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Abstract

Eukaryotic cells respond to extracellular stimuli by traitisng intracellularinstructions via
signalling pahways b coordinate appropriate responses. Mitegetivated protein kinase
(MAPK) pathways are often used transmitthese instructionto regulae gene expression,
where Ternary Complex FRctors (TCFs) areamongtheir nuclear targets. Elkl is the
founding member of th&CF family of transcription activators. Thmmechanism of function
and regulation of EH4 has been ¢ensively studiediherefore providing a paradigm for
signatinduced transcription The activity of Elkl is influenced by Postranslational
Modifications (PTMs), such as phosphorylation and sumoylationl Rlkiquitylationhas
also beeneportedin vitro, howevellittle work has been done dhis modification of EIKL.

This thesis sought to reveal threchanism of regulation and functiohElk-1 ubiquitylation

Elk-1 was demonstrateth be both monoubiquitylated angblyubiquitylatedin vitro and in
cells.Using size exclusion chromatography and the dominant negative nedd8 conjugating E2
enzyme Ubcl2, several features of the-Elkpecific E3 ligases have been reveatedtro.

In cells, ernary complex formatiomvas shown to bemportant for monoubiquitylation.
Furthermore monoubiquitylated Elk is diminished following ERK-mediated
phosphorylation, hence activation, in response to mitogen stimulaiowas also
demonstrated that aBlk-1 derivativethat exhibits strong monoubiquitylatioeviel also
exhibits a reduced capability to transactivate gene expression aSd¢hnem Responsive
Element (SRE)indicating a negative role of monoubiquitylation on -Elkranscriptional

ability.
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1. Introduction

1.1 The ternary complex factor Elk-1

1.1.1. Overview

Accurateregulation of gene expression is vital for cell differentiation, pn@lifen, and the
maintenance of cellular homeostasis. The expression of many gémeéiscsdin response to
specificstimuli to ensure precise regulation of cellular activity. In ordeafoegulated gene
to be expressed, numerous molecular processes are coordinated in arapEeguence.
RNA transcription is the first step of gene expression, wheretigenformation in DNA is
copied into messenger RNA, whiahturnis used as a template for protein translatiam. T
initiate RNA transcription,sequencepecific transcription activatermust bind to the
promoter of the gene to be transcribed. These transcrigtiivators work by recruiting
proteins that alter the locahmmatin structure to a more accessible conformatom
transcription mediators that in turn recruit the general transcriptiachinery to initiate

RNA transcription (Thomas and Chiang 2006; Kornberg 2007).

Transcription activators with a similar conservedndin are oftermembers ofamilies, for
examplethe ETSdomain protein family. The founding member of this family is HTS
which is homology to the -ets oncoprotein of the avain erythroblastosis virus E26 (E
Twenty Six), hence theameof this protein farty (Leprince, Gegonne et al. 1983; Nunn,
Seeburg et al. 1983ETS-domain proteins comprise a large group of transcription activators
that are fundamentally important in many cellular processes, such as cédiratioln, cell
differentiation and apoptosiSharrocks 2001; Hsu, Trojanowska et al. 200d)e ETS

domain proteins can be subdivided based on sequence similarities in taemaB and the



presence of further conserved domains. One subfamily is the Ternary Complex Fa&jor (
family. Ternary complex factors areharacterisedby their ability to forma ternary
nucleoprotein complexwith the Serum Response Factor (SRF) dimer at the Serum
Responsive Element (SRE) to activate gene transcription. This ternaryegoisgbrmed
upon activation of the MitogeActivated Protein Kinase (MAPK) sighimg pathways
which relay extracellular stimuli from cell surface receptior the nucleus. Despite the
diversity of biological functions of the ET@&main proteins, many of their regulatory
mechanisms are conserved among family members, particularly for the (56&s and
Saxton 2003; Buchwalter, Gross et al. 20@lk-1 is the founding member of the TCF
subfamily. By studying EHL, the complex regulation of Eidmain proteins can be

revealed, therefongrovidinga paradigm for signafirduced transcriptional regulation.

1.1.2. Historical perspective

Elk-1 wasfoundas part of a ternary complex in HeLa nuclear extnaitt the SRFdimeron
the SREof thec-fos promoter(Shaw, Schréter et al. 198%) was initially named p62 due to
its molecular weight antater shown to be identictd thepreviously clonedelk-1, which
was identified based on sequence homology with {&is proteifRao, Huebner et al. 1989;
Hipskind, Rao et al. 1991Ywo structurally related proteinsere subsequelhy identified
Sapl (SRF accessory protein {alton and Treisan 1992)and NetSap2/Erp (Giovane,
Pintzas eal. 1994; Lopez, Oettgen et al. 1994; Nozaki, Onishi et al. 188 proteins
were shown toexhibit similar ability to form ternary complees In addition TCF
homologues have aldoeen dentified in other vertebratg$soldman, Sapru et al. 1998;
Brown, Yang et al. 1999), however no TCF homologue has been identified indgepite
the availability of the entire genomic sequencé&aicharomyces cerevisiae, indicating this

family of proteinsis only conserved among metazoan.



1.1.3. Domain structure of EIk-1
All TCFs share a similar domain arrangemesith additional functional domains that are
uniquein family members to permit differentiaégulation and functionFijgure 1-1). Four
domains (AD domairs) were initially identified based on sequence comparison between
Elk-1 and Sagfl (Dalton and Treisman 1992)heN-terminal Adomain correspond® the
DNA-binding ETS-domain Besides DNAbinding the ETSdomain haslsobeenreported
to exhibit repressive capability by recruiting the mSid#stone deacetylasecb-repressor
(Yang, Vickers et al. 2001and the DNA-binding inhibitor Id helix-loop-helix proteins
(Yates, Atherton et al. 1999The Bdomain bindso the MADSbox transcription factor
family memberSRF to facilitate ternary complex formati¢8hore and Sharrocks 1994)
The Citerminal C-domain is a transactivatieh domain with multiple MAPK
phosphorylation consenssgtes (S/T)P, where phosphorylation activatés transcriptiona
ability (Janknecht, Ernst et al. 1993; Marais, Wynne et al. 1993; Gille, Kortenjann et al
1995) The Ddomainand the FXFRmotif within the Gdomain are the MAPK docking sites
(Yang, Whitmarsh et al. 1998; Yang, Yates et al. 1998; Jacobs, lessal. 1999;
Sharrocks, Yang et al. 2000)Beside these domains, which are shared anadngCF
members,Elk-1 contains an additional -Bmain for transcriptiomal repression(Yang,
Bumpass et al. 2002)The R-domain containsthree lysine residugeswhich can be
sumoylated fotherecruitment otthe histone deacetylaseco-represso(Yang, Jaffray et al.

2003; Yang and Sharrocks 2004).
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Figure 1-1, Schematic representation of the dmain
structure of Elk-1. Functions of the domains are as indicated.

The amino acid residutocatiors of the domainsare presented

below the boxes.

1.1.4. Ternary complexformation

1.1.4.1. Serum Response Element
Despite the similarity between the TCFs, differenbiading at the SREhas been reported
between EIKL and Safl. Upon mitogen stimulatiorlk-1 cooperates witthe SRFdimer
to form a ernary complex athe SRE of the c-fos promoter(Gille, Sharrocks et al. 1992)
Binding between EW and the SRE was not observed in absence of(SR&w, Schroter et
al. 1989; Hipskind, Rao et al. 1998uggesting the SRF cooperative binding is essential for
Elk-1 medated ternary complex formation,hereas Saft is able to interact with the SRE
alone(Dalton and Treisman 1992). In addition, autonomous DNA binding ofL Hiks also
been reported with high affinity ETS binding sit€éE74), however it has not been shown to

be a physiological targé¢Bharrocks 1995; Mo, Vaessen et al. 1998; Mo, Vaessen et al. 2000)

The SRE are often found in the promoter of mimynediate Early @&nes(IEGs) a set of
genes that are rapidly and transiently induced following growth factor or mistigeulation
(Treisman 1992; Treisman 1998esideslEGs, he SREwasalso found in viral genomes
(Cahill, Nordheim et al. 1994)The c-fos SRE consiss of a weakETS binding site EBS)

adjacent totwo SRF binding site (CArG-box). The EBS is characterisedby a purine-rich

4



core sequence dBGA(A/T) surroundedoy more variable sequerst allow differential
binding specificity between EFT&omain proteinsThe CArG-box consiss of the sequences
CC(A/T)sGG, which interacts with the SRF dimdtrhas been demonstrated that thecsma
between the EBS and ti@ArG-box (an addition of 25 bpsind their relative orientatiozan
be altered withoua significant dfect on ternary complex formatidiireisman, Marais et al.

1992).

EBS CArG Box,
SRE

Figure 1-2 Diagram of ternary complex. The A-domain (ETS
domain of a TCFbinds to the EBSf the SREwhereasthe B
domainmediates protehprotein interactios with the SRFdimer,

which in turn binds téhe CArG boxof the SRE

1.1.4.2. ETS/DNA binding
The ternary complex is formed by a combination ppbteinDNA and proteinprotein
interactions [Figure 1-2). TheDNA binding ETS-domainis 85 amino acids long angsually
found at the @ermini of mast ETSproteins, whereas it is located at tNeermini of the
TCFs (Sharrocks 2001; Hsu, Trojanowska et al. 2004 dopts a wingd Helix-Turn-Helix

(WHTH) structure with three a-helices and four anfarallel p-strands, where the wing is a



loop between adjacent B-strand(Figure 1-3 & Figure 1-4) (Donaldson, Petersen et al. 1994;

Donaldson, Petersen et al. 1996; Mo, Vaessen et al..2000)

Figure 1-3 The 2.1A crystal structure of the ETS-domain of Elk-1
(Mo, Vaessen et al. 2000). The image was generated using the
Cn3D software (NCBI). a-helices and B-strands are presented as
green cylindrical arrows and dark yellow flat arrows respectively.
Asparagine 69 and tyrosine 66 are indicated by white arrows and

coloured in light yellow.
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Figure 1-4 Schematic representation of the secondary structure
of Elk-1 ETS-domain. a-helices and B-strands are presented as
indicated. Asparagine 69 and tyrosine 66 are highlined in light

yellow.

The aystal structuref the ETS-domain bound tahe E74 dupleasrevealedhat he main
residues contributg to the ETS/DNA binding are bcated in thex3 helix that lies in the
major grove of DNA,with additionalcontacs mediated bythe loop between 02 and a3
helicesand the wingetween 3 andp4 strand (Mo, Vaessen et al. 2000 also revealed
that differential DNA binding between EM and Safl is due tothe orientation ofa
conserved tyrosine residirethe DNA recognitiona3 helix (Y66for Elk-1 andY65 for Sap
1), positioned by nowonserved residues distal from the héasparagin&9 for Elk1 and
valine 68 for Safl) (Mo, Vaessen et al. 1998; Mo, Vaessen et al. 200)se two residues
were previously described to be critickdterminantgor differential DNA binding between
TCFsin another studynd replacing@sparagines 69 in Etk with valine wasableto confer

the Sapl DNA bindingspecificityon Elk-1 (Shore, Whitmarsh et al. 1996)



1.1.4.3. TCF/SRF interaction
In addition to DNA/protein bindingproteinjprotein interactios are also essential fahe
ternary complexXormation. It hasbeen shown that thateractionbetweenElk-1 and SRF
enhancesheir binding to thee-fos SRE (Mueller and Nordheim 1991; Shaw 199Zhe B-
domain(amino acig@ 137 - 169)pf Elk-1 was shown to interaatith an extended structure
near the DNA binding domain of SRFanknecht and Nordheim 199%here the B-domain
forms an inducible helix to present a hydrophobic region to SRF for tteraction(Ling,
West et al. 1998)Disruption of the Bdomain completely abolishesernary complex
formation andSREdependent transcriptiofHill, Marais et al. 1993)Subsequenthdirect
interactionbetween EIKL and SRF in absence thie SRE hasalso been reportg@&hore and
Sharrocks 1994and critical amino acglmediating thisinteraction have been identified
(Ling, Lakey et al. 1997)namelythree aromatic residues tyrosine 153, tyrosine 159 and

Phenylalanine 162.

No structwal sudy on Elkl ternary complex habeenreported howeverthe crystal
structure ofa ternary complex containinggapl has revealed and confirmed several
observations(Hassler and Richmond 2001()) the B-domain adopts a partial a-helical
strucure (two short 3, helices linked by a B-strand), where significant contactvere
observedwith the hydrophobic groove of SREi) the DNA-binding domain of Saft and
SRF are situated on opposite sides of DNA vgitime contacs with each other(iii) the
linker region between the-Bomain and ET$lomain exhibits a loose structure to provide a
flexible tether, supported by the evidence that the spacing and orientiticeeh theEBS
and the CArGboxin thec-fos SRE can be substantilaltered with litle impact orternary

complex formation (Treisman, Marais et al. 1992)



1.1.5. Regulation of ElIk-1 by post-translational maodifi cations

The transcriptional ability of EIKL is influenced byextracellular signainduced post
translatioml modificaions (PTMs). Phosphorylation dlk-1 triggered by growth factors or
mitogers has been shown to potentiate ternary complex formation and transact{@itien
Sharrocks et al. 1992; Janknecht, Ernst et al. 1993; Gille, Kortenjatnl&95; Sharrocks
1995), vhereas smoylation of Elk-1 represses itsrangriptional capability through the
recruitment ofthe histone deacetylase co-repressolYang, Jaffray et al. 2003; Yang and
Sharrocks 2004 Moreover PTMs often affect each other, for exampleElk-1
phosphorylation represses its sumoylatf¥ang, Jaffray et al. 2003Elk-1 ubiquitylation
hasalsobeenreportedin vitro (Fuchs, Xie et al. 1997however its regulation and function

arepoorly understood.

1.1.5.1. Elk-1 phosphorylation by MAPKs

Phosphorylatiorof Elk-1 is mediatedy MAPKSs (Janknecht, Ernst et al. 1993ille, Strahl
et al. 1995; Whitmarsh, Shore et al. 1995; Price, Cruzalegui et al. 1996; Ensteygdradi et
al. 1998) MAPKs are aconservedamily of serine/threonine kinasés all eukaryoteghat
transmit signals from cellsurface receptors tthe nucleus to control eukaryoticere
expressionin response taextracellularstimuli (Yang, Sharrocks et al. 2003; Jamski,
Vaque et al. 2007)There are three major MAPK cascadd®e ERK (ERK1 and ERK2;
Extracellular signal Regulatedifase) JNK (JNK1, JNK2 and JNK3g-Jun Nterminal
Kinase) and 88 (p38a, p38p, p38y and p383) cascades. The ERK cascade is activated
growth stimuli, whereas the JINKié p38 cascades are activated in responesellidar stress
and cytokines Elk-1 is phosphorylated by all the three major MAPKBRK was the first
MAPK shown to phosphorylate Elk (Gille, Sharrocks et al. 1992; Marais, Wynne et al.

1993; Gille, Kortenjann et al. 1995; Cruzalegui, Cano et al. 18a#)sequently, EHt was
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shown to be phosphorylated by JNK and P3&vigelli, Dolfi et al. 1995; Gille, Strahl et al.
1995; Whitmarsh, Shore et al. 1995; Price, Cruzalegui et al. 1996; Enslen,drdirejeal.

1998).

To ensure signal specificity, MAPKs recognise their substragespecific docking sites to
facilitate phosphorylation(Sharrocks, Yang et al. 2000fhe Ddomain wasthe first
identified ERK docking sitén Elk-1 (Yang, Yates et al. 1998t is located upstream from
the Gdomain thatcontainsmultiple MAPK phosphorylation sites. A additionaldocking
site (FXFP-matif) for ERK waslater discovere@Jacobs, Glossip et al. 1999his motif is
situatedwithin the Gdomain andshown to form a bipartitelocking module. It was
demonstrated thatNK alsobinds to Elk-1 via the Ddomain(Yang, Whitmarsh et al. 1998)
but does not interact with the FR-motif, whereas B8 seems to interact with Elkthrough

an unidentified region.

In addition to MAPK recruitment the docking sites also directMAPK-mediated
phosphorylation othe MAPK consensus sitdS/T)P. Phosphorylation on seri@83 was
shown to balirected by the FRP-motif, whereas the flomain mediates phosphorylatiah
other sitegFantz, Jacobs et al. 200Phosphorylation ahe serine383 residue was shown
to be most critical for EH trangriptionalability (Gille, Kortenjann et al. 1995pespitethe
importanceof serine383 phosphorylation, other phosphoceptor sés are modified to the
same stahiometry(Cruzalegui, Cano et al. 199%bweverthe functioral roleof other sites

remainselusive.

1.1.5.2. The role of Elk-1 phosphorylation
PhosphorylatiorregulatesseveralElk-1 activities First EIk-1 phosphorylatiorrelieves its

auto-inhibitionby disruptingintra-molecularinteractionbetween the ETSand the Gdomain
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(Yang, Shore et al. 1999), resulting in the enhancemeétg DNA binding capability (Gille,

Sharpcks et al. 1992; Gille, Kortenjann et al. 1995; Sharrocks 1995).

Second, thed helix-loop-helix (HLH) proteirs inhibit Elk-1 DNA binding by maskingthe
ETSdomain (Yates, Atherton et al. 1999)d proteins usually interact with other HLH
proteins to block their DNA binding?hosphorylation oElk-1 was shown to inhibiits

interaction withthe Id protens, therdy enablingDNA binding.

Third, Elk-1 transactivatioal ability is potentiatecoy phosphorylation(Hill, Marais et al.
1993; Marais, Wynne et al. 1993; Gille, Kortenjann et al. 199sumablyby enhancing
its interactionswith co-activatos. The CREB binding protein (CBR a ceactivator for
Elk-1. CBPacetylates historsdo relieve transcriptional repressidhwas demonstratethat
Elk-1 interacts withCBP on the c-fos SRE in a hosphorylation independenmhanner,
howeverfunctional cooperation between the two proteiequiresklk-1 phosphorylation
(Janknecht and Nordheim 1996; Nissen, Gelly et al. 200irthermore a similar histone
acetyltransferase (P300) was repotiedacilitate EIk-1 transactivation in the same manner

(Li, Yang et al. 2003).

Fourth,Elk-1 phosphorylatiofis also implicatedn the recruitmenof transcription mediators
(Boyer, Martin et al1999) The Srb mediator complex, consistiof20 - 30 subunitsacts
as a molecular bridge to connect transcription activators to the genamatription
machineryto facilitate transcription(Kornberg 2005). Asubunit (Sw2) of the mediator
complexhas been showhe recruited to EIkL by phosphorylation(Stevens, Cantin et al.

2002).

Finally, beside contributing to transactivation,Elk-1 phosphorylationalso mediates
transcriptioml repression. Phosphorylation d&lk-1 recruits the caepressormSin3A-

HDAC, which exhibits histone deacetylase abilitlistone deacetylase alter local
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chromatin conformationto repress transcriptionElk-1 meliates the temporal acute
expression of manymmediateearly genesipon stimulationThe recruitment of mSin3A
HDAC correlatego the kinetics of target gene shutdowrereby providinga mechanism by
which Elk-1 phosphorylation mediatestransient bursof transactivatior{(Yang, Vickers et

al. 2001).

1.1.6. EIk-1 target genesand biological function
Elk-1 was initially identified as part of the ternary comphgth SRFatthe c-fos SRE(Shaw,
Schréter et al. 1989), which is commonly foundhe promoters oimanyimmediateearly
genes, a set of genes tha¢ rapidly and transiently activated when cells are stimulated with
growth factors or mitogento mediate cell cycle entry from they ® G, phase(Treisman
1990; Treisman 19925ubsequently, other immediatarly gene targetfor Elk-1 such as
egr-1 andjun-B have been verifiedHipskind, Baccarini et al. 1994; Hodge, Liao et al. 1998)
It hasalso been demonstrated thak-1 interacs with Pax5 on a composite element of the
mb-1 promoter(Fitzsimmons, Hodsdon et al. 199 dbinds tothe ETS bindingite in the
TNFa promoter (Tsai, Falvo et al. 2000 o date, e full spectrum of EKL target genes is
not clear. Using an Elk repressor fusion protein to suppress-Elkediated transcriptioit,
was demonstratedhat Elk1l target genes areritical for cell proliferation and apoptosis
inhibition in a SRF dependent manr(®fickers, Kasza et al. 2004)n addition, a recent
study has reported that Elkalso targets many SRRdependent genes and a high degree of
redundancy between Elkand other ET$roteins in transcriptional activation was observed

(Boros, O'Donnell et al. 2009).

A role in neuronal function of EIKL has been suggestédsed on its expression pattern

(Sgambato, Vanhoutte et al. 1998Jk-1 mRNA was found in various adult rat brain
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structurs including soma, dendrite and axon terminals of neulomgéas demonstrated that
Elk-1 promotes neuronal cell proliferation through activationcdbs while a truncated

isoform of Elkl playsan opposite role to full lengtiklk-1 in neuronal differentiation
(Vanhoutte, Nissen et al. 200However,EIk-1 knockout mice areiable and do not exhibit
strong phenotypical abnormalitié€esari, Rennekampff et al. 2004ossibly due to the

redundant activities of oth&TS-proteins.
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1.2. Ubiquitylation

1.2.1. Overview and historical perspective

Ubiquitylation was discovered in the early 1980asa posttranslational modification, in
which a small proteitfubiquitin, 76 amino acig, ~8.5kDa) is attacheith aprotein substrate
(Pickart 2001; Glickman and Ciechanover 2002; Fang and Weissman. ZDiod)
conjugationof ubiquitin is found ina broad range oproteinsand impacts in almost all
cellular activities.Proteirs can be conjugated with single or multipleubiquitin moieties
(see chaptel.2.7), which often confer diffrent activity to thesubstrateonce conjugated.
Despite the initial finding thgbolyubiquitylationdirects proteins for destructioby the 26S
proteasomge nonproteoltic roles of ubiquitylation wereubsequently revealedn 2004,
Aaron Ciechanover, Avram Hershko and Irwin Rose were awarded the NobelirPrize

chemistry for their discovery of the ubiquitin systé&iles 2004).

1.2.2. Mechanism of ubiquitylation

Ubiquitylation is performed by threestepenzymatic cascad@ickart 2001; Passmore and
Barford 2004) In the first step, an E1 activating enzyme activatbgutin in an ATR
dependent manndorming an ubiquitinE1 thiol esterbetweenits catalytic cysteine and the
carboxytterminal glycine ofubiquitin, thereby activating the ubiquitin for nucleophilic
attack. In the second step, the activated ubiquitittassferredo the catalyticcysteineof an

E2 conjugating enzym@& he ubiquitin isconsequentlyransferred tahe e-amino group o
substratdysine via an isopeptide linkage, facilitated by an E3 ligase through two distinct
mechanisms, demding on the type of E3 ligagevolved.In rarecases ubiquitin is attached

to the freea-amino group ofthe substrateinstead of alysine via a peptide linkage
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(Breitschopf, Bengal et al. 1998; Aviel, Winberg et al. 2000; Reinstein, faehet al. 2000;

Kirisako, Kamei et al. 2006; Tokunaga, Sakata et al. 2009).

1.2.3. Ubiquitin enzymes

Ubiquitylation is a highly regulated process apddific ubiquitylation of substrates depends
on sequential action ddll three types olbiquitin enzymesThe organization of these
enzymess hierarchical, wherehe human genome ewaestwo E1 activatingenzymes38
E2 conjugatingenzymes, andpproximate 60E3 ligases(Petroski and Deshaies 2005;
Groettrup, Pelzer et al. 2008; Ye and Rape 2003is enzymatic cascadbe twotypes of
E1l activating enzymes operatewith a different but overlapping set of E2njogating
enzymes, which in turavork with amuchlarger number of E3 ligaseB3 ligasea can also

cooperatevith morethan one E2 conjugating enzyme.

1.2.4. Ubiquitin E3 ligases

E3 ligases play arucialrole in ubiquitylation by selecting substrafésdley and Robinson
2005). There are two major types of E3 ligaseharactésed bythe presence of their
catalytic HECT- or RING-domairs which facilitate ubiquitylation through different
enzymatic mechanismgFigure 1-5). The HECFdomain E3 ligases initially transfer
ubiquitin toa catalytic cysteine within the HEG@omainforming an E3-ubiquitin thioester
and thertransfer thaubiquitinto substrate(Kee and Huibregtse 200 onversely RING-
domainsdo not contain aatalytic cysteine an®ING-domainE3 ligasesmerelyact as a
bridge orienting the EzZubiquitin thioester and substratesin close proximity for direct

ubiquitin transfer(Petroski and Deshaies 200%) addition, two othedomains(U-box and
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PHD-domain) related to the RINGlomain are also implicated in ubiquitylati¢Aravind

and Koonin 2000; Capili, Schultz et al. 2001).

AMP + PPi
v

*
ED -+ are o2 @

Figure 1-5 Mechanism of ubiquitylation mediated by
HECT- and RING-domain E3 ligases.E1 activating enzyme
utilises energy from ATP hydrolysis to activate ubiquitin.
Ubiquitin is then carried asnaEl- and EZ2thioester and
eventually transferred to substrates, facilitated by E3 ligases.
HECT-domain E3 ligases form a ubiquitin thioester
intermedide before substrate conjugatiowhereas RING
domain E3 ligases transferubiquitin from an E2conjugating

enzyme to a substrate directly.

1.2.4.1. RING-domain E3 ligases
RING-domainE3 ligases carmxisteitherasmonomers (e.g\ldm2 andCBL), or as dimdc

(e.g. RNF4)or multimeric protein compless (e.g.the SCFs and the APC)Most RING-
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domainE3 ligases are multimeric, the largegtoup of E3ligases areCullin-RING Ligases
(CRLs). SCF®™is the archetype of CRLand was first described in studies on cell division
in Saccharomyces cerevisiae (Feldman, Correll et al. 1997; Skowyra, Craig et al. 1981
SCFs contairthe cullin scaffold CUL1 andtheir substrate recogniticsubunits areusually
represented in superscrifidther CRLs are namedafter their cullin subunitsand substrate
recognition subunit Charaterisation of SCE has revealed the typicabmponent®f CRLs
which include a cullin family member, a RIN@omain potein and a variable substrate
receptor(either a single or multiple subunit@jamura, Koepp et al. 1999; Seol, Feldman et

al. 1999; Tan, Fuchs et al. 1999).

The scaffold protein cullins evolutionary conserved from yeast to nmaas with he
highest conservation in the C-terminal cullin homology domain. The human genomesencode
seven cullins (CULL, 2, 3, 4a, 4b, 5 and 7) and other proteins that contathe cullin
homology domain (APC2 Subunit in the APC E3 ligase compleXP&RICYYu, Peters et al.
1998; Zachariae, Shevchenko et al. 1998; Nikolaev, Li et al. 28@8)dural and sequence
comparison studies revealed that all cullins adopt a curved structuransitherminal stalk

that is comprised of threepeas of a five helix bundle(cullin repeat [CR] 13) and a €
terminal globular domaiizheng, Schulman et al. 2002jhe substrateeceptorassociates

with the Niterminal CR1 egion, while the @erminal globular domain binds the catalytic

RING-subunitwhichin turnassociatewith an E2 conjugating enzyme.

The RINGdomain is definedoy a distinct arrangement adight conservedcyseine and
histidine residues thatoordinatetwo zinc iors in a crossedbraced fashior(Borden and
Freemont 1996). One common feature olLERs that most of them utiksthe same catalytic
RING-subunit. Most cullins bind to the samRING-subunit RBX1, except for CUL%yhich
interacts with RBX2 (Ohta, Michel et al. 199®espite the similarity in the catalytaore,

the substrate receptorsf CRLs are more diverséo accommodateheir vast substrate
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spectrumand often theseeceptorsare comprised of an adaptor protein and a substrate

recognition unit.

For the archetypal SCE™? the adaptor proteirsKP1 associates with CUL%ia its N-
terminal BTB-domain Broad complex, Tramtrack and B#eBrac domair), whereas it<-
terminus bindgdo the substrate recognitidi-box proteinSKP2 (Schulman, Carrano et al.
2000; Zheng, Schulman et al. 200Besides CUL1,SKP1 can also recruita substrate
receptor to CUL{Dias, Dolios et al. 20025ubsequently, ther adaptor proteinsavebeen

shown tointeract with cullinsvia a domainstructurallysimilar to the Fbox. For example,

the adaptor protein Elongin C has been demonstrated to associate with CUL2 and CUL5

(Stebbins, Kaelin et al. 1999)

Substrée recognition unitgypically contain adaptomteracting domairat the Nterminus.
Two adaptor interacting domains were reporteeb@gk or SOCShox). The Fbox was
demonstrated tassociatevith Skpl,which inturn associatewith CUL1 and CUL7 (Bai,
Sen et al. 1996)rheSOCS box wafound to interact with Elongif, whichin turn binds to
CUL2 andCUL5 (Kamura, Sato et al. 1998Fonversely, thaeceptor recognitiomnit of
CUL3-based ligases is able itteractdirectly with CUL3 via its BTB-domain(Geyer, Wee
et al. 2003)On the other hand, substrate binding is usually mediated by EOWiotif or

Leucine Rich Repeat&ipreos and Pagano 2000).

1.2.4.2. CRLsregulation by neddylation
The activity of CRLs is regulated byv&aal mechanisms, one of which is cullin neddylation
(Merlet, Buger et al. 2009)Nedd8 is an ubiquitiike modifier. The threestep enzymatic

mechanism of neddylation is similar to ubiquitylationediated by the Nedd8 specific E1
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activating enzymgUlal/Uba3), E2conjugating enzymgUbcl12) and E3Jigase (DCN1)

(Gong and Yeh 1999; Kurz, Ozlu et al. 2005).

Neddylationis essentiafor CRL activity (Podust, Brownell et al. 2000; Read, Brownell et al.
2000; Wu, Chen et al. 2000)lI&Anown cullin proteirs can be neddylate@Hori, Osaka et al.
1999)at a conserved lysine residue at theeninus (Osaka, Saeki et al. 2000). Neddylation
was initially thought to activate CRLs by enhancing ubiquitin E2 recruitnfawakami,
Chiba et al. 2001; Sakata, Yamaguchi et al. 20BiBwever structural studies revealed a
50A gap between the activated E2 and the substrate and some ubiquitthigECHC34)
simply lack the putative Nedd8 binding site, which draw doubts to ty@ped mechanism
of activation. It was later clear that neddylation activates CRLs by weakémnaute
inhibitory interaction baveen its Ezbound RINGdomain and the culliscaffold (Yamoah,
Oashi et al. 2008)resulting in a flexiblylinked E2bound RING-domainto position E2
bound ubiquitinand the substrate tlose proximity for ubiquitin conjugation (Duda, Borg et

al. 2008; Saha and Deshaies 2008).

1.2.4.3. HECT-domain E3s
Thefirst identified HECTFdomainE3 ligasewas EGAP, which mediates p53 ubiquitylation
in cells expressing the human papillomavirus E6 oncoprotein, resulting in pEddion
by the 26S proteaome (Scheffner, Huibregtse et al. 1994ubsequently, other proteins
were found to share similarity withe Gterminusof E6G-AP and suclregions were named

HECT (Homologous to the EAP Carboxyl Terminus) (Huibregtse, Scheffner et al. 1995).

There are approximdte50 HECTdomain E3 ligases in humswith a size range from(
kDa to over 500 kDgKee and Huibregtse 2007; Rotin and Kumar 2008he 350 amino

acid long HECT domain is invariably located at thée@ninus of HECTdomain E3 ligases,
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whereas their Nerminus contains determinants for substrate recognition and fegulat
Structuralstudies have revealdglat HECT is a bilobal domain(Huang, Kinnucan et al.
1999; Verdecia, Joazeiro et al. 2003; Ogunjimi, Briant et al. 200&rethe smaller €
terminal lobe contains the catalytic cysteine residuetlaadarger Nterminallobe interacts
with anE2 conjugating enzymeThe two lobes r@ connected by a short linkewhich is
critical for juxtaposing the two catalytic cysteine residueardt2 conjugating enzymeand
an E3 ligasefor the transthiolationThe mechanism of ubiquitin transfer between HECT
domain E3igases and sulisates isstill largely unknown, bweverthephenylalanine residue,
four residuedrom the end of therotein was shown to bamportant in the positioning of
E3-linked ubiquitin for substrate conjugatian most HECFdomain E3 ligase¢Salvat,

JarielEncontre et al. 1998)

1.2.5. E2 conjugating enzymes

Much of the investigationsn ubiquitylation were carried out on E3 ligases due to their
ability to confer substrate specificipnd E2 conjugating enzymes were thoughplay an
auxiliary role asactivatedubiquitin carries. However increasing evidence hasiggested
that E2 conjugating enzymgsay a crucial role in determining the processivity of the
ubiquitin chain asembly andhe topology and the length of ubiquitin chéife and Rape
2009; David, Ziv et al. 2010Yhere are 13 different E2 conjugating enzymes (U48) in
Saccharomyces cerevisiae and 38in humars (van Wijk and Timmers 201050me of those
facilitate ubiquitinlike modifier conjugatia rather than ubiquitylation, for examplébc9
and Ubcl12 mediate sumoylation and neddylation respectively. AtloBRigatingenzymes
share al50 amino acid conservegbiquitin-conjugéng domain (UBC) that conitas a
catalytic cysteine residue. Ubiquitin E2 variantsHVY) also contain the UBC domalout

lack this residueThe UBC domain adopts a structure of fourhelices, an angparallel -
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sheetformed by four strandand a short 3-helix (Lin, Hwang et al. 2002; Ozkan, Yu et al.
2005; Eddins, Carlileteal. 2006)where the catalytic cysteine is located in a shallow groove
formed by a short loop linking the2-helix with the a3-helix anda long bop proximal to the
active site In addition, it has been demonstrated thiakage specific E2conjugating
enzymes often functioas heterodimersavhere one subunit positions the desired lysine in

ubiquitin to another subunit to facilitate linkagpecific elongatiofDavid, Ziv et al. 2010).

1.2.6. E1 activating enzymes

To date, wo E1 activating enzyme®r ubiquitylation have been identifiedGroettrup,
Pelzer et al. 2(). Traditionally Ubel was thought to be the only E1 enzysiace its
discovery in 1981Recently another Edctivatingenzyme (Uba6) has been demonstrated to
activateboth ubiquitin and theubiquitin like modifier FAT 10(Jin, Li et al. 2007; Pelzer,
Kassner et al. 2007)The two E1 activating enzymes cooperate with only a partially
overlapping pool of E2 conjugating enzymesiggestinganother level of regulation on
protein ubiquitylation distinguished by different Bfediatedubiquitin activation. ldwever

at presenthe redundancy andpecificity of the two Elactivatingenzymesor the dual

functionsof Ubab arenot clearlyunderstood.

1.2.7. Ubiquitylation linkage
The ubiquitin systens involved in diverse cellular activitieand uliquitin conjugationcan
change the fate of the proteifio accommodate plethora ofdifferent activities, protein
ubiquitylation can exist in many forms to increase its versatilityProteins can be
monoubiquitylatedwith a single ubiquitin attachmerit a singlelysine residug or multi-

monaubiquitylatedwhere several single ubiquitins are attachtedmultiple lysine residues.
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Ubiquitin canalso be self-conjugated there arese\en lysine residues ubiquitin, eachof
which can serveasan acceptor sitéo form ubiquitin polymes. Furthermore ubiquitimcan

be linearly linked via the N-terminus and @erminus (Kirisako, Kamei et al. 2006;
Tokunaga Sakata et al. 2009T0 add tothe comgexity, ubiquitin polymerinkage can be
homologous, heteregmeousor even branched, where two ubiquitin moieties are conjugated

and branched out on a single ubiquitin (Komander 2009).

1.2.7.1. Multiple mono- and mono-ubiquitylation
Multiple mone and moneubiquitylation generally leads to ngmoteolytic activity.It has
been reported that riple monaubiquitylation of cell surface receptsrtriggers thé
internalsation and subsequent degradation in lysosomes or recycling to the cell surface
(Haglund, Sigismund et al. 2003)is process is mealied by a muiineric protein complex,
ESCRT (Endosomal Sorting Complex Required faariBport), which facilitates the sorting

of endosomal cargos into vesicles of multivesicular bagébiams and Urbe 2007).

Monoubiquitylation has been shown to be impacted tianslesion synthesisprotein
trafficking and transcription(Bienko, Green et al. 2005; Ferdous, Sikder et al. 2007;
Marchenko and Moll 2007Most DNA lesions block the progression of replicatfaeks

because replicative DNA polymerases are unable to accommodate damaged bases in their
active site, esulting n the recruitment of a specialis set of DNA polymerases to carry out
translesion synthesigriedberg, Lehmann et al. 2005; Lehmann, Niimi et al. 20 A

lesion induces wnoubiquitylation ofProliferating Cell Nuclear AntigenPCNA) which
recruitsthe specializedNA polymerase n via its ubiquitin binding domaito replicatepast

DNA lesion(Hoege, Pfander et al. 2002; Kannouche, Wing et al. 2004; Watanabe, Tateishi

et al. 2004). Interestinglymonoubiquitylation caralsoplay an opposite role in this process
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dependingon the modified substrate. Monoubiquitylation@¥A polymerase) was shown
to induce an intramolecular interaction with its ubiquitin binding domanihibiting its

PCNA interaction andrarslesion sythesis(Bienko, Green et al. 2009)

Monoubiquitylation alsanediates p53 trafficking(Li, Brooks et al. 2003; Marchenko, Wolff
et al. 2007). In unstressed cells, p53 is rapidly polyubiquitylated by Mard2 degraded
(Kubbutat, Ludwig et al. 1998) whereas stress inhibits Mdm2ediated p53
polyubiquitylation stabili;mlg p53. At low level of Mdm2, $3 was shown to be
monoubiquitylated resulting iits nuclearexporttion (Li, Brooks et al. 2003)Furthermore
following stresdgnduced stabiligtion, apool of monoubiquitiated p53 in the cytosolis
translocatedo the mitochondria, wheretiis deubiquitylated to become active faitiate

mitochondrialapoptosigMarchenko, Wolff et al. 2007)

Monoubiquitylationalso impacton transcriptional activatiofFerdous, Sikder et al. 2007;
Archer, Burdine et al. 2008; Archer, Delahodde et al. 2008), where 26&goute ATPase
mediateddestabilistion of the promoteractivator complex is prevented by
monoubiquitylation of the transcription activator Gal4. This providesmodel that
monoubiquitylationof activatorslimits the lifetime of active transgiion complers until

they arestripped off by ATPases or elongateml an ubiquitin polymer for destruction.
Furthermore monoubiquitylation also serves as a priming event for ubiquitin chain
elongation (Hoege, Pfander et al. 2002; RodrBcenni and Morgan 2007; Windheim,

Peggie et al. 2008)

1.2.7.2. Polyubiquitylation
Lysine 48 and lysine 63inked polyubiquitylation are the most extensivetudied forms of

polyubiquitylation ubiquitin polymersvia other lysines(atypical linkages)were largely
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neglecteduntil recent years. A quantitative studf the ubiquitin polymer linkage of the
yeast“ubiquitomé using mass spectrometry revealed the abundance of atypical linkages
(Xu, Duong et al. 2009jndicatingthatthey may play biggerroles in regulation of cellular
activities than prewusly appreciated.The lysine48 linkagewas found to be the most
abundantaccounting for 296 of all ubiquitin linkages iryeast Interestingy, thelysine 11
linkage was the second most abundanmith the relative abundance of 28. Linkage via

lysine 63 accounted for 1%. Other linkage viaylsine6, lysine27, lysine29 and lysine33

accountedor the relative abundance of 11 %, 9 %, &Atl 3% respectively.

1.2.7.2.1. Lysine48dinked polyubiquitylation
Protein degradation igraditionally associatedvith the lysine484inked ubiquitin polymer.
Lysine 48linked polyubiquitylated proteins are rapidly degradedtmsy 26S protesome (see
chapterl.2.8for 26S proteasomelt has beerdemonstratedhat tetraubiquitin is sufficient
to trigger poteolysisby increasing proteasomal affinity (Thrower, Hoffman et al. 2000)
Enzymes specific for lysine 48 linkage were described and ahlie example the E3
ligase SCE*™ cooperates with the E®njugating enzym€dc34 toattach lysine 4dinked

ubiquitin polymer tahe CDK inhibitor SiclPetroski and Deshaies 2005)

1.2.7.2.2. Lysine 634inked polyubiquitylation
Asides from protein degradationpolyubicuitylation can also lead to neoteolytic
activities Numerous studies havdemonstrated thallysine 634inked polyubiquitylation
occurs during endiytosis, DNAdamage and kinase activation in signal transducfioset

of E2 conjugating enzyme@Jbc13/UevlA)hasbeen shown tespecifically facilitate the
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formation of lysine634inked ubiquitinpolymers(Hofmann and Pickart 1999; Deng, Wang

et al. 2000).

The most studied Iyse 63 polyubiquitylationmediatd activities are ithe NFkB pathway
reviewed by(Skaug, Jiang et al. 2009timulation of cells with cytokireesuch as Tumor
Necrosis Fetor a or interleukin 1sequentiallytriggers activatiorof two kinase complexes
the TAK1 and the IKK complexThe TAK1 complex activates the IKK compleand
eventually leads to the activation tife NFKkB transcription factorThe TAK1 complex
assemblyis mediated by the lysine &Jecific ubiquitinbinding domais of TAB2 and
TAB3 and is dependerin TAKL1 lysine 63linked polyubiquitylation (Wang, Deng et al.
2001; Kanayama, Seth et al. 200Many othercomponents within theeceptor complexes
including TRAFs RIP1andIRAKSs arealso lysine 63dinked polyubiquitylatedWang, Deng
et al. 2001; Ea, Deng et al. 2006; Lamothe, Besse et al. 2007; Ordureau, Smith et al. 2008)
which contributes to receptor complex assembly. addition, theegulatory subunitKKy of
the IKK complex was also shown to bitgsine 63 ubiquitin polymes for its receptor

associatior{Wu, Conze et al. 2006).

Endocytosis was initially linked with mon@and multple monaibiquitylation (seechapter
1.2.7.1) however increasing evidenbassuggestedykine 63linked polyubiquitylationis
also implicatad in these processd&eetha, Jiang et al. 2005; Duncan, Piper et al. 2006;
Kamsteeg, Hendriks et al. 200@8or example, lysine 6fihked polyubiquitylation ofthe
nerve growth factor receptor Trka triggers its interadili. Moreover adeubiquitinase
specific for lysne 63 linkage has also been reportedrtediateendocytosissupportingthe

involvement oflysine 63polyubiquitylationin endocytosis (McCullough, Clague et al. 2004)

Lysine 63 polyubiquitylation has also been shown to regulate DNA reRagulation of the

DNA damage tolerance pathway known as queglication repair is mediated by
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ubiquitylation of PCNA Monoubiquitylation of PCNA has been reported to trigger
translesion synthesis, an error prone way for DNA replicdtimege, Pfander et al. 2002)
The single ubiquitin attachment can be extended via lysine 63, which swiiblfesepair

to the error free template switching pathwegviewed by (Moldovan, Pfander et al. 2Q07)
In addition,lysine 63 polybiquitylationhas been reported to mediate repair in DNA double
strand breakgPanier and Durocher 2009yhe E3 ligase RNF8 isecruitedto damaged
chromatinto monoubiquitylatehistone H2A (Huen, Grant et al. 2007; Mailand, Bekker
Jensen et al. 2007)he E3 ligasdRNF168is in turnrecruited by monabiquitylatedhistone
H2A to mediate lyme 63 chain extension, resulting in recruitmenttb& DNA repair

proteins 53BP1 and BRCAL (Doil, Mailand et al. 2009; Stewart, Panier et al. 2009)

1.2.7.2.3. Polyubiquitylation via other linkages
Ubiquitins can bdinked througha peptide bond betwedhe N-terminala-amino groupand
the C-terminalcarboxyl group Such head to tail ubiquitin polymers are the source of cellular
free ubiquitin encoded by four genes in the human gendiiemura and Tanaka 2010)
which need to béydrolysdinto single unit by deufuitinases before substrate conjugation
(Komander, Clague et a2009). Linear ubiquitin chain conjugatiomo a protein substrate
has also been describéd the IKK kinase complex activation of thRFkB pathway

(Kirisako, Kamei et al. 2006; Tokunaga, Sakata et al. 2009).

Proteins implicated in diverse cellular pessesvere reported to bmodified by lysire 11
linked ubiquitin polymer(Xu, Duong et al. 2009)ndicating its physiological importance
Although protein degradation was commponassociated with Ilysine 4ighked
polyubiquitylation,lysine 1%linked ubiquitin polymer caalsoserve as a potent degradative

signal (Baboshina and Haas 1996; Jin, Williamson et al. 2008). Many studiesotwinp
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degradation were done without any validation of the chain tymgether with the
abundancef lysine 1tlinked ubiquitylated proteins in yea&fu, Duong et al. 2009)his

suggestshatlysine 11 linkage may play a biggeale in proteolysis than previously thought.

In addition,assembly oheterogeneous and branchdxiquitin polymes was reportedusing
certain sets of purified E2 conjugating enzgnamd E3 ligasegKim, Kim et al. 2007)
Ubiquitylation is relatively promiscuoum vitro compared to that under physiological
conditions currently thein vivo abundance and relevance of these linkagesuncertain
However t is worthnoting that bancled ubiquitin polymersamot be pocessed efficiently
by the proteasom@im, Kim et al. 2009), suggesting their nproteolytic rolesBranched
ubiquitin polymeris also involvedn E3 ligase actiation. Autoubiquitylation of lysine 6/
lysine 27/ lysine 4&ranched ubiquitin chains to the E3 complex Ring1B/BMI&ssential
for its ability tomonoubiquitylate & physiological targdtistone H2Ain vitro (Ben-Saadon,
Zaaroor et al. 20060 add to the complexitgyclin B1 was shown to beconjugated with
multiple mone and shorpolyubiquitin polymersleading to its degradatioKirkpatrick,

Hathaway et al. 2006)

1.2.8. 26S proteasomenediated proteolysis

Degradation of ysine 48linked polyubiquitylated proteins is mediated by the 26S
proteaome, reviewed byGlickman and Ciechanover 2002). The proteasome complex
consists of a 19S regulatory cap and a gfffeolytic core. The 19S capturn comprisesf

two subcomplexesthe lid, cortaining 10 subunits that re@atto the Constitutively
Photomorphogenic 9 (COP9) signalospnamd the basecomposedof six AAA-type
ATPases (Rptb) and two norATPase subunits. Both the lid and base subcomplexes are
responsible in the recognition of polyubiquitylated protélEisasser, Chandlédilitello et

al. 2004; Verma, Oania et al. 2004). Following recognition, thestsate is deubiquitylated
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(Verma, Aravind et al. 2002; Guterman and Glickman 2004 ATRases thennfold the

substrate and mediaits translocation into the cavity tfie 20S core to beegraded by the
proteases in the proteolytic core or in some cases of protein procesbig protein
precursors are partlgldegraded to create matureof@ins(Benaroudj, Zwickl et al. 2003;

Liu, Corboy et al. 2003).

1.2.9. Deubiquitylation
Deubiquitylation is a reversalprocess of ubiquitylation, cated out by about 100
deubiquitirases (DUBskncoded in the human genanigUB activity can be divided into
three categories:irstly, DUBs generate free ubiquitin from ubiquitin precursersgressed
from four ubiquitin genesSecontly, ubiquitylation ofprotein substrates can be removed by
DUBs, counteracting E3 ligase activitfinally, DUBs are invaled in ubiquitin chain

linkage editing.

There are five classes of DUBS&Jbiquitin Cterminal Hydrolases (UCHs) Ubiquitin-
Specific Proteases (USPs) Ovarian Tumor Roteases (OTUs) Josphins and
JAB1/MPN/MOV34(JAMM) metalloenzymes. A common feature of DUBs is the presence
of Ubiquitin Binding Domains (UBDs), for example: the Zinc Finger Ubigtsfecific
Protease domain (ZARBBP-doman), the Ubiquitininteracting Motif (UIM) and the
Ubiquitin Associated (UBA) domain. The UBDs directly regulate DURctivity or
specificity. It has been demonstrated that the UIMs of DUERP@5,DUBA and Ataxin3)

are essential for their hydrolytic adty (Mao, SenieMatuglia et al. 2005; Kayagaki, Phung
et al. 2007; Meulmeester, Kunze et al. 2008). The UIM also ispdiuitin polymer

linkage specificity. For example,hte proteasome associated USP14 preferentially tattgets
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lysine 48 linkagewhile Ataxin-3 has beershown to cleavespecifically lysine 63linkage

(Winborn, Travis et al. 2008).

DUB activity is regulated byseveral mechanismBor examplethe IKK complex mediated
phosphorylation othe DUB CYLD inhibits its capacity to deubiquitylatERAF2, resuting

in the activation of the NFkB pathway(Reiley, Zhang et al. 2005Phosphorylation of
another DUB USPS§ reauits thephosphabinding protein 143-3, resultingo the inhibition

of its activity during interphas@izuno, Kitamura et al. 2007)In addition, most DUBs are
cystene proteas® thereforeit is not surprisingthat reactive oxygenpgcies regulates some
DUB activity. For exanple, hydrogen peroxide inhibits deubiquitylating activity of EHgB
Cezame to RIP1, resuling in the activation of the NFkB pathwdinesa, Ito et al. 2008)
DUBs are also regulated througtsubcellular separation. For example, USP8 has been
demonstrated to undergepidermal growth factor (EGH)ependent translocation to

endosomes (Row, Prior et al. 2006).
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1.3. Regulation of ubiquitylation

1.3.1. Regulation of ubiquitylation by phosphorylation

Ubiquitylation is often regulated by phosphorylation. Phosphorylatiocan affect
ubiquitylation in three different ays. First phosphorylation ofsubstrate can create ra
inducible interacton surfaceto allow E3 ligase recognitignnamely a phosphodegron
Second, phosphorylatioof eithersulstrates or ubiquitin enzyme may alter theisubcellular
localization, wherBy restrictng their interactios Third, phosphorylation of ubiquitin
enzymes camodulatetheir activity allosterically or through recruiting accessory proteins
Alternatively, similar regulationscan be applied on deubiquitises to regulate their

hydrolytic ability.

1.3.1.1. Phosphodegron

Protein phosphorylatioroften leads to itsinstability. Many cell cycle regulators are
sensitiedfor destructiorby phosphorylation, for exampléhe G1 cyclin CIn2 and the CDK
inhibitor Siclp inSaccharomyces cerevisiae (Lanker,Valdivieso et al. 1996; Verma, Annan
et al. 1997)cyclin E and the CDK inhibitor p27Kipl in humé&@Blurman, Sheaff et al. 1996;
Won and Reed 1996; Sheaff, Groudine et al. 19BFpsphorylatiorat serineor threonine
residues creasea phosphodegronwhich can be utilised as aignal for ubiquitylation-
mediatedprotein degradationin most cases, such phosphorylatinducedproteolysisis
mediated by a subgroup &®ING-domain E3 ligases, SCF (seehapterl1.2.4). Thee
multimeric E3 ligass often contain a F-box substratereceptor to targespecifically
phosphorylated substrat@iSipreos and Pagano 2000). Althoutite majority of substrates

recoquised by SCE are phosphorylateca member of thifamily, SCEF™" | was also
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reportedto interactwith anon-phosphorylated motif of the Cdc25A phosphatase (Kanemori,

Uto et al. 2005)

Besides cell cycle regulation, phosphorylatiomducible proteolysis is also observed in
cytokine signalling pathwayIn nonstimulated cells, NFkRproteins aresequestered by kB
in the cytosol. Upon stimulationhe IKK kinase complexs activated and phosphorylates
two serineresidus at the regulatory domain tife IkB protein creating a phosphodegron
resuling in its ukiquitin-dependentlegradation and the release of the NFkB proteithh¢o

nucleus to elicit transcription (Yaron, Hatzubai et al. 1998; Karin and\ieeiath 2000)

Phosphorylation of ustrats can sometimes converge responses from tsignalling
pathways In other words, distinct phosphorylaticof substratedriggered by different
pathways may be required to facilitate phospflation-dependent degradatiofor example,
the interaction betweenthe E3 ligase SCFF** and its substratecyclin E requires
phosphorylatiorat multiple sites mediatedby the kinase€CDK2 and GSK3Welcker, Singer

et al. 2003) A similar regulatory mechanism hatso been demonstrated the redgehog
signallingeffectorCi in Drosophila melanogaster, where phosphorylation by three different
kinases is required for itghiquitylationdependent processing (Price and Kalderon 2002)
Conversely, ubiquitylation of a substrate can be triggered by phosplamryaédiated by
different kinases alon&or exampleGcn4 can be targeted for degradation by either Srb11
Srb10 or Pcll/2PB5-CDK mediated phosphorylationn Saccharomyces cerevisiae

(Meimoun, Holtzman et al. 2000; Chi, Huddleston et al. 2001).

In some cases, migte phosphorylation ad substratés required for ubiquitylation.
SCF*“mediated degradatiasf the (DK inhibitor Sc1 is dependent ophosphorylation of
Sicl on at least six of its nine phosphorylation sites (Orlicky, Tang et al. 2G08arRably,

the substrate recept@dc4only contains a single phosphpi®pe binding motif, thus such
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multiple phosphorylation requirement cannot be explained by the traditional model of
binding cooperation. This requirement veaplainedby a mathematical modtiat the
probability of rebinding increases exponentially with the number of phosphodegrons on
substrateg¢Klein, Pawson et al. 2003J his effect was coined ‘allovalengyroviding a
mechanisnby which accumulation of phosphorylatitma threshold on substrates acts as a

molecular switch to determineteractions with theicorrespondingde3 ligases

1.3.1.2. Regulation of ubiquitin enzymes by phosphorylation

Besides phosphodegronghosphorylation oE3 ligases camither enhance or inhibtheir
activity. Phosphorylation adifferent residueson the same E ligase can elicit different
responseor phosphorylationof different E3 ligases by the same kinase can result in
different outcome.For example,lie HECT-domainE3 ligase Nedd!}-2 is responsible for
regulating the levelof epithelial sodium channel (ENaC). Nedd2 mediated ENaC
ubiquitylation leads tahe degradatioonf this channelprotein Upon serm stimulation, the
protein kinaseSGK1 phosphorylates Nedd-2 in its WW domain maskng this substrate
recognition domain by recruiting thehospho-bindingprotein 143-3, wherebyinhibiting
ENaC ubiquitylatbn and its subsequentlegradation(lchimura, Yamamura et al. 2005)
Alternatively, Nedd 4-2 can also bephosphoriated by the stressduced MAPK JNKat
different residueswhich potentiates ¢ E3 ligase activity to ubiquitylate ENaC for

degradation (Hallows, Bhalla et al. 2010).

Apart from recruiting accessorgroteins, phosphoryl@in can also elicit allosteric effexct
which changeprotein conformation thaaltels E3 ligaseactivity. The HECT-domain E3
ligaseltch facilitatesT-cell activationthrough ubiquitylation ofunB.The activity of this E3

ligaseis constitutively repressed by intramolecular interaction between itsddwain and
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the HECTFdomain.JNK-mediated phosphglation within the prolinerich region upstream
of the WWdomainrelieves this intramolecula repressionpermittingits E3 ligase activity
(Gallagher, Gao et al. 200€)NK is recruited to Itch byp-domainlike sequencgwithin the
N-lobe of the HECTFdomain The presencef D-domain like sequences in the HECT
domainprovides a mechanism by which the MAPK pathsvaguld regulatehe catalytic
activity of HECT-domainE3 ligases Alternatively, phosphorylation of Itch byhe kinase
Fyn at amother residue reduces its substrat€JunB interaction thereby decreasing

ubiquitylation of its substratgrang, Zhou et al. 2006)

Beside E3 ligase phosphorylation also regulatélse activity of some E2 conjugating
enzymes.Phosphorylation othe E2 conjugatingenzyme Rad6 has been shown to be
essential foits ability tofacilitate histone 2B monoubiquitylatior{Sarcevic, Mawson et al.

2002; Wood, Schneidet al. 2005).

1.3.2. Regulation of ubiquitylation by subcellular location

Phosphorylation oéither E3 ligases wubstrates caaoften alter their subcellular location,
providing a mechanisnby which spatialrestriction regulatesprotein ubiquitylation.For
example, phosphorylation ghe CDK inhibitor p27kipl promotes its nuclear expoby
CRML1to permit its ubiquitylatiordependentlegradatiormediated by the E3 ligase complex
KPCin the cytoso(Kamura, Hara et al. 2004; Besson, Guidest et al. 2006)Activation

of the IKK complex in the NFKB pathway is also regulated by this manner innsspo
genotoxic stress. Upon DNAMamage, the IKK regulatory subunit IKKy is sumoylated,
leading to its nuclear locaéion. Inthe nucleus, IKKy is phosphorylated by the kinase
ATM, which triggers its monoubiquitylation, and in turn Ie&olthe nuclear export of IKKy

and ATM, andeventally the activation of cytosolic IKK complex (Wu, Shi et al. 2006).
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1.3.3. Regulaion of ubiquitylation by complex formation
E3 ligases often target a selective pool of substrate mentioed above that CRLs
preferentially select phosphorylated substrates. It has been reported that dommpétion
may alsdfacilitate ubiquitylation. Ubiquitylation of the CDK inhibitor Xicl has been show
to require the formation of peplication complex itXenopus (You, Harvey et al. 2002)n
addition, ubiquitylation of p27 is dependemn both its phosphorylationna its trimeric

complex with cyclin E an€DK2 (Montagnoli, Fiore et al. 1999).
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1.4. Roles of ubiquitylation in transcription

1.4.1. Proteolysiscoupled transcription

In the past decade, mounting evidence has revealed the involvement of thenubygtem
in the regulation of transcriptipmeviewed by(Conaway, Brower et al. 2002jpford and
Deshaies 2003; Kodadek, Sikder et al. 2006; Leung, Geng et al.. 7b@3most obvious
connectiorbetween transcription and the ubiquitin sysisrtie destruction otranscription
activators when they amo longerneededor transcription In this case, activat@roteirs
aremog abundanwhen they arective For example, theumoursuppressor p53 level and
activity areinhibited by the E3 ligase Mdm2 (Haupt, Maya et al. 1997; Fuchker A&d al.
1998) However this mode of regulatiadoes not apply irall situations studies in the gst
decade have revealed a more complex intervention, in which thetib&system facilitate
and regulates transcription. Thencogenic transcription activator Mycappeas to be
sensitive to proteolysis when itastivated.The region of Myc thaimediates transcripti@h
activationis alsofound to beessentiafor its degradation(Salghetti, Kim et al. 1999 he
overlappingfeature oftransactivation domaisand degroswas later found to ba common
feature in other transcription activators withnsctivationdomainsrich in acidic residues
suggesting this functional connectignevolutionarily conservedSalghetti, Muratani et al.
2000) Subsequently, about 30 transcription activators, for examplelERBs, Gen4, Jun

and p53 were reported to contain soekrlappingcorrelation

It is now clear thattranscription and degradatiésintrinsically coupledfor some cases. In
those cases, transcription activators are degraded a®fpHre transcription process as a
mechanismto restrict their ability to initiate unlimited rounds of transcriptigntherebre
ensuring theacute regulation of activatorsMany transcription activators have been
demonstrated to possesuchconnection. For exampl§REBPdegradatiorwas reported to
be dependent on both its transactivation and promoter biraliilgy (Sundqvis and
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Ericsson 2003). In addition, the phosphorylatiopatelent degradatiasf Gen4 is triggered
by Srb10,a kinase in the transcription mediator complex (Chi, Huddleston et al.,2001)

supporting the notion that transcription and degradation are intrinstcelhected

It is logical that potent transctipn activators arelegradedo ensurdimely regulationof
transcription Ubiquitin conjugation tesubstrateby E3 ligase<an trigger theidegradation,
indicating the essential role of E3 ligases in the regulation ofcrigtisn. Deletion of the

E3 ligase geneMet30) inhibits its substrate (Lek-VP16) mediated transactivaticand
degradatior{Salghetti, Caudy et al. 2001). Interestingly, fusingiaiquitin protein at thé\-
terminusof LexA-VP16 was able toescue bothactivities indicatingthe sole pysoseof
Met30 in LexVP16 activity isto ubiquitylateit. Subsequentlya similar equirement of E3
ligases for transcriptiorhas been reported for other activators (von der Lehr, Johansson et al.
2003; Muratani, Kung et al. 2008)nd ceactivators(Kurosu and Peterlin 2004; Barboric,

Zhang et al. 2005; Wu, Feng et al. 2007)

1.4.2. Theroles of 26S proteasome in transcription

The 26S poteasome was first linked to transcription in yeast genetic studidstion ofthe
Ug2/Rpt4 and Sugl/Rpt6 genes allows the transcriptioally defective activator Gal4 to
activate transcriptiofSwaffield, Bromberg et al. 1992; Russell, Sathyanarayana et al.. 1996)
They were initially thought to be transcription mediatgr bridging the gap between
transcriptionactivators andhe RNA Polymerasdl (Kim, Bjorklund et al. 1994; Swheld,
Melcher et al. 1995)Subsequently,hie discovery of Sugl as a component of 266
proteasomeled to the idea that Sugl mediates transcripiiwdirectly by facilitating
degradation of transcriptiaegulatory proteis(Rubin, Coux et al. 1996However it is now

clear thathe 26Sproteasome facilitatesansription at multiple levels
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The 26Sproteasome possasshboth proteolytic and chaperone activitpnferred by its 20S
core and 19S regulatory subunits respectivehe association of both proteolytic and non
proteolytic components of the 2G8oteasomevith active genesn a genomevide study

indicatesboth activities are essential for transcript{éwld, Brown et al. 2006)

For proteolysiscoupled transcription, protein degradatismequiredfor RNA polymerasel |
recruitment transcriptionco-factor exchangeand termination of transcriptiotinhibition of
the 26S proteasome was found to repress both progesterone reapgt@cndmediated
transcriptionby reducingRNA polymerasdl recruitmento their cognate promote(Pennis,
Lonard et al. 2005; Lipford, Smith et al. 2005). Another involvement of proteoly#iis wi
transcription is facilitated througaltering the composition of transcription compexin
other words, the transcriptional-éactor exchanges often mediated by proteolysiramer,
Zhu et al. 2003; Metivier, Penot et al. 2003; Perissi, Aggarwal et al. 2004)x&opke, in
LIM-HD-mediated transcription, destruction tife CLIM cocactivator mediated by the
RING-domain ligase RLIMOstendorff, Peirano et al. 200Burthermoe, events following
initiation also require proteolysis. For example, destruction of Galdsure appropriate
phosphorylation oRNA polymerasell, which is essential fotranscription initiation and
subsequentnRNA processing (Muratani, Kung et al. 2006)is thought thaproteolysis of
Gal4 andco-factoris postinitiation allows RNA polymerasell to abandon its interacting
proteinsproperlyin order torecruitmRNA processingroteins.Finally, proteolysis has also
been demonstrated to facilitate transcription terminatiombition of the proteasome leads
to increasd read through of termination siteand together withthe presenceof 20S
proteasomeat the 3'end of active genemdicate theimportance of proteolysisn

transcription terminatio(Gillette, Gonzalez et al. 2004).

Ther is also a significant amount of work demonstratingithportan@ of nonproteolytic

function of thel9%roteasomén transcription particularly through its ATPaseibunitsThe
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ATPases othe19S regulatory complex possess the classic protein chaperone §Btigity,
Glickman et al. 1999)giving rise to the idea that ATPasmay mediatetranscription by
facilitating complexassembly or dassemblyLike the 20Sproteasomethe 19S proteasome
facilities transcription at different levelk. hasbeen demonstratetiat the 19%roteinsare
important for transcription elongatidffrerdous,Gonzalez et al. 2001 Mutations of 19S
proteins displayphenotypes consistent with an elongation defect in ywastuncdepletion
of 19S proteins significantly inhibited the synthesis of long transctipit did not influence
the rate oftranscriptioninitiation. Furthermore 19S proteins werdound to associate with

elongation factor, supporting their role in transcription elongation.

Besides elongation, 8S proteis were also reported facilitate histone H3 methylation, a
signal commonly foundat transcription active sites (Ezhkova and Tansey 2004)he
ATPass Rpt4 and Rpt6 anecruited by histoneH2B ubiquitylation totranscriptionactive

sitesto facilitate subsequent histone H3 methylation.

Another role of 19S proteins transcription is to recruiBAGA histone acetyltransferase
complex recruitmenfLee, Ezhkova et al. 20057he SAGA complex recruitment is erof
the early stepsin Gak-mediated transcriptiont was suggested théte ATPass utilise the

energy from ATP hydrolysetdrive stable complex betweemld and SAGA

1.4.3. Hypothesized mode of proteolysis coupled transcription initiation
A general consensus of how the ubiquitin system intervenes witisctiption has now
emerged. A licesing/black widow model has been proposed by several gfbigierd and
Deshaies 2003; Kodadek, Sikder et al. 2006; Leung, Geng et al. 2008). In this model,
activators are responsible for recruitingamivators, the general transcription machinery as
well as ubiquitin ligases and the 26S proteasome to promoters. Concurrently with the

initiation, the activators and eictivators are ubiquitylated and eventually degraded,
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followed by promoter escape and transcription elongation. In addition, the proteglsome

facilitates transcription atifferent stages following inittéon of transcription.

Although the licensing model provides a general mechanism of proteobgied
transcription, clearly it cannot explain situations in which activity of ating is inhibited
by proteolysis. One explanation is that activatens loe ubiquitylated by different E3 ligases
under different conditions. In other words, sometimes protein degradatiety raerves to
down+egulate abundance thissuncoupled from transcription, while others are integral to
transcription. Gal4 has beemaswn to be regulated by two distinctbex proteins(the
substrate recognition unit of son@RL E3 ligasey Grrl and Mdm30 under different
conditions(Muratani, Kung et al. 2005When Gal4 is inactive, its degradation is mediated
by Grrl with a sole purpose to keep Gal4 protein at low basal level. However, whkis G
activated, the Grrl mediated proteolytic process is shut down. Galdddggnais now

mediated by Mdm30 during transcription-coupled proteolysis.
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1.5. Research aims and objectives

In response to extracellulargnalling through the MAPK pathwayElk-1 forms a ternary
nucleoprotein complex with the SRF dimer at the SRE ofctfas promoterto activate
transcription As a final effecto of multiple signalling pathwayand a regulator fogene
promoters Elk-1 represents a key element in the complex and dynamic regulaition

transcription, therefe providinga paradigm for the study of sigratucedgene expression

The molecular mechanisms that underlie the function and regulati@tk-df have been
extensively studiedElk-1 activity is regulated partly by PTMs. Phosphorylation of-Elk
regulates its transcriptional ability through sevenaéchanisms, such aselief from
intramolecular inhibition, enhanced DNA bindirand recruitment of transcription co
activators(Gille, Sharrocks et al. 1992; Hill, Marais et al. 1993; Marais, Wynrat. 1993;
Gille, Kortenjann et al. 1995; Sharrocks 1995; Yang, Shore et@0; Blevens, Cantin et al.
2002).Sumoylation of EIKL is associated with transcription repression through recruitment
of the histone deacetylasec®-repressso(Yang, Jaffray et al. 2003; Yang and Sharrocks
2004) Preliminary data from the group showed the presence ol ElkecificE3 ligase
activity in HEK293 cell lysate and that Elkis ubiquitylated in HEK293 cellsElk-1
ubiquitylation has also been reported in vifFaichs, Xie et al. 1997Yhis study sought to
understand the nature of Elkubiquitylation by investigatinigs regulation, function and the

enzymes involved in this modification.
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2. Materials

2.1. Antibodies

Table 1. Antibodies used in this study

Antibody Manufacturer Manufacturer reference
aHA Roche 11 867 423 001
aHis AbD SeroTec MCA1396GA
aElk-1(H-160) Santa Cruz Biotechnology SC22804
aP-Elk-1 Cell Signalling 9181

aERK?2 Santa Cruz Biotechnology SC154G
aPERK Cell Signalling 9106S

aActin Sigma Aldrich A-2066

oTBP Santa Cruz Biotechnology SC204
aTubulin Santa Cruz Biotechnology SC8035
oPARP Cell Signalling 9542

aRat HRP conjugated Sigma Aldrich A9037

aMouse HRP conjugated Sigma Aldrich A6782

aRabbit HRP conjugated Sigma Aldrich A0545

aGoat HRP conjugated Sigma Aldrich A5420
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2.2. Chemicals and commercial kits

ECL detection reagent aftCL advance detection reagent (Amersham)
Emerald (Applied Biosystems)

Gel filtration molecular weight markers (Sigmddrich)
MicroBio-Spin Chromatography Columns (Biad)

Page Ruler prstained protein ladder (Fermentas)
Protease inhibitor cocktail, corepe (Roche)

Galacton (Applied Biosystems)

[**S]-methionine (Perkin Elmer)

Quick Changeite-directed mutagenesis Kibtratagene)
Superose 6 beads (GE Healthcare)

TNT T7 Quick Coupled Transcription/Translation System
U0126(SigmaAldrich)

Ubiquitin aldehyde (Biomol)

Ubiquitin from bovine erythrocytes (Sigrgerich)

SB202190 (Sigma-Aldrich)
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2.3. Bacterial Strains

All bacterial works were undertaken using NM522 cells, and plasmids were propagated

this strain.
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2.4.

Plasmid Constructs

Table 2. Plasmids used in this study

Plasmid

Description Constructed by/

Reference

pcDNA3.HA.Elk-1

pcDNAS3.HA.Elk-1
lysine substitution
derivatives (se€igure 2-1)

pcDNAS3.HA.Elk-1.DM
(DNA binding defective
derivative)

pcDNA3.HA.Elk-1.SM
(SRF binding defective
derivative)

pCMV5.HA.Elk-1

pCMV5.HA Elk-1
phosphorylatiorsite
derivatives

pCMV5.HA.EIk-1.AD

pCMV5.HA.EIk-1FXLA

Cell-free and mammalian expressit (Janknecht anc
vector for N-terminal HAtagged Nordheim 1992)
human wildtype Elk1 cDNA

Cell-free and mammalianxpression Leo Chow,
vector for N-terminal HAtagged this work
human EIkl cDNA with the
indicatedsubstitutios of lysine with

arginine

Cell-free and mammalian expressioheo Chow,
vector for Nterminal HAtagged this work
human Elkl cDNA with the double

amino acid mutation of R65A/Y66F

Cell-free and mammalian expressioheo Chow,
vector for Nterminal HAtagged this work
human EIk1 cDNA with the double

amino acid  mutation of
L158P/Y159A

Mammalian expression vector for NPeter Shaw’s
terminal HAtagged human wild group

type Elkkl cDNA

Mammalian expression vector for N(Gille,

terminal HA-tagged human E# Kortenjann et al.
cDNA with the indicatecamino acid 1995)
substitution

Mammalian expression vector for N

terminal HAtagged human Ei (Zhang, Liet al.
cDNA with the deletion of amino2008)

acid residue 312 t0321

Mammalian expression vector for N

terminal HAtagged humanElk-1 (Zhang, Li et al.
cDNA with the mutation of 2008)
F395L/Q396A
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Plasmid

Description Constructed
by/
Reference

pCMV5.HA.Elk-1.
AD/ FQLA

pCMV5.Elk-1

pCMV5.Elk-1

lysine substitution
derivatives  (seeFigure
2-1)

pCMV5.EIk-1.DM
(DNA binding ddective
derivative

pCMV5.Elk-1.SM

(SRF binding defective

derivative)

pCMV5.HA.Sap-1a

pCMV5.HA.Net

pCMV5.HA.Ub

pCMV5.His6.Ub

pCMV5.His6.Ub.KO

Mammalian expression vector for! (Zhang, Liet al.
terminal HAtagged human Ei& 2008)

cDNA with the mutation of
F395L/Q396A

Mammalian expression vector fi Peter Shaw
human Elki cDNA

Mammalian expression vector fi Peter  Shaw's
human EIkL cDNA with the group
indicated substitutions of lysine with

arginine

Mammalian expression vector fi Leo Chow
human Elkl cDNA with the double this work
amino acid mutation of R65A/Y66F

Mammalian expression vector fi Leo Chow
human Elkl cDNA with the double this work
amino acid mutation o]
L158P/Y159A

Mammalian expression vector for-I Peter  Shaw's
terminal HAtagged human wildype group
Sapla cDNA

Mammalian expression vector for Thomas Strahl
terminal HAtagged human wiktlype
Net cDNA

Mammalian expression vector for Peter  Shaw’s
terminal HAtagged human wildype group
ubiquitin cDNA

Mammalian expresion vector for N Peter  Shaw’s
terminal Histagged human wildype group
ubiquitin cDNA

Mammalian expression vector forI Sam Shelton
terminal Histagged human wildype Peter  Shaw'’s
ubiquitin  ¢cDNA with all lysines group
substituted with arginines
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Constructed by/
Shaw’s

Reference
reporte R.A. Hipskind
group

report R. Janknecht
Peter

SREdependent Uciferase
vector

E74dependent luciferase
B-galactosidase reporter vector

Description
vector

Plasmid

P(SRBsLuc
pP(E74.sLuc

pCHII

% 000000000000 00000000000
nM...OOOOOOOOO.........OOOO
% @0 000000000000000000000
% @0000000000000000000000
“©00000000000000000000000@
© 00000000000000000000000
% 000000000000 00000000000
% 0000000000 0000000000000
% @0000000000000000000000
% @€0000000000000000000000
$00000000000000000000000
%200000000000000000000000
$00000000000000000000000
Z200000000000000000000000
0000000000000 0000C00O000
©@®@00000000000000000000000
%2 000000000000 00000eee0O00
0000000000000 000COO0O0O0

WO~OWwTON

-—

0 & O (o & & O @

R10
K35R/NTR1
NTR3
NTR4
NTR5
NTR6
NTR7
NTR8
R2
R3
R5
K2
K5
K7

Lysine residues and arginine substitutions are represented with
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2.5. Oligonucleotides

All oligonucleotides used in this study were synthesized at the Biopolgymthesis and

analysis unit (BSAU), School of Biomedical Sciences, the University tfrigbam

Table 3.Primers used in sitedirected mutagenesis

Oligo name Sequence Base
pairs
K35R For. 5’-ggatggtggtgaattccggcetggtggatgcagagg-3’ 35
K35R Rev. 5’-cctctgcatccaccagccggaattcaccaccatcc-3’ 35
K50/52R For. 5’'ggctgtggggactacgccggaaccggaccaacatgaattacg3’ 42
K50/52R Rev. 5’cgtaattcatgttggtccggttccggegtagtccccacagec3’ 42
K59R For. 5’-agaccaacatgaattacgacaggctcagccggg-3’ 33
K59R Rev. 5’-cccggctgagcectgtcgtaattcatgttggtct-3’ 33
K70R For. 5’-gcggtactactatgacaggaacatcatccgcaagg-3’ 35
K70R Rev. 5’-ccttgcggatgatgttcctgtcatagtagtaccgce-3’ 35
K75R For. 5’-aggaacatcatccgcagggtgagcggcec-3’ 28
K75R Rev. 5’-ggccgctcaccctgeggatgatgttect-3° 28
K80R For. 5’-gggtgagcggccagaggttcgtctacaagtt-3’ 31
K80R Rev. 5’-aacttgtagacgaacctctggccgctcaccc-3’ 31
K84R For. 5’-ccagaggttcgtctacaggtttgtgtcctaccctg-3’ 35
K84R Rev. 5’-cagggtaggacacaaacctgtagacgaacctctgg-3’ 35
R65A/Y66F For. 5’-gctcagccgggccttggcegtictactatgacaagaaca-3’ 38
R65A/Y66F Rev. 5'-tgttcttgtcatagtagaacgccaaggceccggcetgage-3’ 38
L158P/Y159A For. 5’-gtacatgcgctcgggccccgcttccaccttcaccatce-3’ 38
L158P/Y159A Rev. 5’-ggatggtgaaggtggaagcggggcccgagcgcatgtac-3’ 38
Sp6 promoterFor. 5'-atttaggtgacactatag-3’ 18
Sp6 promoterRev. 5'-ctatagtgtcacctaaat-3’ 18
T7 promoter For. 5’-taatacgactcactataggg-3’ 20
T7 promoter Rev. 5’-ccctatagtgagtcgtatta-3’ 20
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3. Methods

3.1. Nucleic Acid Techniques

3.1.1. DNA extraction

3.1.1.1. Small scale DNA preparation
A strain of bacteria, either from a single colony or glycerol stock, was atecuinto 5ml
Luria-Bertanibroth (LB), supplemented with the appropriate antibiotic. The bacteeie w
cultivated overnight at 3 on a rotating wheel (New Brunswickigntific). Two millilitres
of the bacterial culture were collected by centrifugation at 7000g at room tetapsfior 2
mins (Eppendorf) TheDNA was extracted usinghe Qiaprep miniprep kit (Qiagen),

according to the manufacturer’s instructions.

3.1.1.2. Large scale DNA preparation
Bacterial culture was set up as descritsstiion3.1.1.) and cultivated for &rs at 37C on
a rotating wheel (New Brunswick scientific). Thenbbacterial cultureavasscaled up to 150
ml and culivated overnight at 3T in a shaking incubator (New Brunswick Scientifithe
bacteria werecollected by centrifugation at 4200g &C4for 20 mins (Sorval). The DNA
was extracted using the Nucleobond AX PC500 kit (Machery Nagal Germargyyifg to

the manufacturer’s instructions.
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3.1.2. Restriction digestion of DNA
Digess of 1ug— 2 pg of DNA wereperformedin a 10pul reaction volumeusing 5U of
restriction enzyme in the buffer recommended by the manufacturer, suppdneiti
bovine serum albumi(BSA) where requiredrhe digest wereincubated for hr 30mins at

37°C in a heat incubatoNew Brunswick Scientific).

3.1.3. Alkaline phosphatase treatment of DNA
Removal of the 5’end phosphate groups from digested vectors was perf@imgd U calf
intestinal alkaline phosphatasegfmentasj)n a 10ul reaction volume, supplemented with
ul of 1M Tris HCI pH 9.5. The reaction mixtures were incubated &C3or 20 mins in a
heat incubator (New Brunswick Scientific). The enzyme was inactivatésf@tfor 5 mins

before subjecting the DNA to agarose gel electrophoresis (s&8#dn).

3.1.4. Ligation of DNA
Ligation of DNA was performed usingU ligase (Fermentas Life Sciences) iniuffer
provided by the manufactureRestriction digestedecipient vector and DNA fragment
insertion (section 3.1.2)ere kept in a 1:2 ratio. The reactioras incubated overnight at
16°C in a water bath. The entire ligation was transformed into competent NM5&2idac

(section3.2.2).
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3.1.5. Oligonucleotide®®P [y] ATP labelling
The 5terminal of oligonucleotide was labelled witte phosphatgroup from®P [y] ATP.
Two microlitres of 20ng/ul oligmucleotide (40ng) were mixed with 14l spermidine
buffer (20 mM Tris-HCI pH9.5, 1mM spermidine, 0.ImM EDTA). The mixture was
incubatedat 95C for 2mins, followed a pulse vortex amad mins ice incubationo remove
secondary structure from the oligonucleotifiee oligmmudeotidewas incorporated witffP
by 10U of T4 polynucleotide kinase (Promega)25 | reaction volume in the presence of
2.5 ul kinase buffer (500nM Tris-HCI, 200mM MgCl,, 50 mM DTT and 50% glycerol)
and 3050 pCi *P [y] ATP (Perkin Elmer) Thereaction was incubated at°87 followed by
10 mins 65C incubation to inactivate the kinaskhe radiolabelled oligonucleotides were
stored on ice for the productiasf 3P labelled double stranded oligonucleotides (section

3.1.6).

3.1.6. Production of [**P]-labelled double stranded oligonucleotides
Radiolabelled double stranded oligonucleotides were produced by annEaRhg ATP-
labelled oligonucleotides (sectid@1.5 with the complementary oligonucleotides in a 1:50
ratio. The complementary oligonucleotides were madawgpermidine buffergection3.1.5
to 100 ng/ul. The complementary oligonucleotides wareubated at 9& for 2 mins,
followed a pulse vorteand 2minsice incubation. Twenty microlitres of 10@/ul prepared
complementary oligonucleotidéa pg in total) were incubated with 4@ of the®P [y] ATP
labelled oligonucleotideat 95C for 5mins. The mixture was placed 21 boiling water and

allowed to cool dowrto room temperaturglowly.

Unincorporated®™P [y] ATP in the reaction mixture was eliminated using the nucleotide

removal kit (Qiagen), according to the manufactararstructions. Thé”P labelled double
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stranded oligonucleotides veeeluted from the Qiagen column in 10DQiagen EB buffer

and stored at -2C.

3.1.7. Site-Directed Mutagenesis
Single or double nucleotide mutations were introduced into plasmids thsiriguickChange
Site-Directed Mutagenesis Kit (Stratagene), according to the manufacturerteqrorhe
mutant plasmids were transformed into the NM522 competent cells (s&f8dh and
produced by small scale DNA preparation (secoh.1.). The desire mutationswere
examined by restriction digestion (secti®ri.2 and agarose gel analysis (sect®8.1.].
The site specific mutations were verified by sequence analysis using themater and

SP6 promoter primerg éble3).

3.2. Bacterial Techniques

3.2.1. Preparation of competent cells
NM522 competent cells used for transformatfsaction 3.2.2were generated by chemical
treatment. Bacteria from glycerol stock was inoculatéd 5 ml LB and cultivated at 3T

overnight in a rotating wheel (New Brunswick Scientific).

A millilitre of overnight culture was used to seed a &d@ulture The bacteria were grown

at 37C until midlog phase, indicated by an optical density of 0.4 measured at a wavelength
of 600nm using a spectrophotomet&h@rmacia Biotegh The bacteria were collected by
centrifugation a4200gfor 10 mins at 4C and incubated in 3l sterile transformation
buffer 1 (10mM MOPS pH7, 10mM RbCigr 10 mins on ice. The bacteria veecollected

by centrifugation underthe same conditian as aboveand resuspended in 4nl
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transformation buffer 2L00mM MOPS pH6.5, 56nM CaC}, 10mM KCI, 15% glycerol).

The competentells were aliquoted into 2Q€l and stored aB0°C.

3.2.2. Transformation of competent cells with plasmid DNA

NM522 competence cellsection3.2.1)weretransformed with plasmid DNA by heat shock
treatment. Either ligation reaction or intact plasmid DNA was mixghk 50 pl compeent
cells. The mixture was incubated on ice for Binhs.The cells were heat shocked at@2or

2 minsin a hot water bathbefore returning to ice for Bins. The transformed cells were
grown in 1ml of LB at 37C for an hour in a bench top shakEppendorf. Two different
portions of the culturgvith at least 16old volumedifferencewereevenly distributedo pre
warmed LB/agar platesontaining the appropriate antibiotic. The plates were incubated at

37°C overnight in a heat incubat@4nyq.

3.3. Gel Electrophoresis

3.3.1. Agarose gel electrophoresis

3.3.1.1. DNA agarose gel
DNA was separateaccording tats sizeby electrophoresis in agarose gels, ranging from 0.8%
(Biorad Laboratories} 3% (2% Nusieve GTG agarose, Cambrex and 1% agarose, Biorad
laboratories Agarose was suspended in TAE buffer (dd Tris-acetate pH8, inM EDTA)
andsolubilisedby heat using a microwav&he solubilised agarose was casted into a Biorad

gel tank (Biorad Laboratories), according to the manufacturer instraction

DNA samples were mixed with 6X DNA loading dye (0.25% bromophenol blue, 0.25%
xylene cyanol FF and 15% Ficoll oldH,O) before loading into the wallof the gel.The
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DNA was subject to electrophoresis 83100V in TAE bufferfor 40 - 60 mins, depending
on the size othe DNA samples and the percentage of ,geidil DNA fragments were
resolved The gels were equilibrated in an ethidium bromide bathi(@/&l in TAE) for 10
mins on a gentle shaker. The stained DNA was visualised using a UV gel documentation

system (Sggene).

3.3.1.2. Extraction of DNA from agarose gels
DNA fragments from restriction digestion (secti®i.2 were extracted for ligation (section
3.1.4. Separatedragments in agarose gelsettion 3.3.1)Jlwere vsualised using an UV
light box. Theregions of agarose getontaininghe desire DNA were exciselly a scalpel
The DNA was extracted using the Jetsorb gel extraction kit (Gengnfetipwing the

manufacturer’s instructions

3.3.2. Polyacrylamide gels

3.3.2.1. Non-denaturing polyacrylamide gel electrophoresis
Protein/DNA interactios were examined usingNon-denaturing polyacrylamide gel
electrophoresisi 5% polyacrylamide gel (12.ml1 29:1 acrylamide:bigicrylamide [Sigma],
15ml 5X TBE [445 nM Tris-HCI, 445mM boric acid, 1anM EDTA], 60 ul TEMED, 700
ul 10% APS 47 ml H,O) was prerun in IX TBE buffer at 20mA for 30 mins. Samples
were mixed withé X DNA loading dye (0.25% bromophenol blue, 0.25% xylene cyanol FF
and 15% Ficoll in ddkD) before loading onto the gel. The gel was run in the same condition

until the loading dye had migrated approximateBy & the gel.

53



3.3.2.2. SDS polyacrylamide gel electrophoresis

Proteins were separated according trtmolecular weight using SDSQlyacrylamide gel
electrophoresis (SDBAGE). Gels were castand run based on the ‘discontinuous’ buffer
method (Laemmli, 1970) using the Minrétean Il System (Bioradset up according to the
manufacturer’s instruction® 7.5% resolving gel (7.5% acylamide [29:1 acrylamide:bis
acrylamide Sigmg, 500 mM Tris-HCI pH 6.8, 0.4% SDS, 0.25% TEMED, 0.0375% APS)
was polymerisedunder a layer of watesaturated butanol, which was washed off with
distiled water before casting the stacking ddP6 acylamide [29:1 acrylamide:bis
acrylamide], 1.5mM Tris-HCI pH 8.8, 0.4% SDS, 0.2% TEMED, 0.025% APS) on top of

the resolving gel

Protein samples werprepared by the addition of SDS loading buffdKk SDS loading
buffer: 150mM Tris-HCI pH8, 6% SDS, 30% glycerol, 432M B-mercaptoethanol, 0.025%
bromophenol blue, @M EDTA) andheat incubation at 96 for 5mins usinga bench top
heat block. Unsolubilised proteins were removed by centrifugatiod3800g at room
temperature for inin. The supernatants were loadedo the wells of the gels. The proteins
were subjected to electrophoresis at ¥6@ SDS buffer (25mM Tris-HCI, 192mM glycine,

1% SDS), until the dye reached the bottom of the gel.
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3.4. Protein Techniques

3.4.1. Protein extraction

3.4.1.1. Preparation of whole cell extracts

Medium from each plate of 70% confluent HEK293 cells was removed. Adherentveed
washed once with iceold PBS and scraped off the dish in 1ml PBS. The cells were
colleced by centrifugation at 100dgr 2 mins at £C. The Cell pellet was resuspended in
100l lysis buffer (0.1M Tris-HCI pH 8, 0.1M NaCl, 1% NP40, InM DTT, 1 mM PMSF

and 1X Protease Inhibitor Cocktail, Roche) and lysed on ice fami88 with 10 quick
vortex pulses before and after the incubation. The cell lysate weas dleard by
centrifugation at 13000épr 20 mins at 4C. The whole cell extract was frozen in liquid

nitrogen and stored &80°C.

3.4.1.2. Preparation of HeLa cytosolic extracts from suspension
culture
Hela cytosolic extracts, provided by Mark Dear, were prepared as described below,

modified from the method published by Dignam et al., 1983.

HeLa cells were cultivated to approximat&yX 1C cells/ml in a 2.9 suspensiorculture.
The @lls were washed twiceith ice-cold PBS + V + F (PBS, nM N&VO,, 5 mM NaF)
and collected by centrifugation a@000gfor 15 mins at 4C (Sorvall). The @ll pellet was
washedwith buffer A, 5X volume (10mM HEPES pH7.9, 1.5mM MgCl,, 10 mM KCI;
supplemented just before use: M NaF, 2mM NaVo4, 10 mM B-glycerophosphate, 10
mM pNPP, 0.5mM DTT) and resuspendealith the same buffer, 2Xhe volume, beford0

mins ice incubation The ell membraneof the cells wasdisrupted using a dounce
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homogeniser by ten repetitions of strok&he nuclei were collectedy centrifugation at
2500g for 10 mins at 4C (Heraeus) The supernatant wasupplemented with buffer B,
0.11X the volume (306nM HEPES pH7.9, 30mM MgCl,, 1.4 M KCI) and clearedy
centrifugation at 34,000rpm for 68ins at 4C (Centrikon, T2070)HeLa cytosolic extracts
were dialysed against buffer A (OM Tris-HCI pH 8, 0.1M NaCl, 1mM DTT and 1mM
PMSF) as described in secti@4.6 The HelLa cytosolic extracts were frozen in liquid

nitrogen and stored &80°C.

3.4.1.3. Preparation of nuclear extracts

Medium from each plate of cells was removed. The adherent cells were washed-adtll ice
PBS +V + F (PBS, nM N&aVO,, 5mM NaF) anchypotonic buffer (20nM HEPES pH7.9,
20mM NaF, 1mM Na3v04, 1mM Na,P,0;, 1 mM EDTA, 1 mM DTT, Protease Inhibitor
Cocktail [ Roche)] onthe plates. The cells were lysed with éhbhypotonic buffer + 0.1%
NP40in situ andcollected by centrifugation &t3000gfor 20 s at 4C (Eppendorf) The
supernatant of cytosolic extract was supplemented withnidONaCl and 10% glycerol
before storingat -80°C. The nuclear pellet was resuspended in ibhigh salt buffer (1X
hypotonic buffer, 420nM NaCl, 20% glycerol) andocked gently for 60nins at 4C. The
nuclear extract was cleared by centrifugatiof3000gfor 20 mins at 4C (Eppendorf)and

frozen in liquid nitrogen, before storing at 280

3.4.2. Transfer of proteins to Polyvinylidene Fluoride membrane
Proteins resolved by SDBDlyacrylamide Gel Electrophoresis(section 3.3.2.2)were
transferred onto .2 pm Polyvinylidene FluoridgPVDF) membrane (Schleicher and

Schuell)using the SerdDry Transfer System (Biorad). The PVDF membmmeerewet
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with methanol. Theolyacrylamide gels, filter papefg/hatman) and the PVDF membranes
were soaked in transfer buffer (2dM Tris-HCI, 192 mM glycine, 20% methanal)The
PVDF membranes were laid under the gels with three layers of filtersgapéoth the top
and the bottm. The stack was laid on th@atinum plate of the transfer systeRroteins
were transferred at 100A/gel at 12V for 1 hr 45mins before proceeding to western blot

analysis (sectiof3.4.3).

3.4.3. Western blotting

PVDF membranes with transferred proteins (secBgh? were blocked in 5%nilk (5%
nonfat milk powder[Marvel] andlX TBST B0 mM Tris-HCI, 150 mM NaCl, 0.05%
Tweer]) at room temperature forHr. Primary antibodieswvith concentration dilutedh 5%

milk according to the manufacturer's recommendatieere appliedonto the membranes
overnight at 4C. The membranes were washed three times in 1X TBST withegecting

at room temperature for 1fhins on the next day, before applying the corresimond
secondary antibaels for an hour at room temperature. The membranes were washed with 1X
TBST as described above, before applying the ECL Detection Reagent (GE Healthicar

blots were developed using the L8800 chemiluminescence camera (Fijm).

3.4.4. Eledrophoretic Mobility Shift Assay (EMSA)
Nuclear extracts (sectioB.4.1.3 and®*®P labelled double stranded oligonucleotides (section
3.1.6 were usedio examine Protein/DNA interactionin vitro in the EMSAs. A 10 ul
reaction in FPE buffer (3®M KCI, 2 mM spermidine, 2.3tnM EDTA ) containing oclear
extract, recombinartore SRF (provided by Prof. Peter Shaw, University of Nottinghaé

Kg salmon sperrfAmersham) 1.2 g poly dl:dC (Amersham were incubated on ice for 20
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mins. A microlitre of radidabelled double stranded oligonucleotideas added to the
mixture and incubated at room temperature forniibs to allow protein/DNA complex
formation The mixture was subject to ndenaturing 5% polyacrylamide gel
electrophoresis (sectioB.3.2.) after the addition of 2.5l 1.5X DNA loading buffer
(0.0625% bromophenol blue, 0.0625% xylene cyanol FF and 3.75% Ficoll yOjidFhe
gel was soaked in fixing buffer (10% glacial acetidda 40% methanol) for 10mins and
dried at 90C for 45mins using a vacuum gel drieBdchoffe). Radioactivity from the gel
was exposed to a phosphor imager platernightand visualised using the FLE2000

phosphorimager (Fufrim).

3.4.5. Fast PerformanceLiquid Chromatography (FPLC)

Proteins of different sizes were separated by FPLC using a size exclusioratdy@phy
column packed with superose 6 matrix (GE Healthcare). The column wasghed and
run with filtered and degassed buffer (0.1 M NaCl, 0.1M Tris, pH7.5) anlrin using a
high precision pump (Pharmacia). Gel filtration molecular weight markégm@) were run
through the column to create a molecular weight elution profile. Elutettips were
detected by an UV detector (PharmacRipteins were collected in 280 aliquots using a

fraction collector (Amersham Biosciences). Size of eluted proteins wadakatifrom the

elution profile.

3.4.6. Dialysis
Cellulose dialysis membrane tubing with 3,308l molecular weight cut offSpectrum) was
soaked in ddkD at room temperature for 30mins and rinsed thoroughly to remove glycerine

coating. Sample was injected into the dialysis membrane tubing with eitlersecured by
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clamps. The sample was then placed in appropriate dialyi$es kith the volume 100X of
the sample volume. The dialysis buffer was stirred gently for three h*Cawith fresh

dialysis buffer replacement after the firsti®hs.

3.4.7. Immobilized metal affinity chromatography (IMAC)
Histidinetagged proteins were retrieved from cells using IMA@e cell lysate (section
3.8.3 was mixed with Ni* beads (Qiagen) for an hour at room temperature on a rotating
wheel. The beads were collected by centrifugatiob300gfor 2 mins at room temperature
and successively washed with washing buffer 1 to 5. Contents of the waslfieig lare
described below. Proteins on the beads were eluted by additionudfSI3Selution buffer
(200 mM imidazole 50 MM TrissHCI pH8, 2% SDS, 10% glycerol, 14&aM f-
mercaptoethanol, 0.008% bromophenol bluegM EDTA). The mixture was incubated at
room temperature for 1@ins, followed by heat incubation at°@5for 5mins. The elution
was cleared by centrifugation £8000gfor 10 mins at room temperature, before subject to

7.5% SDS PAGE (sectidh3.2.3 and western blot analygs{sectior.4.3).

WB1: 6 M guanidiniumHCI, 0.1 M phosphate buffer pH8, 0.08 tris pH8, 10mM -
mercaptoethanol*. WB2: Bl urea, 0.1M phosphatduffer pH8, 0.0IM tris pH8, 10mM -
mercaptoethanol*. WB3: &1 urea, 0.1M phosphate buffer pH6.3, 0.0M tris pH6.3, 10
mM B-mercaptoethanol*. WB4: WB3 + 0.2% triton200. WB5: WB3 + 0.1% tritoiX100.

*B-mercaptoethanol was added just before use.
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3.5. Eukaryotic cell culture

3.5.1. Determination of cell numbers
The densityof cell suspensions wastimatedusing a haemocytometer (Hawksley) under a

light microscopeZeisy.

3.5.2. Eukaryotic cell culture
HEK293,HelLaand NIH3T3cells were cultivated on 1dm Falcon tissue culture dishes (BD
Biosciences)in the low glucose (5.5nM) Dulbecco’s Modified Eagle Medium (Sigma
Aldrich), supplemented with 10% foetal calf serugioClea)), 200mM glutamin€Sigm3g,
100 U/ml penicillin and 10Qug/ml streptomicin (Signga). Cells were passaged at a dilution
of between 1:8 to 1:10 every 3 to 4 dayslcultivated using a humidified incubator (Revco)

set at 37C and 7.5%CO, for HEK293 and NIH3T3cells, 5%0, for HeLa cells.

3.5.3. T-REx-293 cells with tetracyclineinducible expression of dnUbclZHA
Tetracyclineinducible dnUbclHA T-Rex293 cell line, provided by Thilo Hagen
(Wolfson Digestive Disease Centre, University of Nottingham), was genexsitddscribed

below (Chew, Poobalasingam et al. 2007).

Tetracyclineinducible dnUbclHA T-Rex293 cell line was generated using theRdx
System (Invitrogen). The plasmid pcDNA4/TO encoding the dnUBC12 cDNA thie
C111S mutation, was stably transacted ini8ex293 cells. Successfullgtable transfected
cell was isolated using zeocin selection. Tetracyaliegendent protein expression was

confirmed by western blot analysis.
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3.6. Transfection of eukaryotic cells

3.6.1. Calcium phosphate

During this study, HEK293 cells were transfected usiéVABCaPQ co-precipitation. Cells
were passaged to 50% confluent the day before transfection. Thesamédium on cells
was replacedvith fresh full medium 4hrs por transfection A total of 10ug of plamid

DNA was diluted in 50qul 300mM CaCl, and incubated on ice for Ifiins. Following the
incubation, 55Qul of 2X HEPES buffered saline (28M NaCl, 50mM HEPES pH7) was
added dropwise to the mixture while mixing slowly using a vortex mixgne mixture was
incubated on ice for 3tins beforeapplying evenly onto the cellsThe cells were serum
starved or administrated with stimulator or inhibitor where requiredrédiarvesting,

approximately 48 ts posttransfection.

3.6.2. Polyethylenimine (PEI)
During this study, HeLa cells were transfectethg$El. Cells were passaged toX710°
cells/plate the day befe transfection. The culture medium on cells was replaced with fresh
full medium 4hrs prior transfection. A total of 10g of plasmid DNA and 3@l of 20mM
PEI were diluted into 2501 of PBS separately. The diluted PEI was added-grigge to the
diluted DNA while mixing slowly using a vortex mixer. The mixture was incubated at room
temperature for 3ins. During the incubation, the cells were washed and the full medium
replaced with serum-free Optimem (Invitrogen) ptmapplying the mixture evenly onto the
cells. The optimem was replaced with full mediurhr§ post transfection. The cells were
serum starved or administrated with stimulator or inhibitor where requifeceld@arvesting,

approximately 48 ts posttransfection.
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3.7. Luciferase reporter and p-galactosidase reportelgeneassay

Elk-1 mediatedranscriptionactivity was examined usingportergene assayin this study.
NIH3T3 cells were passaged to X510°cells/wel in 6 well plates (Corning Incorporated
the day beforesubjecting toPEI transfection(section3.6.2). The transfection was done in
triplicate for each experimenthe cells were collected by centrifugation1&000gfor 2

mins at 4C, 48 hrs post transfection and stored atG80

The cells werghawed for 10mins and lysed i85 pl lysis buffer (250mM KCI, 50 mM
Hepes pH7.5, 0.1% NP40 and 10% glycerol) fon#ibs on iceThe debris was removexy

centrifugation at 14,000rpm for 10in at 4C.

For theluciferase assay 300 ul luciferin buffer (for 10ml buffer: 0.5ml 1 mM luciferin,
100pul 0.2M ATP, 100 pul 1 M MgCI2 and 25mM gly-gly pH7.8) was injected into 1l
lysate For the B-galactosidase assay¥)0 ul reaction buffer (for Gml buffer: 1 ml 0.5M
NaPQ pH8, 5ul 1M MgCl,, 5ul Galacton [Tropix], 3.99nl H,0), followed by 300 pul
enhancer bufferf¢r 15 ml of enhancer buffer: 1.l 2 M NaOH, 750ul Emerald enhancer
[Tropix], 12.75ml H,O) was injectedinto 10 pl lysate using an automatic luminometer
(Berthold). The intensity of emitted luminescence from both assays was measured

duplicate. Théuciferase measurement was normalized to the B-galactosidase measurement.

3.8. Ubiquitylation assays

3.8.1. Invitro expression of l-[**S]-methionine labelled protein
Radiolabelled Elkl was generated with the pcDNA3.HA.Elkexpression plasmid in

presence o20 pG L-[**S]-methionine (Perkin Elmer), usinge TNT T7 Quick Coupled
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Transciption/Translation System (Promega), followirtbe manufacturer's instructions.
Unincorporated  E**S]-methionine was eliminated using Micro Bipin P6
chromatography columns (BioRad), fmeuilibrated in 25mM Tris-HCI and 50 mM NacCl

pH7.5.

3.8.2. Invitro ubiquitylation assay
In vitro ubiquitylation assays were performed in ai@@eaction volumeOne microlitreL-
[**S}-methionine labelled EM (section3.8.1), 850ng Ubiquitin aldehyde (BIOMOL), 500
ng Ubiquitin (Sigma), 2nM MgCl,, 2 mM ATP, 0.5 mM DTT, HelLa cytosolic extract or
HEK293 whole cell extract as a source B8, 25ng recombinant ubiquitin activation
enzyme E1 and 2Bg ubiquitin conjugating enzyme E2 were incubated fow ht 36C.
Recombinant enzymes E1 and E2 were provided byigdltWoux (Centre de Recherches de
Biochimie MacromoléculaireMontpellied. The reaction was terminated by addition of.10
3X SDS loading buffer 60 mM Tris-HCI pH8, 6% SDS, 30% glycerol, 432M f-
mercaptoethanol, 0.025% bromophenol blueyN EDTA), followed by heat incubation at
9(°C for 5mins. Proteins in the mixture wetken resolved using a P& SDSPAGE. The
gels was dried andxposed to a phosphor imaging plate overnagid visualisedusing a

phosphor imager (Fuijifilm, FLA-2000).

3.8.3. Invivo ubiquitylation assay
Elk-1 ubiquitylationin vivo was examined using thi@ vivo ubiquitylation assay. Either
HEK293 or HelLa cells were transfected as desdrisectior8.6.1& 3.6.2). The cells were
washed with PBS and collected by centrifugation at 14,000rpmrfon At £4C (Eppendorf).

A tenth of cells was lysed in 3%DS loading buffer (150M tris-HCI pH8, 6% SDS30%
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glycerol, 432mM B-mercaptoethanol, 0.025% bromophenol bluend EDTA), followed
by SDSPAGE (sectior3.3.2.9 and western blot analysis (secti3.4.3. The rest of cells
were resuspended in lysis bufferNbguanidiniumHCI, 0.1 M phosphate buffer pH8, 0.01
M tris-HCI pH8, 5 mM imidazole, 10 mM pB-mercaptoethanol) and sonicated fors5
(Jencons). The lysate was subgecto IMAC (section 3.4.7), followed by SDSPAGE

(section 3.3.2.2) and western blot analysis (se&idrg.
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4. ldentification of Elk-1 specificE3 ligas€s)

4.1. Elk-1 specific ligase activity is presented in HEK293 cells.

To identify the Elk-1 specific E3 ligags), an ubiquitylation assayas establishedo
reconstituteElk-1 ubiquitylationin vitro. The assay was modified from an established
method (Linares, Hengstermann et al. 2003jor dficient visualization, EIk-1 was
synthesizedn vitro and labeled with [**S]-methionine.The Elactivating(Ubel) and E2
conjugating enzym&UbcH59Q were recombinant proteinsinitially provided by Olivier
Coux (Centre de Recherches de Biochimie Macromoléculaire, MontpelliddH5c
belongs to the UbcH5 family and members of this family are known to inteithca broad
range of E3 ligases with little specificity on E3 ligase partner sele¢lanmsen, Bates et al.
1995; Hatakeyama, Jensen et al. 1997; Lorick, Jensen et al. 1999; Brzovic ah@0déy
Brzovic, Lissounov et al. 2006; Kirkpatrick, Hathaway et al. 200f)el was the only
identified ubiquitin E1 activating enzyme at the time and it cooperatts WbcH5c to
facilitate protein ubiquitylatior{Groettrup, Pelzer et al. 2008)hole cell extract§WCE)
prepared from HE293 cells were used to provide the E3 enzymatic activitye eBsential
components requirefibr ubiquitylaion were incubated to allow ubiquitin conjugatidrhe

presencef Elk-1 specific E3 ligase activitjy HEK293 WCEwas examined.
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WCE - + + + +
E2 + - + + +
Ub + + - + +

Ek-1 + + + + -

- - - -+

SEIk-1
< UDb-Elk-1

170kDa
130kDa

100kDa |

72kDa
55kDa

12 3 4 5

Figure 4-1 Elk-1 specific E3 ligase activity is present in
HEK 293 whole cell extracs. In vitro expressed’{S]-labeled
Elk-1, recombinant E1, Eaand HEK293WCE as a source of
E3 and ubiquitinwere incubatedinderstandard ubiquitylation
conditions(see methodvith different componentsnissing as
indicated. Thereaction products wenesolvedby SDSPAGE
followed by autoradiographyMolecular weight are indicated
on the left Short Elk1, an Elkl isoform lackingthe first 54

amino acids, is presented as sklk

Two species of ¥S]-Habeled proteinawith distinct molecular weigktwerevisualisedin all
reactions.Elk-1 corresponds to the top speciegatedjust under the 72 kDa molecular
weight marker(lanes 1 - 4,Figure4-1), the bottom species may present a truncated version
of Elk-1 due to either internal transcription initiation premature termination. rAEIk-1
isoform lacking the first 54 amino asiElk-1, appeared under the &¥»a maker (lane5,

Figure4-1). Thesize of the bottom species remained unchanfedsElk1, suggesting the
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bottom speciescame from internal transcription initiationas premature transcription
termination would have yieéitruncatedproteirs with sizereduction in proportion tthatof
sElk-1. After anhour incubatiorof [**S}-labeled Elk1, a high molecular weigh{M.W.)
species of approximdte300 kDa accumulatedlane 4,Figure4-1). Conversely, these high
M.W. speciedlid not appeawhensELk-1 was incubated under the same condifiane 5,
Figure4-1), suggestinghe truncated region of d&l is critical forthe accumulation of this
high M.W. speciesAlthough sEk-1 was not expressed to the same level as the full length
Elk-1, the absereof high MW. speciesn lane 5excludes the possibility that the high M.W.
specienbservedare the modified formsof the bottomspeciesandindicates the high M.W.
species are modified Etk Elk-1 remained unmodified whemither ubiquitin, E2
conjugating enzyme or HEK293 whole cell extract wefs out (lanes 1 - 3,Figure 4-1).
Exclusion ofeach key componemequired for ubiquitylatin abolished the modification of
Elk-1 indicatingthat thehigh M.W. species is likely to bpolyubiquitylatedElk-1. Despite
the evidence indicatingelk-1 wasmodified with multiple ubiquitirs, densitometry readirsg
on eitherthe top or the bottorspeciesof [**S}-labeled proteins did not show significant
alteration(data not shown), suggestingly a small portion of EIKL wasmodifiedunder the

conditiors ofthisin vitro assay

4.2. Elk-1 specific ligase activity igoresentin HelLa cells

To identify Elk-1 specific E3 ligags), proteinsin cell extractswere separated by size or
biochemical properties into a number of fractions by Fast Performance Liquid
Chromatography (FPLC). Enzymatic activity of ligas@fghe fractionavas followed using

the in vitro ubiquitylation assaywith the aim of obtaininga sufficiently purified active

fraction(s) for protein identification by mass spectrometry.
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The majority of E3 ligases in humanare multimeric protein complexg®etroski and
Deshaies 2005)To enable high preservatiori the biological activity and protein complex
formationof E3 ligasessze exclusion chromatography was first chosenit is réatively
gentle compared to othemethods. Althouglsize exclusion clomatography offers a gentle
separation there is an inetable dilution of the protein concentratioiio help retain
sufficient ligase activity in the fractiona,good source of cell extract was ustldese were
obtained using auspensiotielLa cellculturesystemwhich had been previousistablished
by members of our group allowgeneration otell extractswvith high protein concentration
Nuclear(NXT) and gtosolic extract{CXT) from Hela cells following serum stimhation

werealready availableSeparation of cytosolic and nuclear proteins exeminel.

S
o TBP ==
aTUbUIIN «mm—

1 2

Figure 4-2 Protein extractions from the suspension HelLa cell
culture system Western blot analysis of nuclear and cytosolic
extracs from HelLa cells stimulated with serunusing the

antibodies indicated0 pg of protein were examined in each lane.

A relatively large amount of TATA binding protei{TBP) was found in th&NXT compared

to a traceamountof TBP in the CXT (top panel,Figure 4-2), verifying the separation of
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nuclear prteins from the CXT The presence of tubulim the nuclear extract indicates

contamination of cytosolic protedin the NXT (bottom panelFigure4-2).

Previous experiments conducted by Prof. Peter Sfeamonstratethe presence dhe Elk-1
specific E3 ligge activity in both HelLa nucleuand -cytosol (unpublished datg.
Transcription activatarcould be ubiquitylated irboth the cytosol and the nucle@3oseph,
Zaika et al. 2003)To verify Elk-1 ubiquitylationin the cytosol, lte presencef an Elk-1
specific E3 ligase activitin HeLaCXT was examinedsing the sami vitro ubiquitylation

assay.

CXT+ + + - +
E2 + + - + +
E1+ - + + +

+ +

Ub - + +

170kDa
130kDa

100kDa

72kDa
556kDa

Figure 4-3 Elk-1 specific E3 ligase activity is present in HelLa
cytosolic extract. In vitro expressed *fS}labeled Elk-1,
recombinant E1, E2, HeL@XT as a source of E3 and ubiquitin
were incubated under standard ubiquitylation condsti¢see

method) with different componenimissing as indicated. The
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reaction products wer@analysedby SDSPAGE followed by

autoradiography. Molecular vghts are indicated on the left

Similar resuls wereobtained when HEK29®/CE was replaced with HeL@XT, suggesting
the presence of Elk specific E3 ligase in HeLa cell cytogtdnes 1 & 3 - 5, Figure 4-3).
Interestingly, exclusion ofthe E1 activahg enzyme did not affect Elk ubiquitylation,
which may indicate arabundance o&ndogenou€l activating enzymein the cytosol of

Hela cells(lane 2,Figure4-3).

4.3. Elk-1 specific ligase(s) is approximately 29-5kDa

After confirming the presence of Elkspecific E3 ligase activitin the HeLaCXT, proteins
in the extract were separatadinga size exclusion chromatography coluofrsuperose 6
matrix which has an optimal separation range of 800kDa. A set of markersvererun
through the column and detectedaatoptical density of 28Gim to generate a molecular

weightelutionprofile. Proteins in the extract were separated into 30 fractions.
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Figure 4-4 Elk-1 specific E3 ligaseactivity is present in HelLa
cytosolic fractions containing proteins with molecular weight
between 29 — 50kDa. Top: HeLa CXTwas fractionated bgize
exclusion chromatography, the curve represents the relative
amount of elutedorotein in different fractions withthe average
protein size indicated on the top of the graph; Bottom:vitro
expressed *S]-labelled Elk-1 and Hela CXT/fractions were
incubated under standard ubiquitylation condgi¢see method).

The reaction products were resolveg SDSPAGE followed by
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autoradiography. Molecular wdits are indicated on the leftane

15 represents the assay with fulh-fractionatedHeLaCXT.

A relatively large amount oprotein was presern fractiors 2 - 4 which contains protein
speciesof just under 2000 kDa. The high molecular weighndicatesthat the species are
likely to be multimeric protein complexess the median length of proteins in tHemo
sapiens proteome is 375 amino asidwhich is equivalent to approximately 58@Da
(Brocchieri and Karlin 2005)This observation indicated that theermolecular interactian

between protemwerepreserve during he size exclusion chromatographic separation

Alternative fractions 6dd numbers froml to 27 were examined using then vitro
ubiquitylationassayThe iesuls indicated the presence Bfk-1 specific E3 ligase activitin
fractions 21 - 25which contain proteimofan estimatedizerange 029 —50 KDa (lanes 11
- 13, Figure 4-5). The peak of E3 ligase activity was found in fract&$ To confirm this

result fractions7, 15 and23 were examinedgain.
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Ub + - + + +
Ub.Ald + + - + +
E1 + + + - +
E2 + + + + -
Full 7 15 23
L - <—Ub-Elk-1
170kDa
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72kDa ¥ <—Elk-1
55kDa

12345678
Figure 4-5 Confirmation of Elk -1 Specific E3 ligase activity in
HeLa CXT fraction 23. In vitro expressed?®S]-labelled Elk-1
and HelLa CXTfractions were incubated under standard
ubiquitylation conditios (see method). Threactionproducts were
resolvedby SDSPAGE followed by autoradiography. Molecular
weights are indicated on the leffane 1 represents the assay using
full (unfractionatefl HeLa CXT, lane 2- 4 representshe assay
using fraction 32, 40 &8 respectively and lane -58 represents
the assay using fraction 48 with different components missing as

indicated. This experiment was repeated three times.

Consistent with the previous results, the strong#istl E3 ligase activity was detectad
fraction 23 (ane 4, Figure 4-4), whereasa relatively low level of ligase activity was

observedn fractions 7and15 (lanes 2 & 3, Figure4-5). Exclusion oE2 enzymeubiquitin
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or ubiquitin aldehydebolished polyubiquitylatioflanes 5, 6 & 8, Figure 4-4), confirming
Elk-1 is polyubiquitylated.

Surprisingly, Elkl was stillpolyubiquitylated without the addition of E1 enzyme (lane 7
Figure4-4). Both of the Ubel and Uba6 Ettivatingenzymes have a molecular weight of
118 kDa (Groettrup, Pelzer et al. 2008nhd fadion 23 contairs proteirs with anestimated
size rangeof 38 kDa — 44 kDa. Although size exclusion chromatography offers a gentle
approach to proteigeparatiorby size,the separation is not precise. Tastimatedsizerange
only represents thaverageprotein sizepresentedn the fractions The abundance of E1
activatingenzyme activity waslready demonstrated in HeLa CXl&ne 2,Figure4-3).1t is
possible thatenoughE1 activating enzymewas present in fractior23 o support EIkL

ubiquitylation, which could beerified by western blot analysis

E3 ligases can be monomeric or multimeric. The multimeric GRING ligases (CRLS)
comprise thdarges group of ubiquitin E3 ligase@Petroski and Deshaies 2005; Merlet,
Burger et al. 2009). All CRLs contain a cullin scaffold that hasiolecular weight of
approximately 90kDa (Michel and Xiong 1998) Together with itsvariable substte
recognition module and RIN@rotein subunit, the size of CRLsonsiderably exceedbe
estimate size rangg38 kDa— 44 kDa)of proteinspresented in fractio23, therefore itis
rational to exclud¢he possibilitythatthe Elk-1 specificE3 ligasepresenin fraction23is a

CRL.

Monomeric E3s characterize witheithera 40 —100 amino acid RING(~8 kDa) or a 350
aminoacidHECT (~45kDa) catalytic domain, together witidditioral substrate recognition
and regulatoryegiors which can be varied in siz&ang and Weissman 200dhe HECTF

domain alone @ches the estimated uppmmotein size limit of fraction23. Given that a
HECT-domain E3 ligase must contain regions for substrateteractiom and activity

regulation, it would easily exceed the estimated size range in fr&3idn the other hand,
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E3 ligases containing asmall RINGdomain would fit into this sizeange, thereford is
morelikely that the potential EH specific E3n fraction 23is a monomeric RIN&omain

E3ligase

4.4. Elk-1 polyubiquitylation is inhibited by dominant negative

Ubcl2

In parallel with the identification of EM specific E3 ligase(sising chromatographic
approach additional experimentwere performed to examine whether a CRL is able to
ubiquitylate Elk1. It has been shown thaeddylation facilitated by the Nedd8 conjugating
enzyme Ubc12 (Gong and Yeh 1998)essentiafor the activity of CRLs(Podust, Brownell

et al. 2000; Read, Brownell et al. 2000; Wu, Chen et al. 200@refore if the Elk-1
specific E3 ligase belongs to the class of CRsibiting neddylation wouldestrain Elkl

ubiquitylation

To examinethis possibility a cell line was utilized kindly provided by Thilo Hagen
(Department of Biochemistry, Nation University of Singapotbat expresseghe HA-
taggeddominant negative nedd8 conjugating enzyme (Db¢12)in order toblock CRL
activity (Chew, Poobalasingam et al. 200Mhe DN Ubcl2 contains a single C111S
mutationwhich prevens cullin neddylation by sequesteringdi8,therebyreducingCRL
activity (Wada, Yeh et al. 2000). Expressiontioé HAtaggedDN Ubcl2was induced by
treating cells withtetracycline(TC) and verified by western blot analysis-igure 4-6).
Whole cell extracts were prepared from gellith or without prior TC stimulation and

examined foElk-1 specific E3 ligase activity using thevitro ubiquitylation assay.
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Figure 4-6 Tetracycline inducible HA-tagged dominant
negative Ubcl2 expression in HEK293 cellsWestern blot
analysis oWCE from HEK293 cells treated with or withoTC.

TC
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WCE - + +
~<—PolyUb-Elk-1
170kDa
130kDa
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79kDa tllglg_r]1oUb-Elk—1
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123

Figure 4-7 Dominant negative nedd8 conjugating enzyme
inhibits Elk-1 polyubiquitylation. In vitro expressed °[SJ-

labelled Elk1 and HEK293 WCEwith or without TC inducible
dominant negative Nedd8 conjugatingnzyme were incubated
under standard ubiquitylation condit®nLane 1represents the
assay withoutainaddition of cellextract;lane 2 & 3represents the

assay sing HEK 293 WCEwith or without TC-induced DN
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Ubcl2. The experimen was repeated three timedMolecular

weights are indicated on the left.

High molecular weight species representing polyubiquitylatedl El&cumulatedvhen Elk
1 was incubated with HEK293 WCHESs previously observed ikigure4-1 (lane 3, Figure
4-7), suggesting EH specific E3 ligasé€s) is activein the cels. This modificationwas
diminishedwhen DN Ubcl12waspresent(lane 2,Figure4-7), indicatingthat neddylation is
essential for EIKL polyubiquitylation hence at least a type of CRL is able to conjugate

polyubiquitin to Elk1 in vitro.

In additionto the high molecular weight speciedower moleculamweightspeciesf 80kDa
also accumulated(lanes 2 & 3, Figure 4-7), regardless of the presence of DN Ubcl2,
suggesting that neddylation is not required for this modificatidve approximate &Da
increase in molecular weight ditvith a single ubiquitinattachment however the above
experiment cannot unequivocalbonfirm thatthe lower molecular weight species were
monoubiquitylated EKL. This was later verified by additional experiments perfornbgd
another member othe group (Jirgen Handwergerwhere essential components for
ubiquitylation were mitted (data not shownln contrasto earlier experimest(Figure4-1),
this lower moleculamweight species did not appear where a different source of HEK293
WCE was used. The former WCE was prepared from normal growing HEKQ®S3
whereas the later one was generated from HEK@8I& stably transfected withan
expression cassette of inducible DNd1B andtreated with TC The accumulation of this
lower molecular weight species suggettes manipulation of HEK293 has altered #lk

monoubiquitylatiorsensitivity,
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A single protein can be ubiquitylated by multiple E3 ligases under diffenreumstaces,
such as subcellular location or extracellular stinfed. example, the CDK inhibitor p27kipl
is ubiquitylated bythe SCF SKP2E3 ligasein the nucleus, but by another E3 ligase KPC
complex in the cytosolKamura, Hara et al. 2004)Previous analysis ahe fractions of
Hela cytosol extradhas ruled out the presencEEIk-1 specific CRL ligase ithe cytosol

of HelLa cells(Figure 4-5), whereasanalysison HEK293 WCE containing DN Ubc12
suggests EHW can be ubiquitylated by a CRNeverthelessgiven that a single protein can
be ubiquitylated by multiple E3 ligasesjs possible that EH is ubiquiylated by a CRL in

the nucleus while ubiquitylated by a different E3 ligase, other than a GRie tytosol.

The in vitro ubiquitylation assayoffers an efficient way to detect Elk ubiquitylation,
however there are disadvantag&he addition of ubiquitylation enzymesnay restrict or
enhance ubiquitylation. E2 conjugating enzymes play an isupordle in E3 ligase selection,
ubiquitin chaininitiation, processivityand specificity(Ye and Rape 2009; David, Ziv et al.
2010). The addition of the E2 conjugating enzymegbcH5c enhanced EW
polyubiquitylationin vitro (Figure 4-1 & Figure 4-2), however itwas restricted tdhose
facilitated by this particular E2 enzynand its interacting E3 ligase partnethereby
limiting the observationfrom the whole spectrum of Elk ubiquitylation. Although a
reasonable level dElk-1 polyubiquitylation was observed in early experimsgiitwas not
possibleto achieve the same intensitylater experimerst In orderto process antb study
Elk-1 ubiquitylation in a more physiological relevant conditiinyas decided to adopt a

cell-basedubiquitylationassay.
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5. Elk-1 is mone and polyubiquitylated in

HEK293 cells

5.1. Elk-1 is polyubiquitylated in HEK293 cells

Previous gperimentsdemonstrated the presence of -Elkspecific E3 ligase activity in
HEK293 cellsin vitro (Figure4-1), therefore it warational tause these celfer a celtbased
assay. HEK293 cells were -t@nsfected with xpression vectors encodiri@gterminal His-
tagged Elkl andN-terminalHA-tagged ubiquitinWhole cell extrac wereprepared from
the transfected cells treated witinoteasome inhibitor G132 to inhibit proteasome-
mediatedproteolysiswith the aim of stabilizingpolyubiquitylated proteinsdestinedfor
destruction.A portion of each whole cell extraavas usedo analyg exogenous protein
expressiorevek. His-taggedElk-1 wasisolatedfrom the rest of thevhole cell extracby
Immobilized Metal Affinity Chromatography (IMACusing Ni?* beadsunder denaturing

conditions andHA-tagged biquitylated Elk1l was visuabed by immunoblot.
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Figure 5-1 Elk-1 is polyubiquitylated in HEK293 cells Upper
panels (IMAC): Whole cell extracts from HEK293 cells
transfected with expression vectors encodingtiliged ElkL and
HA-tagged ubiquitin andreated with MG132as indicatedwvere
subjected to IMAC under denaturing conditiorsoléted proteins
were washed, resolved by SD®AGE and analysed by
immundlotting with the antibodies indicated Lower paned
(lysate) Five percent of the whole cell extracts were resolved by
SDSPAGE for immunoblotting.The oP-Elk antibody targets
phosphoserine383 in Elkl. Molecular weights are indicated on

the right in kDa
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Elk-1 was covalentlynodified with ubiquitin in HEK293 cells (lane 3, top parféfure5-1).
The nolecular weighof modified Elk1 wasbetween72 to >300kDa, whichis equivalent
to the range ofa single tomore than30 units of ubiquitin attachment. The addition of
MG132mildly stabilizedpolyubiquitylatedElk-1 (compardanes 3with 6, top panel Figure
5-1), suggesting gortion of polyubiquitylated EW was degraded by the proteasome
Interestingy, phosphoylated Elk1 accumulatecgnd exhibited slower SDBAGE mobility
with proteasomalnhibition (comparelanes 2 & 3 with 5 & 6, second pandfjgure 5-1),

suggesting that theroteasomenay selectively mediadegradation of phosphdatedElk-1.

5.2. Elk-1 is monoubiquitylated in HEK293 cells

To confirm Elk1 ubiquitylation in HEK293 cellsa similar experimento Figure 5-1 was
performedwith the substitution ofC-terminal His-tagged Elkl andN-terminal HA-tagged
ubiquitin with N-terminal HAtaggedEIlk-1 andN-terminalHis-tagged ubiquitinin contrast
to the previous experimentptal ubiquitylated proteins were retrieveldy IMAC and

modified EIk-1 wasvisualissd by immunoblot.
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Figure 5-2 EIk-1 is monoubiquitylated in HEK293 cells Upper
panel(IMAC): Whole cell extracts from HEK293 celisansfected
with expression vectors encoding Hagged Elkl and Histagged
ubiquitin andtreated with MG132 as indicated were subjected to
IMAC under denaturing conditionssdlated proteins were washed,
resolved bySDSPAGE and analysd by immunoblotting withhe
indicated antibodies. Lower pardllysate) Five percent of the
whole cell extracts were resolved by SBAGE for
immunoblotting.The oP-Elk antibody targets phosptserine 383

in EIk-1. Molecular weiptsare indicated on the right in kDa

A different pattern of ubiquitylated Elk wasdetectedcompared tdhat in Figure5-1. The
size of the retrievedElk-1 was about 80 - 11@Da, which is equivalento 1 - 3units of
ubiquitin attachmen{lane 3 upper panelFigure5-2). The level of themodified Elk1l was
not stabilsed by proteasome inhibitor, suggesting its fuyoteolyticrole compare lanes 3
with 6, upper panelFigure 5-2). Elk-1 phosphorylation was significantly reduced when

exogenous ubiquitin was @xpressed, which was inversely correlated Htk-1
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ubiquitylation, indicating phosphorylated Elkmay be preferentially ubiquitylatédompare

lanes 2 & 3 with5 & 6, upper and bottom panfeigure5-2). Many proteins are ubiquitylated

in a phosphorylatiowependent manner via phosphodegron (Won and Reed 1996; Verma,
Annan et al. 1997)The dfect of Elk-1 phosphorylation on itabiquitylation isinvestigated

in chapter8.

Although the signalof Elk-1 attached with a singlépuble ortriple ubiquitins were similar
in this experiment, later experimentsvealedthat EIk-1 is predominantly modified with a
sinde ubiquitin. To avoid confusion, tr@bservedubiquitylated Elk1l species irFigure 5-2

arecollectively termednonoubiquitylated Elk-1 in this thesis.

Distinct species of ubiquitylated Elkwerepreferentiallyobservedyy the twoexperimental
proceduresKigure 5-1 & Figure 5-2). The first experimenallows observation ofa wider
spectrum ofubiquitylated Elkl speciesfrom sngle to around 30 attachments, whiclay
lead to either protedlic or nonproteolytic funtions (Figure 5-1). The second experiment
detectsa narrowerscopeof ubiquitylated EIkl speciesrom single toup tothreeubiquitin
attachments, which only confers to Ramoteolytic functionsKigure5-2). An excess amount
of Ni** bead were used inMAC to retrieve Histagged proteins iboth experiments,
thereforethe dissimilar observations werainlikely due to different quantity of distinct
ubiquitylated Elk1 species, butnore likely caused by th@umber ofepitopetags attached
onubiquitylatedEIk-1. In thefirst experiment(Figure5-1), Elk-1 was isolatedby IMAC and
ubiquitylated EIk1 was visualisd by immunoblding using antibodies against the epitope
tag on each attachee@xogenous ubiquitintherefore the morabiquitin attachmers the
stronger thesignalintensity In other words, polyubiquitylated Elk would havea stronger
detection sensitivitgompared tahatof monoubiquitylatedElk-1 regardless of their quantity
thus the observed signaintensity doesn’t proportionally represent theamount of

ubiquitylated Elk1. In thesecond experimerfFigure5-2), total ubiquitylated proteins were
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isolated andubiquitylated Elkl was visualied by immunoblding using the antibodies
againsthe epitope tag on Elk. In this case, the signal intengitsoportionally correlates to
the quanty of ubiquitylated EIkL disregarding of the number of ubiquitin attachment.

Therefore the majority of ubiquitylated Elkis conjugated with a single ubiquitin.

It is worth noting that despite the relatively eveignal of polyubiquitylated and
monoubiquitylated EWL observed using the first experimental procedéigure5-1), only
monoubiquitylatedElk-1 was detected using the second experimental procéegree5-2).
This study wagnore interested in the ngoroteolytic role of ubiquitylatiorto Elk-1. To
avoid the ambiguity of mixedibiquitylated species, attention wagctisel on theElk-1
species with fewer ubiquitin attachmergeferentially observelly the second experimental

procedure.

5.3. Mapping of Elk-1 monoubiquitylation site

To investigate the function of Etk monoubiquitylation, one aim was generate mEIk-1
derivative that is monoubiquitylation defectig eliminating the ubiquitin acceptsite(s).
Lysine residues were substituted with arginiime combinationin Elk-1 by sitedirected
mutagenesisvith the aim ofabolishingits ubiquitylation. Theubiquitylation sensitivity of
Elk-1 derivatives wasexaminedusing thesame celbasedubiquitylation assaws described

in Figure5-2.
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Figure 5-3 Elk-1 is monoubiquitylated in the ETS-domain. Top:
Schenatic representatiorof lysine residuedistributionin Elk-1.
Middle: Table ofthe location ofthe substitutios in Elk-1, lysine
residues and arginine substitutions are represented griln
circles and openircles respectivelyBottom:upper pane{IMAC):
Whole cell extracts from HEK293 cells transfected with
expression vectors encoditis-tagged ubiquitin andtHA-tagged
Elk-1 derivative as indicated were subjected to IMAC under
denaturing conditions and resolved by SBSGE for
immunoblotting with the indicated antibodies. Bottom panel
(lysate) Five percent of the whole cell extracts were resolved by

SDSPAGE for immunoblotting.
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Wild type Elkl wasmonaubiquitylatedsimilar tothe previousobservationsn Figure 5-2
(lane 1, second pandtigure 5-3). Replacingall eight lysine residues in the ETd&main
completely abolished iudpitylation, indicating the ubiquitin acceptor residue maydoated
in theETS-domain(lane 2, second pandligure5-3). Althoughthe NTR8 protein level was
slightly lower than that of the wild typgompardanes 1 with 2, bottom panelfFigure 5-3)
the difference inprotein level cannot be sidfent to cause thalistinct ubiquitylation

sensitivitybetween thavild type and NTR8.

The othelElk-1 derivatives witha combination of substitutisroutside the ETSlomainhad
comparablemonoubiquitylationlevels to that of the wild type(lanes 3- 5, second panel,
Figure 5-3), indicating either that those lysineresidues are not sites for Elk-1
monoubiquitylation or that multiple, redundantibiquitin accept® are presentin the
carboxytlterminus. h a later experimentit was shownthat aderivative lacking allten
carboxytterminal lysines(R10) can still be monoubiquitylated (lane 10, top pafédure

5-5), eliminating the possibility of redundacarboxylterminalubiquitin acceptor sitge

In addition tothe above experimeptarother appoach was used to examine atwhfirm
that the ubiquitin acceptor sitg) is located in the ET-8omain. In this case, allysine
residues in ElL were substitted with argime to abolishits monabiquitylation. Lysine
residues werg¢henput backsequentiallydownstream from the E3-domainwith the aim to

rescueklk-1 monoubiquitylation.
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Figure 5-4 Confirmation of Elk -1 monoubiquitin acceptor site

in the ETS-domain. Top: Table of the location ahe substitutions

in Elk-1, lysine residues and arginine substitutions are represented
with green circles and opecircles respectivelyBottom: Celt
basedubiquitylation assay of EH waspreformed as described for

Figure5-3 using Elk-1derivatives asindicated

As expected, thesubstitutionof all lysine residug to arginine inthe R18 derivative
completely abolisheis monoubiquitylation(lane 2, upper pandkigure5-4). Putting back
the lysine residues dowtreamof the ETSdomaindid not rescuélk-1 monoubiquitylation
(lanes 3 -6, upper panelFigure 5-4), also consistent witlthe notion thatthe ubiquitin

acceptor site is located in the E@iBmain.
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To map the ubiquitin acceptor ¢ within the ETSdomain, aother set of put back
derivativeswas usedThis time, ¥sine residues were put back upstrefiom the ETS
domain. The ubiquitylation sensitivity of EH derivatives was examined using the same

cell-based ubiquitylation assay.
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Figure 5-5 Lysines 3550/52 are important for Elk-1
monoubiquitylation. Top: Table of the location ofthe
substitutionsin Elk-1, lysine residues and arginine substitutions
are represented witgreencircles andopencircles respectivg.
Bottom: Cell-basedubiquitylation assay of Elk-tvas performedas

described foFigure5-3 using Elk-1derivatives as indicated

88



Elk-1 derivatives lackingeitherlysine 35or lysines 50/52were notmonaubiquitylated (lang
2 -9 & 12 - 18,top panelFigure5-5). Monaubiquitylation was only regainedhenlysines
35/50/52 were present the R10derivative(lane 10, top panekigure5-5), suggesting these
residues are essential for Elkmonoubiquitylation Replacing any of theéhree amine
terminal lysine residuesompletelyabolisied monaubiquitylation (lanes 8 & 9, top panel,
Figure 5-5) suggestingfactors other than elimination of the ubiquitin acceptorsite
contributedto the loss ofElk-1 monabiquitylation. In addition, the derivativeswith or
without lysine substitutions outside the Edd®main did notdiffer in their ubiquitylation
sensitivity(lanes 2 -9 & 12 - 18, top panellFigure5-5), confirmingthose lysine residues are

not involved inElk-1 monoubiquitylation

The ubiquitin acceptor sithas been located within the EfG8main (Figure 5-3 & Figure
5-4), where substituting any ofhe threeaminoterminal lysine residues (K35/50/52)
completely abolished EIKL monoubiquitylation Figure 5-5). The ETSdomain is
responsible foDNA binding,in whichlysines 50 and 52%lay a pivotal rol§Mo, Vaessen et
al. 2000) Loss of monaubiquitylation for Elkl derivatives lacking either lys 35 or
lysines 50/52 suggestsll three reklues are determinants for Elk ubiquitylation. t is
possible hat replacing lysire50 or 52 with arginineffects Elk-1 DNA binding whichin
turn may be required for E{& monaibiquitylation, despite both amino acidgharing
similarity in charge and structur@his hypothesis prompt the investigationof the impact
of lysine to arginine substitutions Elk-1 on itsDNA bindingand the role of DNAinding

on Elk-1 monaubiquitylation(chapter7.3).
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6. Elk-1 monoubiquitylation inhibits its

transactivational ability

6.1. Elk-1 monoubiquitylation inhibits its transactivation on the

SRE upon mitogen stimulation

Previous experimesathavesuggested that Elk monaubiquitylation confes unknown non-
proteolytic functios (Figure 5-2). Elk-1 is a transcriptionfactor responsible for
transactivatiorof genes undethe control ofthe SREin responseo extracellular stimuli It

is possible that monoubiquitylation may influernibe ability of Elk-1 to transactivatets
target genes. The best studied SRdiiction is mediated through activation of T&ka the
MAPK signallingpathways. Among the three major MAPK pathways, the ERK pathway is
activated by mitoges) whereas the JNK and p38 pathwagretriggered by stres signals
(Turjanski, Vaque et al. 2007)nitial experimentson Elk-1 monoubiquitylation were
performed in HEK293 cells, however Elkis constitutively activein these cells as
indicated by its high basal phosphorylatidxiglre 5-1 & Figure 5-2). To overcome this
problem HelLa cells were used in which Elkphosphorkation, henceactivation can be
manipulated by serum withdrawal followed by mitogen stimulation, demonstratgduire
9-1, Figure 9-2 andFigure 9-3. Initial experimentavere performed byanother member of
the group(Li Li) in HeLa cells andow SREinduction byexogenous EH in response to
mitogen stimulatiorwas observeddue to high basal SRe#ependent transcription (data not
shown),which obscures the observation of Hlknediated transactivatiofio improve the
observation of EKl-mediated SREnduction, a different cell line (NIH3T3) was chosen

which had previously been used to study-Etkansactivatiof{Gille, Kortenjann et al. 1995)
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The transactivational ability of exogenous Blklerivativeswas examinedn NIH3T3 cells
using a luciferase reporter gerasay system The @lls were cetransfected withthree
different types of expression vectoencoding Elk1 derivatives Juciferase reporter placed
undercontrol oftriplicate SRE promoterand B-galactosidasas a control for transfection
efficiency. Mitogens (either TPA or serumjere usedo activate the ERK pathway to induce
Elk-1 mediatedSREdependentuciferaseprotein expressiorklk-1 transactivatioal activity
wasindicated by the amount of luelfase activity in the transfected cetisymalizdto the

B-galactosidase activity.
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Figure 6-1 Replacing lysine 35 in the ETSlomain of Elk-1
confers dominant negative inhibition on SRE-induction upon
mitogen stimulation. Whole cell extracts fromNIH3T3 cells
treated with either serum or TPA and-tcansfected withElk-1
derivative expression vectors, (SRHE)ciferase reporter vectors

and B-galacbsidase expression vectors wemeeasuredby a
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luminometer.The ratio of luciferas@fgalactosidase duity was
presented by the bars. Data shown are representativiplimiate
repeats of a single experimerError bars represent astdard
deviation (n=3). The K35R derivative is hypsonoubiquitylated
in this experiment, which is explained in the text below and

demonstrated ikigure10-3.

SREdependentranscription represented byciferase etivity increasedby two fold when
cells were treated witkerum(grey bars) (compare bars 1 withFlgure 6-1) andby five
fold with TPA (dotted barsjcomparebars 1with 3, Figure6-1), indicaing thatendogenous
proteinswere able to facilitate SR ependentranscription in a mitogen inducible manner
in NIH3T3 cells Active ERK phosphorylates Elk, as well as other TCFs, Samnd Net,
to potentiate thir transactivational ability dhe SREStrahl, Gille et al. 1996; Ducret, Maira
et al. 2000) In addition,serum can also indu@REdependent transcriptiomdependent of
TCFs (Graham and Gilman 1991; Johansen and Prywes 1994; Hill and Treisman 1995)
through the Rho/SRF pathway (Hill, Wynne et al. 1994; Hill, Wynne et al. 1995)
Thereforethe observealevatedSREdependent transcriptiomaslikely to be caused bg
combination of TCHlependent and TGiRdependent SRinduction. Compared to serum
induction, TPA inducedREdependent transcription was more promineoiniparebais 2
with 3, Figure6-1). TPA is a phorbol ester that activates RKBlumberg 1988)which in
turn activates at least thregnallingpathwayso converge on the SREhe ERK, JNK and
RhoA-SRF pathway (Soh, Lee et al. 1999PKCs areknown for their sustained activation
(Cheng, Wung et al. 2001), which explains Higher elevation inSREinductionby TPA

compared to that by serum.

92



Exogenousexpression oftElk-1 resulted inonly a slight increase inthe overall SRE
inductionin basal, serurand TPAstimulated NIH3T3 cell§compare bars 13 with 4 - 6,
Figure6-1), suggesting EKL- mediated transcriptiomay be responsible fer pation of the

SREinduction.

Phosphorylation at serine 383/389 is essential forlEHkansactivational activityfGille,
Kortenjann et al. 1995)Replacing thee phosphoacceptor sitesn Elk-1 reducedSRE
induction by approximately 60 %comparebars 7 — 9with 4 - 6, Figure 6-1). SRE
dependent transcription was reduced to a level belovotiihe untransfected cellcompare

bars 1 — 3with 7 - 9, Figure 6-1), indicating that the transcriptioally defective EIk1
derivative (383/389A) possessesa dominant negative abilitas observed in previous
publications (Janknecht, Ernst et al. 1993; Gille, Kortenjann et al. 1995), possibly by
competing with other activators for the SREterestingly, the K35R derivative also
exhibited a similar dominant negative inhibition on StREpendent transcription (compare

bars 10 12,Figure6-1).

Previous experiments have suggested that lysine 35 may be the site -&f EIk
monoubiquitylation ([NTR1 = K35R], lane 12, upper part&fure 5-5), therefore it was
conceivable that EE® monoubiquitylation may be required for itsliftransactivational
ability at the SRE. lweverthe location ofthe ubiquitin acceptor sitavas drawn into
questiondue to aificial effects caused by the amiterminal epitopgagon Elk-1 (chapter

10). In this experimentthe Elk-1 derivatives were expressed from the pCMV5.HA
expression vectors instead of the pcDNA3.leRpressionvectors which were used in
previous experiments for the n@pg of Elk1 ubiquitylation site(sjFigure5-5). TheEIk-1
derivativesgeneratedrom the two expression vectors contaiifferent linkerfor the HA

tag (Figure 10-2 which altes their monoubiquitylation sensitivityin this casethe K35R

derivative exhibited highemonoubiquitylation levethanthe wild type(compare lanes 4
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with 5, Figure 10-3), therefore thedominant negativeinhibition on SREdependent

transcriptioncould beconferred byEIk-1 hyper-monoubiquitylation.

In later experimerst the substitution of lysine 35 with arginine was showmtlally reduce
the ability of Elk1 to formternary complexeatthe SRE ¢ompare lanes 3 with 6, left panel,
Figure 7-3), which maycontribute to the loss of Elk-mediated SREnduction. However
the K35R derivative must be able to bind to the SRE to dhl&tdominant negative
inhibition in SREindudion, eliminating the possibility that thK35R derivative reduces
SREinduction simply byits weakeed ability to form a ternary complex on the SRE,
consistent with the notion that Elkmonoubiquitylation conferadominantnegative effect

on SREmediated transcription.

In this experiment, thanscriptional activity of ElL derivatives was estimated by the ratio
of luciferase and B-galactosidase activity to ensure that the observed different transaiption
activity of Elk-1 derivatives was not due to uneven transfection efficiency or protei
expression. However this cannot unequivocally demonstrate the level-af delkvatives
are the same in each experiment. The protein level ofl El&rivatives was shown to be
equal using western blot analysis in similar experiments (data not showgydroit is

worth noting that the level of Elk derivatives was not examined in this experiment.

6.2. Elk-1 monoubiquitylation inhibits its Raf-induced

transactivational ability at the SRE

Both extracellular stimuli useth figure 7.1are able tostimulate SREinduction viamultiple
pathway both dependent and independent of TCFs, which may obsmuservation of CH
mediated SREnduction.To induce TCFmediated SRElependent transcriptiospecificallyvia

the ERK pathway,NIH3T3 cells were transfected witlan expression vector encoding
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constitutively active 4Raf 259D, an upstream regulator &RK (Morrison, Heidecker et al.

1993).
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Figure 6-2 Replacing lysine 35 in the ETSlomain of Elk-1
confers dominant negative inhibition on Raf-induced SRE
induction. Whole cell extracts from NIH3T3 cells emansfected

with EIk-1 derivative expression vectors, (SRkiciferase
reporter vectors [B-galactosidase expression vectorand
with/without Raf expression vectowere measuredby a
luminometer. The ratio of luciferase/B-galactosidase activity is
presented by the bar®ata shown are representative of triplicate
repeats of a single experiment. Error bars represent standard

deviation (n=3).
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Elevated SREinduction caused byendogenous proteinsvas observedwith ectopic
expression of €raf 259D €omparelanes 1 & 2, Figure 6-2). SREinduction was also
increased in the presenceefogenous€lk-1 (compardanes 3 & 4, Figure 6-2). However
the level of elevation wadower than that of the untransfected cdilg two fold (compare
lanes 1 & 2 with 3 & 4, Figure 6-2), suggestingxogenous ElIKL wasable to induce SRE
induction but inhibit SREinduction mediated by endogenous proteins. This could explain
the lowlevel of SREinduction byexogenous EW in response to mitogen stimulatiimnthe
previous experimentgcompare bars * 3 with 4 - 6, Figure 6-1). Consistent with the
previous resultsKigure6-1), both theS383/389Aand K35R derivativesdisplayed dominant
negative inhibition on SRihduction (compare lanes 3 & 4 with 5 &and 7 & 8,Figure
6-2), consistent with the notion that Elkmonoubiquitylation exhibits dominant negative

inhibition on SRE-induction.

6.3. Lysine 35 is critical for the Elk-1 fusion derivative

transactivation on the E74

To facilitate efficient transactivation, Elk must be able to bind to its cognate promoters as
well as recruitother transcription mediator§he ETSdomainof Elk-1 is responsible for
promoter binding, whereas recruitment of transcription mediators is magdiatad by its
transactivation domain. To focus on the role of-Elknonoubiquitylation on its promoter
binding, constitutively active E{t derivatives composed of the EF8omain and the VP16
viral transactivation domain were generat€de VP16 transactivation domaivas attached
either to the Gterminus offull length Elkl (Elk-1-VP16) or in place of the Elkl
transactivation domain(Elk-1(AApa)-VP16) (Kortenjann, Thomae et al. 1994Yhe

luciferasereporter gene was placed unaentrol ofthe E74binding site, a stronger ETS
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domain binding sitahanthe SRE,to which Elkl is able to binddirectly without SRF
(Sharrocks 1995)Transactivational ability ofhe EIk-1 fusionderivativeson the E74were

examined using theame luciferase reporter gene assay.
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Figure 6-3 Lysine 35 is critical for the Elk-1 fusion derivative
transactivation on the E74 Whole cell extracts from NIH3T3
cells cotransfected with EHL derivative expression vectors,
(E74)-luciferase reporter vectors and f-galactosidase expression
vectors were measured by a luminometer. The ratio of
luciferase/p-galactosidase activity ipresented by the bars. Data
shown are representative of triplicatepeats of a single

experimenwith error bars represeing standard devisn (n=3).

The basaE74dependentranscriptionin the presence of Elk derivatives was lolanes 2

& 3, Figure 6-3), indicating that the full lengthEIk-1 derivatives are ndransciptionally
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active under normal growingonditionin NIH3T3 cells The attachment of the VP16
transactivation domain on full length Elk significantly increasedE74dependent
transcription indicating this elevated activity wasonferredby the VP16 transactivation

domain (compare lanes 2 withHigure6-3).

A reduced E74mediated transcriptiorwas observed foithe K35R fusionderivative
(compardanes 4with 5, Figure 6-3), suggsing this residuds importantfor EIk-1 binding

to the E74 The K35R derivative expressed from the pCMV5.HA expression vexhibits
stronger level of monoubiquitylation (compare lanes 4 with 5, upper paigeke 10-3)
which led to the thought that the high level monoubiquitylation of the K35R afimév
inhibits binding to theE74. However the K35R derivativwas later shown to possess
significantly weakerintrinsic binding to the E74compare lanes 3 with 6, left panElgure
7-4), which suggests thahe reduction in E74nedated transcriptiorwas due to the loss of
E74 binding, causedby the biochemical property alteration of the substitution of lysine 35
with argirine instead of the alteration of monoubiquitylatioRurthermore, asimilar
reduction onE74induction was oberved for Elkl fusion derivatives lackingheir own

transctivationdomain (lane6 & 7, Figure6-3).
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7. Ternary complex formation is important

for Elk -1 monoubiquitylation

Reporter gene assay data have shown that replacing lysine 35l1nHk arginine reduces
its ability to tranactivate gene expression (ChagrThe K35R derivative expressed from
the pCMV5.HA expression vector exhibits stronger level of monoubiquaplgcompare
lanes 4 with 5, upper pandiigure 10-3), indicating Elk1 monoubiquitylation may inhibit
its transactivational ability. Lysine 35 is located in theSEibmain which is responsible for
DNA binding. Locations of lysine residues iespect to their proximity tdhe DNA
interacting surface are illustratedkigure7-1. Although lysine 35 is situated away from the
DNA recognitiona3 helix, it is possibly that theubstitution of lysine 35 may affect its
binding to DNAallosterically Thereforethe effects okachpoint mutation of individual or

multiple lysine residues in the ETd®main of Elk-1 on DNA binding must be examined.
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Figure 7-1 ETS/E74 binding. The 2.1A crystal structure of the
ETSdomain of EIkl bound to the E74doublestranded
oligonucleotide (Mo, Vaessen et al. 20Q0)The image was

generated usgthe Cn3D software (NCBI).

Elk-1 binding to DNA was examined in two contexts in which-Ellexhibits distinct
binding characteristics. The first where Hlkcooperates with SRF to form ternary
complexes on the SRE (Shaw 19924 the second where Elkis able to bind to the E74
directly (Shore, Whitmarsh et al. 1996). In addition to single or double lysine to arginine
substitutions in EIKL, double amino acid substitutions of R65A/Y66F and L158P/Y159A
were introduced in EH separatelyArginine 65 and tyrosine 66 are located in the DNA
recognition a3 helix whereas leucine 158 and tyrosine 159 are situated in the SRF interacting
B-domain. Mutations toehese amino acids in Etk were shown to disrupts DNA or SRF
interactions respectively and thus inhibit its binding to both the E74 and theiSRe SRE
alone(Ling, Lakey et al. 1997; Mo, Vaessen et al. 2000 ability of Elk-1 derivativego
bind the SRE and the EMere examinedusing Electrophoretic Mobility Shift Assay
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(EMSA). Nuclear extracts containing exogenous-Elderivatives were first prepared from

HEK293 cells and examined by western blot analy&ipufe7-2).
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Figure 7-2 Exogenous Elk1 derivatives used in the EMSAs.
Western blot analysis of nuclear extracts from HEK293 cells
transfected with expression vectors @finog HAtagged Elkl
derivatives.DM and SM represent DNA and SRF binding

defective derivative respectively.

7.1. Elk-1 derivatives exhibit different binding to the SRE

Ternary complex formation was reconstituiedvitro with [*P]-labeled doublestranded
SRE oligonucleotide duplexecombinant Core SRF, a minimal part of SRF required to form

ternary complexeéShaw 1992)and the obtained Elk derivatives Figure7-2).
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Figure 7-3 Elk-1 derivatives exhibit different binding ability to

the SRE. Left: Nuclear extracts containing Elk derivatives
(Figure 7-2), [?P]Habeled, doublestranded SRE oligonucleotide
duplex and recombinant Core SRF were incubated for 15 mins at
room temperature. The complexes were resolved on a non

denaturing gel andvisualised by phosphor imager. Right:
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Quantification of the level of El& derivatives binding to the SRE

relative to the WTanalysediusing the Adia densitometry software.

Ternary complexes containingild type Elkl and Core SRF othe SRE were observed
(lane 3, Figure 7-3). These complexes were verified by the decreased gel mobility on
addition of antibodies against HiAgged Elkl and the diminished level of SRF bound SRE
(lane 2,Figure 7-3). As expected, the SRF binding defective derivative (SM) and DNA
binding defective derivative (DM) were unable to form ternary complexess(ldn& 5,
Figure7-3). Substitution of either lysine 35 or 70, distal from the DNA recognition o3 helix,
reduced ternary complex formation by approximately 20 % (lanes 6 Rg8re 7-3). In
contrast, the K50/52R mutation in the adjacent loop to the a3 helix diminished the ternary
complex formation by almost 50% (lane Figure 7-3) and the K59R mutation in the o3

helix significantly by over 90 % (lane Bigure7-3).

7.2. Elk-1 derivatives exhibit distinct binding to the E74 and the

SRE

To examine EIKL interactions with DNA directly, i.e. independent of SRFoperative SRE
binding, the E74 binding site was used instead of the SRE (Shaw 1992; Shore,rgthéma
al. 1996) The same source of nuclear extracts was used as the prexpmisnent with the
SRE in Figure 7-3 (Figure7-2). Elk-1 derivatives binding to the E74 were examined using

the same EMSA.
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Figure 7-4 EIk-1 derivatives exhibit distinct affinity to the E74,
different from that for the SRE promoter. Left: Nuclear extracts
containing Elkl derivatives Eigure 7-2), [°P]-labeled, double

stranded E74 oligonucleotide duplex were incubated for 1S ati

room temperature. The complexes were resolved on a non
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denaturing gel andvisualised by phosphor imager. Right:
Quantification of the level of EHt derivatives binding to the E74
relative to that of the Wanalysedusing the Adia densitometry

software.

Elk-1 derivatives exhibit different binding ability to the E74 compared to the SRHE.tyge
Elk-1 and the SRIbinding defective derivative (SM) bound to the E74 to a similar level
(lanes 3 & 5Figure7-4), whereas the DNA binding defective derivative (DM) was unable to
bind to the E74 as expected (land-igjure7-4). Surprisingly, a single or double substitution
of any amineterminal lysine residues reduced Hlkbinding to the E74 by at least 70 %
(compare lanes with 3 with-8 Figure 7-4). The reductions were more severe compared to
the SRE but retained a similar overall pattern in binding reduction, wepl&cing lysine
residues close to the DNAdognition a3 helix had a more prominent reduction in DNA
binding. The E74 is a stronger E@i®main binding site compared to the SRE and it directly
binds with the ETSlomain without SRF cooperative binding, therefore the E74 allows a
more direct approach to examine the effect of each amino acid alteratielk-1 on its
DNA binding. Althoughbinding of the K35R anK70R derivatives to the SRE wasly
mildly weakened, sigficant reduction in the bindintp the E74 revealed the importance of
these residuein Elk-1 DNA binding. The dfferent binding abilitiesof Elk-1 derivatives
between the B and the SRE also suggésat SRF cooperative DNA binding compensate

for the reduced binding ability when these lysine residues were replaced.
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7.3. Ternary complex formation is essential for Elk-1

monoubiquitylation

Replacing any of the Ilysine residues 35/50/52 completely abolishedl Elk
monoubiquitylation Figure 5-3, Figure 5-4 & Figure 5-5), suggesting factors other than
eliminating the ubiquitin acceptor reswlumay contribute to the loss of Elk
monoubiquitylation. Lysine 50 and 52 are located in the major DNA interactexgis Elk

1 (Figure7-1). Replaing these two residues in Elksignificantly reduced ternary complex
formation on the SRE (compare lanes 3 with 7, left p&figlre7-3). To invedgate the role

of DNA binding on Elk1 monoubiquitylation, exogenous Elkderivatives with different

DNA binding properties were examined using the baledubiquitylation assay.
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Figure 7-5 Ternary complex formation is essential for Elkl
monoubiquitylation. Upper panel(IMAC): Whole cell extracts
from HEK293 cells transfected with expression vectors encoding
His-tagged ubiquitin and HAagged Elkl as indicated were
subjected to IMAC undereahaturing conditions. Isolated proteins

were washed, resolved by SIPAGE and analysed by
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immunoblotting with the indicated antibodies. Lower panel
(lysate) Five percent of the whole cell extracts were resolved by
SDSPAGE for analysis by immunoblotting/olecular weights

are indicated on the right in kDa.

The DNA binding defective derivative (DM), unable to interact with bothSR& and E74
binding sites (lane 4, left panekigure 7-3; lane 4, left panelFigure 7-4), was not
monoubiquitylated (lane3, upper pareigure 7-5), indicating DNA bindings required for
Elk-1 monoubiquitylation. Interestingly the SRF binding defective derivg®i), able to
interact with the E74 but unable to form a ternary complex on the SRE (l3eft Banel,
Figure 7-2; lane 5, left panelFigure 7-3), was also not monoubiquitylated (lane 4, upper
panel, Figure 7-5), suggesting ternary complex formation is important for -Elk

monoubiquitylation .

Substitution ofsingle or double lysine residues in the Ed@nain with arginine affected
ternary complex formation and Elk monoubiquitylation differently. Both the K35R and
K70R derivatives pasess aimilar ability to form ternary complexes on the SRE as the wild
type (compare lanes 3 with 6 & 9, left panEigure 7-3). The K35R derivative was not
monoubiquitylated (lane 5, upper pangigure 7-5) whereas the K70R derivative was
monoubiquitylated (lane 8, upper panE€igure 7-5). This inhibition sugests lysine 35 is
important for ubiquitin conjugation, possibly by serving as an ubiguticeptor site.
Surprisingly the K50/52R substitution significantly weakened the ability kflBb form
ternary complex and it was not monoubiquitylated (lane pfeu panel,Figure 7-5),
suggesting strong ternary complex formation is important for this fioation. Moreover

the K59R derivative, unable to form ternary complex, was not monoubiquitylatesl &|
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upper panelFigure 7-5), consistent with the notion that ternary complex formation is

importantfor its monoubiquitylation.
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8. Elk-1 monoubiquitylation is independent of

ERK-mediated phosphorylation

8.1. Elk-1 monoubiquitylation is independent of single/double

phosphorylation sites

Phosphorylation of proteins can create a phosphodegron, which often serves akfarsigna
E3 ligase recognition to mediate ubiquitylati@ang, Janzen el.€2003) Upon proteasomal
inhibition, phosphorylatedElk-1 attained lower mobility in SD®age Figure 5-1),
suggesting phosphorylation of Elk may trigger ubiquitylatiordependent proteasomal
degradation possibly mediated by inducible E3 ligase interactions via a phosphodegron
Furthermore aiminished level b phosphorylated EH coincidedwith co-expression of
ubiquitin (Figure5-2), supporting the notion thgthosphorylatedElk-1 may besubjected to
ubiquitylationdependent proteasomal degradatida investigate thisypothesis, serine or
threonine residues at MAPK consensus sites inlBElkere substituted with alanine either
individually or in pairs to abolish site specific phosphorylat{@ille, Kortenjann et al.
1995) The ubiquitylation sensitivity of the Etk derivatives was examined using the same

cell-based ubiquitylation assay describedrigure5-2.
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Figure 8-1 Elk-1 monoubiquitylation is independent of
single/double phosphorylation site. Upper panels(IMAC):
Whole cell extracts from HEK293 cells transfected with
expression vectors encoding Hagged ubiquitin and HAagged
Elk-1 derivatives as indicated were subjected to IMAC under
denaturing conditions. Isolated proteins were washed, resolved by
SDSPAGE andanalysedby immunoblotting with the indicated
antibodies. Lower panel@ysate) Five percent of the whole cell
extracts were resolved by SEPAGE for immunoblotting. The
aP-Elk antibody targets phospfserine 383 in ElKL. Molecular

weights arandicated on the right in kDa.

Wild type Elk1 and derivatives lacking either a single or double phosptimnylsites were

all phosphorylated at serine 383 (lane$ & 8, fourth panelFigure 81), except for
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383/389A (lane 7, fourth pandtigure 81). Antibodies targeting other phosphorylat&ites

in Elk-1 are not commercially available. Most Hlk derivatives exhibited
monoubiquitylation levels comparable to that of the wild type (lane8, 20p panelFigure
8-1), except for 336A and 368/hich displayed a mild reduction (lanes 3 & 6, top panel,
Figure 81). However as the proteinvels of these two derivatives were low compared to the
wild type (compare lanes 1 with 3 & 6, third & fourth pan€igure8-1), this could explain

the reduction in their monoubiquitylation.

Moreover, phosphorylated Elk was retrieved by IMAC, indicating that Elk can be
simultaneously monoubiquitylated and phosphorylated at serine 388 laBe& 8, second

panel,Figure 81).

Protein ubiquitylation can be triggered by active transcription, whereo@oents of the
transcription machinery facilitate ubiquitylation of transcription actinga@Ghi, Huddleston

et al. 2001) Elk-1 phosphorylation aserine 383/389 correlates with its transactivational
ability. Inhibiting phosphorylation on these residues did not have any effedtson
monoubiquitylation, suggesting EIk transactivatio is not a prerequisite for its

monoubiquitylation (lane 7, top pan€igure 81).

8.2. Elk-1 monoubiquitylation is independent of ERK-mediated

phosphorylation

Inhibition on a single or double phosphorylation did not halt-ZEEllnonoubiquitylation,
possibly due to redundancy of adjacent phosphorylatiégufe 81), therefore multiple
phosphorylation alterations may be required to elicit the potential efiactElkl
monoubiquitylation sensitivity. EM is phosphorylated at multiple sites by the MAPK
family members ERK and JNKGille, Kortenjann et al. 1995; Gille, Strahl et al. 1995;
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Cruzalegui, Cano et al. 1999ependent on two interaction sites in#lkhe Ddomain and

the FXFRmotif. ERK interacts with EIKL via both the D-domain and the FXF#tif (Yang,
Yates et al. 1998; Jacobs, Glossip et al. 199Bgreas JNK binds to Il via the Ddomain

only (Yang, Whitmarsh et al. 1998Flk-1 is also phosphorylated by another MAPK p38,
however its interaction site is currently unknown. To further elucidateffieet of Elk1
phosphorylation on its monoubiquitylation, either a ten amino acid deletion indoenBin
(amino residues 312 to 321) or a double amino acid substitution of F395L/Q396A in the
FXFP-motif was introduced in EH individually or together, aiming to abolish its MAPK
interaction thus multiple phosphorylatio(ghang, Vougier et al. 2010The ubiquitylation

sensitivity of the EIKL derivatives was examined using the-balsed ubiquitylation assay.
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Figure 8-2 Elk-1 monoubiquitylation is independent of ERK-
mediated phosphorylation Upper panel(IMAC): Whole cell
extracts from HEK293 cells transfected with expression vectors
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encoding Higagged ubiquitin and HAagged EIKL derivatives as
indicated were subjected to IMAC under denaturing conditions.
Isolated proteins were washedgsolved by SDHAGE and
analygd by immunoblotting with the indicated antibodies. Lower
panels (lysate) Five percent of the whole cell extracts reve

resolved by SDSAGE andanalysedy immunoblotting.

Elk-1 derivatives lacking either a single or double MAPK binding sitegbeéxé similar
monoubiquitylation sensitivity compared to that of the wild type (top pdfiglre 8-2),
indicating ERK interaction is not required for Elkmonoubiquitylation. EWL specifically
binds to ERK via both the FXFmotif and the Bdomain, where the FXFmotif mediates
phosphorylation at serine 383 and thel@main directs phosphorylation at other s{tesntz,
Jacobs et al. 2001). Deletion of thedbmain slightly reduced Elk phosphorylation at
serine 383,dompardanes 2with 3, third panelfigure8-2) whereas mutation in the FXFP
motif significantly diminished this phosphorylation (compare $a2e&vith4 & 5, third pael,
Figure 8-2), confirming phosphorylation at serine 383 is primarily dependent on the-FXFP
motif. It has been shown that ERK is able to phosphayétleast six sites in Elk
(Cruzalegui, Cano et al. 199%urrently, it is difficult to distinguish E{& phosphorylation
at other sites, however unaffected monoubiquitylation sensitivity bet&lel and Elkl
derivatives that cannot interact with ERK indicates-Elkbiquitylation is indepenaé of

ERK- mediated EIKL phosphorylation.

Elk-1 interacts with JNK only via its fdomain, deleting this interaction site did not abolish
Elk-1 monoubiquitylation, suggesting the observed Ejghosphorylation at serine 383 was

not mediated by JNKMoreover Elkl appeared to be unphosphorylated when the FXFP
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motif was replaced, supporting the notion that JNK was not responsible Ket El

phosphorylation in this experiment.

Previous experiments have ruled out the influence of specific singledoobk
phosphorylation on EH monoubiquitylation Figure 8-1) and this experiment has
eliminated the effect of ERMhteraction and ERKnediated EIKL phosphorylation on its

monoubiquitylation Eigure8-2).
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9. EIlk-1 monoubiquitylation is diminished in

response to ERK activation

9.1. Elk-1 monoubiquitylation is diminished post TPA stimulation

in HelLa cells

Protein ubiquitylationis often governed by extracellular stimao and Karin 2005)To
investigate the fate omonoubiquitylatedElk-1, exogenousElk-1 was examined upon
mitogen stimulatiorof HelLa cells HeLa cells wereo-transfected with expression vectors
encoding Nterminal HAtagged Elkl and Nterminal Histagged ubiquitin. The cells were
treated with TPA at different time intergalo induce EIkL phosphorylatiorand hence
activation, the impact on Elk ubiquitylation was examined using the dmked

ubiquitylation assay as describedrigure5-2.
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Figure 9-1. Elk-1 monoubiquitylation is diminished post TPA
stimulation in HelLa cells HelLa cells were transfected with
expression vectors encoditis-tagged ubiquitin andtHA-tagged
Elk-1 as indicated, beforbeing serum starved for 24 haiand
stimulated with TPA fothe indicatedimes.Upper pane(IMAC):
Whole cell extractérom the céls were subjected to IMAC under
denaturing conditionssoblated proteins were washed, resolved by
SDSPAGE and analysed by immunoblotting Lower paned
(lysate) Five percent of the whole cell extracts were resolved by

SDSPAGE for analysis by immunoblotting.

Under serum starvatioklk-1 monabiquitylation was at its pedkvel (lane 2, uppepanel,
Figure 9-1), whilst the basaElk-1 phosphorylation at serine 38&s low (lane 2, second

panel, Figure 9-1). With TPA stimulation, EIk-1 monaibiquitylation gradually declined
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(lanes 2- 6, upper panekigure9-1), while its phosphorylation was elevated and remained
stable after 12@nins (lane 2 -6, second paneFKigure9-1). Phosphorylation agerine383
corresponds to Eit transactivatior{Gille, Kortenjann et al. 1995Yhis inversecorrelation

of Elk-1 phosphorylation andnonoubiquitylation suggest Elk-1 ectivation, or Elk1
phosphorylation per senay be able talterits interactions with ubiquitin enzymes (either
E3 ligase or deubiquitylase) resulting in the net loss of Elk monoubiquitylation
Alternatively, TPA-induced kinase activatiomay alter the catalytic activities of Elkl
specific ubiquitin enzymesia phosphorylation, resulting in the diminished level of-Elk

monoubiquitylation.

ERK is the bestharacterise#tinase for EIkl andit is activated byphosphorylatiof{Crews,
Alessandrini et al. 1992ERK phosphorylationwas elevated upon TPA stiatation and
gradually declinedfourth panel, Figure 9-1), which does notompletelycorrelate tothe
sustained EWL phosphorylation(compare second panel with fourth pareigure 9-1).
BesidesERK activation, TPA also activatesanother MAPK, JNK, which can in turn
phosphorylateand activatéelk-1 (Soh, Lee et al. 19990 is possible thabther kinases may
be activated by TPA in this experiment dfl#-1 may be phosphorylated by thddeaseslt
is clear that the level of Elk monoubiquitiation is diminished in response to TPA
stimulation in HelLa cellsTo determine which signal pathway was responsibletter
observedoss of EIk-1 monoubiquitylationn the above experimenthd role of ERKwas

examinedn Figure9-2.

117



9.2. The loss of Elk-1 monoubiquitylation is rescued by ERK
inhibition

To examinewhether the loss of Elk monoubiquitylatiorwas causetly ERK-activation an
inhibitor (U0126) was used iahibit specificallythe ERK pathwayaiming toabolishERK-
mediatephosphorylatiorto rescueEIlk-1 monaubiquitylation U0126 is a specific inhibitor
for MEK, the upstream activator for ERKElIk-1 canalso be phosphorylatedy stress
induced MAPKs, JNK and p38. To shdik-1 phosphorylatiotis mainly mediated by ERK,
an inhibitor specific for the38 pathway(SB202190)was useds a negative contrdHelLa
cells were treated witMAPK inhibitors andTPA for an hour, whesignificant loss of EIKL
ubiquitylation was observedugper panel,Figure 9-1). Elk-1 monabiquitylation was

examined using theamecell-basedubiquitylation assay
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Figure 9-2 EIk-1 monoubiquitylation is rescued by ERK
inhibitor post TPA stimulation. Hela cells transfected with
expression vectors encodittis-tagged ubiquitin andtHA-tagged
Elk-1 as indicated were serum starved for 24 hours and treated
with TPA and MAPK inhibitors for one hour as indiedt Upper
panel(IMAC): Whole cell extracts from thosells were subjected

to IMAC under denaturing conditions. Isolated proteins were
washed, resolved by SBFFAGE andanalyseddy immunoblotting.
Lower paned (lysate) Five percent of the whole cell extracts were

resolved by SDEAGE for analysis by immunoblotting.

Under serum starvation, EIk phosphorylabn was minimal and significagt elevated
phosphorylation was observed one hour {Jd%A stimulation (comparelanes 2 with 7,
secondpanel,Figure 9-2), whereaslk-1 monaubiquitylation level was reduced as expected
(compare lanes 2 with 7, top panel, Figure 9-2). Interestingly, thereduction of
monaubiquitylation was rescued by the additionUif126 ¢ompardanes 2 & 7 with 3 &8,

top panelFigure9-2) as Elk1l phosphorylatiomemained at basal levfanes 3& 8, second
panel,Figure9-2), suggesting the reduction of Elkmonaibiquitylation and elevated Elk
phosphorylationwas specificallyfacilitated by ERK Addition of the 88-MAPK inhibitor

did notaffect Elk1l phosphoylation or monoubiquitylationlevel (comparelanes 7 with 9,
top andsecondpanes$, Figure 9-2), eliminating the role of 8 in TPA-induced Elk-1

phosphorylation in HeLa cells
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9.3. Monoubiquitylated Elk-1 is diminished post ERK-mediated

phosphorylation

Loss of Elkl monoubiquitylatiorwas observed following ER#hediated activationRigure
9-1 & Figure 9-2), however it is uncertain how Elk monaibiquitylation wasdiminished.
The decline of mnoubiquitylatedElk-1 could be explained byfour possiblecauses 1)
monoubiquitylated EIKL can bedeubiquitylated triggered byeither EIk-1 activation or
ERK-activated deubiquitylase activitg) Elk-1 can be deubiquitylated constitutively, TPA
stimulation reduces Elk specific E3 ligase activity, resulting in the net loss of-Elk
monoubiquitylation; B the conjugatedibiquitin on Elk-1 can be elongated to generate an
ubiquitin polymerfor proteolysisor 4 monoubiquitylatecElk-1 can be polyubiquitylated at
anotheiysinedifferent fromthe monoubiquitylation site. To understand the basis dbdse
of Elk-1 monabiquitylation posERK-mediatedactivation,an ubiquitin derivative (Ub.KO0)
was used to prevempiolyubiquitin chain formatiorand proteolysis, therefordistinguishing

if the reduction of EIKL monoubiquitylation was due to proteoly§i®ssible causes 3 & 4)
All the lysine residuesn this ubiquitin derivativewere replacedy arginine to prevergelf
conjugation acting as a chain terminatdtlk-1 was ceexpressed with eithahe wild type
(Ub) or the lysineless ubiquitin(Ub.KO0), its monoubiquitylation was examidet different

TPA stimulation intervad using the cetbasedubiquitylation assay.
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Figure 9-3. Monoubiquitylated Elk-1 is deubiquitylated post
TPA-induced ERK-mediated phosphorylation HeLacells were
transfected with expression vectors encoding-teigged EIlk1,
His-tagged ubigitin (Ub) or Histagged lysindess ubiquitin
(Ub.KO0) as indicated, befoteeingserum starved for 24 hauand
treatedwith TPA for times indicatedJpper pane(IMAC): Whole
cell extracts from the cells were subjected to IMAC under
denaturing conditions. ddated proteins were washed, resolved by
SDSPAGE and analysed by immunoblotting. Lower panel
(lysate) Five percent of the whole cell extracts were resolved by

SDSPAGE for analysis by immunoblotting.
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As expected, EHL monabiquitylation declined upon TPA stimulatioflanes 2 -5, top
panel,Figure9-3),in inverse correlation witklk-1 phosphorylatioras previously observed
in Figure 9-1 (lanes2 — 5 secondpanel,Figure 9-3). Interestingly,a similar result was
obtained when wild typeibiquitin (Ub) was replaced with lysinkess ubiquitin (Ub.KO)
(lanes 7 - 10, Figure 9-3). Given that polyubiquitylation wapreventedby Ub.KO, Elk1
monoubiquityation would be retained if it wasormally lost bypolyubiquitylation and
proteolysis following ERKmediated activationMoreover,the monoubiquitylated Eik
retrieved by IMAC consisted dflis-taggedUb.KO which could not be extendetherefore
this resit indicates thamonoubiquitylated EW is not destinedo degradationHowever it
remains uncertain whether the reduction of-Elknonoubiquitylationis caused by the
increased activityof Elk-1 specific deubiquitylas®r by thecombination of the reded

activity of Elk-1 specific E3 ligasand the constitutivElk-1 specificdeubiquiylase activity.

Intriguingly, phosphorylated Elt was stabilizedéh the presence of Ub.K@gmpardanes 3
—5 with 8- 10, secondpanel,Figure9-3), suggesting thelk-1 phosphorylation leads to its
degradation and coinciding with the previous observationthat MG132 stabilizes

phosphoriated Elk1 (compare lanes 2 & 3 with 5 & $econd panekigure5-1).
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10. N-terminal HA tag Influences EIlk-1

monoubiquitylation

10.1. The Ternary complex family member Net is ubiquitylated

Elk-1 was shown to bmonoubiquitylatedothin vitro and in cellgchaptes 4& 5). EIk-1
sharesmany strutural and regulatory similarities witfamily members of the ternary
complex factor(TCF), Sapla and Net(Shawand Saxton 2003; Buchwalter, Gross et al.
2004).1t is conceivablethat Sapla and Nemay also be subjected tanonoubiquitylation.
To investigatethis hypothesisa similar experiment was performed as describe#&igure
5-2. HEK293 cells were ctransfected with expression vect@swmding Nierminal HA-
tagged TCF and Nterminal His-tagged ubiquitin The ubiquitylation sensitivity of

exogenous Net and Sdp-were examined using the same-baled ubiquitylation assay.

In previous experimentElk-1 protein was generatedrom the pcDNA3.HA expression
vector, which contains the T7 promoter farvitro protein expressioiichapter4) and the
CMV promoter forexogenougprotein expression in mammalian cdlibaptes 5, 7, 8% 9).
Saplaand Net were expressed from a different ve@@@MV5.HA, whichutilizesthe same
CMV promoter to mediate protein expression in mammalian ¢eltdacksthe T7 promoter
To ensure consistencklk-1 was also expressed from the pCMV5.HActor All TCF

proteinscontainan Nterminal HAtag.
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Figure 10-1Sap-1 and Net are ubiquitylatedin HEK293 cells
Upper panelIMAC): Whole cell extracts from HEK293 cells
transfected with expression vectors encodingteldgedTCFs
and Histagged ubiquitin as indicated were subjected to IMAC
under denaturing conditions. Isolated pnateiwere washed,
resolved by SDAGE andanalysedoy immunoblotting with
the indicatedantibodies. Lower pare(lysate) Five percent of
the whole ck extracts were resolved by SEEAGE for
analysis by immunobldttg. The aactin immunoblot was

previously used for aHA immunoblotting.

The 453 amino acid Sdlm appearedas two species with molecular weightof
approximately 65and 62kDa (lane 3, second pandkigure 10-1). The lowermolecular

weight species wasore alindantthan the higher specie#. is uncertainwhy Sapla
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appeared asvo specieshowever he Nterminal HAtagon Sap-laliminates the possibility
of internal transcription initiation. It may havearisen from premature termination of
transcription or postranslationaimodification of Sagla protein Ubiquitylated proteirwas
retrieved by IMAC andlocatedat 80 kDa(lane 3, top panekigure10-1). Theapproximate
20 kDamolecular weight increasadicates gossibleattachment ofwo ubiqutins to Sap
la. Thelevel of the retrievedubiquitylated proteirwas low andproteins with similar size
were retrieved in all other lanes (lanes 1, 2 & 4, top pdfighire 10-1). Without an
appropriate agative controllan experiment without exogenous expression of )T@Hs

difficult to verify the retrieved ubiquitylated species represent utyiguéd Sapla.

The 409 amino acitletalsoappeareds a duplexvith molecular weigtd of 54 and 5XDa
respectively(lane 4, second panedfigure 10-1). The abundancef the two species was
similar. Ubiquitylated Netappeaedin a smear from 56 kDa to 130 kDa, indicatMegt was

ubiquitylatedwith differentubiquitinmoieties(lane 4, top paneFigure 101).

Elk-1 wasmonoubiquiylated as previouslgbservedn Figure5-2 (lane 2, top panekigure
10-1). Surprisinglythe K35R derivative was also monoubidgtylated (lane 1, top panel,
Figure 10-1), which contradictshe previous observatien(Figure 5-5 & Figure7-5). Elk-1
was generatedrom a different expression vectan this experiment compared tie
previous experimentsThis prompéd the investigation othe difference between the two
HA-tag Elkl proteirs expressed fromeither pcDNA3.HA or pCMV5.HA on their

monoubiquitylation.

10.2. N-terminal HA tag influences Elk-1 monoubiquitylation

The coding sequercof the Nterminal HA tag wagrafteddifferently to Elkl in the two

expression vectorgesulting ina different linker regior{Figure 10-2). It appeared thathe
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two HA-tagged Elk-1 lacking lysine 35exhibit distinct monaubiquitylation sensitivity
(Figure 5-5, Figure 7-5 & Figure 10-1). To confirm this observation, igher HA-tagged or
untagged Elk-1 derivatives were examined in HEK293 cells using ttell-based

ubiquitylation assay.

pcDNA3.HA.Elk-1 HA Tag -Ser-Leu-Gly-Ser- Elk-1
pCMV5.HA Elk-1 HA Tag -Glu-Phe-Arg-Ser-Thr- Elk-1
pCMV5.Elk-1 Elk-1

Figure 10-2 Schematic representation ofa different linker

region between the HAtag and Elk-1.
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Figure 10-3 Niterminal HA-tag in Elk-1 derivatives alter

their monoubiquitylation sensitivity. Upper panel(IMAC):
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Whole cell extracts from HEK293 cells transfected with
expression vectors encoding HAgged TCF and Histagged
ubiquitin as indicated were subjected to IMAC under denaturing
conditions. Islated proteins were washed, resal by SDS
PAGE andanalysedby immunoblotting withthe indicated
antibodies. Lower parng(lysate) Five percent of the whole cell
extracts were resolved by SHRGE for analysis by

immunobloting.

Wild type Elk1l expressed from the pcDNA3.HA vector wasnoubiquitylated, whereas
the K35R derivative from the same vectowas not monoubiquitylated as previously
obseved inFigure5-5 & Figure7-5 (lanes 2 & 3, upper panelrigure 10-3). Although the
K35R derivative protein level wasglatively low compared tthat ofthe wild type(compare
lanes2 with 3, second panekigure 10-3), previous experiments have clearly demonstrated
the loss of monoubiquitylation was caused by the replacement of lysine 35 in ttégéd

Elk-1 derivativestigure5-5 & Figure7-5).

Both wild type and the K35R derivative expressed from the pCMV5.HA vector were
monoubiquitylatedas obesrved ifrigure10-1 (lanest & 5, upper paneligure 10-3). The
monoubiquitylation level of the wild typavas slightly lower than that of the K35R
derivative(compare lanes 4 with 5, upper park@gure10-3). Similar to this, untagged Elk

1 expressed from the pCMV5 vectexhibited a lowe monoubquitylation levelthat
increased significantly with the K35R substituti@omparelanes 6 with 7, upper panel,

Figurel10-3).
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The only differencebetween the two Merminal taggd HA-tagged EIkL is the linker
connedng the HA tag and EW protein. It is not certaiwhy differentlinker contributeso
the differet monoubiquitylation sensitivityThe HA tagis attached to the #&rminus and
different linkers may position the HA tag differenthev@ral lysine residues in Elk (K35,
K50, K52, K70, K75 & K84) arelocatal close to the Nerminus Figure7-1). It is possible
that the Nterminal linked HA tagcan maskthe ubiquitin acceptorresidue therefore

influencingEIlk-1 monoubiquitylation.

Elk-1 monaubiquitylationis dependenbn ternary complex formaticst the SRE(Figure7-5
& Figure10-6), therefore this modificatiomustbe carried out in the nucleusloweer the
linker region does not contain any obvious nuclear |catadis or export signa.
Nevertheless the above experiments have clearly demongtiatiedt monoubiaitylation
sensitivity between thievo N-terminal HAtagged EIkL derivative expressed from different

vectors.

10.3. Confirmation of the reduction of Elk-1 monoubiquitylation

post ERK activation

Untagged EIKL is physiologically relevant oenpared to those with an immutag
attachment.Elk-1 was genmted from the pcDNA3.HAexpression vector inrpvious
experimentsand itsN-terminalHA taginfluences its monoubiquitylation sensitivityFigure
10-3). To verify the previous obsemtion that EIkl monoubjuitylation isdiminished post
ERK-mediatedactivation, exogemus untagged E{t was examined usinthe same cell
based ubiquitylon assay. The experiment was performedessibed irFigure9-3, except

for the replacemnt of theElk-1 expression vector from pcDNA3.HA.EIk with pCMV5.Elk.
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Figure 104 Verification of the reduction of Elk-1
monoubiquitylation post ERK-mediated phosphorylation
HelLa cells were transfected with expression vectors encoding
untagged EIKL, Histagged ubigitin (Ub) or Histagged lysine
less ubiquitin (Ub.KQ) as indicated, before serum starved for 24
hours and treated with TPA fane times indicated. Upper panel
(IMAC): Whole cell extracts from the cells were subjected to
IMAC under denaturing conditits. Isolated proteins were washed
resolved by SD$AGE andanalysedby immunoblotting. Lower
panels (lysate) Five percent of the whole cell extracts were

resolved by SDEAGE for analysis by immunoblotting.

UntaggedElk-1 expressed from the pCMV5 vector exhibited weaker monoubiquitylation

level compared to those expressed from either the pcDNA3.H&A®pPCMV5 vectors
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(compare lanes 6 with & 4, upper panelFigure 10-3), which renders it harder to detect.
Despite this downside reasonable level of untagged Hlknonoubiquitylation can still be
detected (lane 2, top panéligure 10-4). Elk-1 monoubiquitylation was diminished upon
mitogen stimulation with inverse correlation to ERi€diated phosphorylation (lanes 3,
top and second panelsigure 10-4), consistent withthe previous observation iRigure9-1.
Moreover thelevel of Elk1l monabiquitylationwasreduced in the presence of Ub.KO upon
TPA stimulation (lang 6 - 10,top panel,Figure 10-4), againconsistent with the idethat
monoubiquitylatedElk-1 is not destined to degradatidiollowing TPA stimulation as

previously observed-{gure9-3).

10.4. Mapping of untagged Elk-1 monoubiquitylation site

Distinct monoubiquiylation sensitivity was observedn the K35R derivative with the
differently attachedN-terminal HA tag (Figure 10-4), suggesting lysine 35 is not the
ubiquitin acceptor site in untagged HIkTo map thébona fide ubiquitin acceptor, he same
approachto Figure 5-3 was used. lysine residues were replaced with arginine residues in
combination, aiming to abolish Elk monoubiquitylationby eliminating the ubiquitin
acceptorresidue The monoubiquitylatiorsensitivity of Elkl defvatives was examined
using the celbasedubiquitylation assay. HEK293 cells were initially usadhe previous
mapping experiments because of theigh transfection efficiencychapter5.3) however
Elk-1 was constitutively active in HEK293 cells. Functional studies of laterriexpes
were performed using Heleells (chapte®), in which Elk1 activation can be manipulated.
To ensure consistency, HelLa cells rereused instead of HEK293 cells in the following

mapping experiments.
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Figure 10-5 Verification of Elk-1 monoubiquitylated in the
ETS-domain. Upper panelWhole cell extracts from &La cells
transfected with expression vectors encodingagged EIKL
derivativesandHis-tagged ubiquitiras indicatedvere subjected to
IMAC under denaturing conditionsdlated proteins were washed,
resolved by SDSAGE andanalysedy immunoblotting withthe
indicated antibodied_ower paned: Five percent of the whole cell
extracts were resolved by SBR\GE for analgis by

immunoblotting.

The protein levels oElk-1 derivatives were differentin HelLa cells(lanes 2— 5, second
panel,Figure 10-5), compared to those HEK293 cells (chapter5.3) TheNTR8 derivative
protein level was slightNower compared to the wild typgcompare lanes 2 with 4, second
panel,Figure 10-5), whereas the R10 derivative protein level welatively high(compare
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lanes2 with 5, second panekigure 10-5). Qhe obvious explanatiofor this observation
would be that lysine substitutions remowaedolyubiquitylation site important for proteolysis
however therotein level of the R18 derivatitacking all lysine residuesas comparablto

the wild type It is uncertain whyhese twdelk-1 derivatives exhibit different protein levels.

Wild type Elk-1 wasweakly monoubiquitylatedas previously observed Figure10-3(lane
2, top panel,Figure 10-5), whereaghe R18 derivativewas notmonoubiquitylatedlane 3
top panel Figure10-5). The R10derivative containingonly the lysine residues in the ETS
domain was stronglymonoubiquitylatedcompared to the wild typ@ompardanes 2 with §
top panel,Figure 10-5), suggestinghe accepor site is situated in the EF®main.lt is
worth noting that the protein level of the R10 derivative was relathigly (compare lanes 2
with 5, second panekigure 10-5 which could contributes to the stronger level of-Elk
monoubiquitylation. Replacing all thdysine residue in the ETSlomain in the NTR8
derivative completely abolished monoubiquitylatioflane 4, top panel, Figure 10-5),

consistent with thaotion thatElk-1 is monoubiquitylated within the ETS-domain.

10.5. Untagged Elk-1 monoubiquitylation is dependent on ternary

complex formation.

To verify EIk-1 monoubiquitylations dependent on ternary complex formatiarsimilar
approach was usex$ desgbed inFigure7-5. Double amino acid mutations were introduced
into Elk-1, aiming to inhibit its interactions with tIf&RE andhence inhibit ternary complex
formation.The DNA binding (DM) and the SRF bindi{§M) defective derivative contains
the double mutations of R65A/Y66F and L158P/Y159A respectiveRheir

monoubiquitylation sensitivity was examined usingdbk-basedubiquitylation assay.
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Figure 10-6 \erification of Elk-1 monoubiquitylation is
dependent on ternary complex formationUpper pane{IMAC):
Whole cell extracts from HelLa cells transfected with expression
vectors encoding HAagged EIkL derivatives and Histagged
ubiquitin as indicated were subjected to IMAC under denaturing
conditions. solated proteins were washed, resolved by-BBSE

and analysedby immunoblotting withthe indicated antibodies
Lower panet (lysate) Five percent of the whole cell extracts were
resolved by SDEPAGE for analysis by immunoblaty. DM and

SM represent DNA and SRF binding defective derivative

respectively.

Replacing critical DNAbinding residues in EWL abolished itsnonaubiquitylation (lane 3
upper panel, Figure 10-6), indicating that DNA binding is essential for EIK
monoubiquitylation. Inhibitingternary complex formatiooy abolishing SRF interaction
also inhibited EIkL monoubiquitylationllane 4, upper panekigure 10-6), consistent with
the previous observationthat ternary complex formation is critical for Elk
monoubiquitylation Figure 7-5). Although the Nterminal HAtag influences the acceptor
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site for Elkl monoubiquitylation, it does nappear toaffect the regulatiorand other

determinants of this modification.
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11. Discussion

MAPK signallingpathways relagxtracellularsignalsto thenucleuswhereternary complex
factors(TCFs)areamongtheir primary nucleatarges. The ternary complex factd@lk-1 is
subjected to severagdostiranslational modificationsElk-1 phosphorylatiorpotentiate its
transactivational abilit{Gille, Sharrocks et al. 1992; Janknecht, Ernst et al. 1993; Marais,
Wynne et al. 1993; Gille, Kortenjann et al. 1995), whereas sumoylajasses ifYang,
Jaffray et al. 2003; Yang and Sharrocks 2004). It has also been shown tHatisElk
ubiquitylatedin vitro (Fuchs, Xie et al. 1997howeverlittle work has been done on Elk

ubiquitylation.

This thesis haprovidedsomeinsights intoElk-1 ubiquitylation Several éaures ofthe Elk-

1 specificE3 ligaseshavebeen revealed. has also demonstrated that Blkcan beeither
monoubiquitylatedor polyubiquitylated, where ternary complex formation at the $RE
important for monoubiquitylion. A strongly monoubiquitylated Elk derivative was
shown to exhibit reduced capability transactivate gene expression at the SRE. Furthermore
monoubiquitylatecElk-1 is diminished,triggered byERK-mediated phosphorylation, hence
activation. By investigating the regulation and function of EIk monoubiquitylation a
clearer understandingan bedrawn for Elkl mediated transcription, hereby providing a

paradigm for signainduced gene expression control.

11.1. Is Elk-1 ubiquitylated by multiple E3 ligases?

E3 ligases play a pivotal role in ubiquitylation by selecting substr&@digase activity

specific for Elkl polyubiquitylationwas detected in both HEK293 whole cell extsaotd
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HelLa cytosolic extrastin vitro (Figure 4-1 & Figure 4-3). Although the E3 ligass)
responddle for this modificationremainsunknown some features of Elk specific E3
ligase(s) have been revealed. Cullin RING Liga§#RL(S comprise the largegroup of E3
ligases and neddylatiais required for their activitf{Podust, Brownell et aR000; Read,
Brownell et al. 2000; Wu, Chen et al. 200@)hibition of neddylation by DN Ubc12
significantly reduced EH polyubguitylationin vitro (Figure 4-7), indicating that at least
one E3 ligase specific for Elk polyubiquitylation is a CRL. A single substrate can be
targeted by multiple ligases, as exemplified by the case of p53 (Brooks and Guaad06)
different ligases often facilitate distinct ubiquitin attachmentsfédrdint acceptor sites. Elk

1 monoubiquitylation levels remained unchanged in the presence of DN Ubglged-7),
suggesting that E{& monoubiquitylation is facilitated by an E3 ligase other thafRh.M
addition, chromatographic separationHdéLa cytosolic extract revealdfat the size of a
Elk-1 specific E3 ligase ispproximately between 29 and 50 kiFdgure4-4 & Figure4-5),
which is too small fora CRL that typically consistof a cullin 776a.a.), a RING~108
a.a.), an adaptor~{63a.a.) and substrate recognition unit (430 to >1000 a.a.) with an
approximatesize of >200kD4dZheng, Schulman et al. 2002)his isconsistent with the idea
that Elkl mono and polyubiquitylation are facilitated by different E3 ligade3 ligases for
the same substrate can be situated in distinct subcellular IsdtGpexample ireither the
cytosol or the nucleugKamura, Hara et al. 2004From the aboveobservations,tiis
conceivable that EM is regulated by mitiple E3 ligaseswhere Elkl ubiquitylationis

mediated by a CRIn the nucleus and n E3ligaseother than a CRL, in the cytosol.
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11.2. Patterns of EIk-1 ubiquitylation

11.2.1. Elk-1 polyubiquitylation
Elk-1 was monoubiquitylated and polyubiquitylatdzbth in vitro (Chapter4) and in cells
(Chapter 5. Polyubiquitylatedelk-1 appearecit ~300 kDa in vitro (Figure4-1, Figure 4-3,
Figure 4-4, Figure 4-5 & Figure 4-7), indicatingan attachment of around 30 units of
ubiquitins (Elk-1 and ubiquitin are 6XDa and 8kDa respectively)in contrast, Elkl
polyubiquitylationappeared asmear from 72 kDa to > 300 kDa in HEK293 ceHfsg(ire
5-1). The cause of this differembservationof Elk-1 polyubiquitylationis uncertain.
Ubiquitylation is a continuous process in cells, which could be reversed by dénbisgs
(Komander, Clague et al. 2009he addition of ubiquitin enzymes in thevitro assaymay
shift the balance between ubiquiiibn and deubiquitylatiorMoreover loth processesare
tightly regulated by extracellular stimuli, for examptgtokineinduced phosphorylatioof
the deubiquitinase CYLDinhibits its activity (Reiley, Zhang et al. 2005)whereas
phosphorylation of the E3 ligase Itch by JNK actigats activity in cells under stress
stimuli (Gallagher, Gao et al. 2006}lonoubiquitylated EIKL is deubiquitylated following
mitogeninduced activation Higure 9-3 & Figure 10-4), suggestingan Elk-1 specific
deubiquitinases(s) is also regulated by extracellular stimuli. In the abseappropriate
stimuli, the balaned activity between E3 ligases and deubiquitinases could be inclined

toward to one side.

Ubiquitin canbe selfconjugatedvia any of ts seven lysine residues to form ubiquitin
polymers with distinct linkagewhich confer different activitieso the attached proteinK.
has been shown thatnainimal chain offour ubiquitirs via lysine 48 is sufficient to induce
proteasomanediated proteolysis (Thrower, Hoffman et al. 2000) wheeas
polyubiquitylation via lysine 63 linkage can lead to no#proteolytic functions, such as
protein complex assemblgHofmann and Pickart 1999; Deng, Wang et al. 200®)e
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linkage of the observed ubiquitin polymam Elk-1 is unknown.To unequivocally define the
role of EIk-1 polyubiquitylation, the linkage dlk-1 polyubiquitylationmust be identified
Currently, several techniques can be employed to study ubiquitin chaindi¥all, Wang
et al. 2005)Mass spectrometry has served as a powerful tool to invedtigatgbiquitome’,
i.e. linkage specificity of thdotal ubiquitylated protein populatiofifeng, Schwartz et al.
2003; Xu, Duong et al. 2009ps well as linkagespecificity of individual proteins.For
example, his technique has revealatatlysine 48 and lysine29-linked polyubiquitylation
by the HECT-domain ligasé&KIAA10 (Wang, Cheng et al. 200@ndthe lysine6 linkage by
the RING-domain ligase BRCAIXNishikawa, Ooka et al. 2004). In addition, ubiquitin
derivatives with lysine toarginine substitutioshavealso been used to providesights into
lysine 63-linked polyubiquitylation in IKK activation(Deng, Wang et al. 2000and
LUBAC-mediated linear ubiquitin chaifKirisako, Kamei et al. 2006)Recently, linkge-
specific antibodies against lysine-48/sine 63-linked and linear biquitin polymer have
been developed (Newton, Matsumoto et al. 2008; Wang, Matsuzawa et al. 2008; Tokunaga,
Sakata et al. 2009)Although linkage specificity for EH polyubiquitylation remained
undefined, phosphorylated Elk was stabilized when th26S proteasome was inhibited
(Figure 5-1), suggestingat least oneole of Elkl polyubiquitylation is to direct Eit for

destruction.

11.2.2. Elk-1 monoubiquitylation
Elk-1 wasconjugated with a single ubiquitin vitro (Figure4-7) andin both HEK293 and
Hela cells(Figure5-2, Figure9-1 & Figure10-3). Albeit up to thre ubiquitin attachments
can bedetectedn these cells, El wasconjugated predominantly with a single ubiquitin
(Figure 5-3, Figure 5-4 & Figure 5-5). E3 ligase activity specific forElk-1

monoubiquitylation was detected in HEK293 whole cell extrattgtro (Figure 4-7), but
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not in HeLacytosolic extract (Figure4-3), suggesting the E3 ligaser this nodificationis
locatedin the nucleusThis was later verified by another member of the gr@lipgen
Handwerger)where E3 ligase activity specific for Elkmonoubiquitylation was detected in
HelLa nuclear extractgsing thein vitro assay Moreover ternary complex formatioris
important for EIk-1 monoubiquitylation in both HEK293 and Hela cellgure 7-5 &
Figure 10-6), consistent with the notion that the E3 ligase specific for EW

monoubiquitylation is located in the nucleus.

11.3. Elk-1 monoubiquitylation acceptor site

To investigate the role of Elk monoubiquitylation, the ubiquitin acceptor site must be
identified. An initial attemptindicated that threaminaterminal lysines 35, 50 and 52re
critical for this modificationof HA-tagged Elkl expressed from the pcDNA3.HA vector
(Figure 5-5). This requiremenif all threelysines for Elk-1 maoubiquitylation cannobe
explainedsimply by the elimination of the ubiquitin acceptoresidues These three lysine
residues aréocated in theeTS-domain Figure 7-1), wherelysine 35 lies in the B2 strand
and lysinesb0/2 lie in the loop between the a2 and the a3 helices.Eachof thoseresidues
contribute toternary complex formation athe SREto different extens (Figure 7-3).
Replacing lysine 3%with argininehad little effect on ternary complex formati@figure7-3),
whereasreplacing lysine 50 and 52 reduce complex formation by-50%. t was later
shown that ternary complex formation importantfor Elk-1 monoubiquitylation Kigure
7-5), which provides an explanation for the absolute requiremeait thfree lysine for Elk-

1 monoubiquitylation For the HA-tagged EIkL expressed from the pcDNAS3.HA verto
replacement oboth lysines 50 and 52 inhibited E#& monoubiquitylation by disruptinigs
ternary complex formatio(Figure5-5), whereas the replacement of lysBteeliminated he

ubiquitin acceptor sitef this HA-tagged EIk-1.
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Elk-1 is a member of the ternary complex factor family and lysine ®nserved among
family membes, Sapla and Net, which led to the investigatiorwdfether the samlgsine
also servesas an ubiquitin acceptor sitein these two ternary complex factor& pilot
experiment to examine if Sd@a and Net are ubiquitylated in HEK293 celég(re 10-1)
revealed that HAagged EIkl with a different linker expressed from the pCMV5.HA vector
exhibits different monoubiquitylation sensitivityn this case, replacing lysine 35 did not
abolish Elkl monoubiquitylation, indicating that ubiquitin is not conjugated to lysinef35
the HA-tagged EIkL expressed from the pCMV5.HA vector, inconsistent whiaprevious
observation thalysine 35is the monoubiquitylation site in the H&gged EIklL expressed
from the pcDNA3.HA vecto(Figure5-5, Figure10-1 & Figure 10-3). Moreover, the K35R
derivative expressed from the pCMV5.HA vector appeared to be monoubiquitylated
strongly compared to the wild tymndthe same effect was also obserweith untagged

Elk-1.

The onlydifference betweethe two HAtagged EIKL is the linker connecting the HA tag
Elk-1 (Figure 10-2). Both linkers do not contailamino acidresidueswhich mayhave an
obvious influence on ubiquitylation or protein subcellular location, such as groups of
positivechargedlysine and argininer patterns of hydrophobic residues that are normally
found in a nuclear localisation or an export siglkrebre it is unlikely thathe residues in
these two linkers affect ubiquitylation directty through restriction of subcelluar location
However the linkes may affect EIkL monoubiquitylation indirectly by determinintpe
spatialposition of the HA tagThe location ofysine 35in the 2 strand is close to the N-
terminal HA tag, so it is possible théte different linkers could position the HA tag
differenty, in turn restrictng the availability ofdifferentlysine residuesndresulting in a
changen the preference otheacceptor site foEIk-1 monoubiquitylationLysines 35, 7530

and 84arelocatedin proximity (Figure11-1), wherethe side chains dysines 35, 80 and 84

140



are all equally accessiblieut notthe side chain dfysine 75 which is hidden inside the ETS
domain.Restricted accessibilityf one ubiquitin acceptor may lead to increased modification

of otherlysines.

Figure 11-1 ETS/DNA binding. The 2.1A crystal structure of the
ETSdomain of EIkl bound to the E74 doubstranded
oligonucleotides(Mo, Vaessen et al. 20Q0)The image was
generated using the Cn3D software (NCBI). The Ho8ain is in
light grey.lysines 35, 75, 80 and 84 are in yellow. The E74 duplex
is in purple anddark blue. Carbon, oxygen and nitrogen atom are

in light grey, red and light blue respectively

To avoid the unexpected side effect of theehininal HA tag on ElKL monoubiquitylation,
untagged EIKL was used for the mapping félk-1 monoubiquitylatioracceptoresidueand
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other experiments assessing changes inlEkonoubiquitylation Consistent with the HA
tagged EIk1, ubiquitin wasshown to be attached to the E@&main Figurel10-5), however

the exact ubiquitin acceptor residstél remainsto be identified.

The replaceménof lysine residues with arginine in the E@i8main affectsboth Elk-1
monoubiquitylation Figure 5-5 & Figure 7-5) andternary complex formation ahe SRE
(Figure 7-3). Ternary complex formation was shown to be essential for-1Elk
monoubiquitylation Figure 7-5), therefore it isdifficult to demonstrate unequivocaltye
role of lysine residueas ubiquitin acceptor using Elk derivatives with lysine to arginine
substitutions. Mss spectrometry would provide atlternative approach to laate the
ubiquitin acceptor site, with which Elk can be examimkewithout alteration of lysine

residues.

11.4. Regulation and function of Elk-1 monoubiquitylation

Phosphorylation triggers Elk transactivatiorof SREdepemlent transcriptior(Janknecht,
Ernst et al. 1993; Marais, Wynne et al. 1993; Gille, Kortenjann et al. 1995; Yang, Shbre et
1999) Elk-1 was monoubiquitylated in serestarved HelLa cells, inversely correlating with
its phosphorylationKigure 9-1), indicatingthat Elk-1 is monoubiquitylated when it is not
transcriptionally active. Interestingly, Elk monoubiquitylation was found to be dependent
on its ability to form ternary complegdFigure7-5), suggesting El. monaubiquitylation is

carried out athe SREyethas anegativerole in transcriptioal regulation.

The K35R derivative expressed from the pCMV5.HA vector exhibits stronge
monoubiquitylation level compared to the wild type. Luciferase reporter gene data
demonstrated that this K35R derivative exhibiisdominant negative effect on SRE

dependent transctipn, similar to the transcriptionally defective derivative S383/389A
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(Figure6-1 & Figure6-2), indicating Elkl monoubiquitylation reduces its transactivational
ability, in agreement with the observatitmt Elk1l is monobiquitylated when it is not
transcriptionally activeMoreover the dominantegative effect on SRiduction indicates

that monoubiquitylated Elk-1 must be able to bind to the SRE.

The level of Elkl monoubiquitylation was diminished upon mitogen stimulation in HelLa
cells, coincidingwith the increase of its phosphorylatidfigure 9-1). The addition of the
MEK inhibitor U0126 to inhibit the ERK/MAPKbathway clearly demonstrated tllais Elk-

1 phosphorylation was mediated bERK (Figure 9-2). Although reduction of
monoubiquitylation was observeitiwas not completely abolishgihdicating thatelk-1 can

be simultaneously monoubiquitylated and phosphorylated, supported by theatibaahat

phosphorylated EIR-was retrieved by IMAC against ubiquitiRigure 8-1).

Using lysineless ubiquitin topreventubiquitin self conjugation, monoubiquitylated Elk
was shown not to be destined to degradafimiowing ERK activation (Figure 9-3).
However the causef the reduction of EWL monoubiquitylation remains elusiv®ne
possible answer is that Elkis deubiquitylated post ERKiedicated phosphorylation, hence
activation. Alternatively, monoubiquitylated E{t may be deubiquitylated constitutively.
Activation of ERK may inhibit EIKL specific E3 ligase activity, resulting in the net
reduction of ElIkl monoubiquitylationAlthough it is widely reported that phosphorylation
can create a binding surface (phosphodegron) for E3 ligase réondBiheaff, Groudine et
al. 1997; Verma, Annan et al. 1997), phosphorylatimuced interactionswith
deubiquitirases have not been reportedlheoretically Elkl specific deubiquitinasecould
be recruitedn this manner. Alternatively, Elk phosphorylatiomaninduce deubiquitylation
indirectly. Elkk1l phosphorylation correlated to its transactivation, resulting in the reentitm
of transcription mediators and the general transcription machinery. Itepagted that the

transcriptionmediator Med&anrecruit an E3 ligase to the transcription comp(Brower,

143



Sato et al. 2002)again the same mechsm may be utilised by deubiquitinasegpon
stimulation, ERK is recruited to the SRy Elk-1 to phosphorylate other proteins time
vicinity (Zhang, Li et al. 2008). Activity of many ubiquitin enzymes vei®wn to be
regulated by phosphorylatiofBarcevic, Mawson et al. 2002; Ichimura, Yamamura et al.
2005; Gallagher, Gao et al. 2006)here is an indication that onoubiquitylated and
phosphorylatedElk-1 is located atthe SRE,therefore ERK may also regulate Elk
deubiquitylation bymediating ubiquitin enzyme phosphorylation, thereby iliog another
possible regulatory dimensiomNevertheless, the intertwined relationship betweenlEIk

monoubiquitylation and ERK-ediated phosphorylation remaitzsbe explored.

11.5. The cycle of Elk-1 monoubiquitylation

To summarisea model for EIkL monoubiquitylation cyclés proposedRigure11-2). In un
stimulated cells, EW is either monoubiquitylated at the SRBr unmodified The
monoubiquitylated EWL is transcriptionally inactive and situated at the SREingafor an
appropriate signal to activate transcriptiorpod mitogen stimulation, monoubiquitylated
Elk-1 is phosphorylatedby ERK, but Elkl remains transcriptiongll inactive.
Phosphorylation of monoubiquitylated Elk then triggers the recruitment ofa
deubiquitinase either directly or indirectly to remove its ubiquitin conjugatitime
phosphorylated EHW becomes transcriptionally active to mediate Siiiction.
Alternatively, transcriptional inactive Etk conjugated with both ubiquitin and phosphate at
the SREcan be replaced by phosphorylated-Elkinally, phosphorylated Eik is either
polyubiquitylated for destruction or dephosphorylatied recycle for a ew round of

transcription
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Figure 11-2A proposed model for Elk1 monoubiquitylation

cycleat the SRE For clarity reasons, multiple phosphorylati@ts
Elk-1 and ERKarepresented as on€he SRF dimer in the ternary

complexis omitted

11.6. Experimental limitations

The addition of the EAhctivatingenzyme Ubel and the Ednjugatingenzyme Ubc5Hc
enhanced EM ubiquitylation in then vitro assay Figure4-1, Figure4-3 & Figure4-5) but
providing purified components limits ubiquitylation to those faatiéitl by this particular set
of ubiquitin enzymes. E2 conjugating enzymes facilitate ubiquitylation playtlgelecting
their interacting partners, i.e. E1 activating enzymes and E3 ligakesET activating
enzymes select the appropriate protein modifigrile the E3 ligases determine substrate
targets.Ubel specifically activates ubiquitin protein and transfers activabequitin to
numerous ubiquitin E2 enzymes, but does not mediate the transfer of udik@ipnoteins

(Groettrup, Pelzer et al. 2008)bel was the only known E1 activating enzyme at the time
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of the experimentsanother E1 activating enzyme (Uba6) was later ident{fled Li et al.
2007; Pelzer, Kassner et al. 2007). The two E1 activating enzymes cooperatelyih on
partially overlapping pool of E2 conjugating enzymes, neverthdldssl was able to
transfer activatedbiquitin to UbcH5cUbcH5c belongs to the UbcH5 family and members
of this family are able to interact with a wide range of E3 ligases, ingumith HECTF and
RING-domain E3 ligases (Jensen, Bates et al. 1995; Hatakeyama, Jensen et al. 1897; Lori
Jengn et al. 1999; Brzovic, Lissounov et al. 2006; Kirkpatrick, Hathawagl.e2006)
Nevertheless the limited observation of the whole spectrum ol Eilkiquitylation would

inevitably restrict the identification of the Elkspecific E3(Ss).

All experiments in this study were performed with eithepnglginant or exogenousgqieins.
Recombinant proteins used in chapfewere generated usingpe TNT Quick Coupled
Transcription/Translation System. This system utilizes the transéhtioachinery of rabbit
reticulocytelysate (immature red blood celldpr protein synthesis using mesger RNA
transcribedby the T7 or T3 RNA polymerase as tenplate Protein activities are often
governed by extracellular stimuli via PTMs. Although this system @#equick way for
protein synthesis, recombinant proteins may nanbdifiedwith PTMswithout appropriate
signals,relevant to thosghysiologically Furthermore enzymes responsible for such PTMs

may not beresent in the rabbit reticulocytes.

For all celtbased assay Elk-1 derivatives were expressed ectopicallhe use of
exogenousroteirs can increasehe level of a particular protein in celland also allows
alteration of the recombinant proteirmich as an addition of immutey or mutations in
proteins.It is not clear how elevatedexpression ofa protein would affect its activityr
stability. In initial experimend, Elk-1 derivatives exmssed from the pcDNA3.HA and the
pCMV5.HA vectors contain an trminal HAtag for immunoblotting, which was later

demonstratedo conferan artificial effecton monoubiquitylation sensitivity, possibly by
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altering theposition of themonoubiquitylationacceptor site. The results with Hiagged
Elk-1 derivatives were later verified using untagged-Eldterivatives(Figure 10-4, Figure

10-5& Figure10-6).

11.7. Conclusionand future work

This thesis has clearlgemonstrated that monoubiquitylated Hlks reducedfollowing
ERK-mediated phosphorylatiofrigure 10-4), the importance of ternary complex formation
on Elk-1 monoubiquitylation Eigure10-6), and that the monoubiquitylation acceptor site is
located in the ETS®omain Figure 10-5). Although the reporter gene datvealedthat the
strongly monoubiquitylated HAagged EIk1 derivative displays a reduced ability for
transactivation Kigure 6-1 & Figure 6-2), there is no direct evidendkat this reduction is
caused by monoubiquitylation. In order to confirm this, the ubiquitin acceptor of the
untagged EIKL has to be identified and mutated to gatean EIKL monoubiquitylation
defective derivative. In additionan Elk-1 fusion derivative with a single ubiquitin
attachmentvia peptide linkagewould provide a useful tool to examine the role of
monoubiquitylation orElk-1 DNA binding andtranscriptional ability An Elk-1 derivative
with a single ubiquitifused athe Gterminus generated previous experiments was highly
unstalbe in cells (Sam Shelton)As Elk-1 is monoubiquitylatedvithin the ETSdomainin
cells it is possible that fusingnaubiquitin at the Nerminus maynot render itunstable.
Finally, to demonstrataunequivocally the role of Elt monoubiquitylation, experiments
have to be performed with endogenous-Elto ensurehe physiological relgance of this

modification
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Appendices

Clone chart
Plasmid:

Description:

Bacterial strain:

Resistances:

ColE1 origin

5000

SV40 poly A

pcDNA3.HA.Elk-1

Cell-free and mammalian expression vector fetlehninal HA
tagged humawild-type Elkl cDNA

NM522

Ampicillin, neomycin

CMV promoter

=
T7 promoter

Ampicilin ORF

Accll 935

EcoRl 1053

pcDNA3.HA Elk-1

6840 bp ik

Sp6 promoter
BGH polyA

Hbal 2377

4000
Meomycin ORF

3000

SV40 origin of replication

164



pcDNA3.HA.Elk-1

0001

oosgl

0181

0271

0361

0451

0541

0631

0721

0811

0s01

0591

1081

1171

iz2el

1351

1441

1531

1621

1711

gacggatcgg

cttgtgtgtt

ttagggttag

gagatctccc

ggaggtcget

gcgttttgeg

gatcccctat

qq}cqactct
Accl

gagtagtgeog cgagcaaaat

cagtacaatc

ttaagctaca

tgctectgatg ccgecatagtt

acaaggeaag gottgaccga

aagccagtat

caattgeatg

ctgcteccctyg

aagaatctge

ctgcttcecgeg atgtacggge

cagatatacqg

cgttgacatt gattattgac

tagttattaa

tagtaatcaa

ttacggggte

attagttcat

agececcatata tggagttoog

cgttacataa

cttacggtaa atggocogeco

tggctgaceg

cCccaacgacc

cccgcoccatt

gacgtcaata

atgacgtatg ttcccatagt

aacgccaata

gggactttcc attgacgtca

atgggtggac

tatttacggt

cttggecagta

catcaagtgt atcatatgee

aagtacgecoc

cctattgacyg tcaatgacgg

taaatggeee

gocotggeatt

catgacctta

tgggactttc ctacttggca

gtacatctac

gtattagtca tcgctattac

catggtgatg

cggttttgge

agtacatcaa

tgggcgtgga

tagcggttty actcacgggg

atttccaagt

ctccacccca ttgacgtcaa

tgggagtttg

ttttggecace

aaaatcaacg

ggactttcca

aaatgtcgta acaactccge

cccattgacg

caaatgggcg gtaggcgtgt

acggtgggag

gcagagctct

cctcgggage

(Ek-1)

ctggctaact

cgccaccatg

agagaaccca ctgcttactg

HA tag

gcttatcgaa

tacccatacg

atgt}gcgga
cell

ttacgctagc

attaatacga ctcactatag

Elk-1

ggagacccaa

gtctatataa

gcttecccteg

ctcggatcecg acccatctgt

gacgetgtgg

cagtttctge

tgcagctgct

(k1)

gagagagcaa

ggcaatggcc acatcatctc

ctggacttca

cgggatggtyg qtgeattcaa
coRI

gctggtggat

gcagaggagg

tggccecgget

(Ek-1)

gtggggacta

cgcaagaaca agaccaacat

gaattacgac

aagctcagcc gggccttgeg

gtactactat

gacaagaaca

tcatccgcaa

(k1)

ggtgagegge

cagaagtteg Ectacaaqtt
Accl

tgtgtcctac

cctgaggtcg cagggtgcte

cactgaggac

tgcececgecccc

agccagaggt

(Ek-1)

gtctgttace

tecaccatge caaatgtgge

ccctgetget

atacatgecog ccccagggga

cactgtetet

ggazageceag

gcacacccaa

(Elk-1)

gggtgcagga

atggcaggcec caggcggttt

ggcacgcagce

agccggaacg agtacatgeg

ctcgggecte

tattccacct

tcaccatcca

(Ek-1)

gtctotgeag

cecgecagecac ccccteatce

tcggectget

gtggtgetec ccaatgeage

tocctgcagyyg

geagcagege

cccccteggg

(k1)

gagcaggagce

accagtccaa gccccttgga

ggcctgtctg

gaggctgaag aggccggctt

gcctoctgecag

gtcatcctga

cccococgeoccga

(Ek-1)

ggcoocasac

ctgaaatcgyg aagagottaa

tgtggageeg

ggtttgggec gggectttgec

ccoccagaagtyg

aaagtagaag

ggcccaagga

agagttggaa

gttgcggggyg agagagggtt

tgtgccagaa

165

accaccaagg ccgagccaga

agtccctcca

caggagggcg



pcDNA3.HA.Elk-1

1801

1891

15881

2071

21e1

2251

2341

2431

2521

2611

2701

27%1

2881

2871

30e1

3151

3241

3331

3421

3511

(Ek-1)

tgccagcccg goctgocccgeg

(k1)

gttgttatgg

acaccgcagg gcaggcgggce ggccatgcgg

cttccageccc

tgagatctcc

cagccgcaga

agggeeggaa gegecgggac

(Ek-1)

ctagagette

cactcageee gagectgeta ggtgggecgg

gacccgaacyg

gacceocagga

tcgggaagtg

gctcecggect ccaggctceg

(Elk-1)

gggccggcege

tgaccccatec cctgeocttecct acgcatacat

tgaccccggt

gctgctgaca

cccagctege

tgccteoctag cattcactte

(Ek-1)

tggagcaccce

tgagtceocat tgogeocccgt ageccggeca

agctctectt

ccagttteca

tecagtggea

gcgcccaggt gcacatccct

caccaccacc accacccctt

catgctcotga ttgtggtggg

(BCH polyA)

tctatcageg

ctggggteac

gtggggatcc

tggatggcct ctcgaccccc gtggtgctet

tccatccatyg ctetetecag ccagecatcet

W

ccccagggec

caaggagaaa

ccagaagcca

catagttcaa

BGH polyA

tgactactac

ctgaaagact

actagt}cta gagggcccta ttctatagtg
bal

tcacctaaat

gctagagctc

gctgatcage

ctcgactgtyg ccttctagtt

(BGH polyA)

gccagecate

tgttgtttge ccctocccoccg tgocttoctt

gaccctggaa

ggtgccactce

ccactgtect

ttcctaataa aatgaggaaa

(BCH polyA)

ttgcatcgeca

ttgtctgagt aggtgtcatt ctattctggg

ggattgggaa gacaatagca

tccccacgeg ccctgtageg

cgctccttte goctttettee

atttagtgct ttacggcacc

ccctttgacqg ttggagtcca

tttataaggy attttgggga

tgtcagttag ggtgtggaaa

aaagtcccca ggcotcocccag

cccgccccta actccgecca

(340 origin of replication )

ggcatgctgg

gcgcattaag

cttecctttet

tcgaccccaa

cgttctttaa

ttteggeeta

gtcecccagge

caggcagaag

gtteccgccca

ggatgcggtg ggctctatgg cttcoctgagge

cgcggegggt gtggtggtta cgogcagegt

cgccacgttec gccggcttte cccgtcaage

aaaacttgat tagggtgatg gttcacgtag

tagtggactc ttgttccaaa ctggaacaac

ttggttaaaa aatgagetga tttaacaaaa

tcceccaggca ggcagaagta tgcaaagcat

tatgcaaage atgecatctea attagteage

SWV40 origin of replication

gggtggggtg

ggaaagaacc

gaccgctaca

tctaaatcgg

tgggccatcg

actcaaccct

atttaacgeg

gcatctcaat

aaccatagte

gggcaggaca

agctggggct

cttgccageg

ggcatcecctt

ccctgataga

atctecggtct

aattaattet

tagtcagcaa

cocgeoococtaa

gcaaggggga

ctagggggta

ccctagcegec

tagggttcecg

cggttttteg

attcttttga

gtggaatgty

ccaggtgtgg

ctecegeccat

ttctccgecc catggctgac taattttttt

ctctgageta ttocagaagt

atctgatcaa gagacaggat

agtgaggagg

gaggatcgtt

cttttttgga ggcctagget tttgeaaaaa

Neomycin ORF

tatttatgca

geteecggga

gaggccgagg

gcttgtatat

ccgectetge

ccattttegg

tcgcatgatt gaacaagatg gattgcacgc

166

aggttcteccg

gccgettggyg

tggagaggct



pcDNA3.HA.Elk-1

3601

3691

3781

3871

3%61

4051

4141

4231

4321

4411

4501

45%1

4681

4771

486l

4551

5041

5131

5221

5311

(Neomycin ORF)

attcggctat

(Neomycin ORF)

gactgggcac

aacagacaat

cggctgctct

gatgccgoccg

tgttececgget

gtcagcgcag

gggcgecegg

ttctttttgt

caagaccgac

(Neemycin ORF)

ctgteeggtyg

ccctgaatga

actgcaggac

gaggcagcegce

ggctategtg

gotggecacyg

acgggegtte

cttgegeage

tgtgctecgac

(Neomycin ORF)

gttgtcactqg

aagcgggaag

ggactggctg

ctattgggcg

aagtgccggg

gcaggatctc

ctgtcatctce

accttgctec

tgccgagaaa

(Neemycin ORF)

gtatccatca

tggectgatge

aatgeggegyg

ctgcatacge

ttgateecgge

tacctgecca

ttcgaccace

aagcgaaaca

tcgcatcgag

(Neomycin ORF)

cgagcacgta

ctcggatgga

agccggtctt

gtcgatcagqg

atgatctgga

cgaagagcat

caggggcteg

cgccagecga

actgttegee

(Neomycin ORF)

aggctcaagg

cgecgeatgec

cgacggcgagy

gatctegteg

tgacccatgg

cgatgectge

ttgcogaata

tcatggtgga

aaatggccgc

(Nesmycin ORF)

ttttctggat

tcatcgactg

tggccggetg

ggtgtggcgg

accgctatca

ggacatagcg

ttggctaccc

gtgatattgc

tgaagagett

(Neomycin ORF)

ggcggcgaat

tcttgacgag

(SV40 poly A)

ttcttectgag

gggctgaceg

cgggactctg

cttcctegtyg

gggttcgaaa

ctttacggta

tgaccgacca

tegeegetec

agcgacgccec

cgattcgeag

aacctgccat

cgcategect

SV40 poly A

cacgagattt

tctategeet

cgattccacc

gccgccttet

(SV40 poly A)

atgaaaggtt

gggcttegga

atcgttttee

gggacgoogyg

ctggatgatc

ctccagegeg

gggatctcat

gctggagttc

ttcgcccace

(SV40 poly A)

ccaacttgtt

tattgcagct

tataatggtt

acaaataaag

caatagcatc

acaaatttca

caaataaagc

atttttttea

ctgcattcta

(SV40 poly A)

gttgtggttt

gtccaaactc

atcaatgtat

cttatcatgt

ctqgetaccq Ecqacctcta
Accl Accl

gctagagctt

ggcgtaatca

tggtcatagc

gcctaatgag

atcggccaac

cggcgagegy

(ColE1 origin )

tgtttcctgt

tgagctaact

gegcggggag

tatcagctca

gtgaaattgt

cacattaatt

aggcggtttg

ctcaaaggcg

tatccgcteca

gcgttgecget

cgtattggge

gtaatacggt

caattccaca

cactgcccgc

gctcttcege

tatccacaga

caacatacga

ttteccagteg

ttectegetce

atcaggggat

gccggaagea

ggaaacctgt

actgactcgc

aacgcaggaa

taaagtgtaa

cgtgccagct

tgcgectceggt

ColE1 origin

agaacatgtqg

agcctggggt

gcattaatga

cgttcggcectg

agcaaaaggc

cagcaaaagyg

(ColE1 origin }

ccaggaacceg

taaaaaggec

gcgttgetgg

cgttttteca

taggecteege

ccceoctgacyg

agcatcacaa

aaatcgacge

tcaagtcaga

(ColE1 origin }

ggtggcgaaa

cccgacagga

ctataaagat

accaggcgtt

tcecececctgga

agctcccteg

tgcgctctece

tgttccgacc

ctgcocgetta

(ColE1 origin )

ccggatacet

gtecegecttt

ctcccttegy

gaagcgtgge

gcttteteaa

tgctcacget

gtaggtatet

cagtteggtyg

taggtcgttc

gctccaagct

gggctgtgtg

cacgaacccc

ccgttcagcc

167

cgaccgctgc

gccttatceg

gtaactatcg

tcttgagtec



pcDNA.3.HA.Elk-1

5401

5481

5581

5671

57el

5851

5541

6031

6121

6211

6301

6391

€481

6571

6661

6751

(ColE1 origin )

aacccggtaa

(ColE1 origin )

gacacgactt

atcgccactg

gcagcagcca

ctggtaacag

gattagcaga

gcgaggtatg

taggcggtge

tacagagttc

ttgaagtggt

(ColE1 origin )

ggcctaacta

cggctacact

agaaggacag

tatttggtat

ctgcgctcotg

ctgaagccag

ttaccttcgg

aaaaagagtt

ggtagctctt

(ColE1 origin )

gatccggcaa

acaaaccacc

caagaagatc

aggatcttca

(Ampicilin ORF)

ctttgatctt

cctagatcct

ttctacgggg

tttaaattaa

gctggtageg

tctgacgcte

aaatgaagtt

gtggtttttt

agtggaacga

ttaaatcaat

tgtttgcaag

aaactcacgt

ctaaagtata

cagcagatta

taagggattt

tatgagtaaa

cgcgcagaaa

tggtcatgag

cttggtctga

aaaaggatct

attatcaaaa
Ampicilin ORF

cagttaccaa

tgcttaatca

(Ampicilin ORF)

gtgaggcacc

tatctcageg

atctgtctat

ttcgttcate

catagttgcc

tgactccccg

tcgtgtagat

aactacgata

cgggaggget

(Ampicilin ORF)

taccatctgg

ccccagtget

gcaatgatac

cgcgagaccce

acgctcacecg

gctccagatt

tatcagcaat

aaaccagcca

gccggaaggyg

(Ampicilin ORF)

ccgagegcag

aagtggtcct

gcaactttat

ccgcctccat

ccagtctatt

aattgttgcc

gggaagctag

agtaagtaqgt

tcgccagtta

(Ampicilin ORF)

atagtttgecg

caacgttgtt

gccattgcta

caggcatcgt

ggtgtcacgc

tecgtegtttg

gtatggcttc

attcagctecc

ggttcccaac

(Ampicilin ORF)

gatcaaggcqg

agttacatga

tcccccatgt

tgtgcaaaaa

agcggttage

tcctteggtce

ctccgategt

tgtcagaaqgt

aagttggeeyg

(Ampicilin ORF)

cagtgttate

actcatggtt

atggcageac

tgcataatte

tettactgte

atgccateceg

taagatgett

ttetgtgact

ggtgagtact

(Ampicilin ORF)

caaccaagtc

attctgagaa

tagtgtatge

ggcgaccgag

ttgctecttge

ccggcgtcaa

tacgggataa

taccgcgcca

catagcagaa

(Ampicilin ORF)

ctttaaaagt

gctcatcatt

ggaaaacgtt

ctteggggceg

aaaactcteca

aggatcttac

cgctgttgag

atccagtteg

atgtaaccca

(Ampicilin ORF)

ctcgtgecacc

caactgatct

tcagcatctt

ttactttcac

gcaaaaaagy

ctcatgagcg

gaataaggge

gatacatatt

gacacggaaa

tgaatgtatt

tgttgaatac

tagaaaaata

tcatactctt

aacaaatagg

168

cagcgtttct

cctttttcaa

ggttccgege

gggtgagcaa

tattattgaa

acatttccce

aaacaggaag

gcatttatea

gaaaagtgcc

gcaaaatgcc

gggttattgt

acctgacg;g



Plasmid: pCMV5.EIk-1

Description: Mammalian expression vector for human EIkDNA
Bacterial strain: NM522
Resistances: Ampicillin

’ 1 origin of replication

Ampicilin ORF CMV promoter

pCMV5.Elk-1

5982 bp -

SV40 origin of replication
hGH-Poly(A)
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pCMV5.Elk-1

0001

oosgl

0181

0271

0361

0451

0541

0631

0721

0811

0s01

0591

1081

1171

iz2el

1351

1441

1531

1621

1711

cccattecgee

ctgcaaggeyg

atcaatattg

ataatatgta

attcaggctg cgcaactgtt

attaagttgg gtaacgccag

gcaattagce atattagtca

catttatatt ggctcatgte

gggaagggcyg

ggtttteeca

ttggttatat

caatatgace

atcggtgcgg

gtcacgacgt

agcataaatc

gcctettege

tgtaaaacga

aatattggct

tattacgcca

cggccagtge

attggccatt

gctggcgaaa

caagectgate

gcatacgttqg

gggggatgtg

tatacattga

tatctatatc

goccatgttga

cattgattat

tgactagtta

ttaatagtaa

tcaattacgg

ggtcattagt

tcatagccca tatatggagt

tccgcogttac

ataacttacg

gtaaatggcc

cgcctggetg

accgcccaac

gacccccgec

aataatgacg tatgttceocca

tagtaacgee

aatagggact

ttecattgac

gtcaatgggt

ggagtattta

cggtaaactyg

agtacatcaa gtgtatcata

tgccaagtcc

gcccoctatt

gacgtcaatg

acggtaaatg

gcccgeoctgg

cattatgccc

agtacatgac

cttacgggac tttcctactt

ggcagtacat

ctacgtatta

gtcatcgcota

ttaccatggt

gatgcggttt

tggcagtaca

ccaatgggcg

tggatagcgg tttgactcac

ggggatttcc

aagtctccac

cccattgacg

tcaatgggag

tttgttttgg

caccaaaatc

aacgggactt

ctcgtttagt

(El-1)

tccaaaatgt cgtaataacc

gaaccgtcag.aattcattaa
coRl

ccgccccgtt

agaggagaaa

gacgcaaatqg

Elk-1

ggcggtagge

gtgtacggtg

ggaggtctat

ataagcagag

ttaaccatgg

acccatctgt

gacgctgtgg

cagtttctge

tgcagctget

gagagagcaa

(Ek-1)

ggcaatggcc acatcatctc

ctggacttca

cgggatggtg

qtgeattcaa
coRl

gctggtggat

gcagaggagg

tggcccggcet

gtggggacta

(El-1)

cgcaagaaca agaccaacat

gaattacgac

aagctcagcc

gggccttgeg

gtactactat

gacaagaaca

tcatccgcaa

ggtgagecgge

(Ek-1)

cagaagttcqg tctacaagtt

tgtgtcctac

cctgaggtceqg

cagggtgctc

cactgaggac

tgccegeccco

agccagagqgt

gtctgttace

(El-1)

tccaccatge caaatgtgge

ccctgetget

atacatgeeg

cceocagggga

cactgtetet

ggaaagecag

gcacacccaa

gggtgcagga

(Elk-1)

atggcaggcc caggcggttt

ggcacgcage

agccggaacg

agtacatgcg

ctcgggectc

tattccacct

tcaccatcca

gtctetgeag

(Ek-1)

ccgeagecac ccccteatec

tocggectget

gtggtgetee

ccaatgeage

toctgcaggy

gocageoagege

cccecteggy

gagcaggagco

(Elk-1)

accagtccaa gccccttgga

ggcctgtetg

gaggctgaag

aggccggctt

gcctctgeag

gtcatcctga

ccececgeccga

ggcccocaaac

(Ek-1)

ctgaaatcgg aagagettaa

tgtggagecy

ggtttgggee

gggctttgec

coccagaagtyg

aaagtagaag

ggccoccaagga

agagttggaa

gttgcggggyg agagagggtt

tgtgccagaa

accaccaagg

170

ccgagccaga

agtcccteca

caggagggcg

tgccagecccg



pCMV5.Elk-1

1801

1891

15881

2071

2161

2251

2341

2431

2521

2611

2701

27%1

2881

2971

30e1

3151

3241

3331

3421

3511

(El-1)

gctgcoccgeg

(Ek-1)

gttgttatgg

acaccgcagg

gcaggcggge

ggccatgegg

ctteccagccc

tgagatctcc

cagccgcaga

agggccggaa

gcccigggéc

(El-1)

ctagagette

cactcageeoc

gagccotgeta

ggtgggeegyg

gacccgaacg

gaccccagga

tcgggaagtg

gcteeggect

ccaggctccg

(Ek-1)

gggccggege

tgaccccatc

cctgcttect

acgcatacat

tgaccccggt

gctgctgaca

cccagctege

tgcctectag

cattcactte

(El-1)

tggageacee

tgagtcceat

tgcgeceegt

agceoeoggeca

agecteteett

ccagttteca

tccagtggea

gcacatccct

accacccctt

(hGH-Poly(A))

tctatcageqg

ctggggteac

tggatggcct

toocaxxxxxx

ctcgaccccco

XXXXXCCtge

gtggtgctct

ccccagggec

& tagaggat

aggtegacty cc %gggtggcat
bal E

ccagaagcca

tgactactac

hGH-Poly(A)

gcgeccaggt

caccaccacc

ccctgtgace

ccteoeccagt

gcctctectg

(hGH-Paly(4))

gccctggaag

ttgeccactecc

agtgcccacc

agccttgtcc

taataaaatt

aagttgcatc

attttgtectg

actaggtgtc

cttctataat

(hGH-Poly(A))

attatggggt

ggaggggggt

ggtatggage

aaggggcaag

ttgggaagac

aacctgtagg

gcectgegggyg

totattggga

accaagctgg

(hGH-Poly(A})

agtgcagtgg

cacaatcttg

gctcactgca

atctccgect

cctgggttca

agcgattctc

ctgcctecage

ctcccgagtt

gttgggattc

(hGH-Poly(4))

caggcatgea

tgaccaggct

cagctaattt

ttgttttttt

ggtagagacg

gggtttcacc

atattggceca

ggctggtcte

caactcctaa

gattttaaaa

gcttggcact

tagggtgtgg

ccaggctccc

tctcaggtga

taactatacc

gtcctctcat

aaagtcccca

cagcaggcag

(SV40 origin of replication }

tctacccace

agcaggagga

gcgttgggte

ggctccccag

aagtatgcaa

ttggcctcece

cgtccagaca

cactcagtag

caggcagaag

agcatgcatc

aaattgctgg

cagcataggc

atgcctgttg

tatgcaaaqgc

tcaattagtc

gattacaggc

tacctgccat

aattgggtac

atgcatcteca

agcaaccata

gtgaaccact

ggcccaaccqg

gcggccaget

attagtcagc

gtccecgecee

ctaactccgc

ctattecaga

ctatagtgag

goocggaagea

ggaaacctgt

ccagttccge

agtagtgagg

tcgtattaaa

taaagtgtaa

cgtgccagct

ccattcteceg

aggetttttt

ttcgtaateca

agcctggggt

gcattaatga

ccccatgget

ggaggcctag

tggtcatage

gocctaatgag

atcggccaac

gactaatttt

gcttttgeaa

tgtttecctgt

tgagctaact

gcgcggggag

171

ttttatttat

aaagctecte

gtgaaattgt

cacattaatt

aggcggtttg

gcagaggccyg

gaggaactga

tatccgctca

gogttgeget

cgtattgggco

gctcecttee

gtgggacatt

tctgtggaat

aaccaggtgt

taactccgece

aggccgectce

aaaaccagaa

caattccaca

cactgeeege

gctctteege

ctgtccttet

tgagttgctt

gtgtgtcagt

ggaaaagtcc

SW40 origin of replication

catcccgeec

ggcctctgag

agttaattec

caacatacga

tttececagteg

ttcectegecte



pCMV5.Elk-1

3601

3691

3781

3871

3%61

4051

4141

4231

4321

4411

4501

4581

4681

4771

486l

4551

5041

5131

5221

5311

actgactcge

aacgcaggaa

cccctgacga

gctccctegt

gctcacgctg

ccttateegy

cgaggtatgt

tgaagecagt

agcagattac

aagggatttt

atgagtaaac

(Ampicilin ORF)

tgcgctecggt

agaacatgtg

gcatcacaaa

gcgctctecet

taggtatctc

taactategt

aggcggtgct

taccttegga

gcgcagaaaa

ggtecatgaga

ttggtctgac

cgttcggctg

agcaaaaggc

aatcgacgct

gtteccgaccc

agttcggtgt

cttgagteca

acagagttct

aaaagagttg

aaaggatctc

ttatcaaaaa

Ampicilin ORF

cggcgagegy

cagcaaaagg

caagtcagaqg

tgccgecttac

aggtcgttcg

acccggtaag

tgaagtggtg

gtagctettyg

aagaagatcc

ggatcttecac

tatcagctca

ccaggaaccg

gtggcgaaac

cggatacctg

ctccaagctqg

acacgactta

gcctaactac

atceggeaaa

tttgatcttt

ctagatecctt

ctcaaaggcog

taaaaggccg

ccgacaggac

tcogectttce

ggctgtgtge

tegecactygg

ggctacacta

caaaccaccg

tctacggggt

ttaaattaaa

gtaatacggt

cgttgctgge

tataaagata

tccctteggg

acgaaccccc

cagcagecac

gaaggacagt

ctggtagegg

ctgacgctca

aatgaagttt

tatccacaga

gtttttccat

ccaggcgttt

aagcgtggeg

cgttcagecce

tggtaacagg

atttggtatc

tggttttttt

gtggaacgaa

taaatcaatc

atcaggggat

aggctccgec

cccoctggaa

ctttctcaat

gaccgctgceg

attagcagag

tgcgectctge

gtttgecaage

aactcacgtt

taaagtatat

agttaccaat

gcttaatcag

tgaggcacct

atctcagcga

tctgtctatt

tecgttecatece

atagttgcct

gactceeegt

(Ampicilin ORF)

cgtgtagata

actacgatac

gggagggctt

accatctgge

ccocagtgetg

caatgatace

gogagaccea

cgctecacegyg

ctccagattt

(Ampicilin ORF)

atcagcaata

aaccagccag

ccggaagggce

cgagcgcaga

agtggtcctg

caactttatc

cgcctecatc

cagtctatta

attgttgecyg

(Ampicilin ORF)

ggaagctaga

gtaagtagtt

cgccagttaa

tagtttgege

aacgttgttg

ccattgctac

aggcatcgtg

gtgtcacget

cgtcgtttgg

(Ampicilin ORF)

tatggcttca

ttcagcteceg

gttcccaacg

atcaaggcga

gttacatgat

cccccatgtt

gtgcaaaaaa

gcggttaget

cctteggtce

(Ampicilin ORF)

tccgategtt

gtcagaagta

agttggccge

agtgttatca

ctcatggtta

tggcagcact

gcataattct

cttactgteca

tgccatcecgt

(Ampicilin ORF)

aagatgcttt

tctgtgactg

gtgagtactc

aaccaagtca

ttctgagaat

agtgtatgcg

gcgaccgagt

tgctecttgec

cggcgtcaat

(Ampicilin ORF)

acgggataat

accgcgecac

atagcagaac

tttaaaagtqg

ctcatcattg

gaaaacgttc

ttcggggcga

aaactctcaa

ggatcttacc

(Ampicilin ORF)

gctgttgaga

tccagttega

tgtaacccac

tcgtgcaccce

aactgatctt

cagcatcttt

tactttcacc

ggtgagcaaa

aacaggaagqg

caaaatgccg

caaaaaaggqg

aataagggcqg

172

acacggaaat

gttgaatact

catactctte

agcgtttctg

ctttttcaat



pCMV5.Elk-1

5401

5451

5581

5671

57el

5851

5541

attattgaag catttatcag

catttccccqg aaaagtgcca

(f1 origin of replication)

ggttattgtc

cctgacgcge

tcatgagcgg

cctgtagegg

atacatattt

gaatgtattt

1 origin of replication

agaaaaataa

acaaataggg

gtteccgcgea

cgcattaaqgcec

geggegggtg

tggtggttac

gcgcagegtg

accgctacac

ttgccagecge cctagegcco

(f1 origin of replication)

gctccttteg

ctttcttececc

ttectttcte

gccacgtteg

ccggctttec

ccgtcaagct

ctaaatcggg

gcatcccttt agggttccga

(f1 origin of replication)

tttagtgctt

tacggcacct

cgaccccaaa

aaacttgatt

agggtgatgg

ttcacgtagt

cctgatagac ggtttttcge

tctcggtecta ttcttttgat

attttaacaa aatattaaca

cctttgacgt

ttataaggga

aaatattaac

tggagtccac

ttttgccgat

gtttacaatt

gttctttaat

ttcggecctat

te

173

agtggactct

tggttaaaaa

tgttccaaac

atgagctgat

tggaacaaca

ttaacaaaaa

gggccatcge

ctcaacccta

tttaacgcga



Plasmid: pCMV5.HA.EIk-1

Description: Mammalian expression vector for-tdrminal HAtagged human
wild-type Elkl cDNA

Bacterial strain: NM522

Resistances: Ampicillin

’ 1 origin of replication

P
1

CMV promoter

HAtag

Ampicillin ORF

pCMV5.HA.Elk-1
6094 bp

hGH-Poly(A)
3000

SV40 origin of replication

174



pCMV5.HA.Elk-1

0001

oosgl

0181

0271

0361

0451

0541

0631

0721

0811

0s01

0591

1081

1171

iz2el

1351

1441

1531

1621

1711

cccattecgee

ctgcaaggeyg

atcaatattg

ataatatgta

attcaggctqg

attaagttgg

gcaattagcc

catttatatt

cgcaactgtt

gtaacgceag

atattagtca

ggctecatgte

gggaagggcyg

ggtttteeca

ttggttatat

caatatgace

atcggtgcgg

gtcacgacgt

agcataaatc

gcctettege

tgtaaaacga

aatattggct

tattacgcca

cggccagtge

attggccatt

gctggcgaaa

caagectgate

gcatacgttqg

gggggatgtg

tatacattga

tatctatatc

goccatgttga

cattgattat

tgactagtta

ttaatagtaa

tcaattacgg

ggtcattagt

tcatagccca

tatatggagt

tccgcogttac

ataacttacg

gtaaatggcc

cgcctggetg

accgcccaac

gacccccgec

aataatgacg

tatgttceca

tagtaacgee

aatagggact

ttecattgac

gtcaatgggt

ggagtattta

cggtaaactyg

agtacatcaa

gtgtatcata

tgccaagtcc

gcccoctatt

gacgtcaatg

acggtaaatg

gcccgeoctgg

cattatgccc

agtacatgac

cttacgggac

tttcctactt

ggcagtacat

ctacgtatta

gtcatcgcota

ttaccatggt

gatgcggttt

tggcagtaca

ccaatgggcg

tggatagcgg

tttgactcac

ggggatttcc

aagtctccac

cccattgacg

tcaatgggag

tttgttttgg

caccaaaatc

aacgggactt

ctcgtttagt

ttaaagagga

(Ek-1)

tccaaaatqgt

gaaccgtcag

gaaattacat

cgtaataacc

aattcattaa

HA tag

ccgccccgtt

agaggagaaa

gacgcaaatqg

ttaaccxxxc

ggcggtagge

aggtgcagca

atggcttacc

catacgatgt

tccagattac

gctgaatteca

gtgtacggtg

atagcagagc

Elk-1

ggaggtctat

tcgtttagtg

ataagcagag

accgtcagaa

gatccaccat

ggacccatct

gtgacgctgt

ggcagtttct

(El-1)

gctgcagectg

ctgagagagc

aaggcaatgg

ccacatcatc

tcctggactt

cacgggatgg

tggtgaattc

aagctggtgg

atgcagagga

(Ek-1)

ggtggeeegg

ctgtggggac

tacgcaagaa

caagaccaac

atgaattacg

acaagctcag

ccgggocttyg

cggtactact

atgacaagaa

(El-1)

catcateege

aaggtgageg

goccagaagtt

cgtctacaag

tttgtgtect

accctgaggt

cgcagggtyge

tecactgagyg

actgcccgeco

(Elk-1)

ccagccagag

gtgtctgtta

cctccaccat

gccaaatgtg

gccoctgotyg

ctatacatgc

cgccccaggg

gacactgtct

ctggaaagee

(Ek-1)

aggecacacee

aagggtgcag

gaatggcagg

cccaggeggt

ttggecacgea

goagoocggaa

cgagtacatg

cgctegggec

tctattccac

(Elk-1)

cttecaccatc

cagtctctge

agccgcagec

acccecctecat

ccteggectg

ctgtggtgct

ccccaatgca

gctoctgcag

gggeageage

(Ek-1)

gcceeecteg

gggagcagyga

gcaccagtee

aagccocccttyg

gaggectgte

tggaggctga

agaggcoggc

ttgectetge

aggtcatcct

gaccccgecce

gaggccccaa

acctgaaatc

ggaagagctt

175

aatgtggagc

cgggtttggg

ccgggctttg

cccccagaag



pCMV5.HA.Elk-1

1801

1891

15881

2071

21e1

2251

2341

2431

2521

2611

2701

27%1

2881

2871

30e1

3151

3241

3331

3421

3511

(El-1)

tgaaagtaga

(Ek-1)

agggcccaag

gaagagttgg

aagttgcggg

ggagagaggg

tttgtgccag

aaaccaccaa

ggccgageca

gaagtcccte

cacaggaggg

(El-1)

cgtgecagee

cggetgeeeg

cggttgttat

ggacaccgea

gggcaggcgg

goggecatge

ggcttecage

cctgagatet

cccagccgca

(E-1)

gaagggceogg

aaqccc%gqq acctagagct

tccactcage

ccgagcctge

taggtgggee

gggacccgaa

cggaccccag

gatcgggaag

(Ek-1)

tggctecgge

ctececaggete

eggggccgge

gctgacceca

tcectgette

ctacgcatac

attgaccceg

gtgctgetga

cacccagctc

(Elk-1)

gctgectect

agcattcact

tctggagcac

cctgagtccc

attgecgccec

gtagcccggo

caagctctecc

ttcecagttto

catccagtgy

(Ek-1)

catgactact

hGH-Poly(4)

cagecgeccag

accaccacca

gtgecacatee

ccaccacccc

cttctatcag

ttctggggtc

cgtggatgge

ACTCCAaXXXK

ctectegacec

HEXHHEXCCL

cogtggtget

gcaggtcgac

ctoococcagyyg

}ctagaggat
bal

cCocagaage

cc%gggﬁggc

atccctgtga

(hGH-Poly(4))

cccctcccca

gtgcctetec

tggcocctgga

agttgccact

ccagtgcococa

ccagcoccttgt

cctaataaaa

ttaagttgca

tcattttgte

(hGH-Paly(4))

tgactaggtg

tcecttetata

atattatggg

gtggaggggg

gtggtatgga

gcaaggggca

agttgggaag

acaacctgta

gggcctgegg

(hGH-Paly(A))

ggtctattgg

gaaccaagct

ggagtgcagt

ggcacaatct

tggctcactg

caatctccge

ctcctgggtt

caagcgattc

tcctgectea

(hGH-Paly(4))

gcctcecccgag

ttgttgggat

tccaggcatg

catgaccagg

ctcagctaat

ttttgttttt

ttggtagaga

cggggttteca

ccatattggce

(hGH-Paly(A))

caggctggtc

ctgctccctt

cggtgggaca

cttetgtgga

gcaaccaggt

cctaacteeyg

ccctgtectt

tttgagttgc

atgtgtgtea

gtggaaaagt

teccaactect

ctgattttaa

ttgcttggeca

gttagggtgt

ccccaggcte

SV40 origin of replication

aatctcaggt

aataactata

ctgtcctcte

ggaaagtecce

cccagcagge

gatctaccca

ccagcaggag

atgegttggg

caggecteecee

agaagtatgc

ccttggeccte

gacgtccaga

tccactcagt

agecaggeaga

aaagcatgca

ccaaattgct

cacagcatag

agatgcctgt

agtatgcaaa

tctcaattag

gggattacaqg

gctacctgecce

tgaattgggt

gcatgeatet

tcagcaacca

gcgtgaacca

atggcccaac

acgcggecag

caattagtea

tagtcccgec

cccateeege

(540 origin of replication §

cgaggccgec

gaaaaaccag

cacaattcca

tcggeoctcectg

aaagttaatt

cacaacatac

ccctaactee

agctattcca

ccctatagtg

gagccggaag

gcccagttee

gaagtagtga

agtcgtatta

cataaagtgt

gcccattete

ggaggctttt

aattcgtaat

aaagcctggg

176

cgeocccatygg

ttggaggcct

catggtcata

gtgecctaatg

ctgactaatt

aggcttttge

gctgtttect

agtgagctaa

ttttttattt

aaaaagctcc

gtgtgaaatt

ctcacattaa

atgcagagge

tcgaggaact

gttatccget

ttgecgttgeg



pCMV5.HA.Elk-1

3601

3691

3781

3871

3961

4051

4141

4231

4321

4411

4501

4591

4681

4771

4861

4551

5041

5131

5221

5311

ctcactgcce

gcgctcttee

gttatccaca

gcgtttttece

taccaggegt

ggaagcgtgg

cccgttcage

actggtaaca

gtatttggta

ggtggttttt

cagtggaacg

tttaaatcaa

(Ampicilin ORF)

gcttteccagt

gcttcctege

gaatcagggg

ataggctccg

ttecececetgg

cgctttecteca

ccgaccgctg

ggattagcag

tctgegetet

ttgtttgecaa

aaaactcacg

tctaaagtat

cgggaaacct

tcactgactc

ataacgcagg

cceccecctgac

aagcteecte

atgctcacgcec

cgccttatce

agcgaggtat

gctgaagcca

gcagcagatt

ttaagggatt

atatgagtaa

gtcgtgecag

gctgcgcteg

aaagaacatg

gagcatcaca

gtgcgetete

tgtaggtatc

ggtaactatc

gtaggeggtyg

gttaccttcg

acgogcagaa

ttggtcatga

acttggtctg

ctgcattaat gaatcggcca

gtcgttecgge tgcggcgagco

tgagcaaaag gccagcaaaa

aaaatcgacg ctcaagtcag

ctgtteegac cctgeegett

tcagttecggt gtaggtogtt

gtcttgagtc caacccggta

ctacagagtt cttgaagtgg

gaaaaagagt tggtagctct

aaaaaggatec tcaagaagat

gattatcaaa aaggatcttc

Ampicilin ORF

acgegcgggyg

ggtatcagct

ggccaggaac

aggtggcgaa

accggatace

cgctccaage

agacacgact

tggcctaact

tgatccggea

cctttgatet

acctagatcc

agaggcggtt

cactcaaagg

cgtaaaaggc

acccgacagg

tgtecegectt

tgggctgtgt

tatcgccact

acggctacac

aacaaaccac

tttetacggg

ttttaaatta

tgcgtattgg

cggtaatacg

cgcgttgetyg

actataaaga

tecteecectteg

gcacgaaccc

ggcagcagcec

tagaaggaca

cgctggtage

gtectgacget

aaaatgaagt

acagttacca atgcttaatc

agtgaggcac

ctatctcagc

gatctgtcta

tttcgtteat

(Ampicilin ORF)

ccatagttge

ctgactccece

gtcgtgtaga

taactacgat acgggagggc

ttaccatctg

gccccagtgoe

tgcaatgata

ccgcgagace

(Ampicilin ORF)

cacgctcacc

ggctccagat

ttatcagcaa

taaaccagcc agccggaagg

gccgagegea

gaagtggtcc

tgcaacttta

tececgecteca

(Ampicilin ORF)

tcecagtectat

taattgttgce

cgggaagcta

gagtaagtag ttcgccagtt

aatagtttge

gcaacgttgt

tgcecattget

acaggcatcg

(Ampicilin ORF)

tggtgtcacg

ctcgtcgttt

ggtatggctt

cattcagctc cggttcccaa

cgatcaaggc

gagttacatg

atcccccatg

ttgtgcaaaa

(Ampicilin ORF)

aagcggttag

ctecctteggt

cctccgateg

ttgtcagaag taagttggcc

gcagtgttat

cactcatggt

tatggcagca

ctgcataatt

(Ampicilin ORF)

ctcttactgt

catgccatecc

gtaagatgcect

tttctgtgac tggtgagtac

tcaaccaagt

cattctgaga

atagtgtatg

cggcgaccga

(ampicilin ORF)

gttgctecttg

cccggegtca

atacgggata

ataccgecgec acatagcaga

actttaaaag

tgctcatcat

tggaaaacgt

tettegggge

gaaaactcte

aaggatctta

ccgctgttga

gatccagtte gatgtaaccc
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actcgtgecac

ccaactgatc

ttcagecatct



pCMV5.HA.Elk-1

5401

5451

5581

5671

57el

5851

5541

6031

(Ampicilin ORF)

tttactttca ccagcgtttc

(Ampicilin ORF)

ctcatactct tcectttttca

aaacaaatag gggttccgcg

(i1 origin of replication)

tgggtgagca

atattattga

cacatttececc

aaaacaggaa

agcatttate

cgaaaagtgc

ggcaaaatgc

agggttattg

cacctgacgc

cgcaaaaaag

tcteatgage

gccocctgtage

ggaataaggg cgacacggaa

ggatacatat ttgaatgtat

1 origin of replication

atgttgaata

ttagaaaaat

ggcgcattaa gcgcggoggg

tgtggtggtt

acgcgcagey tgaccgcotac

(f1 origin of replication)

acttgeccage

gccctagege

ccgctecttt

cgctttette

ccttccttte tcgccacgtt

CgCcCcggettt

ccccgtcaag ctctaaatcg

(i1 origin of replication)

gggcatcecct

ttagggttcc

gatttagtgc

tttacggcac

ctcgacccca aaaaacttga

ttagggtgat

ggttcacgta gtgggccatc

(f1 origin of replication)

actggaacaa cactcaaccc

atttaacaaa aatttaacqgc

gcocctgatag

tatctcggtc

gaattttaac

acggtttttc

tattcttttg

aaaatattaa

gccctttgac

atttataagg

caaaatatta
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gttggagtcc

gattttgceg

acgtttacaa

acgttcttta atagtggact

atttcggcct attggttaaa

tttc

cttgttccaa

aaatgagctg
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