76

developer solution until satisfactory staining veatiieved. Image development was stopped with
stop buffer and the gel was stored in 50% methanol.

Fixative solution: 50% methanol, 12% acetic acidl  ml/L formaldehyde (added freshly)
Wash solution: 50% ethanol (gel thickness: 1 mn3@8% ethanol (gel thickness < 1mm)
Oxidizer solution (thiosulfate buffer): 0.2 g/L p&0;.5H,0

Silver stain solution: 2g/L AgN§) 0.75 ml/L formaldehyde (added freshly)

Developer solution: 60 g/l NE&O; 0. 5 ml/L formaldehyde (added freshly)

Stop solution: 50% ethanol, 12% acetic acid

7.4.3 Protein Precipitation

Protein precipitation using trichloroacetic acid (TCA)

TCA is used to concentrate protein with concergratr 5pug/ml. 0.1-0.2x volume of TCA was

added to protein solution, followed by incubatianice at least for 30 min. The mixture was then
centrifuged at 13.000 rpm at 4°C for 30 minute. e Tyellet was washed with wash buffer by
centrifugation at 13.000 rpm at 4°C for 10 min.d&iep was repeated until the pellet didn’t shown
yellow color. The pellet was air-dried and dissalvin 2x protein loading buffer under vigorous
shaking.

Protein precipitation using acetone

Precipitation technique using acetone is used dkgim concentration is very low (< 1ug/ml).
Protein solution was mixed with 5x volume of icdecacetone and incubated on ice for at least 30
min. After centrifugation at 13.000 rpm at 4°C 8@ min, pellet was washed twice with 80%
ethanol. The pellet was air-dried and dissolve2xprotein loading buffer.

TCA Wash buffer: 70% Acetone, 20% Ethanol, 7.5%0H2.5% 2M Tris-HCI 8.0, bromphenol
blue.

2x protein loading buffer: 125 mM Tris-HCI pH 6 B/% (v/v) glycerin, 4.1% (w/v) SDS, 0.001%
(w/v) bromphenol blue, 17% (v/v) R-mercaptoethanol.

2X urea-protein loading buffer; 8M Urea, 5%SDS, 20M Tris-HCI pH 6.8, 1 mM EDTA,
Bromphenolblue, 1.5 % DTT (freshly added).

7.4.4 Cell Extract Preparation

7.4.4.1Preparation of Cytoplasmic Extract

FM3A cells were harvested at a cell density ofcgds/ml. All steps of the cell extract preparation
were carried out on ice. Cells suspension was feemesl into centrifuge beakers and cells were
collected by centrifugation at 500xg for 10 mird&€C. The cell pellet was washed twice with ice
cold 1xPBS pH 7.4 by centrifugation at 200xg forrih at 4°C and quelled on ice in lysis buffer
for 15 minutes. The cell suspension was trangdem® a Brown dounce homogenizer and lysed
with 18 strokes. Cell breakage was evaluated uad#rase-contrast microscope. To remove cell
debris, organelles and unbroken cells, the lysads spun at 3500 rpm for 15 min (Heraus
centrifuge). The supernatant was centrifuged aO@Xxg for 30 min at 4°C. Protein
concentrations were measured according to Bradqiddl). The cell extracts were frozen in liquid
N, and stored at — 80° C.

Lysis buffer:
-1XxPBS, Protease inhibitor (0.1 mM AEBSF, 0.5 mtgupeptin-pepstatin, 2 mg/L aprotinin), 1
mM DTT, 0.01 % NP-40.
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-Hepes-buffer: 10 mM Hepes pH 7.4-7.5, Proteasmitan (0.1 mM AEBSF, 0.5 mg/L leupeptin-
pepstatin, 2 mg/L aprotinin), 150 mM NacCl, ,1 mMTD1.01 % NP-40.

-polysomal bufferl: 5 mM MgGl 100 mM KCI, 10 mM Hepes-KOH pH 7.4, protease liitioirs
(0.1 mM AEBSF, 0.5 mg/L leupeptin-pepstatin, 2mgfirotinin), 1 mM DTT, 0.3% NP-40.
-polysomal buffer2: 15 mM Mggl 100 mM KCI, 10 mM Acetate, 10 mM Hepes-KOH pH,7.4
protease inhibitors (0.1 mM AEBSF, 0.5 mg/L leujjpepstatin, 2mg/L aprotinin), 1 mM DTT,
0.3% NP-40.

7.4.4.2 Preparation of Total Cell Extract

Cells derived from suspension or adherent cultwe® collected by centrifugation at 100xg for 5
min at 4°C. Following washing the cell pellet witte-cold 1x PBS, cells were resuspended in a
lysis buffer and incubated on ice for 10 min. Qdis was done by passing the cell suspension in
a gauge 26-needle for 30 times. The lysate wasifteyed at 13.000 rpm for 10 min at 4°C.
Protein concentration of the extract was determimgdradford assay (7.4.1). The total extract
was frozen in liquid N2 and stored at -80°C.

Lysis buffer: 5 mM MgCl, 100 mM KCI, 10 mM Hepes-KOH pH 7.4, protease ibitbrs (0.1
mM AEBSF, 0.5 mg/L leupeptin/Pepstatin, 2mg/L amio), 1 mM DTT, 0.3% NP-40.

7.4.5 Covalent Coupling of Protein on Affinity Matrix

There are several techniques used for covalentrgjraf proteins to solid phase matrices. In this
study, covalent coupling mediated by a bifunctionehgent dimethylpimelidate (DMP) and
cyanogen bromide activated sepharose were applietbsslink antigens to an appropriate matrix
for subsequent antibody purification (7.5.2) andnmsslink antibody to protein A-sepharose beads
for Immunopurification (7.5.3).

Covalent coupling protein by Dimethyl pimelidate (DMP)

Following binding of protein to appropriate beati®e beads were washed twice with 10xV of 0.2
M Sodium borate (pH 9.0) by centrifugation at 10§Gar 5 min at RT. The beads were then
resuspended in 20 mM DMP in 0.2 M Sodium borate o3 and incubated for 30 min at RT on a
rocker. The reaction was then stopped by washiadgeads once in 0.2 M ethanolamine pH 8.0.
The beads were then incubated with 0.2 M ethanolampH 8.0 for 2 hours at RT to block active
groups. After incubation, the beads were washet WwPBS and could be stored at 4°C in 1x
PBS + 0.01% NaN To evaluate the efficiency of covalent coupliaglOpl-aliquot of beads was
collected before addition of DMP and after the lfiwash and then analyzed by SDS PAGE.

Covalent coupling protein to cyanogen bromide activated sepharose beads

Proteins to be covalently coupled to cyanogen bden{CNBr)-activated sepharose beads were
previously dialyzed against coupling buffer for&kours. The protein solution was added to an
appropriate amount of cyanogen bromide activatptia®se beads and incubated for 1 hour at RT
or overnight at 4°C. Excess proteins were washegettimes, each with at least 5x volumes of
coupling buffer. Unused active groups were blockgdncubating the beads with 0.1 M Tris-Cl
buffer pH. 8.0 for 2 hours at RT. The cross linkprgducts were washed with at least three cycles
of alternating pH (wash buffer 1 and wash buffer Bhe beads were then washed with 1x PBS and
can be stored in 1x PBS + 0.01% Naitl4°C prior to use.

Coupling buffer: 0.1 M NaHC¢pH 8.3, 0.5 M NacCl
Wash buffer 1: 0.1 Acetate buffer pH 4.0, 0.5 M NaC
Wash buffer 2: 0.1 M Tris-ClI buffer pH 8.0, 0.5 Ma@l
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7.4.6 Protein Expression and Purification
7.4.6.1 Protein Expressionin Bacterial Cells

One single colony was inoculated into 50 ml supgtbmedium in the presence of appropriate
antibiotics at 37° C overnight under vigorous shgki The 50 ml-bacterial pre-culture were
transferred into a 5 L flask containing 1 L supetbrmedium and incubated for 5 hours at 37°C
under shaking followed by addition of 1 L superhrotedium. Temperature was then set to 10°C
and protein expression was induced by adding IPT@eafinal concentration of 1 mM. The cells
were grown at 10°C overnight.

7.4.6.2 Protein Purification

7.4.6.2.1 Purification of GST Fusion Proteins by Affinity Chromatography on Glutathione
Sepharose Beads

GST-fusion proteins expressed Hn coli cells were purified to a near homogeneity by &ffin
chromatography on glutathione sepharose bead matrix

Preparation of glutathione sepharose beads: aw@gte amount of glutathione sepharose beads
was washed three times with at least 10x voluniesstold lysis buffer by centrifugation at 200xg
for 5 min. The suspension was kept on ice untilas ready to use.

Preparation of bacterial cell extract: bacteridlsceontaining GST fusion proteins of 2 L culture
were collected by centrifugation at 500xg at 4°CH0 min. The cell pellet was resuspended in 50
ml ice-cold lysis buffer and incubated for 10 mim ice. The cells were lysed by sonificatiain
50% input for 4x30 sec. To remove insoluble delthis cell suspension was centrifuged at 35.000
rpm for 30 min at 4°C in a 45Ti Beckmann rotor. eldupernatant was directed to the purification
step.

Purification of fusion proteins: the cell lysate svimcubated with prepared affinity matrix for 3

hours at 4°C. Bound matrix was washed by at lgase cycle of alternating washing with high

salt and low salt buffers. The fusion protein wehged from the resin by adding an appropriate
volume of glutathione elution buffer and followeg Imcubation for 10 min at 4°C. The eluted

protein was analyzed by SDS polyacrylamide geltedpboresis. If required, the eluate was
directed to dialyses. Protein concentration wasrddhed according to Bradford (7.4.1).

Lysis buffer: 20 mM Hepes-KOH pH 7.5; 200 mM Nae@fptease inhibitors (0.1 mM AEBSF, 0.5
mg/L leupeptin/pepstatin A, 2 mg/L aprotinin); ®AINP-40; 1 mM DTT (DTT and protease
inhibitors were freshly added).
Wash buffer:  High salt: 20 mM Hepes-KOH pH 7.9¥1INaCl

Low salt: 20 mM Hepes-KOH pH 7.5; 200 mM NacCl
Elution buffer: 30 mM reduced glutathione; 20 mMpés-KOH pH 8.0; 200 mM NacCl

7.4.6.2.2 Purification of Histidine-Tagged Proteins By Immobiized Ni** Affinity
Chromatography

Recombinant proteins containing polyhistidine samt 6-his were purified through a resin charged
with divalent nickel ions, Ni-NTA agarose (Qiagen).

Preparation of Ni-NTA agarose: done as describad4r6.2.1
Preparation of bacterial cell lysate: done as desdrin 7.4.6.2.1

Purification of 6xHis-tagged proteins: The celsdye was transferred to a tube containing
previously washed Ni-NTA agarose and incubated3fétrours at 4°C. The beads were washed
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with at least three cycles of alternating salt emi@ations (high salt and low salt wash buffers).
Elution was performed by incubating the beads wittdazole elution buffer for 10 min at 4°C.
Each fraction was analyzed by SDS PAGE followedCimpmassie staining, and if necessary, the
eluted protein was subjected to dialysis. Prot@ncentration was determined using Bradford
assay (7.4.1).

Lysis buffer: 50 mM N&PO4 pH 8; 200 mM NaCl; 10 mM imidazole pH 8.0; proteashibitors
(0.1 mM AEBSF, 0.5 mg/L leupeptin-pepstatin A, 2/mmgprotinin); 5 mM R-mercaptoethanol;
0.01% NP-40 (protease inhibitors and 3-mercaptoethaere freshly added)
Wash buffer:  High salt: 50 mM NBO4 pH 8; 1M NaCl; 20 mM imidazole pH 8.0

Low salt: 50 mM N&PO4 pH 8; 200 mM NaCl; 20 mM imidazole pH 8.0
Elution buffer: 50 mM N&P04 pH 8; 200 mM NaCl; 300 mM imidazole pH 8.0.

7.4.6.2.3 Purification of GST-His Recombinant Proteins (Two-$ep Purification)

Recombinant proteins containing two different tagamely GST and His tags (see Materials),
were purified by combining two purification protdsopreviously described (7.4.6.2.1 and

7.4.6.2.2). First, the recombinant protein was fidithrough a glutathione sepharose matrix
column (7.4.6.2.1). The beads were washed and cutgjePreScission protease. The cleavage
product, namely the recombinant protein contairamgHis tag, was released in the flow through,
while the GST cleavage product remained bound erbttads. The flow through was incubated
with Ni-NTA agarose as described in 7.4.6.2.2.

Site-specific proteolytic cleavage of fusion progeithe appropriate site-specific protease solution
(PreScission Protease) was added to the purifistbrfuprotein and incubated at 4°C for 2-16
hours.

7.4.7 Protein Separation using Centrifugation

Linear Continuous 5-30% Glycerol Gradient

5%-30% (v/v) glycerol gradient in an appropriatdféu(PBS or Hepes buffer) was prepared by
using Gradient mixer. The gradient was allowedtémd at least 30 minutes at 4°C prior loading.
Approximately 0.5 ml cell extract containing 5-1@ rprotein was carefully layered on the top of
the gradient. Proteins then were sedimented @088pm 4°C for 5 h in a SW41Ti Beckmann
rotor. 17 700 pl-fractions were collected and phetein was precipitated using TCA (see). For
RNA analysis, 100 ul of each fraction was mixecwii0O ul PK buffer and 200 pl Phenol (7.3.1).

Analysis of Polysomal and Ribosomal Profiles using Linear Sucrose Gradient

Linear gradients of 20%- 50% and 7%-47% sucrose \pegpared in 10 mM Hepes KOH pH 7.4,
100 mM KCI, 5 mM MgC}. 300-500ul total cell extract were gently layeoedo the gradient and
centrifuged for 2h 15 min at 40.000 rpm in a Bechm&W 41 Ti rotor.

Linear 5-30% sucrose gradients were prepared ifebabntaining 15 mM MgG) 100 mM KCl,
10 mM acetate, 10 mM Hepes-KOH pH 7.4. Extractsevgeparated by centrifugation at 40.000
rpm in a Beckmann SW41Ti rotor.

To analyze ribosome dissociation, instead of MgC® mM EDTA was added into lysis buffer and
gradient buffer. Linear sucrose gradients comagiitDTA were run at 40.000 rpm for 4 hours in a
Beckmann SWA41Ti rotor.

20-600 pul gradient fractions were collected. 100fieach fraction were directed to RNA isolation
(7.3.1). 100 pl were used for RNA measurement 284am (7.1.2) and the remaining fractions
were TCA-precipitated (7.4.3).
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7.4.8 Dialysis of Protein

Dialysis is useful for exchange of buffer or remowshlow-molecular weight solutes after protein

purification. The process of dialysis is driventhye difference in concentration of solutes on the
two sides of a dialysis membrane. A semi permeai@dmbrane separating protein solution from
dialysis buffer allows free passage of moleculdswe certain molecular weight, the so called
molecular weight cutoff MWCO, while molecules largean MWCO of dialysis membrane cannot
penetrate the membrane pores.

Membrane preparation: dialysis tubing/membrane ¢@8a#or Biotech) was soaked in a large
volume of deionized water for 30 min at RT.

Dialysis: protein solution to be dialyzed was loddeto a tubing of an appropriate length. The
filled tubing was placed in 1x isotonic buffer caimed in a beaker. Volume of dialysis buffer used
was equal to 1000x of total sample volume. Théyslisbuffer was mixed using a magnetic stirrer
and dialysis was run overnight in the cold room.

7.4.9 Purification Using GST-Fusion Protein as Affinity Matrix (GST Pull-Down)

GST fusion protein is commonly applied to study teno-protein interactions and to identify
proteins interacting with a protein of interesh this study, GST pull-down was used to search for
proteins in cellular extracts which potentially @sates with IGHMBP2. 100 pg GST-IGHMBP2-
6His or 100 pg GST alone were immobilized on ghitate sepharose beads. The beads were
washed three times with ice-cold wash buffer bytrtieigation at 100xg for 3 min at 4°C and were
then incubated with 10 ml FM3A cytosolic extracO (ing/ml) for 1 hour at 4°C. Unbound
proteins were removed by washing with 2x 10 mlaoéd wash buffer and centrifugation at 100xg
for 3 min at 4°C. The beads were transferred teva ©.5 ml tube and washed with 4x 1.5 ml ice-
cold wash buffer by centrifugation at 100xg for thrat 4°C. GST recombinant protein and its
bound proteins were eluted twice with 300ul icedagiutathione elution buffer, each with 10 min
incubation at 4°C on a rocker. Proteins elutedewldCA-precipitated (7.4.3) and analyzed by SDS
PAGE.

Wash buffer: 10 mM Hepes pH 7.4-7.5, 150 mM NdO¥Po glycerol
Elution buffer: 50 mM glutathione SH, 10 mM Hepé$ .0, 150 mM NacCl

7.4.10 ATPase Assay

Radioactively-labeled ATP @f**P]-ATP) was incubated with 0.9 pmol protein (100 ng
recombinant IGHMBP2) in 50 pl of a standard ATPeesgction mixture for 1 h at 37°C. ATPase
reaction was stimulated by addition of single-afiech homopolymer RNA (poly (A), poly (G),
poly (U), poly (G), Sigma-Aldrich) and double-stdeed DNA (GE Healthcare) with the end
concentration of 0.1 mg/miThe reaction was stopped by addition of 1x volurfhgtap buffer. 0.8

ul of the reaction mixture was analyzed Bl (poly-(ethylenimin)) cellulose thin-layer
chromatography plates (Merckand visualized by autoradiography and Bas200-
phospholmageFujifilm Europe GmbH(7.1.3.3). To identify the position of the hydrsiy
product, fi-**P]-ATP was incubated with 0.1U calf intestine pHestase for 6 min at 37°C and
loaded onPEI cellulose thin-layer chromatography plates lperevith the ATPase reaction
mixture. Quantification of the hydrolysis produgas done using TINA v2.0-Software
(Raytest Isotop Messgerate GmbH).

ATPase reaction mixture: 50 mM triethanolamine pB, 85 mM KCI, 1.5 mM MgGl, 1.25 mM
DTT, 10% glycerol and 20pMdi-**P]-ATP] (Amersham; specific activity 0.4 Ci/mmol).
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Stop buffer: 0.5 M NgEDTA pH 8.0

7.5 Immunological and Immunbiochemical Analysis
7.5.1 Production of Polyclonal Antibody

Polyclonal antibodies were generated by immunizaipits with bacterially-expressed antigen. In
this study, different anti mouse Ighmbp2 antibodiese produced: anti GST-flighmbp2 antibody;
anti GST-NT Ighmbp2; anti N-terminal Ighmbp2-6hée¢ Materials). The recombinant Ighmbp2
tagged with 6his or GST was expressed and purdieddescribed in 7.4.6.2.1 and 7.4.6.2.2.
Injection of antigen to rabbit was done by Immumbgl GmBH Himmelstadt.

7.5.2 Antibody Purification using Affinity Chromatography

Antibodies are purified from serum by immunoaffinghromatography. In this technique, antigen
is covalently coupled to an affinity matrix and iaotlies from the polyclonal pool are allowed to
bind the antigen.

Preparation of an affinity column: see 7.4.5

Purification of antibody from serum: Eight ml ofram were incubated in an affinity column

containing an appropriate antigen (~ 1 mg/ml) & #vernight. The column was then washed
three times with 10x ice-cold 1xPBS and subsequegitited by pH shock with 10x 900 pl 100

mM glycin pH. 2.7. To neutralize the antibody smot each eluted fraction was mixed with 100l
1 M Tris pH 8.0. Antibody eluted was analyzed ddSSpolyacrylamide gel. The fractions

containing high amount of antibody was pooled aradyded against 1x PBS overnight. Protein
concentration was determined as described in @adlantibody was stored at -80°C.

7.5.3 Immunaffinity purification

Immunaffinitiy purification is a common biochemicapproach to search for novel proteins that
interact with a known protein of interest. Thisthual takes advantage of the fact that protein-
protein interactions in the living cell are consmtwwhen a cell is lysed under non-denaturing
condition. Protein of interest, in this case Igip@pis immunoprecipitated with an antibody
directed against Ighmbp2. If some proteins aresiglayly associated with Ighmbp8 vivo, they
can be immunoprecipitated with Ighmbp2.

Preparation of an immunaffinity column: 500 pgilbadies were incubated to 250 pl (bed
volume) protein A sepharose beads overnight at 4@ beads were then washed three times with
10V of 1xPBS at RT and subjected to covalent cogptiy DMP (7.4.5). Prior to incubation with
cell extracts, the column was washed with 3xV 100 mlycin pH 2.7 to remove antibody
molecules non-covalently bound to the matrix.

Binding and purification of antibody-antigen compleFM3A cytosolic extracts or gradient
fractions were incubated with anti polyclonal Iglp@bantibody immobilized on protein A-
sepharose beads (see above) for 1 hour at 4°C. b&hds were washed with an ice-cold
appropriate buffer containing 0.01% NP-40. Thisklvatep was repeated 4 times and the beads
were then transferred to a new tube and washedwiticean ice-cold appropriate buffer. Proteins
were eluted by incubation in 100 mM glycin pH 24r fLO min at 4°C. The eluate was
subsequently concentrated using TCA or acetone3(7.4
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7.5.4 Western Blot Analysis

Western blot was used to transfer proteins seph@ieSDS gel to a nitrocellulose membrane. In
this work, Western blot was performed using sergitdchnique.

Gel preparation: see SDS PAGE 7.4.2

Western transfer of proteins: all Whatman papeis @itrocellulose membrane were previously
placed in blot buffer. The blot apparatus wasugetas following: katode-3 Whatman papers-a
nitrocellulose membrane-the protein gel-3 Whatmamitrane-anode. Protein transfer on the
membrane was carried out for 3 hours at 200 mA ewvaluated by staining with Ponceau S
solution for several minutes. For destaining,nf@mbrane was rinsed with ddH20.

Protein detection: The membrane was incubated thighblocking solution for 30 min at RT or
overnight at 4°C and subsequently incubated wighptimary antibody for 1 hour at RT. The blot
was then washed for 4x 5min with 1x TBT. Followimgubation with the appropriate secondary
antibody for 1 hour, the blot was washed for 4x&5 miith 1x TBT, incubated with ECL
developing solution and exposed to film in the daxdm.

Transfer buffer: 70% 10x Laemmlli buffer, 30% Mattol

Ponceau S solution: 0.1% ponceau S in 1% acetic(agv)

Blocking solution: 10% Milk in 1x wash buffer

ECL (enhanced chemoluminescence): Solution 1: 6.8ooMmaric acid in DMSO; solution 2:
1.25mM Luminol, 200mM Tris pH 8.5; solution 3: 30%0, (these solutions were mixed shortly
before used)

7.6 Methods in Cell Culture
7.6.1 Cell Cultivation

FM3A cells were cultivateth vitro in RPMI medium+ L-Glutamine supplemented with Sfiml
penicillin, 50 pg/ ml streptomycin, 10% (v/v) heagctivated fetal calf serum (FCS). The culture
was incubated at 37°C with 5% g@nder mild shaking.

Hela, 293, COS7 and 3T3 cells were cultured in DMBMs 10% fetal calf serum, 2 mM
glutamine, in the presence of 50 pg/ml streptomyeid 50 pg/ml penicillin at 37° C with 5%

CO..

7.6.2 Determination of Cell Density

Cell density was quantified using a hemacytometdeubauer”. A hemacytometer Neubauer
consists of two chambers, each with a volume offinf. The grid is divided by triple lines into 9
large squares each with Imm x 1mm. Each largeregaalivided into 25 medium squares and
each medium square is further divided into 16 ssnabuares. The number of cells is counted
from one large square consisting of 25 medium suai he cell density is determined according
to an equation: cell density= NXLOnl (N is number of counted cells; 18 chamber conversion
factor for Neubauer).
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7.6.3 Cell Transfection
7.6.3.1Transfection using Nanofectin

24 hours prior to transfection, HeLa cells weredseein 6-wells plates at the density of 2.4% 10
per well. The medium was changed 2-4 hours befarsfection. A transfection mixture for a 3.5
cnt culture disk was prepared as following:

Solution A: 3 pg DNA + 100 pul NaCl mixed brieflying vortex
Solution B: 9.6 pl Nanofectin + 100 pl NaCl, mixedefly using vortex

Solution B was added to solution A and incubated2f®»30 min at RT. The transfection mix was
drop wise added to cells. 48 hours after trangfectcells were harvested and directed to
subsequent analysis.

7.6.3.2siRNA transfection using Oligofectamine

For RNAIi experiment, siRNAs were transfected inteLH cells using a transfection agent
Oligofectamine.

Cell preparation: 24 hours before transfectionl.adeells were trypsinized and resuspended in
DMEM medium supplemented with 10% FCS without dntibs. The cells were seeded on 6
wells-plates at the density of 1.3x>Iger well. Short prior to transfection, the callere washed
with medium without antibiotic and 800 ul Opti-MEMithout antibiotics and FCS were added
into the culture.

Transfection using Oligofectamine:
Transfection mix for one reaction:
Solution A: 11 ul Opti-MEM
4 ul Oligofectamine
Solution B: 10 pl 20 puM dsRNA
175 pl Opti-MEM

Solution A and B were incubated for 10 min at RTxed and incubated for an additional 20 min
at RT. The transfection mix was drop wise addedhw cells and mixed thoroughly. After
incubation of the cells for 4 hours at 37%C and @, 500 ul m Opti-MEM supplemented with
30% FCS. The cells were grown at 37°C and hardestt®4 hours, 48 hours, and 72 hours after
SiRNA transfection.

Cell extract preparation: The cells were washeidgwvith 1x PBS. 250 pl lysis buffers were
added to each well. The cells were collected usigly scraper.  Cell extraction was done as
described 7.4.4.2. Cell extract concentration determined using Bradford reagent (7.4.1) and
proteins were analyzed by Western blot (7.5.4).

7.6.4 Metabolic Protein Labeling using®s

Proteins synthesis was traced by incorporatiSgmethionine into polypeptide during translation.
72 hours after siRNA transfection, cells were washéh methionine-free DMEM supplemented
with 10%FCS and 50 pg/ml penicillin-streptomycithe medium was discharged and replaced
with fresh methionine-free DMEM. The cells wererhincubated witA°S methionine —containing
DMEM medium for 1-3 hours at 37°C and washed wixhPBS. Cell extract was prepared by
adding hepes-lysis buffer in the cell culture (26par 35 mm dish). The cells were detached
using a sterile cell scraper. Cell lysis was dbgepassing the lysate through a pipette several
times or by three cycles of freezing and thawirgyaélls.
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7.6.5 [3-globin mRNA Reporter-Based Tethering Assay

Transfection For this assay, transfection was performed usin@/BRBC} method. One day prior
to transfection, HelLa cells were grown at the dgnsfi 2.4 x 10. Two hours before transfection,
the medium was changes. Transfection mixture weysgped as following:

Plasmid DNAs: 1 ug expression plasmid
0.2 ug reporter plasmid
0.2 ug GFP expression vector
0.6 pg translation efficiency control plasmidi¢imal control)
Ad sterile ddHO to 90 ul

Plasmid DNAs were mixed with 8 pl 2.5 M Ca(inal concentration 200 mM). 100ul 2xBBS
was added to this DNA-Cag3olution was thoroughly mixed and incubated atf&®T30 min. The
transfection mix was added to the cell culture elishnd mixed gently. For the first 20 hours, the
cells were grown at 37°C in the presence of 3 %.CDhe precipitate was formed during this
incubation step. The cells were then washed wBIS To remove precipitate and fresh medium
was added. The cells were incubated for an additid4 hours for optimal expression.

Cell extract preparation: 250 ul of lysis buffeasvadded to each well of 6-wells plate. Cells were
detached from the plate using scraper, and cal lyas achieved by passing the cell suspension
through a pipette several times. The homogeniysdté was transferred to a fresh tube and
incubated on ice for 5 min. To remove nuclei aalil debris, the lysate was centrifuged at 10.000
rpm at 4°C for 10 min. 30pl of lysate was usedvistern blot analysis and the remaining was
directed to RNA analysis.

RNA was isolated according to 7.3.2 and analyzeldnthern blot (7.3.7).

Data quantification: level of 3-globin mMRNA was déked as a percentage of the radioactivity of
reporter MRNA in relation with that of the corresdmng internal control.

2x BES-buffered saline (BBS): 50 mM BE®,N-bis[2-hydroxyethyl]-2-aminoethanesulfonic
acid), 280 mM NacCl, 1.5 mM NEPQ,.2H,0, pH 6.96.
TBS (Tris-buffered saline): 8 g NaCl, 0.2 g KClg Jris base, pH 7.4.
Lysis buffer: 10 mM Tris-HCI pH 7.2, 8 mM MgCI20ImM NaCl, 1mM DTT, 5 mM Vanadyl-
Ribosyl-Complex (VRC), 0.5% NP-40, 1.5 mM PMSF.
MS2-based tethering system: expression plasmitdMs2, pCI-MS2-IGHMBP2, pCI-MS2-
hUpf2, pCI-MS2-hUpfl
MRNA reporter plasmid: pCI-WTRglobin-6MS2
AN-based tethering system: expression plasmid:ACIpCIAN-IGHMBP2, pCIAN-hUpf3b
MRNA reporter plasmid: pCIl- WTRglobin -4BoxB
Translation efficiency control plasmid: pCIl-WTRglno+e300

7.6.6 Immunofluorescence Microscopy

Cells grown on glass coverslips were rinsed witRBSK, fixed with 4% formaldehyde for 30-45
min at 4°C. The cells were washed with 1XPBS pHf@r 3x 5 min, permeabilized and blocked
with 0.3% triton X-100 in blocking buffer for 1h &T. After 3x 5 min washing, the cells were
stained with the primary antibody diluted in waslkffér for 2 hours at RT. The cells were then
washed three times with wash buffer for 5 min amaibated with the corresponding fluorescent—
conjugated secondary antibody made in wash buffet h at RT, followed by three 5-min washes
in wash buffer containing DAPI. Cells were mountedluorescent mounting medium (Daco) and
viewed using Carl Zeiss.
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For double staining immunolocalization studies, twands of immunodetection were performed:
the cells were first incubated with the first primmantibody for 2 hours at RT and the appropriate
rabbit secondary antibody followed by the secondndb with the second primary and its

appropriate secondary antibodies.

Blocking buffer: 10% BSA in PBS pH 7.4
Wash buffer: 1% BSA in PBS pH 7.4
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8. ABBREVIATIONS

A Adenosine min
ATP Adenosine 5'’-triphosphate mi

C Cytosine MRNA
cDNA Copy DNA MS

Ci Curie N-terminus
C-terminus  Carboxyl-terminus NTP
dATP 2’,3'deoxyadenosine 5’ triphosphate pH
ddH,O double distilled water

Da Dalton pmol
DMSO Dimethyl sulfoxide RNA
DNA Deoxyribonucleic acid RNase
DNase Deoxyribonuclease RNP
dNTP 2',3'deoxynucleoside 5’ triphosphate Rpm
E. coli Escherichia coli rRNA
etal. And others (Lat.Et alterae) RT

G Guanosine S
Invitro within the reagent glass Sec
Invivo in living organism U

L Liter UTR
kDa Kilo Dalton uv

M Molar (mol/L) viv

mA Milliampere wiv
MIM Mendelian Inheritance in Man

The single letter amino acid code

G Glycine P Proline

A Alanine Vv Valine

L Leucine I Isoleucine
M Methionine C Cysteine

F Phenylalanine Y Tyrosine
W Tryptophan H Histidine

K Lysine R Arginine

Q Glutamine N Asparagine
E Glutamic Acid D Aspartic Acid
S Serine T Threonine

Page 86

minute
Milliliter
messenger RNA
Mass spectrometry
Amino-terminus
Nucleoside-5'figgphate
A measure of the acidity or
alkalinity of a solution
Pico mole
Ribonucleic acid
Ribonuclease
Ribonucleoprotein
Rotaper minute
Ribosomal RNA
Room temperature
Svedberg
Second
Uracyl
Untranslated region
Ultraviolet light
volume per volume
weight per volume
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