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Zusammenfassung

Das essentielle, humane La Protein (hLa) stimuliert die interne ribosomale Eintrittstelle
(IRES, engl. internal ribosomal entry site)- Element vermittelte Translation viraler und
zellularer mRNAs. Die IRES-vermittelte Translation ermdglicht der kleinen
Ribosomenuntereinheit eine direkte Bindung an den 5’-nichttranslatierten Bereich (5’-UTR,
engl. untranslated region)  bestimmter mRNAs. Die  Aktivierung  dieses
Translationsmechanismusses findet vor allem unter Zellstress und in Krebszellen statt, wenn
die 5’-Cap-abhéangige Translation beeintréchtigt ist. IRES-transaktivierende Faktoren
(ITAFs) werden oft fir diese Translationsform benétigt. Humanes La wurde als erster
zellulérer ITAF identifiziert und stimuliert die IRES-Translation des Zellzyklus regulierenden
und kooperativen Onkogens cyclin D1 (CCND1) in HeLa-Zellen. Das hLa-Protein ist in
verschiedenen Krebsarten uberexprimiert und wird durch SUMO (small ubiquitin like
modifier) posttranslationell modifiziert. Die genannten Erkenntnisse unterstitzen die
Hypothese, dass das hLa Protein mit dem CCND1-IRES-Element interagiert und diese
Interaktion durch SUMO-Modifizierung reguliert wird. Zur Uberpriifung dieser Hypothese
wurden Experimente zur ldentifizierung sowohl der Bindungsstelle des La Proteins in der 5°-
UTR der CCND1 mRNA als auch der erforderlichen Bindungs-domanen. Zusatzlich wurden
Untersuchungen zur Modulation der RNA-Bindungsaktivitat des hLa-Proteins durch SUMO-
Modifikation durchgefunhrt.

In dieser Studie wurde gezeigt, dass das hLa-Protein an oder in der Nahe der CCND1
Translationstartstelle bindet. RNA-Bindungsstudien ergaben, dass sowohl das RNA-
Erkennungsmotiv 1 (RRM1) als auch RRM2 fir die Vermittlung der CCND1 RNA-Bindung
verantwortlich sind. Basische und aromatische Aminosauren im C’-Terminus des La Proteins
beeinflussen vermutlich die RNA-Bindungsaktivitat negativ. Anhand eines etablierten in
vitro-Sumoylierungsprotokolls  fur hLa wurden die Lysine 200 und 208 als
Modifikationsstellen identifiziert und es konnte gezeigt werden, dass die RNA-
Bindungsaktivitat von hLa durch SUMO-Modifizierung gesteigert wird.

Die molekularen Erkenntnisse dieser Studie ermoglichen zukinftige Experimente zur
Untersuchung der La-stimulierten IRES-vermittelten Translation. Des Weiteren kann die
Modifizierung von hLa durch SUMO als potentieller neuer Mechanismus zur Regulation der

aberranten CCND1-Expression in SUMO-La-uberexprimierten Zellen untersucht werden.



Summary

The essential RNA-binding protein La is implicated in stimulating internal ribosome entry
site (IRES)-mediated translation of cellular mMRNAs. This type of translation enables the
small ribosomal subunit (40S) to directly bind to the 5’-untranslated region (5’-UTR) of
certain mMRNASs. This mechanism is often activated in stressed and cancerous cells when cap-
dependent translation is compromised. IRES trans-acting factors (ITAFs) have been shown to
facilitate IRES-mediated translation. The human La (hLa) protein was the first cellular ITAF
described and is known to stimulate the IRES-mediated translation of cell cycle progression
regulator and cooperative oncogene cyclin D1 (CCND1) in HeLa cells. The hLa protein is
overexpressed in various kinds of cancer, and is posttranslational modified by the small
ubiquitin like modifier (SUMO). These findings support the hypothesis that the hLa protein
interacts with the CCND1 IRES and may be regulated by SUMO-modification. To test this
hypothesis experiments where designed to map the hLa binding site within the 5’-UTR of
CCND1 mRNA, to identify minimal hLa domains required for binding, and to demonstrate
that SUMO-modification modulates the RNA-binding activity of hLa.

Herein, it is shown that the hLa protein binds at or in close proximity to the translational start
site of CCNDL1. The binding affinities for a number of La mutants were determined by
electrophoretic mobility shift assays and fluorescence polarization, leading to the conclusion
that both RRM1 and RRM2 of hLa are required for binding and that basic amino acids
located in the C’-terminus have a negative effect on the RNA-binding activity. An in vitro
sumoylation protocol for hLa was established, and utilized in identifying of lysine 200 and
208, which are located between RRM1 and RRM2, as SUMO-acceptor sites of hLa. The
RNA-binding activity of hLa was enhanced upon SUMO-modification.

In conclusion, this study provides the molecular knowledge to aid future experiments into
whether RRM1-RRM2-mediated binding of hLa to the CCND1 translational start site is
critical for stimulating translational initiation. More importantly, it will aid in the
investigation whether SUMO-modification of hLa is a novel mechanism by which the
expression of the cooperative oncogene CCND1 is aberrantly regulated in cells

overexpressing hlLa.



1. Introduction

1.1 The La protein

The human La protein (hLa) was first described in the mid-1970’s as an autoreactive antigen
in serum samples from patients with systemic lupus erythematosus (SLE) and Sjogren’s
syndrome [2] [3], however, it was not cloned until 1985 [4]. Mammalian La is an essential
protein, its knockout in mice results in embryogenic lethality [5]. The gene for the hLa
autoantigen encodes at least two alternative mRNA isoforms, the 1.9 kb Lal and the 2.3 kb
Lal’, which are both suggested to form functional La mRNAs [6] [7] [8]. The mRNA
sequence contains 11 exons including a presumed G/C-rich (guanine/cytosine-rich) promoter
upstream of the mMRNA start site [9]. The only difference between those two mRNA isoforms
are their 5’-UTRs, whereas the Lal 5’-UTR contains 115 nucleotides the Lal’ mRNA
contains 483 nucleotides, approximately 4-fold longer [8]. Further, the expression of those
two isoforms are diverse, the predominant Lal transcripts are ubiquitously expressed in
human tissues, however, Lal’ is expressed at a low level and tissue-specific, it is restricted to
peripheral blood leukocytes, particularly to B, T, and natural Killer cells [8]. Interestingly, the
5’-UTR of the La mRNA contains an internal ribosomal entry site (IRES) [8], which enables
hLa expression under conditions when cap-dependent translation is compromised.

The La cDNA translates into a 408 amino acid 47 kDa RNA-binding protein, which is
involved in many different aspects of the RNA metabolism and suggested to be aberrantly
regulated in cancer [10] [11]. RNA-binding proteins are characterized by containing one or
more RNA-binding domains such as the RRM, K homology (KH) domain, DEAD/DEAH
box, Piwi/Argonaute/Zwille (PAZ) domain, or Zinc finger [12] [13] [14]. The RNA
recognition motif is the most extensively studied RNA-binding domain [15], this consensus
domain contains approximately 90 amino acids as determined by characterizing the mRNA
polyadenylate binding protein (PABP) and heterogeneous nuclear ribonucleoprotein C
(hnRNP C) [16]. As an RNA-binding protein human La contains three RNA-binding domains
(figure 1.1): the N’-terminal La motif (LAM, aa 10-91) [17] [18], the canonical RNA
recognition motif 1 (RRM1, aa 112-169) [17] [18], and the atypical RRM2 (RRM2, aa 231-
327) [19] [17] [18] (reviewed in [20]). Each RRM comprises two ribonucleoprotein
consensus sequences (RNP), RNP-1 and RNP-2 [15] [21]. The central RNP-1 is characterized
by eight conserved mainly aromatic and positively charged amino acids [16] (reviewed in

[22]). The RNP-2 was identified later as an N’-terminal consensus sequence consisting of six



less conserved amino acids [23] (reviewed in [22]). A spacer of approximately 30 amino
acids separates both consensus motifs.

Q S \QQ \@Q '190 ‘fzog ’bQQ "3('3’Q @Q aa
L 1 1 1 1 ) 1 I 1
NTD CTD
I 11 1
) R
1 11
N ) ‘ ‘ ] C’
LAM SBM NLS

Figure 1.1: Domain organization of the human La protein. The cartoon figure displays selected domains
of the hLa protein and posttranslational modification sites. NTD = N’-terminal domain, CTD = C’-terminal
domain, LAM= La motif, RRM = RNA recognition motif, RNP = ribonucleoprotein, SBM = short basic
motif, NLS= nuclear localization signal, N’ = N’-terminus, C’ = C’-terminus, S = sumoylation site, dimer =
dimerization domain, A = acetylation site, P = phosphorylation site
The overall structure of the RRM folds into an o/p sandwich with a Bi01f32B302p4 topology
[24] [25] [26] [22]. A large number of conserved residues are located in the hydrophobic core
of the RRM [25]. The consensus sequences RNP-1 and RNP-2 are located coplanar in B3 and
B1 respectively [27]. Structural analysis revealed that five conserved residues in the RNP-1
and RNP-2 are exposed to the solvent and directly mediate the RNA-binding [22] [28],
whereas the positioning of the RNA at the RRM is mediated by aromatic residues outside of
the B sheets [27] [22].
The 90-amino acid long La motif is highly conserved [18] [20], which adopts a winged helix-
turn-helix confirmation [29]. A well-conserved aromatic patch on the LAM domain surface
mediates RNA-binding and 3’- end recognition [30]. The La motif and the RRM1 are
required for binding terminal uridylate RNAs. The co-crystal structure of RNA bound to the
N’-terminal domain of La (NTD) reveals that neither the RRM1 nor the LAM are altered by
RNA-binding, but residues of the linker polypeptide (aa 112-110) between those two

domains form an a helix and the target RNA binds in this cleft [31] [32].



domain name amino acid position references

LAM 10-91 Maraia 2001/02

RRM1 112-169 Maraia 2001/02

RRM1, RNP-2 113-118 Maraia 2001/02
RRM1, RNP-1 151-158 Maraia 2001/02

RRM2 231-327 Jacks 2002, Maraia 2001/02
RRM2, RNP-2 235-240 Jacks 2002,Maraia 2001/02
RRM2, RNP-1 268-276 Jacks 2002,Maraia 2001/02
NRE 316-348 Intine 2002

NRE 165-337 and 266-269 Simons 1996
oligomerization 274-291 Craig 1997
oligomerization 298-348 Horke 2002
oligomerization 298-326 this study

NoLS 323-354 Horke 2004

short basic motif 348-368 Topfer 1993 Goodier 1997
WAM 333-339 Topfer 1993 Goodier 1997
NLS 383-400 Simons 1996
phosphorylation sites S360, S366 Broekhuis 2000, Fan 1997, Choudhary
acetylation sites K320, K360 Choudhary 2009
sumoylation sites (in vivo) K41 van Niekerk 2007
sumoylation sites (in vitro) K200, K208 this study

Table 1.1: Location of domains and posttranslational modification sites of the hLa protein. The
domain names are indicated with their amino acid position and according reference, see text for citation
number. LAM = La motif, RRM = RNA recognition motif, RNP = ribonucleoprotein, NRE = nuclear
retention element, NoLS = nucleolar localization, WAM = Walker A motif, NLS = nuclear localization
signal, S = serine, T = threonine, K = lysine

The C’-terminal domain (CTD) contains a nucleolar localization signal (NoLs, aa 323-354,
[33]), a putative multimerization domain ([34] [35]); (aa 298-348 or aa 274-291),
respectively, several phosphorylation sites (serine 360 and 366; [36] [37]), lysine acetylation
sites (lysine residues 320 and 360) [38], and a short basic motif (aa 348-368) with a putative
Walker A nucleotide binding motif (aa 333-339) [39] [40]. Murine La (mLa) is
phosphorylated at threonine 309 by Akt [41], whereas the hLa is phosphorylated at threonine
389 by Akt [42]. Additional lysine acetylation sites are located in RRM1 at residues 116 and
128 [38]. An overview of the described domains and functional sites including their position

in the human La protein can be found in table 1.1.



The La protein contains a bipartite nuclear localization signal (NLS) at the C’-terminus (aa
383 to 400) [43] which is bound by the nuclear import factor karyopherin, Kap108p [44]
[45]. This interaction leads to the transport of La into the cell nucleus [44] [45]. Due to the
nuclear retention signal (NRE, aa 316-348 [46] or aa 165-337 [43]) the hLa is mainly
confined to the nucleus [47] [48] [49] [20]. The distribution of the La protein within the
nucleus is regulated by the cell cycle, La localizes from the nucleoplasm to the nucleolus
during late G;- and early S-phase [50] [49] [51] [52], however, the signal which induces the
localization to the nucleolus are not yet established.

Recently the nuclear-cytoplasmic shuttling of La has been documented [53], and certain
cellular conditions are leading to an accumulation of La in the cytoplasm. During apoptosis
La is enriched in the cytoplasm due to caspase 3-mediated proteolytic cleavage of the C’-
terminus including the NLS [54] [55]. In addition, upon infection of cells with poliovirus the
C’-terminus of the La protein is proteolytically removed by the poliovirus-specific protease
3C resulting in the localization of the protein to the cytoplasm [56]. A transient redistribution
of the protein to the cytoplasm has also been described in herpes-simplex virus 1 infection
[57]. The endogenous signals triggering the export of human La to the cytoplasm are still
elusive. Phosphorylation and de-phosphorylation of hLa may be a suspected trigger. Human
La can be phosphorylated at serine 366 by casein kinase Il [37] [58]. Interestingly
phosphorylated hLa is restricted to the nucleoplasm whereas the dephosphorylated protein is
localized into the cytoplasm and nucleoplasm suggesting that de-phosphorylation triggers this
re-distribution to the cytoplasm and into the nucleolus [59]. However, this concept was not
confirmed by Broekhuis et al. [36], who showed that mutations of phosphorylation sites in La
mutants did not affect the subcellular localization of La in Xenopus laevis oocytes and Hep?2
cells. On the other hand, murine La is phosphorylated by serine-threonine protein kinase
(Akt) at threonine 309 in murine glial cells [41]. Those experiments using green fluorescence
protein-tagged La demonstrated that wild type La but not a La mutant, which could not be
phosphorylated by Akt, shuttles to the cytoplasm [41]. Hence the signals and modifications

inducing re-localization of La to the cytoplasm may be different in various cell types.

Phosphorylation is not the only posttranslational modification of the La protein; van Niekerk
et al. [60] have shown the modification of human and murine La by the small ubiquitin like
modifier (SUMO) in rat neuronal cells. The sumoylation at lysine 41 triggers the
microtubule-based retrograde transport of the La protein to the nucleus in sensory axons [60].
Further, hLa is posttranslational modified by SUMO-2 in U20S cells upon heat shock [61].
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The oligomerization of the La protein is highly discussed with evidence for the role of
higher-order complexes for the functionality of the protein in living cells. The dimerization
domain has been mapped to amino acids 293-349 located in the C’-terminal domain (CTD)
by Far-Western and the requirement of this domain for stimulating translation of mMRNAs in
vitro [34] [62]. Further, RNA-binding studies revealed that with increasing La concentrations
additional complexes besides the primary complexes are formed [47] [63] [64] [40] (this
dissertation). Those lower mobility complexes of La are suggested to be a result of
homodimerization and not due to binding of more than one protein copy to less specific
targets on the RNAs [64] as it has been shown for the poly(A)-binding protein [65]. The
slower migrating complexes have been shown to have lower target specificity than the
primary La complex by competition experiments in vitro [63]. On the other hand, Jacks et al.
[66] could not confirm the homodimerization by either chemical shift analysis and *°N
backbone dynamics or by analytical ultracentrifugation in vitro. However, a trans-dominant
negative La mutant, inhibited endogenous La functions in HCV IRES-mediated translation
[67], which has been identified by overexpression experiments in HelLa cells. Hence, the
oligomerization of the La protein still remains elusive and a potential functional role of
oligomerization for hLa in vivo needs to be established.

Homologs of the human protein have been identified in various other eukaryotes [4] [9] [39]
[68], such as Saccharomyces cerevisie and Schizosaccharomyces pombe [69], Drosophila
melanogaster [69], and Xenopus laevis [70] [71]. Interestingly, in contrast to mammalian La,
yeast La homologs are dispensable [72] [73] [74]. The N’-terminal domain including the La
motif and the RNA recognition motif 1 (RRM1) is highly conserved, whereas the C’-
terminus varies in sequence and length between species [20]. See the figure below (figure
1.2).

The human La protein, also referred to as LARP3, is a member of the La motif (LAM)
family, which can be categorized into five families, the genuine La homologs and four La-
related proteins (LARP) [28]. LARP proteins are characterized by the La motif followed by
an RRM or RRM-like motif [28].
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La motif RRM RRM SBM NLS

H. sapiens La CHN D W [ 11 408
dimeriz.
'
D. melanogasterLa [ TN T s [T] 390
C. elegans C44E4 .4 H Bl ] 395
S. pombe Slat N — N ] 298
S. cerevisiae Lhp1p il ' | 275
NLS
T. brucei La ll_l_ I:I 335

Figure 1.2: Domain organization of La proteins[20]. Alignment of human, D. melanogaster, C. elegans,
S. cervisiiae, and T. brucei domain organization. The location of the short basic motif (SBM) and
dimerization domain in the human La protein are indicted. The nuclear localization signals (NLS) are
indicated if known. The protein length is indicated on the right. H. sapiens = Homo sapiens, D.
melanogaster = Drosophila melanogaster, C. elegans = Caenorhabditis elegans, S. = Saccharomyces, T.
brucei = trvpanosoma brucei

1.1.1 The role of La in the RNA metabolism

The La protein functions in many different aspects of the RNA metabolism by interacting
with a variety of different cellular and viral RNAs [18] [20]. The nuclear La protein displays
a high affinity binding to the terminal 3’-UUU-OH motif, which is a hallmark of all RNA
polymerase Il transcripts [75] [20] [76]. Some RNA polymerase Il transcripts in S.
cerevisiae also contain a terminal 3’-UUU-OH motif allowing La binding [77] [78] [74]. The
major role of La binding terminal polyuridine RNAs is the protection against 3’- exonuclease
digestion [78] [77] [79] [80] [81]. The stabilization of nascent precursor RNAs is especially
important for their maturation as shown for pre-tRNAs and U6 small nuclear RNA (snRNA)
[82] [83] [20], not only cellular RNAs are stabilized and protected against endo-/
exonucleolytic degradation by the La protein but, it is suggested that viral RNAs such as
hepatitis B virus (HBV) RNA [84] [85] and hepatitis C virus (HCV) RNA [86] are also

stabilized and protected.

La has been reported to bind cellular [40] [87] [74] [88] [89] and viral mMRNAs [86] [90], in
addition, to its well-described function in terminal poly(U)-binding. This important protein
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influences the translation efficiency of viral and cellular mRNAs, such as of the X-linked
inhibitor of apoptosis (XIAP) [91], binding immunoglobulin protein (BiP) [92], 5’-terminal
oligopyrimidine (5’-TOP) mRNAs [93], and murine double mutant 2 (Mdm2) [10], laminin
B1 [94], and cyclin D1 (CCNDZ1) [89].

Eukaryotic mRNAs are translated by two different mechanisms, the canonical cap-dependent
and the internal translation, which is mediated by an internal ribosomal entry site (IRES).
During the cap-dependent translation the 43S preinitiation complex is formed at the 5’-
methylguanosine end of the mRNA, termed 5’-cap. In contrast, IRES-dependent translation
relies on a cis-acting structural element comprised in the 5'-untranslated region (5’-UTR) of
the mMRNA enabling the recruitment of the 43S preinitiation complex independent of the 5’-
cap, and often depends on additional factors called IRES trans-acting factors (ITAFs) [95].
This cap-independent mechanism has been described to be important under conditions that
require the translation of specific mMRNAs, such as factors involving apoptosis and stress-
response [96]. The human La protein has been described as the first ITAF [97] [98] and has
been shown to mainly stimulate IRES-dependent translation of viral mMRNAs, e.g. hepatitis C
virus (HCV) and poliovirus [99] [67] [100], however, hLa has been shown to inhibit the
hepatitis A virus translation [101]. The internal translation via an IRES of cellular mRNAs,
XIAP [91] and the cell cycle regulator cyclin D1 (CCNDZ1, [89], has been demonstrated to be
stimulated by the hLa protein. The mechanisms behind the stimulation of IRES-dependent
translation by the La protein are not yet fully understood. Further, not only is the translation
of cellular mRNAs with IRES-elements facilitated by hLa but also the cap-dependent
translation of the murine double mutant 2 (Mdm2) [10] and HIV TAR RNA [102] [103],
implying the involvement of La also in cap-dependent translation. It has yet to be firmly
established whether the presumbably cap-dependent translation of a subset of mMRNAs
containing terminal oligopyrimidine elements in their 5’-UTR, which are encoding ribosomal
proteins and translation factors [104] [105] [93], are stimulated by hLa.

Whereas the La recognition motif for small RNAs has been identified as terminal
polyuridylate, a consensus motif for La binding RNAs not ending in 3’-UUU-OH or binding
sites within in the body of the mRNA has not been identified. However, long stem structures
in RNAs lacking a terminal poly(U) motif are contributing to binding by vertebrate La [106]
[107]. Ali and colleagues were able to identify the context of an initiator AUG of the HCV
RNA as a La binding site [62]. Furthermore, the importance of the translational start site
embedding Kozak sequence, a consensus sequence which plays a critical role in the
translational initiation of all eukaryotic mRNAs [108] [109] [110], was studied for La-
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binding in vitro [111]. The La protein was shown to only bind RNA oligoribonucleotides in
which the initiation codon was embedded in a strong Kozak sequence context [111]. Binding
sites for hLa were mapped in the structured 5’-UTR of XIAP [91] and Mdm2 mRNA [10],
which are translated in an IRES-dependent and cap-dependent manner, respectively. In
addition, Heise et al. [112] showed that La recognizes specifically a putative stem-loop
structure in the HBV RNA. Mutational analyses using HCV oligoribonucleotides also
suggested a structure driven La-binding [113]. Those findings point to, either sequence-
driven, as shown for the HCV IRES [62] and Kozak sequence binding studies [111], or
structure-driven binding by La as suggested for XIAP, Mdm2, HBV, and HCV
oligoribonucleotides [91] [10] [112] [113].

Not only the main RNA-binding motifs (La motif, RRM1 and RRM2) but also the C’-
terminal domain, which is not involved in binding to terminal polyuridylate RNA, of hLa
may be important for internal mMRNA binding, since it has been shown to recognize internal
sequences in structured RNAs such as pre-tRNAs [103] and the IRES of hepatitis C virus
[99], Horke et al. demonstrated the requirement of both RNP-2 maotifs, located in RRM1 and
RRM2, for hepatitis B RNA-binding using RNP-2 deletion mutants in native electrophoretic
mobility shift assays (EMSAS) [35] suggesting a cooperative binding of RRM1 and RRM2 to
HBV RNA.

One major concept to understand the many functions of the La protein is that it may act as an
ATP-dependent helicase [114] and/or an RNA-chaperone [115] [116]. Proteins with RNA-
chaperone activity either open up misfolded RNA or prevent RNAs from misfolding in an
ATP-independent manner [117] [118]. Bachmann et al. [114] have reported that the La
protein, isolated from cultured murine (NIH3T3) cells and calf thymus, is able to melt
synthetic DNA-RNA hybrids, which mimics the previously suggested role of La in RNAPIII
transcription termination factor [119] [120] [48]. They further suggested that the energy
required for hybrid melting is located, as an ATPase-activity, within the La protein [114].
Other evidences for RNA-chaperone activity of the La protein was made by chemical and
enzymatic footprinting experiments in yeast where the yeast La homolog Lhplp promoted the
correct folding of pre-tRNA stems [121]. Further RNA-restructuring activity of La, cis-
splicing activity, was demonstrated by Belisova and coworkers [115] in vitro and in a
bacterial assay in vivo. The a3 helix in RRM1 of recombinant hLa has been identified to be
required for strand annealing in vitro as determined for FRET (FOrster resonance energy
transfer) [116]. However, only the N’-terminal and not the C’-terminal domain of La was

analyzed. Intriguingly, the hLa C’-terminal tail is largely intrinsically disordered, i.e. the C’-

-14 -



terminus lacks a well-defined tertiary structure. It has been shown for other proteins that
those intrinsically disordered regions may adopt an ordered structure upon binding to their
specific binding partner [122] [123] [124] [125]. More importantly, it has been proposed that
intrinsic disordered regions contain RNA-chaperone activity [117] [126]. Nevertheless, the
RNA-chaperone function of La has not been firmly proven.

In budding yeast, Saccharomyces cerevisiae, the La homolog Lhplp has been shown to
stabilize precursors to splicesomomal U small nucleolar RNAs (snRNAs) as well as the
nucleolar U3 RNA [80] [77] [78]. Since Lhplp also stabilizes the pre-U4 snRNA which is
bound by the Smd1p protein, a small nucleolar ribonucleoprotein protein (SnRNP) [78], it is
proposed that La binding promotes the association of small RNAs into functional RNPs [80]
[78] by assisting in RNA folding [78].

1.1.2 La in cancer

The human La protein was suggested to be aberrantly regulated in various types of cancer,
e.g. expression of La is elevated in BCR/ABL transformed cells from patients suffering from
chronic myeloid leukemia [10]. La stimulates expression of Mdm2 in those cells [10], which
IS a negative regulator of the tumor suppressor p53. In addition, using tissue microarrays La
has been shown to be overexpressed in solid tumors, such as cervical cancer tissue [89] and
oral squamous cell carcinomas (SCC) [11], furthermore, La protein levels are shown to be
up-regulated in numerous cell lines [127]. The human La protein is with 2x10’ copies per cell
in mammalian cells as highly abundant as ribosomal proteins [48]. Further, an estimated 50
nM of human La were quantified in human cervical cancer HeLa S100 cell extracts [47].

The Akt-dependent distribution of murine La to the cytoplasm was suggested to contribute to
the oncogenic effects of deviant Akt activity in cancerous cells [41]. Other evidences suggest
a tumorigenic role of hLa: La contributes to cell proliferation of different types of cell lines,
such as cervical, prostate, and oral SCC cells [89] [11]. Further, La promotes migration and
cell invasion of oral SCC cells in vitro [11], which further supports an important role of hLa
in tumorigenesis. The translation of the cell cycle regulator protein cyclin D1 is decreased
upon La depletion in different cell types [89] also suggesting a tumorigenic role for hLa.
IRES-dependent cyclin D1 expression is stimulated when La is overexpressed and reduced
when La levels are decreased [89]. The factors by which La is contributing to tumorigenesis

are suggested to increased expression levels of the RNA-binding protein and the stimulation
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of translation of specific mMRNAs [10] [89] due to the re-localization of the protein to the
cytoplasm in cancerous cells [41].

1.2 Cyclin D1

The product of the proto-oncogene cyclin D1 is a member of a highly conserved family of
cyclins and displays pro-proliferative functions as a key regulator for the integration of
extracellular mitogenic stimuli with cell proliferation [128] [129] [130]. Cyclin D1 (CCND1)
activates cyclin dependent kinase (CDK) 4 or 6 to form a CDK4/6-CCND1 complex, this
holoenzyme phosphorylates the tumor suppressor retinoblastoma protein (pRb) resulting in
the inactivation of its cell-cycle inhibitory function. The pRb protein is critical for Gy to S
phase progression, it silences genes that are synthesized in S-phase and those genes are de-
repressed and transcribed upon phosphorylation by CCND1 [131]. Recent studies revealed
that CCNDL also displays multiple, CDK-independent functions [132] [133], which play a
substantial role in cellular growth, metabolism, and cellular differentiation [133]. Cyclin D1
has been shown to directly bind more than 30 transcription factors or transcriptional co-
regulators [134] [135] such as STAT3, C/EBPB (CCAAT/enhancer binding protein), and the
nuclear receptor superfamily, including the estrogen and androgen receptors [136] [137] for
CDK-independent functions [138].

Growth factors stimulate the expression of CCND1 through direct induction at its promoter
[139]. The CCND1 promoter activity is modulated in a tissue specific manner by sequence
specific transcription factors upon stimuli by growth factors and hormones [140] [141]. Once
the mRNA is transcribed multiple other regulation levels exist for CCND1, including mRNA
stability, mMRNA translation, subcellular localization, and degradation [128] [129].

The mRNA of cyclin D1 has a 209 nucleotide long, GC-rich, and presumably structured 5’-
UTR. These features in the 5’-UTR of some cellular mRNAs, particularly of cell proliferation
and apoptosis key regulators, can impair efficient translation initiation by inhibiting
ribosomal scanning [142]. The translation initiation for some of these MRNAS is
accomplished by a cap-independent manner, referred to as internal ribosomal entry site
(IRES)-mediated translation [143]. IRES-mediated translation appears to be of significant
importance under conditions in which the cap-dependent translation pathway is inhibited
[144] [145] [96]. Gera and his colleagues have shown that the CCND1 mRNA is translated
by this alternative translation mechanism upon inhibition of cap-dependent translation [146]
by the Akt signaling pathway inhibitor and tumor suppressor phosphatase and tensin homolog
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(PTEN) [147]. Under these conditions they later identified the hnRNP Al as IRES trans-
acting factor (ITAF) regulating CCND1 IRES-dependent translation. The minimal sequence
in the 5’-UTR enabling IRES-dependent translation spans nucleotides -209 to -44 upstream
of the translational start site. The La protein has recently been shown to directly interact with
the CCND1 mRNA in HelLa cells [11]. Respectively by overexpression or knockdown
experiments it was shown that La stimulates or decreases IRES-dependent translation of
CCND1 [11]. Moreover, different cancer cell lines were tested for the CCND1 protein
expression and cell proliferation upon La depletion; in some tested cell lines the knockdown
of La affected proliferation as well as CCND1 protein expression [11], thus the aberrant
abundance of La is proposed to cause an overexpression of CCNDL1 in cancerous cells by
stimulating IRES-dependent translation under certain cellular conditions, such as down
regulation or inhibition of cap-dependent translation [11].

A hallmark of several tumor types is the overexpression and/or excessive activity of cyclin
D1 [148] [131] [149]. An increased abundance of CCND1 occurs during the early stages of
tumorigenesis [150] and coincides with poor prognosis for patients when levels of cyclin A
are high [151]. Somatic mutations and rearrangements of the CCND1 gene are rare [152], but
oncogenic signals are inducing CCND1 overexpression in most cancer types, such as lung,
breast, and colon cancer [133]. Interestingly, CCND1 acts as a collaborative oncogene by
enhancing transformation by other oncogenes, including Ras and Src, in tissue cultured cells
[153] [154].

1.3 Protein modification by sumoylation

Chemical alterations of proteins following translation to regulate protein stability and protein
function are called posttranslational modification (PTM). These usually reversible
modifications are essential for cellular processes and represent another level of protein
regulation. Well-studied examples for PTM are phosphorylation, methylation [155], and
acetylation [156]. The posttranslational modification of proteins by small ubiquitin like
modifier (SUMO), another type of PTM, regulates various cellular processes, such as
transcription, DNA repair, and chromatin organization [157] [158] [159]. SUMO-
modification of a target protein changes its functional properties; it may alter its protein-
protein interaction, subcellular localization, transcription factor transactivation, or the activity
of the target protein [160] [161] [162] [163] [164] [165].
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Four SUMO homologues exist in mammals, designated SUMO-1 through SUMO-4. Despite
their name as small ubiquitin like modifiers they only share 18% homology with ubiquitin
and are 11 kDa large, 3 kDa larger than ubiquitin (8 kDa) [166]. SUMO-2 and SUMO-3
show 95% of sequence homology, differing from each other by only three N’-terminal
residues and often referred to as SUMO-2/-3, both SUMO isoforms are capable of chain
formation via internal lysine residues [167]. SUMO-1 only shares 50% homology with
SUMO-2/-3 [158] and cannot form polychains [168], but acts as a SUMO-2/-3 chain
terminator [169] [170]. SUMO-4 on the other hand has been proposed as SUMO paralogue
by DNA sequence analysis, but due to the lack of introns in the SUMO-4 gene it is suggested
to be a pseudogene [171].

The covalent conjugation of a member of the SUMO family to the target protein is a
multistep process catalyzed by an enzymatic cascade, which is similar but distinct to
ubiquitination [172] (figure 1.3), both pathways involve three enzymes, the E1 activating
enzyme, the E2 conjugating enzyme, and the E3 ligase [173]. All eukaryotic SUMO proteins
are translated as inactive precursors that have to undergo maturation. The mature form is
generated by C’-terminal cleavage, catalyzed by a sentrin specific protease (SENP), resulting
in the exposure of a di-glycine motif that is required for SUMO to be covalently conjugated
to lysine residues in target proteins. In mammalian cells, this C’-terminal di-glycine motif
gets adenylated by the SUMO EL1 heterodimer SAE1/SAE2 (SUMO activating enzyme) and
subsequently attacked by the active-site cysteine residue of SAE2 forming an E1-SUMO
thioester [174] [163]. This step requires the hydrolysis of ATP as an energy donor so that the
activated SUMO protein is then transferred to the active-site cysteine of the E2 conjugating
enzyme Ubc9 forming another thioester linkage [175] [176] [177] [178]. The Ubc9 enzyme
can then directly transfer SUMO to the acceptor lysine residue on the target protein, a process
that is often facilitated by E3 ligases by acting as scaffolds [168]. The E3 ligase either brings
the SUMO-UDbc9 into a complex with the target protein or stimulates the discharge of SUMO
from Ubc9 to the substrate protein [170] [172]. A large number of SUMO E3 ligases have
been described and assigned to three categories: the protein inhibitor of activated STAT
(PIAS) family, the nuclear pore protein Ran binding protein 2 (RanBP2), and the polycomb
group protein Pc2 [179] [180] [181]. The highly dynamic process of sumoylation results in
rapid de-conjugation, where the isopeptide bond between SUMO and the target protein is
cleaved by SENP, the same protease family catalyzing the maturation of pro-SUMO [182].
Seven SENP isopeptidase isoforms are known, SENP1-3 and SENP5-7, with varying cellular
distribution and SUMO isoform specificity [161] [172].
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Figure 1.3: Schematic representation of the sumoylation cascade [321]. The maturation of the pre-cursor
SUMO is catalyzed by the C’-terminal cleavage by SENP. The matured SUMO protein comprises a C’-
terminal di-glycine motif, which gets activated by a heterodimer of the SUMO activating enzymes 1 and 2.
The activated SUMO molecule forms a thioester bond with the conjugating enzyme Ubc9, which can directly
ligate SUMO to a lysine residue in the target protein. This conjugation process is often facilitated by SUMO
ligases, e.g. RanBP2 and PIAS. The rapid de-sumoylation is catalyzed by SENP to provide free SUMO that
can undergo another sumoylation cycle. SENP = Sentrin specific proteases, SAE = SUMO activating
enzyme, Ubc = ubiquitin conjugating complex

Many sumoylation target proteins contain a lysine residue in the consensus sequence
yKx(D/E) with y being a hydrophobic amino acid, K a lysine residue, X corresponding to
any amino acid, D as an aspartatic acid, and E a glutamic acid residue [183] [177] [175] [184]
[185]. The consensus sequence residues directly interact with the E2 conjugating enzyme
Ubc9 [185] and most SUMO consensus sites are located in intrinsically disordered regions or
extended loops [163]. Extended motifs containing additional elements have been identified,
such as the phosphorylation-depenent SUMO motif [186], however, SUMO-modification
does not only occur at specific lysine residues in consensus sequences, but non-consensus
lysines have been described to be sumoylated [187] [188] [189]. Furthermore, some proteins
do not even have the consensus motif in their sequence and yet they are modified by SUMO
[190] [181].

Sumoylation is an essential process in mammals as knockout and knockdown studies of Ubc9
revealed [157] [191], thus SUMO-modification plays an important role in normal cell

-19 -



functions [162]. The molecular consequences of target sumoylation results in three effects,
which are not exclusive [159]: First, protein surfaces can be altered upon SUMO-
modification influencing downstream interactions with other molecules, secondly, the
covalent attachment of SUMO may mask or reveal binding sites within a protein that are
required for downstream functions, and lastly, the conjugated SUMO can recruit other protein
interacting factors to the target protein [172].

Many sumoylation target proteins are implicated in human diseases involving cancer and
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntigton’s disease
reviewded in [192]. The sumoylation pathway is implicated in tumorigenesis [193] by its
involvement in pathways driving tumor formation such as cell growth, differentiation,
senescence, apoptosis, and autophagy [194] [195]. The E2 conjugating enzyme Ubc9 has
been shown to be overexpressed in several tumors such as melanoma, lung, and ovarian
carcinomas, in addition its overexpression is linked to an increase in cancer cell growth [162]
[196] [197]. Up-regulation of SUMO E1 activating enzyme is associated with a lower
survival rate in hepatocellular carcinoma patients [198]. Importantly, the activities of the
tumor suppressors such as p53, pRB, and Mdm2 are regulated by sumoylation [193].
Unsurprisingly, posttranslational modification by SUMO has been proposed as a target in
cancer therapy [199] [197] [200].

Recently, SUMO-modification of a small number of RNA-binding proteins, such as hnRNP
C1 (heterogenous nuclear protein C1) [201] and Sam68 (Src associated in mitosis, 68 kDa)
[202], has been described. However, the effects of sumoylation on the RNA-binding activity
are not well studied. It has been shown that the binding activity of hnRNP C, which mainly
regulates pre-mRNA splicing, pre-mRNA polyadenylation, 3’-end processing [203] [204]
[205], but also maintains single stranded DNA (ssDNA) extensions at telomeres [206] [207],
to ssDNA is decreased upon sumoylation [201]. Sam68 (Src associated in mitosis, 68 kDa) is
a member of the hnRNP K homology domain family of RNA-binding proteins and has been
proposed to play a role in cell cycle progression [208] by repression of CCND1 and cyclin E
on the transcriptional level [209], independent of its RNA-binding activity. Thus, Sam68 is
implied as a potential tumor suppressor [202]. In contrast to hnRNP C sumoylation, Babic et
al. have demonstrated that the RNA-binding activity of sumoylated Sam68 is not altered
compared to native Sam68, but sumoylation was suggested to change its affinity for co-
activators [202].

Desterro et al. [210] demonstrated that the RNA-editing activity of the double-stranded
RNA-specific adenosine deaminase 1 (ADARL1) is affected upon sumoylation. Hence, the

-20 -



sumoylation of an RNA-binding protein regulating translation and no positive effect of
sumoylation on RNA-binding proteins have been reported in the literature. However,
sumoylation of proteins involved in posttranscriptional gene expression processes have been
shown to positively alter their function, e.g. sumoylation of the transcription factor elF4E
activates mRNA translation [211] and sumoylation of 3’-end mRNA processing factors
symplekin and CPSF-73 enhances the activity of the 3’-mRNA processing complex [212].

1.4 Project aims

The multifunctional La protein has been shown to be involved in different aspects of the
RNA metabolism in the cell and interacts with a variety of cellular and viral RNAs. Whereas
the interaction of La with RNA polymerase Il transcripts and other terminal polyuridylate
RNAs has been extensively studied, the recognition and binding of internal RNA sequences
by the La protein has not been well established. There are reports, however, pointing to the
involvement of the atypical RRM2 as a binding domain for this specific set of RNAs, and
recent studies propose that the cancer-associated La protein plays an important role in cancer
pathology. This suggestion is based on the following facts: (a) La is overexpressed in solid
tumors, (b) La knockdown results in a defect in cell proliferation in various cell lines, (c)
cyclin D1 protein levels are decreased upon La depletion in some cultured cells, (d) elevated
cyclin D1 levels were paralleled with increased La protein levels in tissue lysates, and (e) La
is associated with the cyclin D1 mRNA in HeLa cells and stimulates the IRES-dependent
translation of cyclin D1. However, the molecular mechanisms by which La stimulates
CCNDL1 translation are not well established, therefore, this project aims to gain a better
understanding of the interaction between the RNA-binding protein La with the 5-UTR of
cyclin D1, which contains an IRES element. Furthermore, the SUMO-modification of the
hLa protein is to be analyzed in vitro to study whether it modulates the RNA-binding activity
of the hLa protein.

Based on the current knowledge about La and the stimulation of IRES-mediated cyclin D1
translation it is hypothesized that sumoylation of the La protein alters its RNA-binding
activity to bind the cyclin D1 mRNA at structural elements in its 5’-UTR. To test this
hypothesis the following aims were developed: The first aim was to characterize the La
interaction with the cyclin D1 mRNA and identify the La binding site, and the second aim

was to analyze whether sumoylation of La modulates its RNA-binding activity.
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Aim 1: The hLa protein has been shown to interact directly with the CCND1 mRNA and to
stimulate the IRES-mediated translation; however, the molecular mechanisms behind this
interaction are not clear.

In order to analyze the interaction of human La with the cyclin D1 5’-UTR, recombinant
human La was prepared and its binding to in vitro transcribed cyclin D1 5’-UTR RNA was
analyzed by native electrophoretic mobility shift assays (EMSAs) and fluorescence
polarization. The aim was to identify the domains of the modular La protein that are required
for cyclin D1 RNA-binding. Hence, mutants of the human La protein, including RNA-
binding domain mutants, were purified and tested for cyclin D1 RNA-binding in native
EMSAs. Fluorescence polarization assays were performed of the recombinant La proteins to
determine the affinity of those proteins to the cyclin D1 RNA. In addition, a minimal La-
binding site within the cyclin D1 mRNA was mapped by competitive EMSASs using
recombinant wild type La protein and in vitro transcribed RNAs as well as a synthesized
RNA oligoribonucleotide of cyclin D1.

Based on the current knowledge, the binding of La to a structural element in the cyclin D1 5’-

UTR mediated by the canonical RRM1 and atypical RRM2 are expected.

Aim 2: The sumoylation of hLa has been described, however, the effects of SUMO-
modification on the RNA-binding function of La has not been studied.

Therefore, a possible regulation of the RNA-binding activity through SUMO-modification
was analyzed. An optimized in vitro sumoylation assay for recombinant human La had to be
established to determine the effects of sumoylation on the RNA-binding activity of La. To
study the impact of sumoylation on La function, the cyclin D1 RNA-binding of modified
wild type La and non-modified La was analyzed by native EMSA. To validate the effects of
sumoylation on RNA-binding, two fluorescent labeled synthesized RNA oligoribonucleotides
representing a regulatory element in mMRNAs, namely the TOP element in 5’-UTR of mRNAs
encoding for ribosomal proteins and other translational factors, were also used as targets in
native EMSAs with sumoylated and unmodified La. The SUMO acceptor sites had to be
identified and mutated to further validate the modulation of La sumoylation on the RNA-
binding activity.

Based on the affects of sumoylation on the RNA-binding protein hnRNP C1 [201] SUMO-

modification of hLa is expected to negatively alter its RNA-binding activity.

-22 -



Overall impact and outlook of this work will help in understanding the molecular
mechanisms by which La is recognizing and binding internal mRNA elements, as
exemplified by La recognition of the cooperative oncogene cyclin D1. Further, the
observations made herein will help the understanding of how the RNA-binding activity of
hLa is regulated, which will give an insight on the possibility of specifically targeting the
functions of the cytoplasmic La protein in protein synthesis, but maintaining its essential
functions in RNA polymerase Il transcript processing in the nucleus, by novel therapeutic

agents.
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2. Materials

2.1 Kits
KinaseMax™ 5’End Labeling Kit
MEGAclear Kit

MEGAshortscript™ T7 High Yield
Transcription Kit

QIAGEN Plasmid Maxi Kit
QlAprep Spin MiniPrep Kit
QIAquick Gel Extraction Kit
QIAquick PCR Purification Kit

Rapid DNA Dephos & Ligation Kit

2.2 Equipment and instruments
Agarose Gel electrophoresis chamber

B1A EasyCast Mini Gel System (7 x 8 cm)
Agarose Gel electrophoresis chamber

B2 EasyCast Mini Gel System (12 x 14 cm)
Centrifuge 5810R, bench top centrifuge
Centrifuge 5417R, bench top centrifuge
Electrophoresis Power Supply EPS301
Electrophoresis Power Supply EPS601

GE (Amersham) Typhoon Imager

GE (Molecular Dynamics) Storm 865 Imager
Hoefer" Slab Gel Dryer GD2000

ImageQuant RT ECL Imager
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Ambion
Ambion

Ambion

Qiagen
Qiagen
Qiagen
Qiagen

Roche

Owl/ Thermo Fisher
Scientific

Owl/ Thermo Fisher
Scientific
Eppendorf
Eppendorf

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare
Amersham Biosciences

GE Healthcare



Labguake Shaker Rotisserie

Mastercycler ep gradient

MaxQ"" 6000 Refrigerated Stackable Shaker
Microcentrifuge DW-41

Microwave MW8117W professional series
Mini Trans-Blot® Electrophoretic transfer cell
Mini-Protean® Tetra Cell

MLS-3750 Top-Loading Autoclave
Multi-Purpose Rotator

NanoDrop ND-1000 Spectrophotometer
Pipetman® P10/P20/P200/P1000

PB 153-S / FACT precision balance

PB 1502-S / FACT precision balance
POLARstar Omega

Powerpette® Turbo

Scintillation Counter LS6500

SevenGo™ pH-Meter SG2

Sonic Dismembrator Model 100
Thermomixer® R

Thermomixer®

UV-Transilluminator Universal Hood
UV/White Light Transluminator

Vortex Genie 2

VWR® Ceramic hot plate

VWR® Labmax™ Bottle-Top Dispensers
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Barnstaed
Eppendorf
Barnstaed
Qualitron, Inc.
Emerson

Biorad

Biorad

Sanyo

Barnstead

Thermo Scientific
Gilson, Inc.
Mettler Toledo
Mettler Toledo
BMG Labtech
Jencons Scientific, LLC
Beckman Coulter
Mettler Toledo
Fisher Scientific
Eppendorf
Eppendorf

Biorad

UVP, LLC.
Scientific Industries, Inc.
VWR International

VWR International



VWR® Stir plate VS-C7

2.3 Consumables
2V qualitative filter circles, @ 185 mm
384-well plate, black

Amicon® Utra Centrifugal Filter Units
Ultracel®10K membrane

Autoradiography Film B Plus, full blue
Costar assay plate, 96 well no lid
Culture tubes, 13 ml

NitroPure Pure Nictrocellulose, 0.45 micron

Petri dish 100/15 with vents

Safe-Lock tubes, 1.5 ml and 2 ml

Screw Cap tube conical, 15 ml and 50 ml
Serological pipette (5 ml, 10 ml, 25 ml)

TipOne 1-200 pl Natural Beveled Tips

TipOne 101-1000 pl Blue Graduated Pipet Tips

TipOne Beveled Filter Tips 1-20 pl
TipOne Graduated Filter Tips 1-200 ul

Spectra/Por® membrane dialysis tubing
MWCO: 6-8,000

VWR® Centrifuge Filters modified PES 10K

Whatman® filter paper 3

2.4 Chemicals

VWR International

Whatman
Greiner Bio-One, Inc.

EMD Millipore

Labscientific, Inc.
Corning
Sarstedt

GE Water & Processing
Technologies

Greiner Bio-One, Inc.
Sarstedt

Sarstedt

Sarstedt

USA Scientific, Inc.
USA Scientific, Inc.
USA Scientific, Inc.
USA Scientific, Inc.

Spectrum Labs

VWR International

Whatman

All non-listed chemicals used were EMD/OmniPur molecular biology grade.
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cOmplete protease inhibitor

Ethyl alcohol 190 proof ACS/USP grade
Ethyl alcohol 200 proof absolute, anhydrous
Formamide, >99.5% (GC), liquid

Heparin sodium

Imidazole, 99+%, crystalline

Nonidet P-40

Protein Assay, dye reagent concentrate
Sodium azide

Sodium phosphate, monobasic, anhydrous
TEMED

Thiourea

Tween® 20, molecular biology grade

UltraPure ProtoGel 30% (w/v) acrylamide: 0.8%

(w/v) Bis-Acrylamide stock solution (37.5:1)

Xylene cyanole FF

2.5 Buffers, solutions, and media

annealing buffer

Roche
Pharmco-Aaper
Pharmco-Aaper
Sigma-Aldrich Corp.
Acros

Acros

Fluka

Biorad

Fluka

Sigma

National diagnostics
Sigma

Promega

National diagnostics

Acros

10 mM Tris/HCI pH 7.4, 40 mM NaCl, 0.2 mM EDTA

APS, 10% 10% (w/v) ammonium persulfate in water

Adenosine 5’-[y-thio]triphosphate  Sigma
tetralithium salt (ATP-y-S)

ATP-Mix, 10x 100 mM creatine phosphate, 50 mM MgCl,, 20 mM
rATP

BSA, 2% 2% (w/v) BSA Fraction V in 1x wash buffer (I1B)

BSA, 10 mg/ml New England Biolabs

Coomassie destaining solution 45% (v/v) methanol, 10% (v/v) acetic acid
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Coomassie staining solution

dialysis buffer, allowing
nuclease treatment

dialysis buffer

DNA-loading buffer, 6x

elution buffer

FP assay buffer

LB Agar (Miller) selection plates

LB Broth (Miller) medium
LB Broth (Miller) ampicillin

selection medium

LB Broth (Miller) kanamycin
selection medium

lysis buffer

NEBuffer 1,
restriction endonuclease buffer 1

NEBuffer 2,
restriction endonuclease buffer 2

NEBuffer 3,
restriction endonuclease buffer 3

45% (v/v) methanol, 10% (v/v) acetic acid, 0.1% (w/v)
Coomassie brilliant blue R-250,
0.1% (w/v) Coomassie brilliant blue G-250

50 mM Tris/HCI pH 7.6, 75 mM NaCl, 5 mM
CaCl,

10 mM Tris/HCI pH7.4, 150 mM NaCl, 3 mM MgCl,,
5% (v/v) glycerol

0.25% (w/v) bromphenol blue, 0.25% (w/v) xylene
cyanole FF, 30% (v/v) glycerol

50 mM NaH,PO,4, 300 mM imidazole, 300 mM NacCl,
1% (w/v) cOmplete protease inhibitor

20 mM Tris/HCI pH 8.0, 150 mM NaCl, 1.5 mM
MgCl,, 0.5 mM EDTA, 0.5% (v/v) Nonidet P-40, 2
mg/ml (w/v) bovine gamma globulin

37 g granulated medium in 1 L water, autoclaved and
100 pg/ml ampicillin or 30 pg/ml kanamycin added at
temperature < 50°C and poured into petri dishes; stored
at4°C

25 g granulated medium in 1 L water, autoclaved

25 g granulated medium in 1 L water,

autoclaved, 100 pg/ml ampicillin added freshly before
use

25 g granulated medium in 1 L water,

autoclaved, 30 pg/ml kanamycin added freshly before
use

50 mM NaH;PO,4, 10 mM imidazole, 300 mM NacCl, 1
mg/ml lysozyme, 1% (w/v) cOmplete protease inhibitor

New England Biolabs

New England Biolabs

New England Biolabs

-28 -



primary antibody solutions

RNA-binding buffer, 1x

RNA-binding buffer, 2x

RNA-loading buffer

RNA-loading buffer, denaturing

rATP, 100 mM

SDS-loading buffer, 3x

SDS-running buffer

siRNA-buffer, 5x

sumoylation buffer

TAE-buffer

TBE-buffer, 40x

TE-buffer, 1x

Transfer buffer

wash buffer

wash buffer, immunoblotting (1B)

water, nuclease-free

antibody in 1x IB wash buffer, 1:1,000 (v/v) sodium
azide

20 mM Tris/HCI pH 8.0, 150 mM NaCl, 1.5 mM
MgCl,, 0.5 mM EDTA, 0.5% (v/v) Nonidet P-40

40 mM Tris/HCI pH 8.0, 300 mM NaCl, 3 mM MgCly,
1 mM EDTA, 1% (v/v) Nonidet P-40

5% glycerol (v/v), 0.25% (w/v) bromphenol blue in 1x
TBE buffer

80% (v/v) formamide, 1 mM EDTA, 50 mM 1x TBE
buffer, 0.05% (w/v) bromphenol blue, 0.05% (w/v)
xylene cyanole FF

Promega

60 mM Tris/HCI pH 6.8, 10% (v/v) glycerol, 6% (v/v)
SDS, 0.01% (w/v) bromphenol blue, 5% (v/v) B-
mercaptoethanol (added freshly)

250 mM Tris, 19.2 mM glycine, 0.35 mM SDS

Dharmacon, working stock dilution 1x in nuclease free
water

50 mM Tris/HCI pH 8.0, 100 mM NaCl, 0.1% (v/v)
Nonidet P-40, 10% (v/v) glycerol, 1 mM Dithiothreitol

50 mM Tris/HCI pH 7.4, 20 mM sodium acetate, 2 mM
EDTA

1.8 M Tris/HCI pH 8.5, 1.8 M boric acid, 40 mM EDTA

10 mM Tris/HCI pH 8.0, 1 mM EDTA

25 mM Tris/HCI pH 8.3, 192 mM glycine, 20% (v/v)
ethanol 190 proof

50 mM NaH,PO,4, 42.5 mM imidazole, 1 M NaCl,
0.11% (v/v) Triton X-100, 1% (w/v) cOmplete protease
inhibitor

10 mM Tris/HCI pH 7.5, 100 mM NaCl, 0.1% (v/v)
Tween 20

Fisher Scientific
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2.6 Enzymes and antibodies

GC-RICH PCR System

Micrococcal nuclease

Platinum® Taq DNA Polymerase High Fidelity

Platinum® Taq DNA Polymerase High Fidelity,
10x High Fidelity PCR buffer

Platinum® Taq DNA Polymerase High Fidelity,
50 mM magnesium sulfate

Platinum® Pfx DNA polymerase

Platinum® Pfx DNA polymerase,
10x Pfx amplification buffer

Platinum® Pfx DNA polymerase,
50 mM magnesium sulfate

Restriction endonuclease BamH |

Restriction endonuclease Dpn |

Restriction endonuclease EcoR I-HF

Restriction endonuclease Hind 111

Restriction endonuclease Pst |

rRNasin® ribonuclease inhibitor

Peroxidase— AffiniPure Goat Anti-Mouse 1gG(H+L)
Peroxidase— AffiniPure Goat Anti-Rabbit IgG(H+L)
IgG2a,k, mouse isotype control, clone eBM2a

La 3B9, mouse monoclonal antibody

La SW5, mouse monoclonal antibody

SUMO1 (C’-terminal), rabbit polyclonal antibody

SUMO2/3 (N’-terminal), rabbit polyclonal antibody
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Roche
New England Biolabs
Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
Promega

Jackson ImmunoResearch
Jackson ImmunoResearch
eBioscience

kind gift of Bachmann
kind gift of Bachmann
Enzo Life Sciene

Enzo Life Science



2.7 Standards

PageRuler™ Prestained Protein Ladder Fermentas

Prestained Protein Marker, Broad Range New England Biolabs
Quickload® 1 kb DNA ladder New England Biolabs
Quickload® 100 bp DNA ladder New England Biolabs

2.8 Radioactive isotypes
ATP, [y-*2P]- 3000Ci/mmol 10mCi/ml Perkin Elmer

CTP, [a-*P]- 800Ci/mmol 10mCi/ml Lead Perkin Elmer

2.9 Prokaryotic cells

Subcloning Efficiency™ Escherichia coli DH50™ Invitrogen
Competent Cells

BL21 Star™ (DE3)pLysS One Shot® Chemically Invitrogen

Competent Escherichia coli

Rosetta™ (DE3)pLysS Competent Cells Novagen

2.10 Plasmids

pEGFPcl-LawWT previously cloned by lab members [35]

petl1d-SUMO-1/-2/-3WT kind gift of C.-M. Chiang, University of Texas, Dallas,
TX, USA

petl1d-SUMO-1/-2/-3GA kind gift of C.-M. Chiang, University of Texas, Dallas,
TX, USA

pet15b-Ubc9 kind gift of R. Hay, University of Dundee, Dundee, UK

pet28b(+) vector Novagen

pet28b(+)-LaWT kind gift of E. Chan, Scripps Research Institute, San
Diego, CA, USA

pet28b(+)-LaAl previously cloned by lab members [35]

pet28b(+)-LaA2 previously cloned by lab members [35]
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pet28b(+)-LaA4
pet28b(+)-LaA7

pet28b(+)-LaSM3

pet28b(+)-LaSM23

PGEX2T-BP2AFG

PGEX3T-IR1+M

pGEX2T-SAE1L
pGEX2T-SAE2
pGEX2T-SUMO-1

pT7HTDb vector

PRCD1F

2.11 Oligoribonucleotides

previously cloned by lab members [35]
previously cloned by lab members [35]

kind gift of Jeff Twiss, Drexel University, Philadelphia,
PA, USA

kind gift of Jeff Twiss, Drexel University, Philadelphia,
PA, USA

kind gift of F. Melchior, DKFZ-ZMBH Alliance,
Heidelberg, Germany

kind gift of F. Melchior, DKFZ-ZMBH Alliance,
Heidelberg, Germany

kind gift of R. Hay, University of Dundee, Dundee, UK
kind gift of R. Hay, University of Dundee, Dundee, UK
kind gift of

kind gift of D. Fedarovich, Medical University of South
Carolina, Charleston, SC, USA

kind gift of J. Gera, University of California, Los
Angeles, CA, USA

All oligoribonucleotides were synthesized (and labeled) by Integrated DNA Technologies,

Inc.

D1-ATG:

57 -GCUGCCCAGGAAGAGCCCCAGCCAUGGAACACCAGCUCCUGUGCUGC-3~

6-FAM D1-ATG:

57 -GCUGCCCAGGAAGAGCCCCAGCCAUGGAACACCAGCUCCUGUGCUGC//6-FAM-3~

mu2: 57 -CAGGAAGAGCCCCAGCCAGGGAACACCAGCUCCUG-3~

57 -UUCCGGUCUCUUUGGCCUCGCCGGUAGAAGCAAGAUG//Cy3-3”
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57- CUGAUCGCUGUAGACCUUACAGUUGCUGCUAACUGCC//Cy3-3~

2.12 Oligonucleotides
2.12.1 Oligonucleotides for in vitro transcription templates

D1-1S-T7 sense primer (T7 promoter sequence is underlined):
57 -ACTCCGGGATCCTAATACGACTCACTATAGGGCACACGGACTACAGGGGAG-3”

D1-4AS antisense primer: 5” -CATGGCTGGGGCTCTTCC-3”

D1-1S-T7 sense primer: vide supra

D1-3AS antisense primer: 57— GGAGCGTGCGGACTCTGC-3~

D1-2S-T7 sense primer (T7 promoter sequence is underlined):

57 -ACTCCGGGATCCTAATACGACTCACTATAGGGCGAGGGGCAGAAGAGCGCGAGG
GAGCGC-3~

D1-4AS antisense primer: vide supra

a) 5’-terminus upstream of deletion (sequence for overhang is in bold):
D1-1S-T7 sense primer: vide supra
D1-30AS: 57 -GCAGCTGGGGAGGGCTGTGGCGGAGCGTGCGGACTCT-3”

b) 3’-terminus downstream of deletion (sequence for overhang is in bold):

D1-29S: 5” -GCAGAGTCCGCACGCTCCGCCACAGCCCTCCCCAGCT-3’
D1-4AS antisense primer: vide supra

¢) fusion PCR
D1-1S-T7 sense primer: vide supra

D1-4AS antisense primer: vide supra

D1-1S-T7 sense primer: vide supra
D1-13AS antisense primer: 57 -CTGTGGGTCCTGGCTGGGTCC-3”

D1-1S-T7 sense primer: vide supra
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D1-35AS antisense primer: 5” -TGGGCAGCTGGGGAGGG-3’

D1-1S-T7 sense primer: vide supra
D1-34AS antisense primer: 5”- CTCTTCCTGGGCAGCTGGGG-3~

2.12.2 Oligonucleotides for DNA:RNA hybrid formation

1AS: 57 -TCTGGAGGCTCCAGGACTTTGCAACTTCAACAAAACTCCCCTGTAGTCCG
TGTGCTATAGTGAGTCGTATTAGGATCCCT-3”

2AS: 57 -CTCGCCGGAGCGTGCGGACTCTGCTGCTCGCTGCTACTGCGCCGACAGCC
CCTATAGTGAGTCGTATTAGGATCCCT -3~

3AS: 57 -GCGCTCGGCTCTCGCTTCTGCTGCCCCGCGCTCCCTCGCGCTCTTCTGCC
CCTATAGTGAGTCGTATTAGGATCCCT-3”

4AS: 57 -GGCTGGGGCTCTTCCTGGGCAGCTGGCGGAGGGCTGTGGGTCCTGGCTGGE
TCCCTATAGTGAGTCGTATTAGGATCCCT-3~

S5AS: 57 -TGCTCGCTGCTACTGCGCCGACAGCCCTCTGGAGGCTCCAGGACTTTGCA
ACCTATAGTGAGTCGTATTAGGATCCCT-3”

6AS: 57 -GCGCTCCCTCGCGCTCTTCTGCCCCTCGCCGGAGCGTGCGGACTCTGCCT
ATAGTGAGTCGTATTAGGATCCCT-3”

7AS: 57 -TGGGGAGGGCTGTGGGTCCTGGCTGGGTCCGCGCTCGGCTCTCGCTTCTG
CTGCCCCCTATAGTGAGTCGTATTAGGATCCCT-3”

2.12.3 Oligonucleotides for mutation of the human La protein

LaK41R-S sense primer (spanning nucleotides 94-137, mutation in bold):
57 -GGACAAGTTTCTAAAGGAACAGATAAGACTGGATGAAGGCTGG-3”

LaK41R-AS antisense primer (spanning nucleotides 94-137, mutation in bold):
57 -CCAGCCTTCATCCAGTCTTATTGTTCCTTTAGAAACTTGTCC-3”

69S sense primer (spanning nts 319 to 340, start codon is in bold, EcoR | restriction site
underlined):
57 -GTCCCGAATTCTACCATGAAAAATGATGTAAAAAACAGA-3”

70AS antisense primer (spanning nts 988 to 1005, stop codon in bold Hind 11 restriction site

underlined):
57 -CGCCCAAAGCTTCTAACGACCTTTTGACTTCCATTT-3”

69S sense primer: vide supra
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70AS antisense primer: vide supra

a) Generation of 5’-terminus and substitution of lysine 200 to arginine and introduction of
restriction sites for cloning into pT7HTb vector

pT7HTb sense primer (spanning nts 108 to 144 (NM_003142-3), BamH I restriction site

underlined):
57 -GCACTGGGATCCATGGCTGAAAATGGTGATAATGAAAAGATGGCTGCC-3”

LaK200R-AS antisense primer (spanning nucleotides 586-619, mutation in bold):
57-TTTTGTTTTATCTCACCTTCGATTTAATTCTCC-3~

b) Generation of 3’-terminus and substitution of lysine 200 to arginine and introduction of
restriction sites for cloning into pT7HTb vector

LaK200R-S sense primer (spanning nucleotides 591-614, mutation in bold):
57 -CAAAATAGAGTGGAAGCTAAATTA-3”

pT7HTb antisense primer (spanning nts 1307 to 1334 (NM_003142-3), Pst | (underlined) and

Hind 111 restriction site douple-underlined):
57 -ACGTCAGCTGCAGCCAAGCTTCTACTACTGGTCTCCAGCACCATTTTCTG-3~

¢) fusion PCR
pT7HTb sense primer: vide supra

pT7HTb antisense primer: vide supra
d) terminal deletion of NTD (aa 1-113) and CTD (aa 335- 408)

69S sense primer: vide supra
70AS antisense primer: vide supra

2.13 Software/ Web servers

DISOPRED?2 Prediction of Protein Disorder http://bioinf.cs.ucl.ac.uk/disopred
Image Lab™ Gel documentation Biorad

ImageQuant TL GE Healthcare

MacVector sequence analysis MacVector, Inc.

Mfold/ UNAfold M. Zuker, State University of NY, USA
MARS, data analysis software for BMG Labtech GmbH

POLARstar Omega plate reader

Prism 4 and Prism 5 GraphPad, Inc.

SUMOsp2.0, version 2.0.4 CUCKOO Workgroup
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SUMOplot™ Analysis Program Abgent

2.14 List of suppliers

Abgent, San Diego, CA, USA

Acros/ Thermo Fisher Scientific, Asheville, NC, USA
Ambion/ Life Technologies, Grand Island, NY, USA
Amersham Biosciences/ GE Healthcare, Pittsburgh, PA, USA
Barnstead/ Thermo Fisher Scientific, Asheville, NC, USA
Beckman Coulter, Brea, CA, USA

Biorad, Hercules, CA, USA

BMG Labtech GmbH, Ortenberg, Germany

Corning, Tewksbury, MA, USA

eBioscience, Inc., San Diego, CA, USA

EMD Millipore/ Merck KGaA, Darmstadt, Germany
Emerson, St. Louis, MO, USA

Enzo Life Science, Farmingdale, NY, USA

Eppendorf, Hamburg, Germany

Fermentas/ Thermo Fisher Scientific, Asheville, NC, USA
Fisher Scientific/ Thermo Fisher Scientific, Asheville, NC, USA
Fluka/ Sigma-Aldrich Corp., St. Louis, MO, USA

GE Healthcare, Pittsburgh, PA, USA

GE Water and Processing Technologies/ GE Healthcare, Pittsburgh, PA, USA
Gilson, Inc, Middleton, MI, USA

GraphPad, Inc., La Jolla, CA, USA

Greiner Bio-One North America, Inc. Monroe, NC, USA
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Invitrogen/ Life Technologies, Grand Island, NY, USA
Integrated DNA Technologies, Inc. Coralville, IA, USA
Jackson ImmunoResearch Laboratories, Inc. West Grove, PA, USA
Jencons Scientific, LLC., Bridgeville, PA, USA

MacVector, Inc. Cary, NC, USA

Mettler Toledo, Columbus, OH, USA

National Diagnostics, Atlanta, GA, USA

New England Biolabs, Ipswich, MA, USA

Novagen/ EMD Millipore/ Merck KGaA, Darmstadt, Germany
Perkin Elmer, Waltham, MA, USA

Pharmco-Aaper, Charlotte, NC, USA

Promega, Madison, WI, USA

Qiagen, Valencia, CA, USA

Qualitron, Inc./ Krackeler Scientific, Inc., Albany, NY, USA
Roche, Indianapolis, IN, USA

Sarstedt, Newton, NC, USA

Scientific Industries, Inc., Bohemia, NY, USA
Sigma-Aldrich Corp., St. Louis, MO, USA
Spectrrum Labs, Rancho Dominguez, CA, USA
Thermo Fisher Scientific, Asheville, NC, USA
USA Scientific, Inc., Ocala, FL, USA

UVP, LLC, Upland, CA, USA

VWR International, Radnor, PA, USA

Whatman/ GE Healthcare, Pittsburgh, PA, USA
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3. Methods

3.1 Molecular methods of DNA technology — cloning, extraction, and analysis of
DNA

3.1.1 Introduction of mutations in the cDNA sequence of human La by PCR

This dissertation analyzes the binding of recombinant human La (hLa) to the 5’-UTR of
cyclin D1 mRNA. In order to determine the domain required for cyclin D1 RNA-binding and
to investigate whether SUMO-modification of La affects its RNA binding activity several
mutations had to be introduced in hLa as detailed below.
Point mutations (lysine to arginine substitutions) were introduced to create the LaSM123
mutant and the RRM1+2 K200RK208R mutant (aa 114-326). The expression vector was
mutated by oligo-directed mutagenesis of the specific sites. Both primers, the sense and the
antisense primer, are mutagenic by containing the desired mutation used to introduce point
mutations. Mutagenic primers are longer than usual primers to form stable double strands and
contain the substitution rather in the middle than at the edges of the oligonucleotide (oligo).
The following already generated La mutants were used for the production of new mutants:

- LaSM23 (vector pet28b(+), mutation: lysines 185 and 208 to arginine)

- LaSM3 (vector pet28b(+), mutation: lysine 208 to arginine)

The LaSM123 mutant:

The LaSM123 mutant was created by introducing a lysine to arginine substitution at lysine 41
in the pet28b(+) LaSM23 vector, which contains lysine to arginine substitutions at lysines
185 and 208, based on the whole plasmid mutagenesis after Braman [320] and the
QuickChange site directed mutagenesis protocol from Stratagene. The primer LaK41R-S was
used as a sense primer (2.12.3) and LaK41R-AS as antisense primer (2.12.3) in a PCR
reaction using the high fidelity and non-strand displacing Platinum Pfx DNA polymerase to

amplify both strands of the entire plasmid:
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reaction mix
ad 50.0 I molecular grade water
5.0 ul  10x Pfx amplification buffer
1.5ul 10 mM dNTP mixture (final concentration 0.3 mM)
1.0 ul 50 mM magnesium sulfate (final concentration 2 mM)
1.0 ul 10 uM LaK41R-S sense primer (final concentration 0.2 pM)
1.0 ul 10 uM LaK41R-AS antisense primer (final concentration 0.2 pM)
10.0 ng pet28b(+) LaSM12 template DNA
10.0 U Platinum Pfx DNA polymerase

thermal profile

initial denaturation  95°C 30 sec

denaturation 95°C 30sec
annealing 55°C 60 sec 18 cycles
elongation 68°C 6 min __|

The PCR product contains the parental template plasmid as well as a nicked mutated plasmid.
The parental plasmid is eliminated by endonucleolytic digestion with the restriction enzyme
Dpn 1, which specifically recognizes methylated or hemimethylated DNA. The parental
plasmid template was prepared from E. coli, which methylated the template DNA. The PCR
product was digested with 10 units Dpn | for 1 hour at 37°C. 10 units of EcoR I, as a unique
cutter for this sequence, was used to linearize 200 ng of the template DNA and a 5 pl aliquot
of PCR product in 1x NEB1 buffer for 2 hours at 37°C. The linearized DNAs were separated
on a 1% (w/v) agarose gel to assess the correct size of the amplified product. Once the correct
size was confirmed, 1 ul of the Dpn I digested PCR product was used for transformation in E.
coli DH5a cells (3.1.3).

The La K200RK208R mutant:
The template for the substitution of lysine 200 to arginine in the minimal RNA-binding
competent RRM1+2 context was the pet28b(+) LaSM3 plasmid, this allows the exclusion of

C’-terminal putative sumoylation sites,. The pet28b(+) LaSM3 plasmid harbors the lysine to
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arginine substitution at lysine 208. This cloning was a multistep process, the substitution had
to be introduced by oligo-directed mutagenesis, and terminal deletions had to be introduced
to create the minimal La protein RRM1+2 context. The point mutation was introduced by two
mutagenic primers, LaK200R-S sense and LaK208R-AS antisense primers (see 2.12.3). The
goal was to clone the cDNA of the double substitution mutant K200R and K208R into the
pT7HTb expression vector. Hence, another approach called PCR site-directed mutagenesis
was taken for this mutagenesis. The 5’-terminal end of the La cDNA was amplified using the
antisense mutagenic primer as well as the pT7HTb sense primer, which contains a restriction
site for the restriction enzyme BamH | (product A; indicated in 2.12.3). The mutagenic sense
primer LaK200R-S and the pT7HTb antisense primer, which introduces a Pst | restriction
site, were used for the amplification of the 3’-terminal end of the La cDNA (product B). Both
products were designed so that they have sequence overlap of 23 nucleotides (nts). This
overlap allowed to use product A and B as templates for the amplification of the entire La
K200RK208R cDNA (product C, 1224 nts) by fusion PCR. All amplifications were
performed using a Platinum Tag DNA Polymerase High Fidelity, 10 ng of the 5’-terminus
(product A) and the 3’-terminus (product B) were combined to serve as a template for the

amplification of the entire cDNA:

reaction mix for fusion PCR

ad 50.0 ul molecular grade water

5.0 ul 10x High Fidelity PCR buffer
5.0 ul 2 mM dNTP mixture (final concentration 0.2 mM)
2.0 ul 50 mM magnesium sulfate (final concentration 2 mM)
1.5 ul 10 uM sense primer (final concentration 0.3 uM)
1.5 ul 10 uM antisense primer (final concentration 0.3 uM)

10.0 ng template product A

10.0 ng template product B
2.0 U Platinum Taq DNA Polymerase High Fidelity
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thermal profile

initial denaturation 94°C 60 sec

denaturation 94°C  30sec |
annealing 55°C 25sec 35 cycles
elongation 68°C  1min ___

Each PCR-product was purified using the QIAquick PCR-purification and QIlAquick Gel
Extraction Kit from Qiagen. In order to clone the PCR product La K200RK208R (product C)
into the pT7HTDb vector the PCR products were digested with BamH | and Pst I, then gel
purified using the QIAquick Gel Extraction Kit from Qiagen, and ligated as described in
section 3.1.2, and finally transformed into E. coli DH5a. cells (3.1.3).

The minimal RNA-binding competent La proteins RRM1+2, RRM1+2 K208R, and RRM1+2
K200RK208R were created amplifying nucleotides 340 to 1005 (aa 114 to 326) with primer
69S (nts 319 to 340, EcoR I site; 5’-end of RRM1) and primer 70AS (988 to 1005, Hind Il1
site, 3’-end of RRM2.) For primer sequence and template information refer to 2.12.3. The
DNA was amplified by the Platinum Taq DNA Polymerase High Fidelity as described above
using the 69S and 70AS as sense and antisense primer, respectively. The PCR products were
purified using the QIAquick PCR-purification and QIAquick Gel Extraction Kit from Qiagen,
analyzed for correct size and purification success on a 1.5 % agarose gel, and ligated into the
pet28b(+) vector (refer to 3.1.2).

Plasmid DNAs were prepared as described in section 3.1.4 and analyzed for correct
mutagenesis by DNA-sequencing, which was performed either on-campus by the MUSC
Nucleic Acid Analysis Facility or off-campus by GENEWIZ.

3.1.2 Ligation of PCR products in expression vectors

The La K200RK208R PCR product C had to be cloned into the pT7HTb. The RRM1+2,
RRM1+2 K208R, and RRM1+2 K200RK208R PCR products had to be cloned into the
pet28b(+) prokaryotic expression vector to be eventually expressed in E. coli BL21 cells for

protein purification.
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For cloning pet28b(+) La K200RK208R the La K200RK208R PCR product C and the
pet28b(+) vector were digested with BamH | and Pst | overnight at 37°C as detailed:

digestion mix (BamH | and Pst I)

ad 50.0 pl molecular grade water
30.0 pl purified La K200RK208R PCR product
4.0 pl 10 pg/ml BSA
4.0 ul 10x NEB buffer 3
20U BamH |
20U Pstl

For cloning RRM1+2, RRM1+2 K208R, and RRM1+2 K200RK208R the PCR products and
the vector pet28b(+) were digested with EcoR I-HF and Hind Il overnight at 37°C as

detailed:

digestion mix (EcoR | and Hind 111)

ad 50.0 ul molecular grade water
30.0 pl purified PCR product
4.0 ul 10x NEB buffer 2
20U EcoR I-HF
20 U Hindlll

The digestion products were gel purified using the QlAquick Gel Extraction Kit and eluted in
30 pl elution buffer. The empty vectors pT7HTb and pet28b(+) were previously prepared in
the lab. In order to prevent the DNA strands from self-ligating, the 5’-end of the plasmid
DNA was dephosphorylated using the Rapid DNA Dephos & Ligation Kit. 3 pl of the
plasmid DNA were dephosphorylated by 1 U rAPid Alkaline Phosphatase in 1x
dephosphorylation buffer in a total volume of 20 pl for 10 at 37°C followed by enzyme
inactivation for three min at 75°C. An aliquot of the purified, digested insert and an aliquot of
the plasmid DNA were separated on a 1.2% agarose gel to determine the appropriate ratio of
dephosphorylated plasmid DNA and insert. The vector DNA:insert DNA ratio of 1:3 was
chosen for the ligation using the Rapid DNA Dephos & Ligation Kit according to the
manufacturer. 5 pl of the ligation product was subsequently used for the transformation into

competent E. coli DH5a cells.
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3.1.3 Plasmid-DNA transformation

The transformation of a plasmid into competent bacteria is a common technique to amplify
the plasmid DNA, usually containing a gene of interest, in large quantities. Expression
vectors do not only carry the cDNA of the gene of interest cloned into the multiple cloning
site, but are also engineered to contain, inter alia, a selectable marker and an origin of
replication. The selectable marker is usually a gene that encodes for antibiotic resistance, e.g.
the B-lactamase gene encodes for ampicillin resistance. By adding the appropriate antibiotic
to the growth medium it allows for the selection of bacteria transformed with the resistance
gene carrying expression vector. For DNA-amplification competent E. coli DH5a. cells and E.
coli BL21 cells or E. coli Rosetta cells were transformed for the expression of proteins. To
introduce the plasmid into the bacterial cell the cells were heat shocked, which opens the
pores of the competent allowing the plasmid intake. The plasmid is retained within the cell
after the pores are closed again which is achieved by a cold shock.

50 pl of chemical competent bacterial cells were thawed on ice and incubated with plasmid
DNA for 30 min on ice. The heat shock was performed by placing the cells for 90 sec at 42°C
in a thermomixer. The cells were immediately returned to ice for two min for the cold shock.
The cells were allowed to recover and grow for 45 min at 37°C and 300 rpm in 700 pl sterile
LB Agar broth without the addition of any antibiotics. Bacteria transformed with ligation
products were pelleted for 60 sec at maximum speed in a bench top centrifuge, and 650 pl of
the supernatant was discarded. The pellet was resuspended in the remaining supernatant and
plated on selective LB agar Miller plates. 25 ul of the bacteria culture transformed with DNA
other than ligation products were directly plated on selective LB agar Miller plates.

Transformed bacteria were grown in an incubator overnight at 37°C.

3.1.4 Preparation of plasmid DNA

The isolation of plasmid DNA was performed using either the QlAprep Spin MiniPrep Kit
for a small scale preparation or the QIAGEN Plasmid Maxi Kit for larger scales. The DNA
concentration was determined using the NanoDrop ND-1000 Spectrophotometer after the
manufacturer’s instructions. The quality of the DNA preparation was analyzed by linearizing
the plasmid DNA with either restriction enzyme (3.1.2) and separating the digestion product

on agarose gels (3.1.5).
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3.1.5 Agarose gel electrophoresis of DNA and ethidium bromide staining

DNA was analyzed for its size and quality in analytic DNA agarose gel electrophoresis and
preparative agarose gel electrophoresis were used to purify DNA samples. By applying an
electric current the different-sized molecules are separated according to their size through the
porous agarose matrix, the overall negatively charged DNA moves towards the positive pole
with smaller DNA fragments migrating faster and further through the matrix than larger
fragments. The fluorescent dye ethidium bromide is intercalating into the double helix,
therefore it can be visualized by exciting the gel with UV-light.

The matrix concentration was chosen accordingly to the size of fragments that had to be
separated, higher percentage gels of 2% or more agarose (w/v) in 1x TAE (50 mM Tris/HCI
pH 7.4, 20 mM sodium acetate, 2 mM EDTA) were prepared for the separation of small in
vitro transcription templates. Larger DNA fragments were separated on a 1% (w/v) or 1.5%
(w/v) agarose gel in 1x TAE buffer. The agarose in 1x TAE buffer was dissolved by heating
the mixture to its melting point in a microwave and allowed to cool down to approximately
50°C before the gel solution was poured into the electrophoresis chamber. To create pockets
for loading the samples later, a plastic comb was immediately inserted after the gel solution
was poured. The agarose gel was polymerized for at least one hour at room temperature
before samples were loaded with one-sixth volume of 6x DNA-loading buffer (0.25% (w/v)
bromphenol blue, 0.25% (w/v) xylene cyanole FF, 30% (v/v) glycerol). The DNA separation
was achieved by applying a current between 70V (small agarose gels) and 100V (larger gels)
in 1x TAE running buffer. A DNA standard of defined DNA fragments sizes was also
separated and used as a reference. To visualize the DNA, the agarose gels were carefully
removed and incubated in a 0.5 pg/ml (w/v) ethidium bromide solution for 10 min. Gels were
destained in water for 10 min and subsequently excited by UV-light using either a UV light
transluminator or a UV-Transilluminator Universal Hood that allowed photographic
documentation.

Since ethidium bromide is highly mutagenic, a reference lane loaded with an aliquot of the
DNA sample was separated in parallel, cut out and stained with ethidium bromide. After
identification and marking the DNA fragment in the reference lane, the reference gel was
aligned with the rest of the gel and the DNA was cut according to the marked reference lane.

A successful DNA-excision was checked by ethidium bromide staining the remaining gel.
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3.2 Protein biochemistry

3.2.1 Recombinant protein expression in prokaryotic cells

In order to synthesize and purify recombinant N’-terminal hexa-histidine-tagged proteins
(overview in table 3.1) their expression vectors were expressed in bacterial E. coli BL21 or E.
coli Rosetta cultures. The human La protein and the mutants LaAl, LaA2, LaA4, LaA7,
including RRM1+2, RRM1+2 K208R, RRM1+2 K200RK208R, LaK41R, and LaSM123
were cloned into the pet28b(+) vector (vector map in appendix). The cDNA of the La mutants
RCD1 and RCD2 were cloned into the pT7Htb vector (vector information in appendix). The
SUMO-1/-2/-3 wild type (SUMO-1/-2/-3-GG), their mutants (SUMO-1/-2/-3-GA) and the
Ubc9 cDNA were cloned into the petl1d vector. Those four vectors, pet28b(+), pT7HTb, and
petlld carry an Isopropyl B-D-1-thiogalactopyranoside (IPTG) inducible T7 promoter,
transcription from this promoter only occurs in the presence of the inducer IPTG (Jacob
1961) (Hansen 1998). The open reading frames (ORF) for the La proteins as well as for the
SUMO isoforms are under control of the T7 promoter.

The expression vectors were transformed into E. coli BL21 competitive cells (3.1.3). The
transformed cells were plated on LB agar plates containing 0.1 mg/ml Ampicillin (petlld
expression vector) or 30 pg/ml Kanamycin (pet28b(+) expression vector) and after incubating
them overnight, a single colony was picked and then used to inoculate 3 ml of LB medium
with the appropriate antibiotic. Bacterial cultures were allowed to grow overnight at 37°C and
300 rpm and used to inoculate 100 ml LB with antibiotic (0.1 mg/ml Ampicillin or 30 pg/ml
Kanamycin) for small scale purification or 2x 400 ml for large scale purification. The
bacterial growth at 37°C and 300 rpm was monitored by measuring the optical densities of
the cultures. Protein expression was induced at an ODggsnm= 0.4 by adding 100 mM IPTG
(His-SUMO-1/-2/-3 wild types and its respective mutants; His-La wild type) or 50 mM IPTG
(His-La mutants) directly to the cultures. The temperature was reduced to 20°C and bacterial
growth was allowed for an additional 12 hours. Cells were harvested by centrifugation at
4,000 x g for 15 min at 4°C and the supernatant was discarded. In order to purify the
expressed proteins, cells were lysed depending on the cell pellet size in 4-6 ml lysis buffer,
incubated for at least four hours under rotation and sonicated using a sonic dismembrator
every hour for 3 x 15 sec during the incubation. Lysozyme, which is contained in the lysis
buffer, is a glycoside hydrolase that damages prokaryotic cell walls by hydrolyzing the

linkages in peptidoglycans. By applying ultrasound to the lysates another way of cell
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disruption was chosen to increase the efficiency of cell lysis. The lysates were centrifuged at
20,000 x g for 20 min and 4°C to settle cell debris. The supernatant containing the soluble,
recombinant His-tagged protein was then subjected to protein purification using Nickel-NTA
spin columns as described in section 3.2.2.

The cDNA of the proteins SAE1, SAE2, BP2AFG, IRIM+1, and SUMO-1/-2/-3 fused with
the glutathione S-transferase (GST)- tag were cloned in the pGEX-2T vector in other
laboratories. The pGEX-2T expression vectors were transformed into E. coli BL21 or Rosetta
2 (DE3) cells and positively transformed cells were selected on agar plates in the presence of
ampicillin. The pGEX-2T vector contains the 3-lactamase gene for ampicillin resistance and
a T7-promoter. The expression in either cell lines was performed as described above for the

His-tagged proteins.
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protein name vector fusiontag  protein purification by
La pet28b(+) His J. Kiihnert& PPL (MUSC)
LaAl pet28b(+) His previously by lab members
LaA2 pet28b(+)  His PPL (MUSC)

LaA4 pet28b(+)  His PPL (MUSC)

LaA7 pet28b(+)  His PPL (MUSC)

RCD1 pT7HTD His J. Kiihnert

RCD2 pT7HTD His J. Kiihnert

RRM1+2 pet28b(+) His J. Kiihnert

LaK41R pet28b(+) His J. Kiihnert

LaSM123 pet28b(+) His J. Kiihnert

RRM1+2 K208R pet28b(+)  His J. Klhnert

RRM1+2 K200RK208R  pet28b(+) His J. Klhnert

SAE1 pGEX-2T GST PPL (MUSC)

SAE2 pGEX-2T GST PPL (MUSC)

Ubc9 petlld His PPL (MUSC)

SUMO-1 pGEX-2T GST PPL (MUSC)

SUMO-2 pGEX-2T GST PPL (MUSC)

SUMO-3 pGEX-2T GST PPL (MUSC)
SUMO-1WT petlld His PPL (MUSC)
SUMO-2WT petlld His PPL (MUSC)
SUMO-3WT petlld His PPL (MUSC)
SUMO-1GA petlld His PPL (MUSC)
SUMO-2GA petlld His PPL (MUSC)
SUMO-3GA petlld His PPL (MUSC)

Table 3.1: Overview of recombinant proteins. Displayed are the protein names and vectors that
cDNA was cloned into, either a hexahistidine (His) tag or glutathione S-transferase (GST)- tag have
been fused to the N’-terminus of the cDNA to allow protein purification. The protein purificiation was
either performed in small scale by Julia Kiihnert or large scale using either HiTrap HP Ni-NTA (His-
tagged proteins) or a GSTrap FF column (GST-tagged proteins) by the Protein Production Lab at the
Medical University of South Carolina, USA. His = hexa histidine tag, GST = glutathione S-transferase
tag, PPL = protein production lab, MUSC = Medical University of South Carolina, Charleston, SC,
USA
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3.2.2 Microspin technology for affinity purification of His-tagged recombinant proteins
using Nickel-NTA spin columns

The recombinant protein purification is based on the small affinity tag consisting of six
consecutive histidine residues, the 6x His-tag, which has been introduced in the cDNA of the
proteins of interest. The Ni-NTA affinity purification system is based on the high affinity of
the Ni-NTA resins for hexa-histidine-tagged proteins. Whereas nickel ions are a highly
specific histidine residue ligand, those nickel ions are bound with a high specificity by the
chelating group of nitrilotriacetic acid (NTA). Therefore, the system allows an efficient
purification of His-tagged recombinant proteins. Imidazole is a competitor for histidine when
in surplus it displaces the histidine-tagged proteins from the Ni-NTA matrix. Thus, the
elution of the recombinant proteins is carried out by using a high concentration of imidazole
in the elution buffer.

For the purification of the His-tagged recombinant proteins wild type La (LaWT, RCD1,
RCD2, RRM1+2, RRM1+2 K200R, and RRM1+2 K200RK208R were expressed in E. coli
BL21 (3.2.1), then purified using Ni-NTA spin columns following the manufacturer’s
instructions (Qiagen Ni-NTA Spin Handbook, 2" edition, 2008). Protein solutions as well as
buffers were either kept on ice, or at 4°C, at all times and 1x cOmplete protease inhibitor
were added freshly to all buffers.

Spin columns were equilibrated with 600 pl lysis buffer (50 mM NaH,PO4, 10 mM
imidazole, 300 mM NacCl, 1 mg/ml lysozyme, 1% (w/v) cOmplete protease inhibitor) by
centrifugation at 890 x g for 2 min prior to binding of His-tagged proteins to the Ni-NTA
resin. For binding 600 pl of the cleared lysate containing the protein of interest were loaded
on a spin column and centrifuged at 270 x g for 5 min. This step was repeated until all of the
lysate was applied to the spin column. The flow through was collected and re-applied twice in
order to ensure high efficient protein binding by saturating the Ni-NTA resin with His-tagged
protein. The columns were subsequently washed six times with 600 pl wash buffer (50 mM
NaH,PO4, 42.5 mM imidazole, 1 M NaCl, 0.11% (v/v) Triton X-100, 1% (w/v) cOmplete
protease inhibitor) for removal of contaminants, which were unspecifically adsorbed by the
resin, by centrifugation for 2 min at 700 x g. Proteins were eluted three times in 150 pl
elution buffer (50 mM NaH,PO,4, 300 mM imidazole, 300 mM NacCl, 1% (w/v) cOmplete
protease inhibitor) and centrifuged for 2 min at 700 x g.

Aliquots for analysis by SDS-PAGE and subsequent Coomassie staining were collected after
binding, from wash fractions 1, 3, 5, and of the eluate, which contains the purified

recombinant protein.
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3.2.3 Dialysis of recombinant proteins

The purification of proteins requires buffer conditions, such as high salt and imidazole
concentrations, which can have negative effects on downstream applications. Dialysis is a
common method allowing the adjustment of salt concentrations and eliminatation of
interfering buffer components. During dialysis molecules in solution are separated by
diffusion through a semi-permeable dialysis membrane. The protein in solution is filled into
the dialysis tubing, a membrane with a defined molecular weight cut-off (MWCO), then
placed into a container with the buffer of interest. Molecules that are below the MWCO will
freely diffuse into the solution whereas proteins and molecules larger than the MWCO will be
retained in the tubing. This allows the exchange of the purification buffer to the buffer of
interest.

The Ni-NTA purified recombinant proteins were placed into membrane dialysis tubing with a
MWCO of 6-8,000 Da, which was then sealed on both sides. The buffer was exchanged twice
after one hour against 500 ml dialysis buffer (10 mM Tris/HCI pH7.4, 150 mM NaCl, 3 mM
MgCly, 5% (v/v) glycerol) and overnight against 1,000 ml buffer. The buffer was pre-chilled
and dialysis was carried out at 4°C, the buffer was continuously stirred to ensure an even
distribution of the buffer and salt concentrations. Dialyzed proteins were carefully removed
from the tubing and potential precipitated proteins were removed by centrifuging the protein

solution for 5 min at 18,000 x g.

3.2.4 Protein concentration

In some cases the protein concentration was inapplicable for downstream applications and
had to be concentrated. A low-binding, anisotropic and hydrophilic regenerated cellulose
membrane with a MWCO of 10,000 Da from Amicon was used for concentrating purified
recombinant proteins.

The protein solution was added to the membrane, centrifuged at 14,000 x g and 4°C to the
desired volume and subsequently recovered by placing the sample reservoir upside down and

centrifuging for 3 min at 1,000 x g to transfer the concentrate to a clean tube.
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3.2.5 Protein quantification

All purified recombinant proteins were quantified using the Bradford method [317], which is
a rapid and sensitive method for protein quantification. This method is based on the
observation that the absorbance maximum of Coomassie Brilliant Blue G-250 shifts from 495
nm to 595 nm when a protein binds to the dye in acetic solution occurs. The visible color
change, monitored with a photometer, is caused by the stabilization of the anionic form of the
dye. In order to quantify the protein sample, the color change is compared to the binding of
known amounts of bovine serum albumin (BSA) as a standard curve.

All protein quantification assays were performed in a 96-well plate, the absorption at 595 nm
was determined using a multiplate reader. A standard curve was prepared by carefully
pipetting BSA in concentrations between 0.1 and 10 mg/ml, adding an aliquot of diluted dye
reagent concentrate (1:5 (v/v) in water) and measuring the absorbance after a 5 min
incubation. The optical densities (ODs) were corrected versus the blank, the diluted dye
reagent without protein, by subtracting the blank value from the data. The blank corrected
raw data were graphically plotted against the known protein concentrations.

Protein samples were measured in triplicates, according to the expected protein concentration
1 - 10 pl of protein was placed in a 96-well assay plate and the diluted dye reagent was added
ad 180 pl. After the assay was thoroughly mixed, it was incubated for 5 min and the OD was
measured at 595 nm. The average of the optical densities was determined after blank
correcting the raw data. In order to obtain the protein concentration of the test samples the
average ODsgsnm was compared with the standard curve by reading off the protein
concentration.

Since some of the recombinant purified proteins were contaminated and/or partially
degraded, the true concentration of those proteins could not be determined with a calorimetric
method as described above. Therefore, proteins were immunoblotted against La (as described
in 3.2.9) and the chemiluminescent signal of the protein samples were quantified and
compared with recombinant La of a known concentration that was blotted in parallel. The
advantage of this method was only La specific bands were quantified and not any unspecific
protein.
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3.2.6 Protein modification - optimized in vitro sumoylation assay

In order to study the role of SUMO-modification on La RNA-binding activity recombinant
human La protein and La protein mutants were modified by the small ubiquitin modifier
SUMO in vitro.

The optimized in vitro assay to modify 425 nM recombinant La proteins was performed by
using 89 nM GST-SAEL, 80 nM GST-SAE2, 0.4 uM His-Ubc9 and 7.3 uM His-SUMO-1/-
2/-3WT or GST-SUMO-1 and parallel reactions with the conjugation deficient His-SUMO-
1/-2/-3GA mutants. The reaction mixture was prepared in a total volume of 25 pul in
sumoylation buffer (50 mM Tris/HCI pH 8.0, 100 mM NacCl, 0.1% (v/v) Nonidet P-40, 10%
(v/v) glycerol, 1 mM Dithiothreitol) containing 1 x ATP mix (10 mM creatine phosphate, 5
mM MgCl,, 2 mM rATP), 1 U creatin kinase, and 1x cOmplete protease inhibitor mix.
Reactions were incubated for 2 hours at 30°C and either stored at 4°C for functional EMSA
assays (3.3.6.2) or acetone precipitated with 250 pl ice-cold 100% acetone over night at -
20°C for immunoblot analysis. The precipitated samples were pelleted for 20 min at 18,000 x
g at 4°C in a bench top centrifuge and were washed twice in 250 pl 80% (v/v) ice cold
acetone, then the pellet was air-dried. The pellet was prepared and separated by SDS-PAGE
and subjected to immunoblotting as described in 3.2.7 and 3.2.9.

3.2.7 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

A common method for separating proteins is electrophoresis, which is the separation of
macromolecules according to size and charge in an electric field, using a polyacrylamide gel
as matrix. Sodium dodecylsulfate (SDS) is an anionic detergent that denatures hydrophobic
molecules such as polypeptides. The number of amino acids bound by SDS is proportional to
the length of a polypeptide. Further, intrinsic charges of polypeptides become ignorable due
to the negative charges contributed by SDS. A polyacrylamide gel allows smaller molecules
to migrate faster through the matrix than larger molecules. The separation of proteins in a
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is independent of charges since all
polypeptides are masked by anionic SDS, but dependent on differences by their molecular
mass. To ensure that proteins are truly in their monomeric form, sulfhydryl-reducing agents,
e.g. p-mercaptoethanol, are often used to reduce disulfide bonds between polypeptide chains.

SDS-PAGEs were performed following the method described by Laemmli [318] using the
Mini-PROTEAN-3 and Tetra Cell system. The concentration of the resolving polyacrylamide
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gel was either 7.5% or 12.5% depending on the molecular weight of the protein of interest;
the analysis of in vitro sumoylation of wild type La required a lower gel percentage whereas
12.5% resolving gels were used for all other analyses. The stacking gel concentration was 5%
for all assays. All reagents for the resolving gel were combined before adding TEMED and
APS, which are initiators of gel polymerization. During polymerization, one hour for 7.5%
and 45 min for 12.5% polyacrylamide gels, the gel was covered with a layer of isopropanol to
ensure an even surface without air bubbles. After discarding this layer and drying the gel with
a tissue, the stacking gel was poured and a 1 mm 10-well comb was inserted immediately
after pouring followed by allowing the gel to polymerize for at least 30 minutes. Protein
samples were prepared by adding 3x SDS-loading buffer (60 mM Tris/HCI pH 6.8, 10% (v/v)
glycerol, 6% (v/v) SDS, 0.01% (w/v) bromphenol blue, and freshly added 5% (v/v) B-
mercaptoethanol) and boiling them at 95°C for 10 min at 1,400 rpm in a thermomixer to
denature the protein samples and coat them with SDS. Denatured samples centrifuged at
14,000 x g for 1 min and loaded on the SDS-polyacrylamide gel. The proteins were separated
by electrophoresis at 200 V for 55 min in SDS-running buffer (250 mM Tris, 19.2 mM
glycine, 0.35 mM SDS).

3.2.8 Protein staining in polyacrylamide gels with Coomassie-Brilliant-Blue

Proteins can be visualized in a polyacrylamide gel after electrophoresis by staining proteins
with Coomassie-Brilliant-Blue R-250 according to Meyer and Lambert [319]. Proteins in the
gel must be fixed prior or simultaneously to staining in order to prevent diffusion of proteins
and remove SDS, which may interfere with the Coomassie staining. Therefore, gels were
stained under slow agitation for 20-30 min in Coomassie staining solution (45% (v/v)
methanol, 10% (v/v) acetic acid, 0.1% (w/v) Coomassie brilliant blue R-250, 0.1% (w/v)
Coomassie brilliant blue G-250). After the gel was washed with water, it was destained in
Coomassie destaining solution (45% (v/v) methanol, 10% (v/v) acetic acid). Gels were stored
in double distilled water until drying or scanning.

The Coomassie staining as well as the destaining solutions are re-usable for a limited time,
the destaining solution containing Coomassie dye was regenerated by incubating it with
activated charcoal. The activated carbon binds the dye and the destaining solution can be
reused after filtration.
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3.2.9 Immunological detection of proteins by immunblotting

The verification of in vitro sumoylation as well as the quantification of purified recombinant
La proteins was achieved by immunoblotting, which is a sensitive immunological method for
detecting specific proteins.

Proteins were transferred to a nitrocellulose membrane after electrophoretic separation
according to their molecular size by SDS-PAGE (3.2.7). The SDS-PAGE gels, as well as the
nitrocellulose membrane, were equilibrated in pre-cooled (4°C) transfer buffer (25 mM
Tris/HCI pH 8.3, 192 mM glycine, 20% (v/v) ethanol 190 proof) for 30 min under slight
horizontal shaking. The Mini Trans-Blot Electrophoretic Transfer Cell was used for
immunoblotting. A so called transfer sandwich was set up in a cassette by aligning the gel
with the membrane in between soaked pieces of Whatman filter paper and fiber pads. The
cassette with a cooling unit (pre-cooled at -20°C) was placed in the gel transfer cell and filled
with ice-cold transfer buffer. The transfer was carried out at 100 V and 350 mA for 3.5 hours
in a cold room for the detection of sumoylated La, and for 1.5 hours at room temperature for
the quantification of recombinant La. After electrophoretic protein transfer to the
nitrocellulose membrane the transfer sandwich was carefully dissembled, the protein marker
highlighted with a pen, and the membrane put in a 50 ml conical screw cap tube. In order to
block unspecific antibody binding to the membrane, the membrane was incubated for 30-45
min at room temperature in blocking solution, 2% BSA (w/v) in wash buffer (10 mM
Tris/HCI pH 7.5, 100 mM NaCl, 0.1% (v/v) Tween 20), under continuous rocking on a
Labguake Rotisserie Shaker. The blocking solution was discarded and the membrane was
incubated with the primary antibody over night at 4°C. As primary antibodies for hLa
immunodetection served the monoclonal mouse anti-La antibodies 3B9 and SW5. For the
detection of SUMO signals, the polyclonal rabbit-SUMO-1 and rabbit-SUMO-2/-3 antibodies
were used as primary antibodies. The primary La antibodies 3B9 and SW5 were diluted
1:500 and the SUMO antibodies 1:4,000 in 10 ml 2% BSA in wash buffer (w/v) containing
1:1,000 sodium azide (v/v). The primary antibodies were recollected and stored at 4°C. The
membrane was washed three times for 5-7 min in wash buffer. The secondary antibody
specifically recognizes and binds an epitope on the primary antibody. The secondary
antibody horseradish peroxidase conjugated anti-mouse or anti-rabbit antibodies were diluted
1:20,000 in 10 ml 2% BSA (w/v) in wash buffer and applied for 1 hour at room temperature
or 3 hours at 4°C. The membrane was washed again as described above. The SuperSignal

West Pico Chemiluminescent Substrate was applied to the membrane. This substrate then
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gets cleaved by the horse-radish peroxidase, which is linked to the secondary antibody,
resulting in a luminescent signal that was either detected with an autoradiography film or the

ImageQuant RT ECL imager.

3.3 RNA synthesis and RNA-protein-interactions

3.3.1 Synthesis of DNA templates for in vitro transcription

The pRCD1F plasmid served as a DNA template for the generation of DNA-templates for in
vitro transcription (described in 3.3.2). The cDNA of the cyclin D1 5’-UTR (209 nts) and the
AUG start codon (3 nts) was cloned between two luciferase genes in the bicistronic pPRCD1F
plasmid. The oligonucleotides serving as PCR primers for the amplification of DNA
templates are listed in 2.12.1. The T7 RNA polymerase was used for in vitro transcription of
the DNA templates to RNA. During PCR a 5’-terminal T7 promoter, which is required for T7
RNA polymerase-mediated transcription, was introduced into all of the DNA templates by
the sense PCR primers. RNAs with terminal deletions, D1-FL, part A, part B, AB2, AB2.1,
and AB2.2 were in vitro transcribed from DNA templates with terminal 5°- or 3’- terminal
deletions amplified by a single PCR using the primers listen in section 2.12.1. The GC-RICH
PCR System was used to ensure efficient template amplification. Because the 5’-UTR of
cyclin D1 is known to be GC-rich, thus amplification of such a GC-rich template can be a
difficult task. For each transcript three parallel PCR reactions were prepared using

independent master mixes after the manufacturer’s instructions:

reaction mix 1
ad 35.0 ul PCR grade water
5.0 ul 2 mM dNTPs (final concentration 200 nM of each dNTP)
1.0 ul 10 uM sense primer (final concentration 200 uM)
1.0l 10 uM antisense primer (final concentration 200 uM)
10.0ng pRCD1F template DNA
2.0ul 5 M GC-RICH resolution solution (final concentration 2 M)
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reaction mix 2
4.0 ul  PCR Grade water
10.0 ul  5x GC-RICH PCR reaction buffer with DMSO
1.0 ul  GC-RICH PC system enzyme 1 (final concentration 2 U)

Both reaction mixes were combined on ice and gently vortexed before the PCR was

performed in the Mastercycler PCR cycler (Eppendorf) after the following thermal profile:

initial denaturation 95°C 3 min

denaturation 95°C  30sec

annealing 55°C  30sec 10 cycles
elongation 68°C  30sec
denaturation 95°C  30sec |

annealing 55°C  30sec 25 cycles
elongation 68°C  45sec __

final elongation 68°C 7 min

The PCR products were purified in two steps to ensure a high purity DNA template. First, the
PCR products were removed from salts and oligonucleotide primers using the QIAquick PCR
Purification Kit from Qiagen after the manufacturer’s instructions. The purified samples were
subsequently separated on an analytical 2.3% agarose gel, the template DNA bands were
excised and purified using the QIAquick Gel Extraction Kit from Qiagen. The purified
products were assessed for their integrity by 2.3% agarose gel electrophoresis and subsequent

ethidium bromide staining.

The DNA template for the ABI transcript (-209 to 110 and -37 to +3) has a 73 nucleotide
internal deletion between nucleotides 99 and 172. The internal deletion was achieved by a
fusion PCR strategy (as displayed in figure 3.1). In separate PCR reactions the 5’-end and 3’-
end of the cyclin D1 5’-UTR were amplified using the D1-1S-T7 as sense primer for the 5’-
terminus and D1-4AS as antisense primer for the 3’-end. The antisense primer CD1-30AS
required for amplification of the 5’-terminus contains an additional 20 nucleotides. Those
additional nucleotides are complimentary to the sequence downstream of the deletion. A 19

nucleotide long overhang upstream of the deleted sequence was created by the D1-29S sense
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primer, which was used in combination with the D1-4AS primer to amplify the 3’-end of the
cyclin D1 5’-UTR. The D1-30AS antisense and D1-29S sense primer are annealing in a way
so both amplification products lack the nucleotides downstream of nucleotide 99 and
upstream of nucleotide 172, respectively. In a fusion PCR using the sense D1-1S-T7 primer
and the antisense D1-4AS primer both PCR products were fused due to the complimentary
overhangs created in the first PCR. All three GC-rich PCRs were performed using the GC-
RICH PCR system from Roche as described above, but using 7.5 ng of each PCR product
fusion PCR. The PCR products were separated on an analytical 2.3% agarose gel and purified

after each PCR amplification using the QIAquick Gel Extraction kit from Qiagen.

sequence to be deleted
N\ Pl

Il cyclin DY

D1-1S-T7 D1-29S
— ~ = g =—— - primer design
D1-30AS D1-4AS

first amplification

= =

second amplification
D1-1S-T7 and D1-4AS

lE=S AB1 DNA template

Figure 3.1: Cartoon of internal deletion strategy to create the AB1 DNA template. The overhangs up-
and downstream of the deleted sequence created by D1-30AS and D1-29S primers are indicated by vertical
and horizontal lines, respectively.
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3.3.2 Synthesis and purification of RNA by in vitro transcription

RNA probes, non-radioactive as well as radioactive [*P]-CTP labeled, were synthesized
using the MEGAshortscript High Yield Transcription Kit from Ambion according to the
manufacturer’s instructions.

For the transcription of internally labeled RNAs reactions were assembled in the following
order 2 pl T7 10x reaction buffer, 8 ul of 75 mM T7 ATP-GTP-UTP Mix (18.75 mM each),
1.5 mM cold CTP, 40 uCi [a-*2P]-CTP, 100 nM of DNA template containing a T7 promoter,
2 ul T7 enzyme mix, and nuclease-free water ad final volume of 20 pl. For DNA templates
smaller than 75 nucleotides, 150 nM of template DNA was used for the in vitro transcription.
After gently mixing, the reactions were incubated for 3.5 hours at 37°C. In order to remove
the DNA template, the samples were incubated for an additional 15 min at 37°C with 1 pl
TURBO DNase. Non-radioactive RNA transcripts were synthesized by using a similar
reaction, but using a mix of 100 mM T7 NTP Mix (ATP, GTP, UTP, CTP: 25 mM each)
instead of unlabeled and [**P]-labeled CTP. An overview of the RNA transcripts is displayed
in table 3.2.

The in vitro transcribed RNA was in solution with a high content of free nucleotides, salts
and enzymes, thus it was purified using a glass-filter based MEGAclear Kit from Ambion
according to the manufacturer’s instructions.

The freshly synthesized RNA was prepared as follow before being bound to the glass-filter:
The RNA was brought to a volume of 100 pl by adding 80 pl of Elution Solution, and
subsequently 350 ul of Binding Solution Concentrate followed by 250 pl 200 proof ethanol
were added to the samples. The reactions were gently mixed after each step by gently
pipetting. To bind the RNA, the RNA mixture was pipetted onto the membrane and
centrifuged for 1 min at 13,000 x g. After discarding the flow-through, the membrane was
washed twice by applying 500 ul Wash Solution Concentrate and centrifuging for 1 min at
13,000 x g after each wash step. An additional centrifugation step for 30 sec at 13,000 x g
ensured the complete removal of wash solution. The RNA was eluted in two steps: 50 ul of
pre-heated 95°C Elution Solution were applied to the center of the filter, which was placed
into a clean Collection/Elution tube, and centrifuged for one min at 13,000 x g. This step was
repeated to maximize recovery.

The RNA vyield was determined in a 1:10 dilution by diluting 3 pl of RNA to 27 ul 1x TE
buffer (10 mM Tris/HCL pH 8.0, 1 mM EDTA). The absorbance at 260 nm was

spectrophotometrically determined using a NanoDrop. The RNA concentration was
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calculated based on Aggo of 1 equivalent to 40 ng RNA/ul: RNA concentration = A20*10*40
ng/pl, with 10 being the dilution factor.

transcript name  mutation type nts position length
D1-FL none -209 to +3 212
part A 5'-terminal deletion -209to -110 99
part B 3'-terminal deletion -110to +3 113
ABI internal deletion -209to -110 and -37 to +3 139
AB2 3'-terminal deletion -209 to -37 172
AB2.1 3'-terminal deletion -209 to -15 194
AB2.2 3'-terminal deletion -209 to -8 201

Table 3.2: Overview of RNA transcripts used for electrophoretic mobility shift assays. Type
of mutation introduced into the D1-FL RNA and the nucleotide length of the transcripts. The
nucleotide positions of the transcripts in reference to the D1-FL RNA are indicated. nts =
nucleotides

3.3.3 5’-end labeling and purification of synthesized RNA oligoribonucleotides

To test whether La has RNA-binding activity to an RNA oligoribonucleotide containing the
cyclin D1 translational start side in its original context, the D1-ATG RNA
oligoribonucleotide was synthesized by Integrated DNA technologies, Inc. (sequence
information in section 2.12). The lyophilized RNA was resuspended in ribonuclease-free 1x
siRNA buffer to a stock solution concentration of 100 nM. The RNA was 5’-end labeled with
[y-?P]-ATP using the KinaseMax Kit from Ambion, which uses the enzyme T4
polynucleotide kinase to catalyze the gamma phosphate transfer from ATP to the 5’-hydroxyl
group of the RNA. The manufacturer’s instructions were followed. Since the D1-ATG RNA
is a synthesized oligoribonucleotide it has a 5’-OH group and does not have to be de-
phosphorylated in contrast to in vitro transcribed RNA, which has a 5’-phosphate. The kinase
reaction was performed in a total volume of 20 ul. A set of three parallel reactions were
prepared when large amounts of radiolabeled D1-ATG RNA were anticipated. 20 pmol D1-
ATG RNA oligoribonucleotide were phosphorylated using 3 ul 3,000 Ci/mmol, 10 mCi/ml
[y-*2P]-ATP, 2 ul 10x Kinase Buffer, 10 U T4 polynucleotide nuclease ad 20 pl nuclease-free
water for 1 hour at 37°C. The reaction was quenched by adding EDTA to a final
concentration of 1 mM and heating the samples to 95°C for 2 min.

In order to remove free, unincorporated nucleotides and salts the kinase product was purified
by spin-column chromatography using NucAway Spin columns after manufacturer’s

instructions. Major advantages of using spin columns compared to gel purification followed
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by phenol:chloroform extraction include time savings and the elimination of hazardous
phenols. During the kinase reaction the spin column were prepared by settling the dry gel in
the bottom of the column and adding 650 ul RNase-free water, tapping out air bubbles and
hydrating the dry gel for 10 min at room temperature. The rehydrated column was spun for 2
min at 750 x g to achieve a proper column packing. The kinase max reaction was loaded on
the center of the column, reactions where pooled and applied to one column when parallel
kinase reactions were prepared, and the purified RNA was then eluted by spinning the
column at 750 x g for 2 min. The integrity of the 5’-end labeled RNA was assessed by
denaturing TBE-urea PAGE (section 3.3.4).

3.3.4 Denaturing TBE-urea polyacrylamide gel electrophoresis for the analysis of
radioactive labeled RNAs

In order to verify the correct size as well as the homogeneity and quality of in vitro
transcribed [*?P]-labeled RNAs they were subjected to denaturing urea PAGE. RNA can form
very stable and compact secondary structures, which are falsifying the relation between
mobility and molecular weight. The bases of RNA may form hydrogen bonds, which are
difficult to denature, thus, a denaturing agent such as urea must be present in a
polyacrylamide gel to disrupt the hydrogen bonds and separate RNA under denaturing
conditions.

A 5% TBE-urea polyacrylamide mini gel for the Mini-PROTEAN Tetra Cell was prepared
for the analysis of larger radiolabeled transcripts (D1-FL, part A, part B) and unlabeled
transcripts (D1-FL, part A, part B, AB1, AB2, AB2.1, AB2.2) with 8 M urea, 0.6 ml 40x TBE
buffer (1.8 M Tris/HCI pH 85, 1.8 M boric acid, 40 mM EDTA), 1.25 ml 30%
acrylamide/bisacrylamide (29:1, v/v) ad 7.5 ml deionized water, then polymerization was
initiated by adding 0.01% (w/v) APS and 0.001% (v/v) TEMED. For the smaller D1-ATG
oligoribonucleotides and related RNAs (labeled D1-ATG, unlabeled D1-ATG, mu2, and
mu3) a 10% denaturing gel was prepared accordingly. The comb was inserted and the gel was
allowed to polymerize for one hour before it was pre-run at 240 V for 35 min, or until current
was invariant, in 1x TBE buffer (45 mM Tris/HCI pH 8.5, 45 mM boric acid, 1 mM EDTA)
to remove all traces of APS and to ensure that buffer and gel are at the same temperature. 10
ul of the in vitro transcribed RNA was denatured in 10 pl denaturing RNA-loading buffer
(80% (v/v) formamide, 1 mM EDTA, 50 mM 1x TBE buffer, 0.05% (w/v) bromphenol blue,
0.05% (w/v) xylene cyanole FF) at 80°C for 10 min and cooled down to room temperature
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prior to loading. Electrophoreses were carried out at 240 V for 20-35 min depending on the
RNA size. The RNA-loading buffer contains bromphenol blue as well as xylene cyanol,
which migrate at 35 and 140 base pairs respectively in a 5% denaturing polyacrylamide gel
and at around 12 and 55 base pairs in a 10% denaturing gel. Therefore, electrophoresis times
were estimated according to the dyes’ migration and the expected RNA sizes. After the
electrophoresis the gel system was dissembled, the gel was placed on a Whatman filter and
wrapped in plastic wrap. The RNA quality was determined by exposing the gel to a storage

phosphor screen and visualized using a Storm Phosphorimager scanner.

3.3.5 Evaluation of RNA quality by denaturing urea polyacrylamide gel electrophoresis
of non-radioactive labeled RNA

To assess the quality as well as correct size of in vitro transcribed non-radioactive labeled
RNA the detection method as described above could not be performed. Nucleic acids can be
detected by using ethidium bromide (EtBr) stain. EtBr intercalates in the spaces between base
pairs in the double helix of nucleic acids. Single stranded RNA can also be detected using
EtBr, but it is less efficient. The denaturing PAGE was performed as indicated above, but the
TBE polyacrylamide gel contained 8 M urea. 400 ng RNA were loaded in 5 pl denaturing
RNA loading buffer (80% (v/v) formamide, 1 mM EDTA, 50 mM 1x TBE buffer, 0.05%
(w/v) bromphenol blue, 0.05% (w/v) xylene cyanole FF) after being denatured at 90°C for 10
minutes. An electric field was applied for 25 min at 240 V. Upon dissembling the gel system
the gel was placed in a solution of 0.5 pug/ml EtBr for 5 min and subsequently washed for 2
min in distilled water. The EtBr intercalated into the RNA was visualized under UV light

using the UV-Transilluminator Universal Hood and Image Lab software.

3.3.6 Electrophoretic mobility shift assay using radioactive labeled RNA

Electrophoretic mobility shift assay (EMSA) is a sensitive quantitatively as well as
qualitatively technique allowing the analysis of protein-nucleic acid interactions. Protein and
nucleic acid solutions are combined and the mixture is separated by native polyacrylamide
gel electrophoresis (PAGE). The species of nucleic acid is usually determined by
autoradiography of the [*?P]-labeled nucleic acid. Commonly, the free nucleic acid has a
higher mobility compared to nucleic acids shifted into a complex with the protein and
migrating slower through the polyacrylamide gel. In this study the La protein was combined
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with [*P]-labeled RNAs and the protein-RNA solution subjected to native TBE
polyacrylamide gel electrophoresis. The [*?P]-labeled nucleic acid species were detected by

phosphor screen imaging (3.3.6.7).

3.3.6.1 Standard EMSA

Several recombinant La mutants were tested for their ability to form complexes with the 5’-
UTR of cyclin D1. The binding affinity of recombinant human La to the 5’-UTR was
determined by titrating La against the RNA. A 6% native TBE polyacrylamide gel was
prepared in a Mini-PROTEAN Tetra Handcast System, after polymerization it was pre-run
for 35 min at 240 V during sample preparation. The RNA was re-annealed for 10 min at 85°C
in 1x RNA-binding buffer (20 mM Tris/HCI pH 8.0, 150 mM NacCl, 1.5 mM MgCl,, 0.5 mM
EDTA, 0.5% (v/v) Nonidet P-40) and slowly cooled down to 37°C in a thermomixer. The
binding reaction was prepared in a total volume of 20 ul in 1x RNA-binding buffer.
Increasing concentrations of recombinant wild type La protein: 40, 80, 160, 320, 640, and
960 nM were placed in a 96-well microtiter assay plate and 10 nM of re-annealed [**P]-
labeled cyclin D1-FL RNA was added. A reaction with only the RNA transcript and no
protein served as negative control. The samples were equilibrated for 10 min at room
temperature before 2.5 pul RNA loading buffer (5% glycerol (v/v), 0.25% (w/v) bromphenol
blue in 1x TBE buffer) was added and then samples were subjected to electrophoresis for 10
min at 240 V followed by 60 min at 100 V. The gel was carefully removed from the glass
plates, placed on Whatman filter paper and dried on a gel dryer for 45 min at 80°C before
placing it in a cassette and finally exposing it to a storage phosphor screen. The phosphor
screen was scanned using a Storm Phosphorlmager. The La:RNA complex formation was
quantified using the ImageQuant TL software and plotted as a function of the La
concentration in Prism 5. The dissociation constant was determined using the one-site
hyperbolic binding fit in Prism 5.

The binding affinity of wild type recombinant human La protein to the translational start site
context of the cyclin D1 RNA, represented by the D1-ATG RNA oligoribonucleotide, was
determined by native EMSA. A 10% native TBE polyacrylamide gel was prepared and
allowed to polymerize for one hour before it was pre-run for 40 min at 260 V in 1x TBE
buffer (45 mM Tris/HCI pH 8.5, 45 mM boric acid, 1 mM EDTA). In the meantime the [*?P]-
D1-ATG RNA oligoribonucleotide in 1x RNA-binding buffer was re-annealed for 10 min at
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85°C and subsequently cooled down slowly to 37°C in a thermomixer. The binding reaction
was prepared in a total volume of 20 ul in 1x RNA-binding buffer. Increasing concentrations
of human recombinant His-tagged La protein of 10 nM, 60 nM, 200 nM, 400 nM, 600 nM,
800 nM, 1 M, 1.6 uM, and 3 uM were placed into a 96-well microtiter plate. 10 nM of the re-
annealed [*?P]-labeled D1-ATG RNA was added to the La protein. The protein was allowed
to bind the RNA for 10 min at room temperature before 2.5 ul RNA-loading buffer was
added to each sample and loaded on the pre-run native TBE polyacrylamide gel. The
electrophoresis was carried out for 10 min at 260V followed by 50 min at 140V. The gel was
carefully removed, placed on Whatman filter paper, and dried for 60 min at 80°C under
vacuum. The dried gels were exposed to a storage phosphor screen overnight and visualized
using a Storm Phosphorimager scanner. The ribonucleoprotein complex formation was
quantified using the ImageQuant TL software. As described above, the dissociation constant
was determined in Prism 5 after plotting the La:D1-ATG RNA complex formation as a
function of the La protein concentration.

In order to determine the La domains required for D1-ATG RNA-binding, recombinant La
protein mutants were titrated against 10 nM 5’-end labeled [*P]-D1-ATG RNA
oligoribonucleotide and separated by electrophoresis on a 10% native TBE polyacrylamide
gel. The native EMSA was carried out as described above, but only four protein
concentrations for each La protein mutant were chosen: 40 nM, 80 nM, 160 nM, and 320 nM.
The oligomerization of RRM1+2 was analyzed by using the highly negatively charged
polyanion heparin as an unspecific competitor. The EMSA was performed as described
above, but 99, 198, 298, and 596 nM of RRM1+2 were incubated with [*P]-D1-FL RNA in
the presence or absence of 0.5 pg heparin.

The La binding site within the 5’-UTR of cyclin D1 was attempted to be mapped using
different [*2P]-labeled cyclin D1 RNA transcripts containing deletions. The in vitro
transcribed and internally radiolabeled RNAs, D1-FL, part A and part B (refer to 3.3.2 and
3.3.3), were used as targetes for RNA-binding studies with 320 nM recombinant La protein.
The EMSA was carried out as described before for D1-FL RNA binding studies using 10 nM
of each transcript, thus allowing it to be bound by 320 nM recombinant His-tagged La
protein.
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3.3.6.2 EMSA studying SUMO-modified La binding activity

In order to study the effects of SUMO-modification of the La protein on RNA-binding
recombinant human La was SUMO-modified and analyzed by native EMSA. Initially,
optimal salt conditions for the electrophoretic mobility shift assay had to be created by
exchanging the sumoylation buffer (50 mM Tris/HCI pH 8.0, 100 mM NaCl, 0.1% (v/v)
Nonidet P-40, 10% (v/v) glycerol, 1 mM Dithiothreitol) to 2x RNA-binding buffer (40 mM
Tris/HCI pH 8.0, 300 mM NaCl, 3 mM MgCl;, 1 mM EDTA, 1% (v/v) Nonidet P-40) by
utilizing centrifugal filter tubes from Amicon with a MWCO of 10 kDa. The IVSA products
were applied to the filter tubes and spun for 10 min at 14,000 x g. A three-fold volume of 2x
RNA-binding buffer was added after the concentration of the IVSA product and centrifuged
at 10 min for 14,000 x g. This step was repeated 3 times. The end volume was brought to the
same volume as the IVSA product with 2x RNA-binding buffer. In order to study the RNA-
binding activity of sumoylated wild type La vs. native La 10 nM [**P]-labeled D1-FL RNA
was incubated with 27, 80, and 106 nM of sumoylated and native La, which was incubated
with the conjugation deficient SUMO-GA mutant, and separated by native PAGE as
described above. 80 nM of sumoylated and native RRM1+2 and its respective mutants,
RRM1+2 K208R and RRM 1+2 K200RK208R, were allowed to form RNP complexes with
10 nM [*?P]-labeled D1-ATG RNA and finally analyzed by native EMSA as described above.

3.3.6.3 DNA:RNA hybrid EMSAs

An alternative approach to the classical EMSA was performed by using antisense DNA
oligoribonucleotides complimentary to the cyclin D1 RNA to map the binding site of La
within the 5’-UTR of cyclin D1 in vitro.

Antisense oligoribonucleotides of about 50 nts complimentary to the D1-FL RNA were
synthesized by Integrated DNA Technologies Inc., their sequence information can be found
in 2.12.2. The lyophilized oligoribonucleotides were resuspended in nuclease-free water to a
concentration of 100 nM. The DNA concentration was confirmed by spectrophoretic analysis
using a NanoDrop. A DNA:RNA hybrid was created by annealing 10 nM of [*P]-D1-FL
RNA with 20 nM antisense DNA oligoribonucleotide at 85°C for 10 min in annealing buffer
(10 mM Tris/HCI pH 7.4, 40 mM NaCl, 0.2 mM EDTA) and subsequently cooling it down
to room temperature. The EMSA was performed as described in 3.3.6.1 using 320 nM

recombinant human La protein. The samples were prepared in the presence of 0.5 pg heparin
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and separated for 8 min at 240V followed by 27 min at 160V a non-denaturing 4% TBE
polyacrylamide gel.

3.3.6.4 Competitive EMSA

A variation of the gel retardation assay, a competitive EMSA, allows analyzing the
specificity of protein-RNA interactions. In this study, cold competitor RNAs were used to
map the La binding site in the cyclin D1 mRNA. Only in the presence of an excess amount of
unlabeled competitor RNA including the hLa binding site out-competes the interaction of hLa
with the labeled RNA resulting in a reduction or complete loss of an EMSA shift.
Electrophoretic mobility shift assays were conducted as described above (3.3.6.1), but
increasing amounts of cold competitor RNA was added and equilibrated for 10 min with 160
nM recombinant La protein before 10 nM radioactive labeled D1-FL or D1-ATG RNA was
added. Cold competitors were added in excessive amounts of 100 nM 10x), 250 nM (25x),
and 500 nM (50x) in order to challenge the binding. The specificity of the assay was tested by
utilizing the cold transcripts of the radiolabeled D1-FL RNA or the unlabeled D1-ATG RNA
oligoribonucleotide as competitor RNAs.
In addition to the RNA transcripts listed in table 3.2, the following synthetic RNA
oligoribonucleotides were used as competitors:

- D1-ATG RNA (nts -23 to +24)

- mu2 RNA (nts -17 to +18)

- mu3 RNA (nts -17 to +18)

3.3.6.5 Supershift assay

An EMSA displays protein:RNA interactions, but it is unable to identify the protein
mediating this interactions. A modification of the classical EMSA, supershift assay, allows
for the specific immuno-identification of proteins actually binding the RNA. Incubating the
protein of interest with a highly specific antibody leads to a much larger complex when
bound to the RNA. The lower mobility of the antibody:protein:RNA complex results in a so
called “super shift” of the RNA into a lower mobility complex in an EMSA. 300 ng of human
recombinant La protein was incubated for one hour at 4°C with 5 pl of the mouse monoclonal

La SW5 antibody in 10 mM Tris/HCI pH 7.4 and 20 units RNasin in a total reaction volume
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of 10ul. A parallel reaction with 5 pl of the isotype control mouse IgG2a,x antibody was
performed. The antibody pre-incubated La protein was subsequently used for EMSA as
described in 3.3.6.1.

3.3.6.6 Non-radioactive electrophoretic mobility shift assay

To examine the RNA-binding activity of the La protein to TOP elements, fluorescence-based
native EMSAs were performed. The use of fluorescent labeled RNA probes compared to
radioactive labeled RNA has advantages such as longer probe shelf life and the handling of
less hazardous materials [220].

The TOP RNA-oligoribonucleotides L22 and L37, and the oligonribonucleotide of the
unrelated GAP43 mRNA were synthesized and labeled with Cy3 cyanine at their 3’-end by
Integrated DNA Technologies Inc. The lyophilized RNAs were resuspended in 1x SiRNA
buffer (Dharmacon) to a stock solution concentration of 100 nM.

A native 10% TBE polyacrylamide gel was prepared and allowed to polymerize for 1.5
hours. The RNA-binding reaction was prepared during the pre-run of the polyacrylamide gel
at 240 V for 2.5 hours in 1x TBE buffer (45 mM Tris/HCI pH 8.5, 45 mM boric acid, 1 mM
EDTA). The RNA from stock solutions was diluted 1:1,000 in annealing buffer (10 mM
Tris/HCI pH 7.4, 40 mM NaCl, 0.2 mM EDTA) and re-annealed at 80°C for 5 min and then
immediately placed on ice.

For EMSAs to determine the dissociation constant, 22 nM of re-annealed L22, L37, or
GAP43 RNA were added to increasing recombinant La protein concentrations ranging from
6.7 nM to 638 nM in 1x RNA-binding buffer (20 mM Tris/HCI pH 8.0, 150 mM NaCl, 1.5
mM MgCl,, 0.5 mM EDTA, 0.5% (v/v) Nonidet P-40) in a total reaction volume of 40 pl.
The RNA:protein mixture was incubated for 10 min at room temperature, subsequently
loaded on the pre-run gel in the absence of a RNA-loading buffer and separated by native
PAGE at 240V for 20 min and 140V at 3 hours. After electrophoresis, the gel was removed
carefully from the plates and wrapped in plastic wrap. The fluorescent signals of La:Cy3-
RNA complexes were visualized with a Typhoon Imager and quantified using ImageQuant
TL software. The quantified RNP complex formation was plotted as a function of the La
protein concentration.

For the analysis, RNA-binding activity of SUMO-modified La protein the Cy3-labeled L37,
L22, and GAP43 RNAs were re-annealed and the native TBE polyacrylamide gel was
prepared as described. In order to create the salt conditions optimal for the electrophoretic
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mobility shift assay the salt conditions had to be adjusted. The sumoylation buffer (50 mM
Tris/HCI pH 8.0, 100 mM NaCl, 0.1% (v/v) Nonidet P-40, 10% (v/v) glycerol, 1 mM
Dithiothreitol) was exchanged to 2x RNA-binding buffer (40 mM Tris/HCI pH 8.0, 300 mM
NaCl, 3 mM MgCl,, 1 mM EDTA, 1% (v/v) Nonidet P-40) by using centrifugal filter tubes
with a modified polyethersulfone membrane and a MWCO at 10 kDa (VWR) as described in
section 3.3.6.2. For the binding reaction 22 nM of L22 or L37 RNA were added to 27, 80,
and 106 nM La protein from the IVSA reaction (S-1:La and con La) in 1x RNA-binding
buffer in a total reaction volume of 40 pl. Binding was allowed for 10 min at room
temperature, samples were loaded without RNA-loading buffer onto the pre-run native 10%
TBE polyacrylamide gel and separated by electrophoresis for 30 min at 240 V followed by 2
hours at 160 V. The gels were carefully removed after gel electrophoresis and wrapped in
plastic wrap to transport them to the Typhoon imager, which allowed the visualization of the
fluorescent-labeled La-RNP complexes. The fluorescent Cy3-RNP complexes were
quantified using ImageQuant TL software. The value of unmodified La at 27 nM was set to
1000 arbitrary units and all other data were normalized against unmodified La. The
significance (p-value) of S-1:La- and control La-binding to L37 and L22 RNA-
oligoribonucleotides were calculated using a paired two-tailed Sutdent’s t-test in Prism 4.

3.3.6.7 Quantitative EMSA analysis

For radioactive EMSAs dried native PAGE gels were exposed to a phosphor screen for 1.5
hours or overnight depending on the signal strength. The phosphor screen was scanned on a
Storm Phosphorlmager, which exposes the storage phosphor screen to ionizing radiation and
induces latent image formation. Upon laser scanning the crystals in the phosphor screen emit
blue light that is collected by the instrument and formed into a quantitative representation of
the sample.

The electric signal of the scanned gels were digitalized and analyzed by the ImageQuant TL
software, areas were assigned to all RNP complexes to determine the signal strength, which is
expressed in pixel/mm?. These data were corrected by subtracting the signal of an equal sized
area of the background. The RNP complex formation was plotted as a function of the La
concentration in the Prism 5 software. The signal strength of the La-RNP formation at the
lowest control La concentration was set as 100 % or as 1,000 arbitrary units for EMSAs with
SUMO-modified La proteins. The signal strengths of all other samples were quantified and
put in relation to the 100% or 1,000 arbitrary units.
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For fluorescence EMSAS, plastic wrapped gels were carefully transported and scanned using
a Typhoon Phosphorimager. The Cy3 fluorescent dye, which is 3’-end labeled to the RNA,
was excited at a wavelength of 532 nm and the emitted light of 580 nm was measured by the
Typhoon laser using the 580 DF 30 filter. The visualization and quantification of the RNP
complex formation by the ImageQuant software was carried out as described above.

3.3.7 Fluorescence polarization assay

An alternative quantitative method to monitor RNA-protein-interactions is based on the
alteration in tumbling properties of a fluorescent ligand upon binding to a larger molecule
[220]. Jean Perrin described in 1926 that fluorescent molecules in solution emit light into a
fixed plane if the molecules remain stationary during the excitation with plane-polarized
light. Molecules are not stationary in solution, but rotate and tumble, smaller molecules
tumble especially more than larger molecules. If the fluorophore attached to a molecule
tumbles out of plane during excitation the emitted light is in a different plane, i.e. the emitted
light is depolarized, measured in parallel and perpendicular planes to the excitation plane. A
larger molecule rotates and tumbles less and upon excitation the emitted light remains
polarized (figure 3.2). Polarization is expressed in units of millipolarization (mP) and is
related to the fluorescence intensity (1) in the parallel (para) and perpendicular (perp) planes.

Fluorescence polarization is defined as [220]:

Ipara—Iper
mp = 1000 x [2——P¢TP)
Ipara+Iperp

Fluorescence polarization can be used to study RNA-protein interactions by labeling the
RNA with a fluorophore and measuring the polarization upon the addition of varying protein
concentrations. The polarization is influenced by the relative concentration of each
fluorescent species in the reaction [220], thus the polarization is directly proportional to the
protein-complexed RNA at each protein concentration [220].

The RNA of interest, D1-ATG, was synthesized and 3’-end labeled with the fluorophore 6-
carboxyfluorescin (6-FAM) by Integrated DNA Technologies, Inc (2.11.4). The lyophilized
RNA was resuspended in 1x siRNA (Dharmacon) buffer to a stock concentration of 100 puM.
The 3’-FAM-labed D1-ATG RNA stock solution was diluted to 10 uM in FP assay buffer (20
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mM Tris/HCI pH 8.0, 150 mM NacCl, 1.5 mM MgCl,, 0.5 mM EDTA, 0.5% (v/v) Nonidet P-
40, 2 mg/ml (w/v) bovine gamma globulin) and re-annealed for 10 min at 80° and slowly
cooled down to 37°C. A 0.1 uM La protein stock solution in FP assay buffer was prepared at
increasing concentrations (1 nM- 300 nM) of the La protein and its mutants were placed in
black 384-well plates. 10 nM of re-annealed RNA was added to the proteins and FP assay
buffer was added to a total volume of 100 pl per reaction. 100 ul of FP assay buffer was used
as blank sample. To determine the background polarization 10 nM free 3’-FAM-labed D1-
ATG RNA in FP assay buffer was used as control. The POLARstar Omega plate reader was
utilized to measure fluorescence polarization after 5 min incubation at room temperature. The
assay was done in quadruplicates for each protein concentration, to reduce the standard
deviation a 5x RNA-protein master mix of 500 ul was prepared and 100 pl was added per
well. The background polarization was subtracted from the blank corrected data. The change
in millipolarization (AmP) was plotted as a function of the La concentration in Prism 5. The

dissociation constant Kp was determined by the one-site (hyperbola) non-linear fit algorithm

in Prism 5.
depolarized polarized
excitation polarization excitation
light filter light

S =iy =[]
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3’FAM-CCND1 3'FAM-CCND1
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Figure 3.2: Schematic representation of a fluorescence polarization assay. A polarization filter, was
used to excite the FAM fluorophore 3’-end labeled to the D1-ATG RNA (3’FAM-CCNDL oligo). The
small RNA oligoribonucleotide rotates fast in solution and thus emits depolarized light. Upon binding of
the 3’-FAM D1-ATG RNA to the La protein or La protein mutant (3’FAM-CCNDZ1 oligo:La complex)
the emitted light is more polarized because of the slower rotation of the larger molecule complex.
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4. Results

4.1 Interaction of La with the 5’-UTR of cyclin D1

The human RNA-binding protein La (hLa) has recently been shown to directly interact with
the cyclin D1 (CCND1) mRNA in HelLa cells [11]. More interestingly, siRNA mediated
knockdown of La in HelLa cells resulted in decreased IRES-dependent translation of cyclin
D1, and stimulatory effects of hLa on cyclin D1 IRES-dependent translation were observed
when La was overexpressed, [11] suggesting that La facilitates D1-IRES-mediated
translation. However, the precise molecular mechanism by which the hLa protein stimulates
CCND1 IRES-dependent translation is still elusive.

As described in the introduction (refer to 1.1), there are implications that the La protein may
bind in close proximity to the translational start site of MRNAs [62] [111] and supports 48S
preinitiation complex formation by recruitment of the 40S subunit to the mRNA, [67]
suggesting that hLa plays a role in translational initiation. The notion that La may support the
formation of the 48S complex was also suggested by Pudi et al. [100]. Because no consensus
binding site for the La protein has been described, the binding site of this protein within the

CCNDL1 5’-UTR has to be experimentally mapped as described below.

4.1.1 Protein purification of recombinant human His-tagged La protein

In order to study the interaction of the human La protein with the cyclin D1 RNA in vitro the
human La protein, containing a hexa histidine tag (His-tag), was expressed in E. coli and
subsequently purified using Ni-NTA columns as described (3.2.1 and 3.2.2). The prokaryotic
expression vector pet28b(+) containing the cONA sequence of human La has been prepared
previously by other lab members.

During the purification of the hLa protein aliquots were taken in order to monitor the
purification process, those aliquots were then subjected to SDS-PAGE and Coomassie
staining (figure 4.1.1). As seen in figure 4.1.1 the cell lysate (IN lane) contains a variety of
proteins including the La protein (indicated by an arrow). Most of those proteins including
the hLa protein are found in the flow through (FT lane, figure 4.1.1). The first wash step
(W1) removes the majority of unspecific bound proteins; however, subsequent wash steps do

not have such a dramatic effect (compare W1 with W3 and W5). As a result, the recombinant

- 09 -



La protein is the prominent band in the purified elution fraction (as indicated by an arrow,
EL), which also included two less prominent bands of higher molecular weight. The

prominent band was identified as human La by immunoblotting for La (data not shown).

Human La as an RNA-binding protein is able to bind RNA from the prokaryotic cells, thus
the contamination of the purified La protein with nucleic acids was analyzed by determining
the ratio of spectrophotometric absorbance at 260 nm and 280 nm using a NanoDrop. This
ratio is an indication of purity whereas pure proteins without nucleic acid contaminations are
considered to have an extinction coefficient ratio of As/280=0.57. The higher the extinction
coefficient the more nucleic acids are in the protein sample. The Agg/Azso ratio of the
purified recombinant human La protein was determined as 1.52 using a NanoDrop
spectrophotometer. Digestion of the extracts with micrococcal nuclease resulted in a

calculated ratio of 1.38, reflecting a slightly less nucleic acid contamination of the hLa

protein.

kDa PM IN FT W1 W3 W5 EL Figure 4.1.1: Protein purification of
recombinant human His-tagged La using
130 - Ni-NTA  columns.  During  protein
- purification aliquots were taken and equal
70 - - S volumes were separated on a 12.5% SDS-
55 w- P 2 . PAGE and subsequent Coomassie staining.
-_— __Q,“_HIS- The protein marker, left lane, and the
35 e - ' La referring molecular weights in kDa are
indicated. The main band in the elution
25 % = fraction below 55 kDa, indicated by an
| arrow, was identified as human La protein
- by immunoblotting (data not shown). PM =
15 .- protein marker, IN = input (lysate), FT =
flow-through, W = wash fraction, EL =

- elution fraction

4.1.2 Characterization of La binding to the cyclin D1 5’-UTR

As mentioned previously the La protein has been shown to directly interact with the cyclin
D1 (CCND1) mRNA in HeLa cells and that IRES-mediated cyclin D1 translation is
stimulated by the La protein [89]. The minimal functional IRES element that can be
stimulated by the IRES-transacting factor (ITAF) hnRNPA1 was mapped to nucleotide -44 to
-209 upstream of the initiator start codon of cyclin D1 [213]. Although La has been shown to
interact directly with the RNA [89] the binding site has not been determined. Since the La
protein is known to bind within the 5’-UTR of the hepatitis C virus (HCV), the polio virus,
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and XIAP IRES [62] [67] [91] it is expected that La would bind the 5’-UTR of the cyclin D1
MRNA. Therefore, the binding of recombinant human La (hLa) to the cyclin D1 5’-UTR was

analyzed.
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Figure 4.1.2: Binding of recombinant human La to the 5’-UTR of cyclin D1. A) The template for in vitro
transcription was amplified from the pRCD1F vector by GC-rich PCR and analyzed on a 2 % agarose gel. The
DNA ladder and the corresponding DNA sizes are displayed on the very left. The PCR product is of expected size,
244 basepairs. A PCR without the template vector was run in parallel as negative control. The band smaller than
100 bp is the product of primer dimerization. B) Cartoon figure of the D1-FL transcript comprised of 209 nts from
the 5’-UTR (-209 to -1) and the AUG start codon (+1 to +3). The in vitro transcribed [**P]-labeled D1-FL RNA
was purified and radioisotope labeling assessed by scintillation counting. To assess the RNA integrity 2,500 and
10,000 cpm RNA were separated by denaturing PAGE and visualized using the Storm and ImageQuant TL
phosphorimager system. The gel shows the high purity of the RNA represented by one RNA band for both
concentrations. C) Recombinant human La was analyzed for binding the CCND1 FL RNA by EMSA. The RNA
concentration was held at 10 nM and 40, 80, 160, 320, 640, and 960 nM recombinant La were titrated for the
EMSA assay. The RNA is shifted into a La-RNP complex in a La concentration dependent manner. RNA without
the addition of protein served as a negative control. The positions of the free RNA and RNA protein complex are
indicated on the left. D) EMSA quantification of the bound RNA and plotted against the La concentration allowed
the determination of the K of 45+ 7 nM, n = 4. bp = basepair, M = marker, CCND1 = cyclin D1, FL = full length,

cpm = counts per minute, LaWT = wild type La, RNP = ribonucleoprotein, K = dissociation constant
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In order to test whether hLa binds the CCND1 5’-UTR an in vitro transcript of the cyclin D1
5’-UTR (D1-FL, 212 nts, -209 to +3) was synthesized (refer to 3.3.2). The CCND1 5’-UTR
consists of 209 nucleotides, traditionally referred to as -209 to -1 in the 5’ to 3’ direction. In
addition to the 5’-UTR the D1-FL RNA also contained the translational start site codon
AUG, where the first and last nucleotides are referred to as +1 and +3 respectively. In order
to transcribe the RNA in vitro, a DNA template had to be amplified by PCR. The PCR
product was analyzed on a 2% agarose gel in order to check the quality and size of the PCR
product. Figure 4.1.2.A shows that the PCR product has the correct size of 244 base pairs
(212 bp CCNDL1 5’-UTR+ATG and 32 bp T7 promoter). More importantly, no secondary
PCR product was amplified. The pure amplified DNA was used as a template for in vitro
transcription and internal radiolabeling with [*2P]-CTP. The quantity of radioactive material
was first detected using a scintillation counter, and then the RNA quality was subsequently
analyzed by subjecting 2,500 cpm and 10,000 cpm of RNA to denaturing polyacrylamide gel
electrophoresis. The gel was visualized by exposing it to a storage phosphor screen. Figure
4.1.2B shows the high quality of in vitro transcribed D1-FL RNA, no degradation product or
other RNA species were detected.

Utilizing the recombinant La and the in vitro transcribed D1-FL RNA, affinity for the La and
D1-FL RNA interaction was determined. Since La is an RNA-binding protein, the binding of
the La protein to the D1-FL RNA is expected to obey the rules of saturation Kinetics
displaying a high affinity, whereas a low affine protein to RNA interaction only results in
saturation at very high protein concentrations. The dissociation constant Kp for the La:D1-FL
interaction is the binding constant and reflects the La concentration when half the protein
binding sites are associated with the D1-FL RNA at equilibrium. A prominent method used to
study RNA-protein interactions is electrophoretic mobility shift assays (EMSA), this method
enables the visualization of the protein-nucleic acid interaction and allows for the
determination of the dissociation constant. Hence, quantitative EMSAs were used to
determine dissociation constant (Kp) of the interaction between La and D1-FL RNA.

Human recombinant La was titrated between 40 and 960 nM in presence of 10 nM
radioactive labeled D1-FL RNA (3.3.6.1). The D1-FL RNA bound by La was quantitatively
determined using the Storm phosphorimager and ImageQuant software (3.3.6.7). Figure
4.1.2C shows that a ribonucleoprotein (RNP) was formed by the recombinant La protein
shifting the D1-FL RNA into a complex. The RNP formation occurs in a La concentration-

dependent manner (figure 4.1.2C). Figure 4.1.2C further shows that at low La concentrations
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merely one primary La-RNP (1* La-RNP) is formed, but the D1-FL RNA is shifted into an
additional secondary La-RNP (2" RNP) in the presence of higher La concentrations (160,
320, 640, and 960 nM). This additional secondary La-RNP is of lower mobility. The
formation of both La-RNPs by hLa was considered as one La:D1-FL RNA complex for the
EMSA quantification, which is displayed in figure 4.1.2D. A dissociation constant of Kp = 45
nM was calculated. The dissociation constant of 45 nM is in the lower nanomolar range,
suggesting an affine binding of La to the cyclin D1 5’-UTR.

4.1.3 La binds the 5’-UTR of cyclin D1 at the 3’-terminus

After having established that human recombinant La binds the cyclin D1 5’-UTR (refer to
4.1.2), the next step was to map the La binding site within the CCND1 5’-UTR. Therefore,
two in vitro transcripts (figure 4.1.3A) spanning the 5’-half (part A, 99 nts, nts -209 to -110)
and the 3’-half (part B, 113 nts, nts -110 to +3) of D1-FL were synthesized and controlled as
described in (3.3.1 and 3.3.2). All transcripts display high purity as displayed in figure
4.1.3C. In order to determine the binding of La to D1-FL, part A and part B RNA 320 nM,
the hLa protein was incubated with 10 nM RNA and subjected to native EMSA (3.3.6.1). As
shown earlier recombinant hLa protein forms a complex with the D1-FL RNA (La:D1-FL
RNP, figure 4.1.3B). Importantly, hLa forms a complex with part B RNA and only a weak
complex with part A as indicated by an asterisk in figure 4.1.3B. The faster mobility of the
hLa:part B and partA RNPs is due to the smaller RNA molecules. Several slower mobility
part A and part B RNA species are present in the absence of the La protein, most likely
reflecting the presence of RNA molecules folded into different conformations.

These findings suggest that La binds within the 3’- terminal 113 nucleotides of the cyclin D1
5’-UTR. An additional contact site for hLa in the 5’-terminal half is possible since part A is
shifted weakly into a complex with La.

To further map the binding site of La within the cyclin D1 5’-UTR utilization of synthesized
antisense DNA oligoribonucleotides complimentary to the CCND1 5°-UTR to form a
DNA:[**P]-D1-FL hybrid was used, this is described in 3.3.6.3. A cartoon of the DNA
oligoribonucleotides and their complementary region in the cyclin D1 5’-UTR is displayed in
figure 4.1.4A, the sequences of those oligonucleotides are listed in 2.12.2.

After hybridization of the radioactive labeled D1-FL RNA with the DNA

oligoribonucleotides, RNA-protein binding reactions were carried out using 10 nM
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DNA:RNA hybrid and 320 nM of recombinant La and analyzed by native PAGE figure
4.1.4B). The hybridization of DNA oligoribonucleotides to the RNA results in different RNA
folding represented by the aberrant running behavior of free DNA:D1-FL RNA hybrids
(figure 4.1.4B: 2 AS, 3 AS, 5 AS, 6 AS) in the native gel. Further, some hybrids, e.g.
3AS:D1-FL and 6AS:D1-FL, display more than one hybrid species due to alternative folding

events.
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Figure 4.1.3: La binds the 3’-terminus of the cyclin D1 5> UTR. To map the binding site of La the protein’s
ability to bind terminal deletion mutants of the cyclin D1 RNA was studied by EMSA. A) Cartoon of the RNA
deletion mutants created, part A consists of the 99 nucleotides of the 5’ terminus of the cyclin D1 5’-UTR and lack
the 3’- terminal. Part B lacks the 5’- terminal part, but contains the 110 nucleotides of the 3’- terminus. B) 320 nM
of recombinant human La was incubated with 10 nM [**P]-labeled cyclin D1 transcripts and separated by native
EMSA. The free full length RNA and protein FL complex are indicated on the left. Free part A and part B RNA
positions are indicated on the right, the part B and protein complex is indicated on the right as well. The hyphen
represents reactions without protein. C) Denaturing PAGE of [*?P]-labeled in vitro transcribed RNAs. All
transcripts were of the expected size and of high purity. FL = cyclin D1 5” UTR full length, A = part A, B = part B,

nts = nucleotides
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The complex formation of the hLa with DNA:D1-FL hybrid (figure 4.1.4B) was not as
efficient as the EMSA described above and shown for the D1-FL RNA. Because of the
different mobilities of the DNA:D1-FL hybrids it is difficult to identify La:DNA:D1-FL
hybrid complexes. An asterisk in figure 4.1.4B indicates those potential complexes, which are
formed with 2AS:D1-FL, 5AS:D1-FL, and 6AS:D1-FL RNA hybrids. As described before
the annealing of the 3AS oligoribonucleotide to the D1-FL RNA resulted in an additional low
mobility RNA species in the absence of hLa. Upon La addition the distinct band representing
this slower mobility hybrid RNA species is more diffused and of weaker signal intensity,
which does not allow for a conclusion regarding La-binding to this region (nts -103 to -53) in
the D1-FL RNA. Hybridizing the oligoribonucleotides 4AS or 7AS to the radiolabeled D1-
FL RNA resulted in one DNA:D1-FL species. In addition, those two oligoribonucleotides
were able to disrupt the La:D1-FL complex formation, suggesting nucleotide -79 to +3 are
critical for La binding to the cyclin D1 5’-UTR.

A)
-209 +3
5 A B 3" FL
1AS -209 ———-155
2AS -154 ————-104
3AS -103————-53
4AS 52— 43
5AS -189———-128
BAS -127 ——-80
7AS 79 ———-23
B)
anti-
sense DNA / 1AS 2AS _3AS 4AS / 5AS B6AS 7AS
His-La -+ -+ -+ -+ -+ -+ -+ -+ -+

18

Figure 4.1.4: La probably binds between nts -79 to +3 of the CCND1 5’-UTR. A) Cartoon of the
location of the DNA oligoribonucleotides complimentary regions to the cyclin D1 5°-UTR RNA. The
DNA oligoribonucleotide names are indicated on the left and the nucleotide positions are left and right of
the oligoribonucleotides. B) For binding studies 320 nM recombinant hLa protein was incubated with the
RNA alone and with RNA:DNA hybrids and separated by native EMSASs. Asterisks indicate possible
complexes of La and the RNA:DNA hybrid. Reactions without the protein served as negative control
(indicated by a hyphen). FL = full length, AS = antisense
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Competitive EMSAs were performed to further map the binding site of La in the cyclin D1
5’-UTR more precisely. The RNP formation of La and the D1-FL RNA can be challenged in
the presence of competitors, thus an unlabeled (cold) competitor RNA containing a binding
site for the La protein can out-compete the La:[*P]-D1-FL complex formation when added in
excess amounts. This out-competition is then represented by a reduction or loss of the EMSA
shift. Unlabeled RNAs (D1-FL, part A and B) were synthesized (3.3.1 and 3.3.2) and used as

competitors.
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Figure 4.1.5: Recombinant hLa binds to the 3’-terminus of the cyclin D1 5’-UTR. Cold, unlabeled RNA
competitors were used to map the binding site of La in the CCND1 5’-UTR. A) Cartoon of the cold
competitors RNAs, D1-FL, part A, and part B with the location of their deletion indicated. B) Ethidium
bromide stained denaturing PAGE gel of unlabeled RNA transcripts. All transcripts were of expected size
and high purity. C) 160 nM recombinant human La were pre-incubated with increasing concentrations of
cold transcripts (10-, 25-, and 50-fold excess to labeled probe) before 10 nM [*P]-labeled cyclin D1 full
length transcript was added and separated by native EMSA. The free full RNA and La:D1-FL RNP
complexes are indicated on the left. Cold FL and part B probes are competing for La binding with the
radioactive labeled FL transcript. Cold part A transcript competes weakly when the highest concentration is
used.
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Figure 4.1.6: The La binding site is in close proximity to the translational start site. A) Cartoon of
analyzed cold competitor RNAs D1-FL and part B deletion transcripts AB1, AB2, AB2.1, and AB2.1.
Nucleotide deletions are indicated above each transcript. B) 400 ng of each unlabeled transcript was
separated by denaturing PAGE and stained with ethidium bromide. All transcripts were of expected
size and high purity. C) and D) Cold RNA probes in excess amounts of 10-, 25-, and 50-fold, and
additional 2.5- and 5-fold for D1-FL C) pre-incubated with 160 nM recombinant La protein before
binding to D1-FL.
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The cold transcripts were allowed to interact with 160 nM recombinant human La for 10 min
before 10 nM of [**P]-labeled D1-FL was added (refer to 3.3.6.4 for details). According to
the binding curve in figure 4.1.2D the La binding site was not fully saturated at a
concentration of 160 nM La, thus this La concentration allows binding of more RNA as either
competitor RNA or labeled D1-FL RNA. As positive binding control served the interaction of
La with labeled D1-FL RNA in absence of competitors, the unlabeled cold D1-FL served as a
positive competition control in the experiments. The La:[*’P]-D1-FL interaction was
analyzed on native PAGE and displayed in figure 4.1.5C. La is shown to form a complex
with the labeled D1-FL in the absence of competitor RNAs (figure 4.1.5C). As expected, the
interaction of hLa with the labeled D1-FL probe is lost upon the addition of increasing
amounts (100 nM, 250 nM, and 500 nM; 10-, 25-, and 50-fold) of cold D1-FL RNA (figure
4.1.5C). Similarly, adding increasing amounts of part B competitor RNA reduces the
complex formation of La with the labeled RNA dramatically (figure 4.1.5C). However, the
part A competitor RNA is only slightly reducing the complex La:D1-FL RNP formation.
Note that only one La:D1-FL complex is formed and no other slower mobility complexes are
detected. These EMSA findings and observations utilizing DNA:RNA hybrids as targets for
the hLa protein (figure 4.1.4B) strongly suggest that the main La binding site is located in the
3’-terminal half of the cyclin D1 5°-UTR.

With this information as a starting point, cold competitors with deletions in part B were
transcribed to again further map the La binding site more precisely by competitive EMSA.
Figure 4.1.6A shows the deletions within part B utilized for additional mapping experiments.
The primer sequences for the amplification of different DNA templates from the pRCD1F
vector are listed in 2.12.1. The internal deletion in AB1 (nts -209 to -110 and -37 to +3) was
achieved by a fusion PCR strategy as described in 3.3.1. As described above and in 3.3.2, the
DNA templates were used for in vitro transcription and the RNA quality was assessed on a
denaturing PAGE with subsequent ethidium bromide staining (figure 4.1.6B). The
competitive EMSA was carried out as described above, as positive binding control served a
La:D1-FL reaction without cold competitors. The radiolabeled D1-FL RNA was shifted into
one complex with recombinant La in the absence of competitor RNAs and was successfully
competed with increasing amounts of cold D1-FL RNA (25, 50, 100, 250, and 500 nM) or
AB1 (100, 250, and 500 nM) (figure 4.1.6C). In contrast increasing concentrations (100 nM,
250 nM, and 500 nM) of competitor AB2, AB2.1, or AB2.2 were not able to efficiently
compete for binding (figure 4.1.6C). These findings suggest that hLa binds to nts -8 and +3 of
the cyclin D1 5°-UTR containing the start codon AUG. As mentioned, the translational start
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site is part of the D1-FL RNA and was deleted in all terminal B-deletion mutants (AB2,
AB2.1, and AB2.2), thus it cannot be excluded that the La protein directly binds the AUG

translational start site.

4.1.4 Characterization of La binding to the cyclin D1 translational start site context
embedded in a strong Kozak sequence

Mapping the binding site of La to nucleotides in close proximity of the start codon of cyclin
D1 coincides with La binding to the HCV translational start codon [62]. Earlier, McBratney
and Sarnow [111] have shown the interaction of La with the AUG start codon using synthetic
oligoribonucleotides. Further, they have demonstrated the positive influence of a strong
Kozak consensus sequence on oligoribonucleotide binding by the La protein.

To test whether La binds directly to the cyclin D1 translational start codon and to
demonstrate whether the Kozak sequence is of importance for hLa binding a synthetic RNA
oligoribonucleotide, D1-ATG (47 nts; nts -23 to +24), was synthesized. Figure 4.1.7A
indicates this synthetic RNA, which consists of the 23 nucleotides upstream of the AUG, the
start codon, and 21 additional nucleotides of the cyclin D1 open reading frame (ORF).
Utilizing this tool, the binding of La to the synthetic D1-ATG RNA was analyzed by EMSA

and the binding affinity was determined.

Quantitative EMSAs were carried out in order to study the interactions of human
recombinant La with the synthesized [**P]-D1-ATG RNA (3.3.6.1). The D1-ATG RNA
oligoribonucleotide was synthesized by Integrated DNA Technologies, Inc. and 5’-end-
labeled with [**P]-ATP using the KinaseMax Kit as described in 3.3.3. Ni-NTA purified hLa
protein was titrated between 1 nM and 30 uM, whereas the RNA concentration was kept
unaltered at 10 nM. The La:D1-ATG complex formation was visualized and quantified using
the Storm phosphorimager and ImageQuant software. Figure 4.1.7B shows that in the
presence of recombinant La several La:D1-ATG RNPs are formed, similarly to RNP
formation of hLa with the [*P]-D1-FL RNA (figure 4.1.2C), which results in a primary and
weak secondary La-RNP complex. As displayed in figure 4.1.7B at the lowest La
concentration only one La:D1-ATG RNP complex (1* La-RNP) is formed. Increasing the La
concentration results in secondary and tertiary La:D1-ATG complexes (2" and 3" La-RNP)
leading to a total of three La:D1-ATG RNPs as shown in figure 4.1.7B. The 2" and 3" La-

RNPs are preferentially formed in the presence of 600 nM or more of the La protein
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compared to the 1% La-RNP. Further, those two complexes are formed at the expense of the
primary complex, which is represented by a fading signal intensity of the 1% La-RNP. Note
the additional higher mobility band, marked by a pound sign in figure 4.1.7B, which may
represent by hLa refolded free RNA rather than a La-RNP. These multiple complex
formation is discussed in detail in section 5.5.2. The dissociation constant for the formation
of all three complexes is Kp ~ 80 nM, thus the affinity to the synthesized RNA is less than to
the D1-FL RNA (Kp = 45 nM).

A)

-23 -3 +1 +4 +24
ATG: GCUGCCCAGGAAGAGCCCCAGCCAUGGAACACCAGCUCCUGUGCUGC

B) C)
____— THisla] =10
3rdi £
La- | Jngi o a'“i 3 8
RNP| 1st| - Wy g K = 80.3nM
61 p = &0.
#| 8
2 4
Q
free ll [ i
D1-ATG ! -

00 04 08 12 16 20 24 28 3.2
La [uM]

Figure 4.1.7: La binds to the translational start site context of cyclin D1 mRNA. A) Sequence of the
D1-ATG, the AUG start codon is underlined and the most important positions -3 and +4 of the Kozak
sequence are indicated. B) 10 nM of labeled D1-ATG RNA was incubated with increasing amounts of
recombinant human La protein, 10, 60, 200, 400, 800, 1000, 1600, and 3000 nM and separated by a native
EMSA. The free RNA and the La-RNP complexes are indicated on the left. # = free restructured D1-ATG
RNA. C) Quantitative EMSA analysis. The La-RNP complexes are plotted against the molar La protein
concentration. The dissociation constant was determined by non-linear regression as 80.3 nM.
In order to demonstrate that the complex formation in the EMSASs is mediated specifically by
human recombinant La and not by contaminants from the protein purification, an antibody
supershift assay was performed. This was done by utilizing 300 ng of recombinant La protein
pre-incubated with 5 pl of the specific monoclonal La antibody SW5 or the isotype control
mouse [gG2a,k antibody as described in methods 3.3.6.4. Both La antibody mixtures were
subsequently used for binding studies using D1-ATG RNA. Due to the higher mass of the
La:SW5 complex a very low mobility La:SW5:D1-ATG complex was formed (figure 4.1.8).
The La:control antibody mixture had no effect on the mobility of the La:D1-ATG RNP.
Hence, this experiment demonstrates that the recombinant hLa protein binds the D1-ATG

RNA and not any contaminating protein from the protein purification process. The signal
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intensity and the mobility 1% La-RNP is slightly affected in the presence of either antibody,
SWS5 or IgG2a,k, which is likely due to different buffer conditions.

His-La
aSW5 = - Figure 4.1.8: Supershift assay identifies
algG20k - - - + human La as D1-ATG RNA-binding
; partner. Monoclonal anti-La antibody SW5
supershift\; — and  control  antibody  19G2a.x were
La- 3rd i  #®  incubated with recombinant Ni-NTA
2nd ! '.'* purified La protein before subjected to a
RNP| 1gt| standard EMSA with radiolabeled D1-ATG

RNA as substrate. A control reaction
without protein and one without antibody
was included in the EMSA study (left two
lanes). The free RNA, La-RNP complexes,
and the supershift are indicated on the left.

free D1-ATG - The D1-ATG RNA is shifted specifically
: into a complex with hLa.

In order to study the importance of the cyclin D1 AUG start codon and the authentic Kozak
sequence for La binding mutations were introduced in the D1-ATG sequence. In the mu2
RNA mutant the AUG was changed to AGG in order to test the importance of the uridine
[62] for La recognition, whereas in the mu3 RNA mutant the Kozak sequence was changed
from the strong authentic D1 sequence (5’-GCCAUGGAA-3’) to a weak Kozak sequence
(5’-CAGAUGCAC-3’) [214] [215] [216].

The RNA oligoribonucleotides, mu2 (34 nts, -17 to +18) and mu3 (34 nts; -17 to +18), were
synthesized by Integrated DNA Technologies Inc., for sequence information refer to figure
4.1.9A and 2.11. These RNAs contain the original cyclin D1 sequence from the 5’-UTR as
well as from the ORF. The changes in the sequence are indicated in bold and the start codon
is underlined (figure 4.1.9A).

The effects of these mutations on La binding to D1-ATG were studied by competitive
EMSASs using mu2 and mu3 as cold competitor RNAs and labeled D1-ATG (figure. 4.1.9B).
The RNA oligoribonucleotide quality was assessed on a 10% denaturing PAGE with
subsequent ethidium bromide staining (figure 4.1.9C), the RNAs were pure and of similar
concentrations. The faster mobility of the mu2 and mu3 RNAs was caused by the smaller size
of those oligoribonucleotides, which were 13 nucleotides smaller than the D1-ATG RNA.
The unlabeled D1-ATG RNA oligoribonucleotide served as a positive competition control, a
control reaction for La binding to D1-ATG in the absence of competitor was included as well.
The D1-ATG RNA is shifted into three complexes with the La protein, the fastest mobility

complex (1* La-RNP) is the major RNP complex, and the intensities of the other two
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complexes, 2" and 3" La-RNP are weaker. As expected unlabeled D1-ATG RNA was a
strong competitor for the La:[**P]-D1-ATG complex formation (figure 4.1.9B). Increasing
concentrations (100 nM, 250 nM, and 500 nM) of the start codon RNA mutant mu2 out-
competes the binding of La to the [*P]-D1-ATG very efficiently (figure 4.1.9B). This
suggests that the AUG to AGG substitution had no effect on La binding. In contrast the mu3
competitor RNA was not able to compete for La: [**P]-D1-ATG RNA-binding when added in
excess amounts (100 nM, 250 nM, and 500 nM) suggesting that the cyclin D1 Kozak
sequence surrounding the authentic CCND1 translational start site is critical for La binding.

In summary, these studies identified for the first time the La binding site within the cyclin D1
5’-UTR. This binding site is located between nts -8 and + 3 and efficient binding depends

mainly on a strong Kozak consensus sequence context.

A)
=23 -3 41 +4 +24
ATG: GCUGCCCAGGAAGAGCCCCAGCCAUGGAACACCAGCUCCUGUGCUGC
-17 -3 41 +4 +18
mu2: CAGGAAGAGCCCCAGCCAGGGAACACCAGCUCCUG
-17 -3 +1  +4 +18
mu3: CAGGAAGAGCCCCACAGAUGCACCACCAGCUCCUG
B) C)
His-La His-La His-La &
D1-ATG mu2 mu3 Yoo
gglr%petitor _— ] — o] S & s
3rd |
2nd! - ’
1st! | I - -2 L 1R
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A M |35
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Figure 4.1.9: The binding of the hLa protein to D1-ATG RNA depends on a strong Kozak consensus
sequence. Competitive EMSAs were performed to identify the role of the translational start site codon and
its context. A) Sequences of the synthesized RNA oligoribonucleotides. The start codon is underlined;
changes in the nucleotide sequence are in bold. The most important positions of the consensus Kozak
consensus sequence are indicated. B) Competitive EMSA were performed using 10-, 50-, 100-fold excess
amounts of unlabeled RNA and 10 nM [**P]-labeled cyclin D1 ATG RNA. As negative binding and
competition control served a reaction without hLa and competitor RNA, respectively. Cold D1-ATG RNA
and mu2 RNA, but not mu3 RNA, are out-competing binding of La to radiolabeled D1-ATG RNA. C)
Ethidium bromide staining of 400 ng cold D1-ATG, mu2, and mu3 RNAs separated by denaturing PAGE.
The purity and concentrations of all RNAs are similar.
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4.2 The RNA binding domains of La required for mRNA binding

In the nucleus, La binds the 3’-UTR of nascent RNAPIII transcripts resulting in stabilized,
properly folded and mature transcripts (for references see introduction 1.1.). The binding of
nascent RNAP Il1 transcripts studied at the structural level revealed that hLa cooperatively
binds RNA mediated by two N’-terminal domains, the La motif and the RNA recognition
motif 1 (RRM1), which forms an RNAP IlI transcript-binding surface that adopts a wing-
helix fold [217] [218] [31]. However, the interaction of the La protein with mRNAs in the
cytoplasm is not fully understood. In general it is believed that the RRM1 and RRM2 is
involved in binding to internal RNA elements [112] [35], mRNAs with 5’-terminal
oligopyrimidine (TOP) elements [66] [59] and mRNAs with IRES elements in their 5’-UTR
[91] [67] [89]. The following work elucidates the domains that are required for binding the
cyclin D1 RNA.

4.2.1 Quantitative monitoring of La:RNA interaction by fluorescence polarization

The identification of the La domains required for binding the cyclin D1 5’-UTR can be
analyzed quantitatively by several methods [219]. Alternatives to commonly used
radioisotopes are probes labeled with commercially available fluorescent dyes. Those
fluorescent probes can be used for EMSA, but also for other assays, such as fluorescence
polarization (FP), and also allow for the determination of the dissociation constant. The FP
assay is described in detail in 3.3.7. In short, a small molecule (e.g. RNA oligoribonucleotide)
labeled with a fluorescent dye rotates fast in solution. Upon excitation with polarized light the
fluorophore-labeled RNA molecule emits depolarized light when the molecule is rotating
rapidly in solution. The depolarization is reduced and polarization increased when the labeled
probe is bound to a protein and forms an RNA:protein complex with higher mass which

rotates slower in solution.

Although the D1-ATG RNA is larger than recommended by Pagano [220] for an FP assay, it
was 5’-end labeled with 6-carboxyfluorescin (6-FAM) by Integrated DNA Technologies, Inc.
and used for fluorescence polarization assays to test whether this method is an alternative
method to study La:D1-ATG RNA-binding. Equilibration reactions using the fixed amount of
100 nM 6-FAM-RNA and increasing amounts of La were carried out in quadruplicates in a
96-well plate. After 5 min incubation at room temperature, to allow for equilibration, the
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fluorescence plate reader POLARstar OPTIMA was used for detection of the emitted light, a
control using the 6-FAM labeled D1-ATG RNA was used to determine the background
polarization, and the reaction buffer itself was used as a blank. The effective polarization is
expressed in millipolarization (mP), which is related to the fluorescence intensity in the
parallel and perpendicular planes, the equation can be found in 3.3.7. The blank corrected
data was analyzed by subtracting the mP values of the control reaction from the mP values of
the La:D1-ATG RNA reactions. These corrected data were plotted as a function of the La
protein concentration and the dissociation constant was calculated in Prism 5 using the one-
site binding (hyperbola) non-linear fit. As a result, figure 4.2.1 shows the binding curve of
two independent experiments each done in quadruplicates. The dissociation constant Kp =~ 76
nM + 8 nM resembles the dissociation constant determined by EMSA (Kp = 80 nM; 4.1.4).
Therefore, the fluorescence polarization assay was determined to be a suitable alternative for
radioactive EMSAs. As a result, both assays were used in the following experiments to

determine which La domains are required for D1-ATG RNA-binding.

4.2.2 Mapping the La binding domains for cyclin D1 RNA

The RNA binding protein La contains three RNA binding domains, the La motif, RNA
recognition motif 1 (RRM1), and the RNA recognition motif 2 (RRM2). The La motif and
RRML1, often referred to as La module, cooperatively bind RNAP Il transcripts as described
in 1.1. However, the RNP-2 consensus sequences in RRM1 and RRM2 have been
demonstrated to be essential for HBV.B RNA-binding [35] [113] confirming the involvement
of the non-canonical RRM2 in HCV IRES binding. In order to identify the La domains
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required for D1-ATG RNA binding, mutations of/or within the RNA binding domains were
required. Prior to this work, the cDNA of human recombinant La mutants with several
mutations were already cloned into the prokaryotic expression vector pet28b(+), namely
LaA1l (deletion of aa 11-99), LaA2 (deletion of aa 113-118), and LaA4 (deletion of aa 235-
242) (refer to table 4.2.2) [35].
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T RCD1
e  RrRCD2
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Figure 4.2.2: La protein mutants analyzed in RNA-binding studies. A) Cartoon of human La wild type
and its respective mutants. The location of the amino acid deletion is indicated by the black line. The La
motif was deleted in LaAl, the RNP-2 consensus sequence was deleted in RRM1 and RRM2 for LaA2 and
LaA4, respectively. The NTD and CTD upstream and downstream of RRM1, the interdomain linker, and
RRM2 are deleted in RRM1+2. The LaA7 has a CTD deletion, including the NLS. Basic and aromatic
stretches in the disordered CTD were substituted by neutral amino acids (indicated by asterisks). B) Equal
molarities of the recombinant proteins, LaWT (46.8 kDa), LaAl (36.3 kDa), LaA2 (46.1 kDa), LaA4 (46.1
kDa), RRM1+2 (25 kDa), LaA7 (42.3 kDa), RCD1 (46.8 kDa), and RCD2 (46.8 kDa), were separated by
SDS-PAGE and subsequently stained with Coomassie. The protein marker and the corresponding

molecular weights in kDa are on the left. LAM = La motif, RRM = RNA recognition motif, kDa =
kilodalton
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Human recombinant His-tagged wild type La (hLaWT; 46.8 kDa), LaA2 (46.1 kDa), and
LaA4 (46.1 kDa), were purified by D. Fedarovich from the protein production lab at the
Medical University of South Carolina, USA. The His-tagged LaAl (36.3 kDa) was expressed
and purified by previous lab members. The integrity of the recombinant proteins was
analyzed by separation of equal molarities by SDS-PAGE with subsequent Coomassie
staining (figure 4.2.2). The wild type hLa and LaA4 did not display major degradation
products or contaminations; however, purified LaA2 displayed a fragmentation pattern as
shown in (figure 4.2.2B). Horke et al. [35] identified the 16.5 kDa, ~ 25 kDa, and ~ 40 kDa
fragments in the LaA2 preparation as N’-terminal fragments by immunoblotting for La with
the mouse monoclonal specific La 3B9 antibody. The LaA4 mutant shows a similar
fragmentation pattern, which is by far not as extensive compared to LaA2.

Initially, the importance of the La motif for cyclin D1 RNA binding was studied by using
fixed amounts of [*P]-D1-ATG RNA for EMSA and 6-FAM D1-ATG RNA for the FP assay
and increasing amounts (40, 80, 160, and 320 nM) of recombinant LaAl. Evidently, shown in
figure 4.2.3B the loss of the La motif does not affect RNA binding activity for the
oligoribonucleotide in native EMSA. As noted, hLaWT and LaAl have the ability to shift the
D1-ATG RNA into La-RNP complexes as shown in figure 4.2.3B. The hLaWT protein forms
three complexes with the D1-ATG RNA, however, the fastest mobility RNP (# in figure
4.2.3B) may represent an RNA molecule with different structure and mobility. As figure
4.2.3B shows three La-RNPs (1%, 2" and 3™ La-RNP) are formed in a protein concentration
dependent manner. Binding of the LaAl protein mutant with D1-ATG RNA results in the
formation of two La-RNP complexes (1% La-RNP, 2" La-RNP; figure 4.2.3B), the signal
intensity of the 1% LaA1:D1-ATG RNP is decreasing with increasing La concentrations,
whereas the 2" LaA1:D1-ATG RNP is saturating. The running behavior of the mutant
LaAl:DI-ATG complexes differ from the hLaWT:D1-ATG RNP by showing a higher
mobility. In a native PAGE the protein mobility is based on primarily the protein’s electric
charge rather than its molecular mass. The hLaWT protein has a net charge of -2.7 at pH 8,

whereas the net charge of the LaA 1l mutant is slightly higher at -2.4 at the same pH

potentially explaining the different mobilities of those proteins. The dissociation constant for
the LaA1:D1-ATG binding reaction was determined by fluorescence polarization as Kp =~ 68
nM. Hence, the LaAl was shown to be very similar to the wild type hLa dissociation constant
of Kp = 76 nM =+ 8 (figure 4.2.1C). These data suggest that the La motif does not contribute
to binding of La to D1-ATG RNA.
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Figure 4.2.3: The RNP-2 consensus sequences in RRM1 and RRM2 are required for cyclin D1
RNA-binding. The hLa RNA-binding domains were identified by EMSA and fluorescence polarization
assays A) and E) Cartoon of LaWT and RNA-binding mutants LaAl, LaA2, and LaA4. The deletions are
indicated by a black line. B) and F) EMSAs were carried out with 40, 80, 160, and 320 nM recombinant
La proteins as described in 3.3.6.1. Free D1-ATG RNA and La-RNP complexes are indicated on the left.
# = free restructured RNA C), D), G), H) Binding curves of LaWT and RNA-binding domain mutants
(indicated) as determined by FP assay using 6-FAM labeled D1-ATG RNA. Blank and background
corrected data are plotted as a function of La protein concentration. The dissociation constants were
calculated using the one-site (hyperbola) non-linear regression fit in the Prism 5 software from
quadruplicates.
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Additionally, the requirement of the RNA recognition motifs 1 and 2 were tested for D1-
ATG RNA binding by EMSA and FP. The RNA recognition motifs contain consensus
sequence stretches, called ribonucleoprotein domain-1, RNP-1, and ribonucleoprotein
domain-2, RNP-2, which are essential for mediating RNA-binding [15]. These RNP
sequences have been shown to be required for binding HBV.B RNA [35]. Therefore, in order
to study the role of the RNP-2 sequence in RNA-binding recombinant La mutants with RNP-
2 sequence deletions of either RNA recognition motif 1 or 2 as described by Horke et al.
[35], were analyzed for their D1-ATG RNA-binding activity. As mentioned earlier, the RNP-
2 in RRM1 was deleted in LaA2 (deletion aall3-118), whereas the RNP-2 of RRM2 is
deleted in LaA4 (deletion aa235-242) (figure 4.2.3E and table 4.2.1)

The synthetic D1-ATG RNA was 5’-end labeled with [**P]-ATP for EMSA studies and with
6-FAM for fluorescence polarization assays. For native EMSASs increasing concentrations of
LaA2 and LaA4 proteins (40, 80, 160, and 320 nM) were allowed to form complexes with 10
nM radiolabeled D1-ATG RNA. The D1-ATG RNA was shown not to be shifted into a
complex with the LaA4 mutant as shown in the four lanes on the right in figure 4.2.3F. Thus,
the deletion of the RNP-2 sequence (5’-KFSGDL-3’) in RRM2 in LaA4 is essential for
binding according to the gel retardation assay. The polarization assay was carried out as
described in (3.3.7), and the RNA-binding affinity Kp =~ 303 nM =+ 33 nM was determined by
FP assay which is almost four fold higher compared to the wild type protein Kp = 76 nM + 8
nM (compare figure 4.2.1 with 4.2.3H). In contrast to the EMSA the FP result suggests that
the binding of hLa to the D1-ATG oligoribonucleotide is not completely lost, however, the
deletion of the RNP-2 in RRM2 is changing the binding kinetics of the LaA4 mutant
dramatically so that no La-RNP complex formation is observed in EMSAs.

The LaA2 mutant forms two La-RNP complexes, 1% La-RNP and 2™ La-RNP, in the
presence of D1-ATG RNA shown by the four lanes on the left in figure 4.2.3F. Those
complexes are of very weak intensity and only the 1% La-RNP is formed in a hLa-
concentration dependent manner. Hence, the deletion of the RNP-2 sequence (5’-VYIKGF-
3”) of the RRM1 in the LaA2 results in a near total loss of RNA-binding activity. The affinity
of LaA2 to the D1-ATG RNA was determined by fluorescence polarization as Kp~ 223 nM +
28 nM, hence showing a three-fold increase in the dissociation constant compared to the wild
type hLa protein Kp = 76 nM (compare figure 4.2.3G with figure 4.2.1). Interestingly, the
slightly better RNA-binding activity of LaA2 in the EMSA is also reflected in the lower
dissociation constant of LaA2 Kp = 223 nM compared to LaA4 Kp = 303 nM (compare
4.2.4C with 4.2.4D).
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Since RRM1 and RRM2 are required for cyclin D1 RNA oligoribonucleotide binding, a
minimal La protein RRM1+2 (aa 114-326, 25 kDa) containing RRM1, the inter-RRM peptide
linker region, and the RRM2 were analyzed for their ability to bind D1-ATG RNA in EMSA
and FP assays and also to determine whether other domains in the La protein are contributing
to RNA-binding.

name mutation type location of mutation

LaAl internal deletion La motif (aa 11-99)

LaA2 internal deletion RNP-2 RRM1 (aa 113-118)

LaA4 internal deletion RNP-2 RRM2 (aa 235-242)

LaA7 internal deletion NLS (aa 353-393)

RCD1 substitution K332G, R334G, R335G, F336V, K337G, K339G
RCD2 substitution F357V, K360G, K361G, K363G, F364V
RRM1+2 terminal deletions La motif and C’-terminus (aa 1-112, 327-408)

Table 4.2.1: Overview of recombinant human La protein mutants. The mutation types as well as their
positions are listed for the La mutants used in electrophoretic mobility shift or fluorescence polarization
assays. aa = amino acid, RNP = ribonucleoprotein consensus sequence, RRM = RNA recognition motif,
NLS = nuclear localization signal, K = lysine residue, R = arginine residue, F = phenylalanine residue

The minimal La protein RRM1+2 had to be cloned, the primer sequences needed are listed in
section 2.12.3 and the cloning strategy is discussed in detail in sections 3.1.1 and 3.1.2. The
protein was expressed (refer to 3.2.1) and purified using the Ni-NTA technology as described
in section 3.2.2. The integrity of the recombinant RRM1+2 protein (25 kDa) was analyzed by
SDS-PAGE with subsequent Coomassie staining (figure 4.2.2) revealing high protein purity.
Hence, increasing RRM1+2 concentrations of 40, 80, 160, and 320 nM were titrated against
10 nM [**P]-labeled D1-ATG RNA for the EMSA separated by native PAGE (3.3.6.1). As
shown in figure 4.2.4B the minimal La protein RRM1+2 was able to shift the D1-ATG RNA
into three La-RNPs, (1%, 2" 3" La-RNP). The 1% La-RNP is not formed in a protein
concentration-dependent manner, since the intensity was unaltered upon increasing RRM1+2
concentrations. The secondary La-RNP, 2" La-RNP, is a very weakly formed La:D1-ATG
complex, however, the tertiary RNA complex, 3" La-RNP, is only formed in the presence of
the highest RRM1+2 protein concentrations (160 nM and 320 nM, figure 4.2.4B). The signal
intensity of the tertiary La-RNP complex is similar to the primary complex in the presence of
320 nM protein. The RNA-binding affinity for the RRM1+2 mutant to the D1-ATG RNA
was determined by fluorescence polarization assay as Kp~ 111 nM = 6 nM (figure 4.2.4C),
note that value compared to the wild type Kp~ 76 nM (figure 4.2.1). As a result, RRM1 and
RRM2 are the most important RNA-binding motifs for binding of hLa to D1-ATG RNA. The

N’-terminal domain (NTD) as well as the C’-terminal domain (CTD) are not essential for D1-
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ATG RNA-binding activity but are clearly contributing to binding as indicated by an increase
inthe Kp= 111 nM of RRM1+2.
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Figure 4.2.4: The hLa N’-terminal and C’-terminal domains are not required for D1-ATG RNA-
binding. The RNA-binding activity of the recombinant minimal La protein RRM1+2 was analyzed by
EMSA and fluorescence polarization. A) Cartoon of La wild type and the minimal RRM1+2 protein lacking
the N’-terminus as well as the C’-terminus. The terminal deletions are represented by a black line. B) EMSA
with 40, 80, 160, 320 nM of recombinant RRM1+2 protein binding [*?P]-labeled D1-ATG RNA. Free RNA
and La-RNP complexes are indicated on the left. C) Binding curve of RRM1+2 with 6-FAM labeled D1-
ATG as determined by FP assay. The dissociation constant was determined by one-site (hyperbola) nonlinear
regression fit using the Prism 5 software from quadruplicates.

The oligomerization of the La protein is heavily discussed in the literature (refer to the
introduction 1.1). The proposed multimerization domain is located between either amino acid
274-291 referenced by Craig [34] or 298-348 referenced by Horke [35]. It is important to
note that the dimerization of the La protein is a functional requirement to stimulate translation
[34]. Note that secondary and tertiary La-RNP complexes have been observed in the presence
of high RRM1+2 concentrations (figures 4.2.4) and that this minimal La protein, RRM1+2,
constitutes amino acids 113-326. In order to test for oligomerization located between amino
acids 293-348 as proposed by Horke et al. [35], the minimal RNA-binding competent La
protein was added in high concentrations (99 nM, 198 nM, 298 nM, and 596 nM) to
radiolabeled D1-FL RNA. The formation of multimeric La-RNP complexes are suggested to
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result from unspecific binding events [65] [64] [63], thus EMSAs were performed in the
presence or absence of 0.5 pg of the highly negatively charged polyanion heparin. Since
heparin mimics the RNA phosphate backbone it is often used to reduce non-specific and
background protein binding to RNA [221] [222] [223]. In the presence of excessive heparin
amounts, unspecific RNA-binding to the D1-FL RNA is expected to be abrogated and the
formations of specific monomeric La-RNPs are also expected.

The RNA-binding activity of the RRM1+2 at high concentrations was analyzed by native
EMSA in the absence of heparin. The minimal La protein RRM1+2 was able to form more
than one RRM1+2:D1-FL RNP complex in a protein concentration-dependent manner as
shown in figure 4.2.5B. Note that only one complex of high mobility (monomeric La:D1-FL)
was formed at the lowest RRM1+2 protein concentration (99 nM), however, upon increasing
RRM1+2 concentrations (198 , 298, and 596 nM) the D1-FL RNA was shifted into a
secondary and tertiary La-RNP also noted in figure 4.2.5B as multimeric La:RNP, this was
done at the expense of the primary complex. Note that the lowest RRM1+2 protein
concentration of 99 nM shifts all of the D1-FL RNA into a La-RNP, as a result there is no
free RNA left in the samples.

On the other hand, in the presence of 0.5 pg of the unspecific RNA competitor heparin,
RRM1+2 forms merely one complex with the D1-FL RNA in a protein concentration-
independent manner (figure 4.2.5B, four lanes on the right). This complex has the same
mobility as the primary RNP also noted in figure 4.2.5B as monomeric La:RNP in the
absence of heparin.

Taking these findings into consideration it can be concluded that the recombinant RRM1+2
protein forms multimeric RRM1+2:D1-FL RNPs in the absence of an unspecific competitor,
and an unspecific multimeric La:D1-FL RNP formation is abrogated in the presence of
excessive amounts of the unspecific competitor heparin. The question remains whether the
multimerization of La in absence of heparin is caused by an unspecific aggregation or by a
specific dimerization domain driven association. Further, it is unclear whether multimers are
formed by binding of up to three La molecules to the same RNA or by hLa:hLa interactions.
In conclusion, in vitro analyses for mapping the dimerization domain of hLa are

unconsolidated.
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Figure 4.2.5: La-RNP complex formation in the absence and presence of heparin. A) Cartoon of
RRM1+2 mutant La protein in comparison to human LaWT. B) A standard EMSA performed with 99, 198,
298, and 596 nM RRM1+2 and D1-FL RNA in the presence or absence of 0.5 pg heparin as indicated. In the
absence of heparin multimeric La:RNP complexes are formed. Contrary, one La:RNA complex is formed in
the presence of heparin.

Since the RNA-binding affinity of the minimal RRM1+2 protein, which lacks the NTD and
CTD, is lower compared to the wild type hLa it can be inferred that the NTD and/or CTD
may contribute to D1-ATG RNA-binding. It is known that the C’-terminal amino acids 353-
393 are contributing to HBV.B RNA-binding [35]. Contrary, the basic residues 329-363 have
been reported to be functionally important for transcription factor activity [40] and the basic
amino acid residues between amino acids 328-344 of hLa contribute to HCV IRES-binding
[99]. Furthermore, the CTD of hLa is intrinsically disordered [224] and RNA-chaperone
activities are proposed to be located in those kinds of unstructured regions [117] [126].
Taking all this into consideration, mutants with C’-terminal deletions or amino acid
substitutions were analyzed by EMSA and FP assays to study whether they contribute the
D1-ATG RNA-binding.

His-tagged recombinant C’-terminal deletion mutant LaA 7 (deletion of aa 353-393, 42.3
kDa), described by Horke et al. [35], and basic and aromatic substitution mutants, RCD1
(K332G, R334G, R335G, F336V, K337G, K339G; 46.8 kDa) and RCD2 (F357V, K360G,
K361G, K363G, F364V; 46.8 kDa) were expressed and purified as described in sections 3.2.1
and 3.2.2. Equal molarities of the recombinant mutant proteins were subjected to SDS-PAGE

with subsequent Coomassie staining to confirm the correct size and analyze the integrity of
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the recombinant proteins (figure 4.2.2). In addition, native EMSA analyses were carried out
with 10 nM D1-ATG RNA and increasing concentrations (40, 80, 160, and 320 nM) of
recombinant LaA7 protein (figure 4.2.6B). The DI-ATG RNA is shifted into two RNPs, 1°
RNP and 2" RNP, with the LaA7. The 2" RNP complex is LaA7-concentration dependent;
however, the 1 RNP is slightly decreasing. The RNA-binding affinity was determined by FP
assay as described in 3.3.7 resulting in a Kp = 51 nM = 3 nM (figure 4.2.6C). This
dissociation constant is slightly lower than the wild type La:D1-ATG RNA-affinity of Kp =
76 nM (figure 4.2.1). Interestingly, the LaA7 mutant behaves similar to the deletion of the La
motif mutant LaAl, the band pattern is similar as well as the slightly lower dissociation
constants (compare 4.2.6B and C with 4.2.3B and C). In summary, the deletion of aa 353 to
393 in the C’-terminus of LaA7 does not dramatically affect D1-ATG RNA-binding in

EMSA and fluorescence polarization as shown in figure 4.2.6B and C. However the higher
RNA-binding activity of the mutant hLa protein suggests that aa 353-393 negativly affect
LaWT binding to D1-ATG RNA.
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Figure 4.2.6: The extreme C’-terminus of La is not required for cyclin D1 RNA-binding. EMSA and FP are
used to determine the RNA-binding activity of LaA7. A) Cartoon of human LaWT and C’-terminal deletion
mutant LaA7, which lacks 40 amino acids including the nuclear localization signal in the C’-terminus of the
protein. The amino acid deletions are represented by a black line. B) Standard EMSAs were performed as
described before with recombinant LaA7 protein and [*2P]-labeled D1-ATG RNA. C) Binding curve of FP assay
using recombinant LaA7 and of 6-FAM labeled D1-ATG RNA.
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The D1-ATG RNA-binding activity of the RCD1 and RCD2 La mutants were next analyzed
by EMSA and FP. In the RCD1 protein five basic (lysines 332, 337, and 339, and arginines
334 and 335) and one aromatic residue (phenylalanine 336) were substituted by the neutral
amino acid glycine and valine, respectively (table 4.2.1). Substitutions in the RCD2 protein
comprise three basic (lysines 360, 361, and 363) and two aromatic amino acids
(phenylalanine residues 357 and 364) (table 4.2.1). In order to test whether these basic and
aromatic amino acids are required or contribute to the binding of the D1-ATG RNA native

EMSASs and FP assays were performed.
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Figure 4.2.7: D1-ATG RNA-binding is not mediated by C’-terminal basic and aromatic amino acid
stretches. The RNA-binding activity of the recombinant La mutants RCD1 and RCD2 was determined by
native EMSA and FP. A) Cartoon of the recombinant La mutants in comparison to human LaWT. A stretch of
basic and aromatic residues were substituted with glycine and valine, respectively (the mutations are indicated
by asterisks in the cartoon). B) Standard EMSAs were performed with purified RCD1 and RCD2 and D1-ATG
RNA. C) and D) Binding curve obtained from 6-FAM D1-ATG RNA and RCD1 (C) or RCD2 (D) by FP
assay.
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In the gel retardation assays, recombinant RCD1 or RCD2 were titrated (40, 80, 160, and 320
nM) in the presence of 10 nM labeled D1-ATG RNA and separated on a native PAGE. The
hLa-RCD1 and RCD2 formed mainly a single complex with D1-ATG (figure 4.3.7B). A
minor secondary La-RCD1:D1-ATG RNA La-RNP (figure 4.3.7B, 2" La-RNP), is formed
which was not detectable with RCD2. Interestingly, the RNA-binding affinities for RCD1
and RCD2 differed dramatically, the Kp for RCD1:D1-ATG RNA interaction was Kp ~ 60
nM + 5 nM, thus similar to the dissociation constant of the wild type hLa, LaAl, and LaA7,
where the RCD2:D1-ATG RNA interaction was dramatically lower at Kp = 15 nM + 2 nM.
In conclusion, the basic and aromatic aa 332-339 substituted in RCD1 do not contribute to the
D1-ATG RNA-binding affinity. However, the substitutions of basic and aromatic residues
between amino acids 357-364 in RCD2 suggest that those residues negatively influence hLa
binding to D1-ATG RNA.

La protein EMSA binding Kp [nM]
hLaWT +++ 76+ 8
LaAl +++ 68+ 7
LaA2 ) 223+ 28
LaA4 - 303 £33
LaA7 +++ 51+3
RCD1 +++ 60+5
RCD?2 ++++ 15+2
RRM1+2 ++ 111+6

Table 4.2.2: Summary of D1-ATG RNA-binding studies using La protein mutants. The
results of the RNA-binding studies by electrophoretic mobility shift assay and fluorescence
polarization (FP) show a high degree of similarity. The affinities determined by FP of LaAl,
LaA7, RCDI, and RRMI1+2 are similar to the Kp of the wild type La protein. This is also
represented by the EMSA studies. The RNA-binding activity of the RCD2 mutant is higher
compared to the other binding mutants, which is reflected in a low Kp. EMSA = electrophoretic
mobility shift assay, Kp = dissociation constant
In summary, the RNP-2 sequences in both RNA recognition motifs, RRM1 and RRM2, were
identified as important requirements for D1-ATG RNA-binding. However, the minimal
RRM1+2 protein, lacking the NTD and CTD, displayed a lower RNA-binding affinity
compared to the dissociation constant determined for hLaWT suggesting additional domains
contributing to La binding D1-ATG RNA. The NTD (including the La motif), as well as
amino acids 353-393, and the basic and aromatic residues located between aa 332 to 339 of

the intrinsically disordered CTD are not essential for D1-ATG RNA-binding. However, the
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basic and aromatic residues spanning the C’-terminal aa 357-364, are negatively contributing
to D1-ATG RNA-binding by hLa.

The fluorescence polarization experiments represents a time saving RNA-binding assay that
accurately displays RNA:protein interactions, however, the formation of monomeric or
multimeric complexes cannot be monitored by FP assay. Fluorescence polarization is an

attractive method to rapidly screen proteins for RNA-binding affinities.

4.3 SUMO-modification of human recombinant La protein

Sumoylation is the posttranslational modification of a target protein by covalent and
reversible conjugation of a peptide called small ubiquitin-like modifier (SUMOQO), this
modification has been found to play an essential regulatory role in many biological processes
by maintaining protein stability, transcriptional regulation, and modifying specific
transcription factors [225] [192]. A small number of RNA-binding proteins, e.g. hnRNP C1,
elF4E [211], PSF [226], and Sam68, have been identified to be modified by SUMO [201]
[202]. It has been shown that murine La is sumoylated in cultured dorsal root ganglions, that
GFP-tagged human La is modified by SUMO when transfected into rat sensory axons, and
that this modification is required for retrograde transport of hLa [60]. However, at this point
it is not clear what the role and function of sumoylation of murine and human La may be
biologically. The most studied function of La is the interaction with a broad variety of RNA
molecules. Therefore it is reasonable to speculate that sumoylation may modulate the RNA-
binding activity of hLa. To test this idea a robust in vitro sumoylation assay (IVSA) for hLa
was established and the RNA binding activity of SUMO-La was tested in EMSASs using D1-
FL RNA and RNA oligoribonucleotides, representing substrates with terminal sequences of
5’-UTR corresponding to different TOP mRNA.

4.3.1 Purification of SUMO-cascade components

Conjugation of SUMO to its target protein is a multi-step process involving maturation of the
SUMO precursor; activation, conjugation, ligation, and de-sumoylation as described in detail
in the introduction (refer to 1.3). In short, all SUMO isoforms are expressed as precursors,

which undergo maturation mediated by SENP (sentrin specific proteases). The mature SUMO
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has to be activated by a heterodimer of the SUMO activating enzymes, SAE1 and SAE2,
which requires ATP- hydrolysis [158]. The activated SUMO peptide is transferred to the E2
conjugating enzyme Ubc9, which then transfers SUMO to its target protein. An efficient
conjugation requires the co-catalyzation by a specific E3 ligase in vivo but this is not required
in vitro [227]. SENPs not only mediate the maturation of SUMO precursors but also are
responsible for de-sumoylation of SUMO-modified proteins. The in vitro SUMO-
modification using recombinant proteins does not require SENPs for maturation of SUMO
nor de-sumoylation, therefore, the only essential proteins for the IVSA are SUMO, SUMO-
activating enzymes SAE1 and SAE2, Ubc9, and hLa all of which needed to be expressed as
recombinant proteins.

The 3’-terminal di-glycine motif of SUMO proteins (referred to as SUMO-GGQG) is essential
for the ligation of SUMO to its target. Substitution of the terminal glycine to alanine (SUMO-
GA) inhibits the conjugation of the small peptide to its target and serves as a negative
sumoylation control [228] [229] [230]. In addition, RanBP2 is an E3 ligase, two fragments of
RanBP2 (BP2AFG and IR1+M) were described as active E3 ligases [180] [231]. Those two
truncated RanBP2 fragments where used in the IVSA to test if their E3 ligase activity
facilitates sumoylation of hLa.

Expression vectors encoding His-Ubc9, GST-SAELl, GST-SAE2, GST-IR1IM+1, GST-
BP2AFG, GST-SUMOL1, GST-SUMO-2, GST-SUMO3, His-SUMO1-GG, His-SUMO-1GA,
His-SUMO-2WT, His-SUMO-2GA, His-SUMO-3WT, and His-SUMO3-GA were provided
as a courtesy by Ron T. Hay, F. Melchior, and C. M.Chiang (2.12). All constructs, except
His-SUMO-1WT/GA, His-SUMO-2WT/GA, and His-SUMO-3WT/GA, were purified by the
protein production lab at the Medical University of South Carolina, USA using either a
HiTrap HP Ni-NTA or a GSTrap FF column. His-tagged SUMO proteins were expressed and
purified in a smaller scale using Ni-NTA columns (refer to 3.2.1 and 3.2.2). All purified
proteins were quantified by Bradford and 1 pg aliquots were analyzed by SDS-PAGE and
Coomassie staining. The protein isolates migrated at their expected molecular weight (figure
4.3.1), note also the molecular weight shifts of the proteins due to the approximately 26 kDa
glutathione S-transferase tag: His-La (47 kDa), SAE1 (38 kDa), SAE2 (71 kDa), His-Ubc9
(18 kDa), SUMO-1/-2/-3 (11 kDa, aberrant running behavior between 11 and 20 kDa),
BP2AFG (33 kDa), and IR1+M (7 kDa). His-tagged proteins are overall of higher purity than
GST-tagged SAE1 and SAE2 proteins. Since GST-SAEL and GST-SAE2 preparations are

either partially degraded or contaminated with other proteins, the protein concentration of the
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full length proteins determined by Bradford assay may be not correct. To judge the amount of
full length GST-SAEL (64 kDa including GST-tag) and SAE2 (97 kDa including GST-tag)
(as indicated by an asterisk in figure 4.3.1) were used to estimate the protein concentrations
compared to the intensity of the Coomassie stain with 1 pg of Ubc9, which displayed the
highest purity. Furthermore, commercially available BSA (10 mg/ml) was diluted (0.25
mg/ml to 1.5 mg/ml) and loaded next to 1 pg GST-SAEL and 1 mg/ml GST-SAE2 proteins
on a SDS-PAGE in order to judge the protein concentrations of GST-SAEL and GST-SAE2
by comparing their band intensities after Coomassie staining (data not shown). The GST-
tagged SUMO-1 protein as well as GST-BP2AFG, and GST-IR1+M indicated that they are of
high purity (figure 4.3.1C).
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Figure 4.3.1: Coomassie staining of human recombinant proteins of the sumoylation cascade. Proteins
were purified by the Protein Production Lab at MUSC. A)-C) Equal amounts of recombinant proteins, His-
La (46.8 kDa), GST-SAE1l (64 kDa), GAST-SAE2 (97 kDa), His-Ubc9 (18 kDa), His-SUMO-1/-2/-
3WT(GG)/-GA (11 kDa), GST-SUMO-1/-2/-3 (37 kDa), GST-BP2AFG (59 kDa), and GST-IR1+M (32
kDa), were separated by SDS-PAGE and visualized by Cooomassie staining. Asterisks indicate the correct
protein size. The protein marker is on the left lane and the corresponding molecular weights are indicated left
of the gel. PM = protein marker, kDa = kilodalton, His = hexahistidine tag, GST = glutathione S-transferase
tag
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4.3.2 Establishing an in vitro sumoylation assay (IVVSA) for recombinant human La

In order to investigate whether sumoylation of hLa has an effect on its RNA-binding activity,
an in vitro sumoylation assay was developed to produce SUMO-modified hLa. To establish
IVSA, several previously described in vitro sumoylation methods were directly compared.
These methods varied widely in the amount of target proteins used, in the Ubc9:SUMO

ratios, and in the incubation parameters, such as the temperature and incubation time.

SUMO-1 WT GA kDa Figure 4.3.2: Modification of recombinant

human La protein by recombinant SUMO-1 in
vitro. In order to establish a robust control for the

. 83 IVSA, a conjugation deficient mutant of SUMO-1
8‘1 -La (His-SUMO-1GA) was purified and used as
-62 negative control. An optimized in vitro sumoylation

was carried out for 2 hours at 30°C, acetone
precipitated overnight, separated by SDS-PAGE
-47 5 and immunblotted for La. The immunoblot shows
La-specific high molecular weight bands (S-1:La)
only when SUMO-1WT was used for the IVSA and

La ’-- SE not when the conjugation deficient SUMO-1GA

La

. mutant was used. The molecular weights are
. indicated in kDa on the right site. SE = short
IB: a-La exposure, IB = immunoblot

With this information as a starting point, a series of experiments were designed to establish
conditions eventually leading to an optimal sumoylation of recombinant human La as
described in section 3.2.6. Immunoblot analysis of IVSA reactions using the La-specific
mouse monoclonal antibody La3B9 revealed two high molecular La-specific bands (SUMO-
1:La, referred to as S-1:La) running at ~ 67.5 kDa and ~ 77 kDa (figure 4.3.2) as calculated
by SDS-PAGE. These bands are La and SUMO-1WT specific, since using the conjugation-
deficient SUMO-1GA protein as a control did not result in higher molecular weight bands
(figure 4.3.2). As observed, only a small fraction of recombinant hLa was modified by
SUMO-1 and was quantified at five percent (figure 4.3.6). Clearly visible in the short
exposure of the immunoblot (figure 4.3.2, SE), the hLa antibody detects two bands for the
unmodified recombinant hLa at approximately 50 and 43 kDa, the higher and more intense
band represents full-length La while the lower band at 43 kDa is a fragment of hLa. The S-
1:La double bands are likely the product of two SUMO peptides being covalently attached to
the La protein. SUMO-1 is unable to form poly-SUMO chains, thus the S-1:La band at 77
kDa cannot be explained by SUMO-SUMO protein interaction. Any additional high

molecular La-specific bands were rarely detected; suggesting that recombinant hLa is mainly
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modified by a single SUMO-1 peptide in vitro, to a small extent by two, and rarely by three
SUMO-1 peptides. The molecular weight of SUMO is approximately 11 kDa, however, with
an aberrant running behavior on SDS-PAGEs sumoylation causes an approximately 20 kDa
shift to the target protein. Nonetheless, the main S-1:La band at 67.5 kDa may also be a result
of the conjugation of two SUMO-1 peptides and the S-1:La band at 77 kDa may represent the
modification of hLa with three SUMO molecules.
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Figure 4.3.3: Optimization of in vitro sumoylation of recombinant human La. A) The in vitro
sumoylation assay using varying Ubc9:SUMO-1 ratios was performed with GST-tagged SUMO-1 for 2
hours at 37°C. The reaction was quenched with 4-fold addition of 3x SDS-loading buffer; the samples
were boiled for 10 min at 95°C and separated on a 7.5% SDS-PAGE. The IVSA products were visualized
by immunoblotting for La. The native La and sumoylated La protein fraction (S-1:La) are indicated on the
left. Ratios of Ubc:SUMO-1 beyond 1:55 result in a low level La sumoylation. The molecular weights are
indicated the right. # = possible sumoylation of the La fragment B) Incubation parameters were analyzed
for sumoylation of recombinant La protein. IVSA was carried out in parallel at 30°C and 37°C, aliquots
were taken at 0.5, 1, 1.5, and 2 hours and the reaction was quenched by adding 3x SDS-loading buffer
(1:4). In parallel reactions of His-SUMO-1GA were performed and served as negative control. The
incubation at 30°C resulted in S-1:La after an hour (upper blot), whereas the incubation at 37°C results in
an overall weaker sumoylation of La after 1.5 hours (lower blot). The native La and S-1:La species are
indicated on the left, the molecular weights in kDa on the right. SE = short exposure, 1B = immunoblot,
kDa = kilodalton, S-1:La = SUMO-1 modified La
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As mentioned earlier the ratio of the conjugating enzyme Ubc9 to SUMO-1 differed in the
previously described IVSAs with SUMO-1 concentrations remaining in excess amounts to
Ubc9. [177] [180] [232]. To test whether the Ubc9:SUMO ratio impacts the IVSA efficiency
a wide range of Ubc9:SUMO-1 molar ratios were analyzed (figure 4.3.3A) in the IVSA
(3.2.6). Standard IVSA reactions with varying Ubc9:GST-SUMO-1 ratios (1:9, 1:18, 1:37,
1:55 1:73, 1:91, and 1:110) were performed and analyzed as described (3.2.6, 3.2.7, and
3.2.9), note that the glutathione S-transferase (GST) tag adds approximately 26 kDa to the
SUMO-1 protein. In consequence, the sumoylated hLa protein has a higher molecular mass
of approximately 83 kDa or more as indicated by arrows in figure 4.3.3A, resulting from the
aberrant running behavior of the GST-SUMO peptide. In figure 4.3.3A the intensity of the
higher molecular S-1:La bands above 83 kDa depends on the Ubc9:SUMO-1 ratio. The ratio
of 1:18 (0.4 uM His-Ubc9 to 7.3 uM GST-SUMO-1) is the most efficient for La SUMO-
modification, whereas ratios beyond 1:55 (lanes 4-7, figure 4.3.3A) do not result in
sumoylation of the La protein. However, note that the ~ 80 kDa band (# sign in figure
4.3.3A) is also Ubc9:SUMO-1 ratio-dependent and is suggested to represent either SUMO-
modification of the La fragment or represents mono-sumoylated hLa, whereas the larger band
above 83 kDa is poly-sumoylated hLa. For further studies, an optimal 18-fold excess of
SUMO to the conjugation enzyme Ubc9 was used for all subsequent IVSA analyses.

The ratio of Ubc9 and SUMO not only differed in various publications for IVSA protocols,
but also the reaction temperatures and incubation times varied. The effect of temperature and
incubation time on sumoylation efficiency was studied by incubating reactions at either 30°C
or 37°C, the physiological relevant temperature, for 0.5, 1, 1.5, and 2 hours. These reactions
were stopped with SDS-loading buffer and separated on a 7.5% SDS-PAGE. The detection
was carried out by immunoblotting for La using an a-La specific 3B9 antibody (figure
4.3.3B). The conjugation-deficient His-SUMO-1GA mutant was used as a negative control
for the IVSA, displayed in lanes 5-8 of figure 4.3.3B. Comparing the upper and lower blot in
figure 4.3.3B indicates that the incubation time of 2 hours resulted in the most efficient
SUMO-modification. Sumoylation products shown in the upper blot of figure 4.3.3B occur as
shortly after 30 minutes and increase over time. The lower blot from figure 4.3.3B indicates
very weak signals for modified La and was detected only after 1.5 hours of incubation. Since
an incubation of two hours was the maximum incubation time in this assay and resulted in the
most efficient sumoylation of La, an additional assay was performed extending the incubation

time to 4 hours in 30 min increments. However, extending the incubation time beyond 2
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hours did not have any positive effect, because no increase in sumoylation efficiency of the
La protein was detected (data not shown). The incubation temperature of 30°C resulted in an
overall increased sumoylation efficiency as seen by more intense S-1:La bands, this intensity
is about twice as much as that from the S-1:La bands incubated at 37°C, therefore, following

in vitro sumoylation assays were carried out for 2 hours at 30°C as the ideal experimental

conditions.
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The activation of SUMO by the E1 enzymes SAE1 and SAE2 is an ATP-dependent process
[177]. In the absence of ATP sumoylation should be inhibited because no energy for the
activation of SUMO by ATP-hydrolysis can be supplied. To test whether the removal of an
energy supply is a suitable negative control for the IVSA, IVSA reactions without the
addition of ATP or with the non-hydrolysable ATP analog, phosphorothioate ATP-y-S, were
performed. After incubation for 2 hours at 30°C, samples were stopped by SDS-loading
buffer, separated by SDS-PAGE and the La protein species were detected by
immunoblotting. In the presence of ATP the formation of SUMO-1:La was observed (figure
4.3.4) and, as hypothesized, no SUMO-modification occurred in the absence of ATP.
Replacing ATP with ATP-y-S results in an inefficient SUMO-modification of hLa (figure
4.3.4, compare lane 2 and 3). Observe in figure 4.3.4 the high molecular band above 83 kDa
in the presence of ATP in addition to the previously described double band, this 83 kDa band
may represent hLa modified by three or more SUMO-peptides (figure 4.3.4, lane 2). These
findings confirm that sumoylation is an energy-dependent process. In conclusion, the use of

ATP-y-S as a non-hydrolysable ATP analog is not a suitable negative control, because
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sumoylation still occurred, thus the conjugation-deficient SUMO-GA mutant was used as a
negative control for all following IVSA protocols.

Although the SAE1-SAE2 heterodimer and the E2 enzyme Ubc9 are sufficient for SUMO-
modification, sumoylation of a target protein may be specifically enhanced by SUMO ligases
in vitro [59, 62]. Pichler et al. have shown that the SUMO transfer efficiency for target
proteins is strongly enhanced by the SUMO E3 ligase RanBP2. Furthermore, they identified
two fragments of the 358 kDa RanBP2 ligase, namely BP2AFG and IR1M+1 (internal repeat
1 and middle domain), to capably act as SUMO E3 ligase.

To test whether the sumoylation of La is improved in the presence of RanBP2 ligase activity,
the two functional protein fragments were added to IVSA reactions. IVSAs were performed
in the presence or absence of either 13 nM BP2AFG or 15 nM IR1+M and immunoblotted for
hLa. The conjugation deficient His-SUMO-1GA was included as negative sumoylation
control. Figure 4.3.5 shows that hLa was SUMO-1-modified in the presence and absence of
BP2AFG (lanes 1 and 2) and IR1+M (lanes 5 and 6) as represented by the two high molecular
bands at 67.5 kDa and 77 kDa, both BP2AFG and IR1+M were not able to stimulate
sumoylation of hLa, suggesting that RanBP2 is probably not a E3 ligase facilitating the
sumoylation of hLa in vitro. However, BP2AFG had a small negative effect whereas in the
presence of IR1IM+1 sumoylation of hLa was reduced by approximately 50 percent. In
conclusion, the E2 ligase RanBP2 has rather an inhibitory effect on SUMO-modification of

the La protein in vitro rather than enhancing the IVSA efficiency.

Previously, only partial amounts of the IVSA product were analyzed by SDS-PAGE and
immunoblotting (one fourth), which may inhibit the detection of weak signals of poly-
SUMO-modified, more than two SUMO sites, hLa. In order to enhance the detections
sensitivity and to allow for the quantification of the S:1-La species versus native hLa the
IVSA products were subjected to overnight acetone precipitation, analysis of the whole
reaction product was achieved by concentrating the samples after the overnight acetone
precipitation, which also removed the samples from salts (3.2.6). An aliquot of the reaction
product prior to precipitation was taken as a control to compare signal quality and exposure
times (figure 4.3.6A). The acetone-precipitated samples showed a much stronger signal
intensity for S-1:La bands than the control. As known from the literature, only a small

fraction of targets are sumoylated at a given time in cells [232] [233].

- 103 -



ligase _ BP2AFG none IR1+M
SUMO-1 WT GA WT GA WT GA «kDa

-83
S-1:La
- 62
La -475

Lo| " — —o——

IB: a-La

Figure 4.3.5: RanBP2 ligase activity does not facilitate SUMO-1 modification of hLa. In order to
determine if RanBP2 ligase activity can increase the efficiency in vitro sumoylation of recombinant human
La, two minimal functional recombinant RanBP2 proteins were purified and used in the IVSA. The
sumoylation assay was carried out for two hours at 30°C and samples were analyzed as described. SUMO-1
modified La is indicated on the left. Modification of La is observed only when SUMO-1WT is used and not in
the presence of the conjugation deficient SUMO-1GA mutant. The short exposure shows similar La levels
(lower blot). The molecular weiaht is indicated on the riaht. SE = short exnosure.

To determine the percentage of S1-La in IVSA reactions four sumoylation reactions were
acetone precipitated, thus allowing for the determination of the modified vs. native hLa
stoichiometric ratios (S-1:La to hLa). The quantification reveals that 5 + 2.3 % of the hLa
were modified by SUMO-1 (Fig. 4.3.6B), therefore, approximately 25 ng SUMO-modified
hLa is produced in one IVSA. Because of the improvement seen with the precipitated 1VSAs,
all following IVSA reaction products were acetone precipitated prior to SDS-PAGE and

immunoblotting.

In summary, the IVSA was optimized by determining the appropriate Ubc9:SUMO ratio,
finding appropriate incubation parameters, and omitting the ligase activity of RanBP2. The
use of the non-hydrolysable ATP analog ATP-y-S does not serve as an adequate negative
sumoylation control, but the conjugation deficient SUMO-GA mutant does. The detection
sensitivity of the IVSA was increased by acetone precipitation of IVSA products overnight
prior to SDS-PAGE and immunoblotting. The established robust IVSA enabled downstream

functional analyses of SUMO-modulated La functions.

- 104 -



A) B)
not
acetone precipitated precipitated 100 =
La [ng] 50 125 250 250 L= e 5.1%
SUMO-1 WT GA WT GA WT GA WT GA kDa 23; 801
a8
®TT 60
! 0]
s-1ial | B 25 94.9%
i 62 £ 2 40
_ g0
& | 2 20
La - 475
IB: a-La 0 '
La
m S-1:La

Figure 4.3.6: The detection of sumoylated La species is improved by acetone precipitation. To allow the
analysis of the complete IVSA product and to enhance the immunodetection samples were precipitated with
acetone overnight. A) IVSA was performed as described and aliquots of different hLa amounts (50, 125, and
250 ng) were taken and precipitated overnight and blotted as described. hLa modified by SUMO-1 (S-1:La) is
indicated on the left. B) Immunoblot quantification of IVSA products reveals that on average 5% of total hLa
is sumoylated. Chemiluminescence signals of four independent IVSA products were recorded (n=4) and
quantified using the ImageQuant RT ECL instrument and ImageQuant TL software.

4.3.3 Recombinant human La is modified by all three SUMO isoforms in vitro

The modification of hLa by endogenous SUMO-1, exogenous GFP-tagged SUMO-1, and
SUMO-2 has been described in sensory axons of rats. SUMO-2-modified hLa was also
identified by tandem mass spectrometry in HelLa cells after heat shock [61]. Further, the
modification of recombinant human La by covalent conjugation of SUMO-1 in vitro has been
shown in figure 4.3.2. Although a target protein is specifically modified by either SUMO-1 or
SUMO-2/-3 in vivo, it has been reported that many substrates can be sumoylated by all three
SUMO paralogs in vitro. Taking this into consideration the next step in this investigation was
to analyze whether SUMO-2 and SUMO-3 could be covalently conjugated to the
recombinant human La protein.

His-tagged SUMO-2WT and SUMO-3WT were used in the optimized IVSA and the
conjugation deficient His-SUMO-2GA and His-SUMO-3GA mutant proteins served as
negative control in the following experiments. AIll reaction products were acetone
precipitated overnight, separated by SDS-PAGE, and analyzed by immunoblotting for La.
Figure 4.3.7A shows that all three His-SUMO-WT paralogs, but not the His-SUMO-GA
mutants, were conjugated to La (S-1:La, S-2:La, and S-3:La). Intriguingly, mere modification
by SUMO-1 resulted in two S-1:La bands, 67.5 and 77 kDa, suggesting that hLa is modified
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by two SUMO-1 peptides, however, only one SUMO2 or SUMO-3 peptide was covalently
attached to the hLa protein. This may result from one generalized main sumoylation site that
is used by all three SUMO forms. In addition, IVSA products were analyzed by
immunoblotting for SUMO specific antibodies in parallel to the La detection. Figure 4.3.7B
displays specific SUMO-1 and SUMO-2/3 bands were detected over a wide molecular weight
range, resulting from SUMO-modification of other proteins present in the IVSA reaction,
those bands were detected only when His-SUMO-WT isoforms and not the conjugation-
deficient His-SUMO-GA counterparts were used. It is most import to note that overlaying
and aligning autoradiographs, figure 4.3.7A with 4.3.7B, revealed that S:La bands matched
with bands detected by SUMO-1 and SUMO-2/-3 antibodies. Detection of the S-1:La, S-
2:La, and S-3:La bands with the La antibody and the respective SUMO antibodies supports
the conclusion that La is not only modified by SUMO-1 but also by SUMO-2 and SUMO-3
in vitro. Therefore, the previously described identification of human La modification by
SUMO-1 or SUMO-2 in rat neurons and in HeLa cells [61] can also be achieved in vitro.
Whether modification of hLa by SUMO-3 occurs also in living cells remains to be shown,

however, in vitro SUMO-3 is conjugated to hlLa.
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Figure 4.3.7: Human La is modified by all three SUMO isoforms in vitro. The modification of hLa
by all three SUMO isoforms was performed to test the for specific La modification. The optimized
IVSA was performed as described. The SUMO-GA mutants served as negative control. A) Immunoblot
for La shows La-specific bands representing sumoylated La (S:La), as indicated on the left, in the
presence of the wild type SUMO proteins, but not in the presence of the control SUMO proteins. B)
IVSA products were separated by SDS-PAGE and immunoblotted on one membrane. The membrane
was cut and exposed to either SUMO-1 antibody (left blot) or SUMO-2/-3 antibody (right blot). A wide
range of SUMO-1 and SUMO-2/-3 specific bands were detected in the reactions with wild type SUMO
isoforms. Arrows indicate matching bands detected by both La and SUMO antibodies as determined by
overlaying the immunoblot for La and immunoblots for SUMO. SE = short exposure
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4.3.4 Lais modified by SUMO-2 at K200 and K208 in vitro

Two prerequisites for SUMO-maodification in vivo have been described in the first reports on
sumoylation, these requirements are the presence of a SUMO consensus sequence YKXE (V¥
representing a large hydrophobic amino acid, K the target lysine, X representing any amino
acid, and E a glutamic acid) and a nuclear localization signal [183] [177] [184]. The SUMO
consensus sequence is short, therefore, it is also found in proteins that are likely not SUMO-
modified [158]. In addition, other proteins are SUMO-modified at non-consensus lysines
[187] [188] [189] and some SUMO-modified proteins do not contain the consensus motif in
their sequence [234] [181], thus the identification of the SUMO acceptor site of a protein may
be challenging.

Van Niekerk et al. [60] have identified lysine 41 (K41) as the main sumoylation site for hLa,
but they have also described two additional lysines, lysine 185 (K185) and lysine 208 (K208),
as potential targets [60]. In order to identify the sumoylation site of hLa in vitro, a
recombinant hLa mutant, LaK41R, with a lysine to arginine substitution at K41 was analyzed
by IVSA. The expression vector encoding the human La lysine 41 to arginine substitution
mutant (pet28b(+)LaK41R) was expressed in E. coli BL21 cells (3.2.1) and the recombinant
protein was purified (3.2.2). The purified His-tagged LaK41R was then used in the optimized
IVSA to determine modification in vitro by SUMO-1. The optimized IVSA was carried out
as described in 3.2.6, the products were acetone precipitated overnight before separation by
SDS-PAGE and immunoblotted for La. The conjugation deficient His-SUMO-1GA mutant
served as a negative IVSA control. Figure 4.3.8A shows that LaK41R was modified by
SUMO-1 in vitro forming the typical double band pattern at 67.5 and 77 kDa as often seen
with hLaWT, hence, lysine 41 did not represent a major sumoylation site for SUMO-1 in
vitro. It has been shown that mutations of known sumoylation sites facilitate sumoylation at
other sites [235] [236] [237], therefore, the in vitro analysis of La mutants suggests that

recombinant hLa is modified by SUMO at several lysine residues.

The additional lysines described by van Niekerk et al. [60] were K185 and K208, thus, a
mutant La protein, LaSM123, with lysine to arginine substitutions for all three published
putative sumoylation sites K41, K185, and K208, were created in order to identify the
sumoylation site and investigate the function of SUMO conjugation to La in downstream
experiments. The pet28b(+) La K185RK208R construct served as a template to create this
triple lysine to arginine La mutant (LaSM123) by site directed mutagenesis (3.1.1). Upon
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sequence confirmation, it was expressed in E. coli BL21 cells (3.2.1) and the recombinant
protein was purified in a small-scale approach using Ni-NTA columns (refer to 3.2.2). The
purified recombinant His-tagged LaSM123 protein was then used as a target for SUMO-1 in
the optimized in vitro sumoylation assay (3.2.6). The conjugation deficient His-SUMO-1GA
peptide served as a negative control. Immunoblotting the IVSA product for La, represented in
figure 4.3.8B, showed a higher molecular weight species at 77 kDa, representing SUMO-1
modified LaSM123, which was not formed using the control SUMO-GA peptide. Since the
sumoylation of LaSM123 resulted in only one S-1:LaSM123 species this result suggests that
a single sumoylation site was successfully mutated.

A) B)
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Figure 4.3.8: Sumoylation of lysine to arginine substitution mutants of hLa. Recombinant La mutants
with lysine to arginine substitutions of putative sumoylation sites were analyzed for sumoylation to identify
the SUMO-acceptor sites in hLa. IVSA were performed as described and reactions with the control SUMO-
1GA mutant were run in parallel. Immunoblot analysis revealed both sumoylation site mutants are modified
by SUMO-1 in vitro. A) Two La-specific high molecular weight species, S-1:LaK41R, were detectabled in
the presence of SUMO-1WT. B) Merely one S-1:L.aSM123 band was detected when SUMO-1WT was used
in the IVSA.

Up to this point the IVSA analyses suggest that hLa is modified at a minimum of two lysine
residues. The human La protein contains 51 lysines, which equals 12.5% of the protein, thus
the preparation of recombinant proteins with single lysine substitutions and combinations of
mutations were not reasonable. In order to identify additional sumoylation sites an in silico
approach using two different computer programs was used. The SUMOplot analysis program
has been used by van Niekerk and coworkers [60] to predict sumoylation sites and was used
herein as well; in addition, another in silico SUMO-prediction tool SUMOsp 2.0 [238] was
published and utilized to predict sumoylation sites in the human La protein. The FASTA
sequence of human La (GenBank reference P05455.2) was submitted to the software or the
web server for analysis by SUMOsp 2.0 and SUMOplot analysis programs, respecitively. The

SUMOsp2.0 program was able to identify consensus and non-consensus sequences for
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sumoylation, however, note that a medium cutoff was chosen for SUMOsp 2.0 to exclude
low confidence SUMO acceptor sites. A summary of each analysis can be found in table
4.3.1 for SUMOsp 2.0 and in table 4.3.2 for SUMOplot analysis program. The already
established main sumoylation site lysine 41 identified by van Niekerk et al. [60] was
predicted by both programs (compare table 4.3.1 with table 4.3.2), but was not predicted by
SUMOsp 2.0 as a sumoylation site when the prediction stringency was increased by choosing

the high cut-off (data not shown).

Position Peptide Score Cutoff Type

37 KFLKEQI 2.706 2.26 Typell: Non-consensus
41 EQIKLDE 2.265 2.26 Typell: Non-consensus
74 ALSKSKA 2.265 2.26 Typell: Non-consensus
76 SKSKAEL 2.868 2.26 Typell: Non-consensus
105 DEYKNDV 2.897 2.26 Typell: Non-consensus
200 KQNKVEA 3.338 2.26 Typell: Non-consensus
208 LRAKQEQ 2.142 0.1 Typel: ¥-K-X-E

214 QEAKQKL 2.691 2.26 Typell: Non-consensus
216 AKQKLEE 2.324 2.26 Typell: Non-consensus
224 AEMKSLE 2.426 2.26 Typell: Non-consensus
383 GPVKRAR 2.309 2.26 Typell: Non-consensus
391 ETDKEEP 2.676 2.26 Typell: Non-consensus
397 PASKQQK 3.426 2.26 Typell: Non-consensus
400 KQQKTEN 3.029 2.26 Typell: Non-consensus

Table 4.3.1: Overview of sumoylation site predictions in the human La protein by the
SUMOsp2.0 software [322]. The FASTA sequence of the human La protein sequence was
entered and the medium threshold was chosen to predict SUMO acceptor sites in the human
La protein. The peptide sequence around the acceptor lysine as well as the position of the
predicted SUMO site is indicated. The score, Cutoff, and the type of the SUMO site sequence
are listed. The type | SUMO site is represented by a lysine in the classical sumoylation
consensus sequence. Type Il sequences contain other non-canonical sites.

However, as mentioned above lysine 185 was predicted with a high probability (score = 0.85)
to be SUMO-modified by the SUMOplot Analysis Program (table 4.3.2), but was not
predicted by SUMOsp 2.0 (table 4.3.1). Interestingly, lysine 208 which was described by van
Niekerk et al. [60] as a potential SUMO-site was not identified as a potential site by
SUMOplot Analysis Program, but it was predicted by SUMOsp 2.0 as one with the highest
probability to be SUMO-modified. Moreover, this lysine 208 residue is the only lysine

embedded in the sumoylation consensus sequence. Surprisingly, both programs shared the
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prediction of only five residues, namely lysine 41, 208, 216, 391, and 400, however, lysine 41
was predicted by both algorithms, but it is not the sumoylation site of hLa in vitro as
experimentally determined.

Despite some common predicted sumoylation site the in silico analysis was not as promising,

because of the large and varying number of potential SUMO acceptor sites.

Position Peptide Score
K41 FLKEQ IKLD EGWVP 0.94
K116 NRSVY IKGF PTDAT 0.59
K148 MRRTL HKAF KGSIF 0.17
K165 DSIES AKKF VETPG 0.44
K185 DLLIL FKDD YFAKK 0.85
K192 DDYFA KKNE ERKQN 0.48
K208 EAKLR AKQE QEAKQ 0.79
K216 EQEAK QKLE EDAEM 0.5

K229 MKSLE EKIG CLLKF 0.33
K269 DFVRG AKEG IILFK 0.62
K391 AREET DKEE PASKQ 0.5

K400 PASKQ QKTE NGAGD 0.5

Table 4.3.2: Overview of sumoylation site predictions in the human La protein by the
SUMOplot Analysis Program. The FASTA sequence of the human La protein sequence was
entered at http://www.abgent.com/tools/ to predict the probability for the SUMO-consensus
sequence to be engaged in SUMO-conjugation of the human La protein. The positions as well as
the sequence around the lysine acceptor sites are displayed in the table. The La protein specific
SUMO-consensus sequence is in bold. The displayed score is based on the direct match of the
amino acids to the consensus sequence and the substitution of residues exhibiting a similar
hydrophobicity the higher the score the higher the probability of the lysine to serve as a SUMO-
acceptor site (Abgent).

Recently the laboratory of P. Thibault (McGill University, Montreal, Canada) reported a new
method for the identification of sumoylation sites [239], this approach utilized mass
spectrometry, which is a much better approach in identifying SUMO-modified residues. Dr.
Thibault was willing to perform the required experiments for the identification of the
sumoylation sites used during in vitro sumoylation of hLa by SUMO-2.

Constructs containing the human La sequence were sent to Dr. Thibault’s laboratory for
tandem mass spectrometry analysis using SUMO-2 as a modifier. The analysis identified
lysine 200 and lysine 208 as high confidence SUMO-2 acceptor sites, in addition, lysines in
the C’-terminus of the La protein (K344, K352, K363, and K400) were also identified as
lower confidence sumoylation sites (data not shown). Interestingly, only the high confidence
assignments of K200 and K208 and the low confidence K400 were predicted by SUMOsp 2.0
(refer to table 4.3.1).
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The main sumoylation sites K200 and K208 are located in the linker region between the RNA
recognition motifs RRM1 and RRM2. The minimal La protein, RRM1+2, consisting of
RRM1 and RRM2 as well as its interdomain peptide linker has been shown to be RNA-
binding active (refer to 4.2.2). In order to confirm lysine 200 and 208 as the main SUMO
acceptor sites in the La protein, a double K200R and K208R substitution La mutant, La
K200R K208R, as well as a single K208R La mutant, La K208R, were created in the minimal
La RRM1+2 context. The minimal protein context was chosen to eliminate the possibility of
sumoylation at putative C’-terminal lysine residues that were identified as low confidence
SUMO-acceptor sites by mass spectrometric analyses. The mutagenesis and cloning
strategies are described in detail in sections 3.1.1 and 3.1.2. The sequence accuracy of the
substitution mutants were confirmed by DNA-sequencing before the two constructs were
expressed in E. coli BL21 cells (3.2.1) and purified in small-scale using Ni-NTA columns as
described in section 3.2.2. The concentration was determined by Bradford and the proteins
were analyzed for purity by SDS-PAGE and subsequent Coomassie staining (figure 4.3.9).
The purified RRM1+2 mutants were of high purity and of the expected size (~ 25 kDa)

according to their amino acid sequence.
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The recombinant minimal RRM1+2 lysine substitution mutants as well as their wild type
counterpart RRM1+2 were used as targets for in vitro sumoylation with His-SUMO-2WT
and the negative control His-SUMO-2GA in 10-fold up scaled reactions to study the function
of SUMO conjugation to La in downstream functional assays. Aliquots were acetone

precipitated overnight, the reaction products were then separated by SDS-PAGE and the La
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species were detected by immunoblotting using the La-specific mouse monoclonal SW5
antibody [240]. The previously used mouse monoclonal 3B9 antibody recognized an epitope
in the NTD of hLa, thus it was not used for the immunodetection of RRM1+2. In figure
4.3.10 the wild type RRM1+2, compared to the control reaction with SUMO-2GA, displayed
two higher molecular weight bands representing S-2:RRM1+2, these major band were
slightly above 47 kDa and a weaker band above 62 kDa. As mentioned before hLaWT was
modified by merely one SUMO-2 species (figure 4.3.7). Taken together, these findings
implicate the efficient conjugation of one SUMO-2 peptide to hLa and RRM1+2, a secondary
sumoylation site recognized weakly by SUMO-2. Interestingly, only the major S-2:RRM1+2
band was detectable when hLaK208R was sumoylated (Fig. 4.3.12 compare lanes 3 and 5),
suggesting that lysine 208 is a weak acceptor site for SUMO-2. Intriguingly, the band
intensity was a bit stronger compared to the wild type S-2:RRM1+2 bands, also suggesting
that mutation K208R stimulates sumoylation at a different site. However, analysis of the
double hLa mutant RRM1+2 K200RK208R demonstrates that major sumo acceptor sites
were mutated. In conclusion, it was determined that the main SUMO acceptor sites for

recombinant RRM1+2 protein were lysine 200 and 208.

K200R
RRM1+2 _K208R K208R WT
SUMO-2 WT GA WT GA WT GA kDa

- 83
S-2: - 62
RRM1+2 — —— L 47 5
| L B | 325
TP
. ' - 25
1 2 3 4 5 6

IB: a-La

Figure 4.3.10: Lysine 200 and 208 are the main sumoylation sites of hLa in vitro. In order to study the
effect of SUMO-modification on the La protein the main sumoylation sites were identified by IVSA. The
recombinant RRM1+2 proteins were sumoylated with SUMO-2WT and SUMO-2GA, acetone precipitated
overnight, separated by SDS-PAGE followed by immunoblotting for La. Sumoylated RRM1+2 (S-
2:RRM1+2) and its respective mutants and native La are indicated on the left. The molecular weights are
indicated in kDa on the right.
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In summarization, the in silico prediction of putative SUMO attachments sites using two free
programs, namely SUMOplot Analysis Program and SUMOsp 2.0, roved not to be a helpful
tool in the case of human La. However, La has a high abundance of lysines that could serve
as potential SUMO acceptor sites resulting in a high number of in silico predicted
sumoylation sites. On the other hand, in rat neurons, La is SUMO-modified at lysine 41 [60],
which could not be confirmed in vitro suggesting either a cell-type specific sumoylation at
that site or the involvement of other lysine residues in vitro. The more practical mass
spectrometral analysis of human La modification by SUMO-2 identified two main and four
minor SUMO sites. These two main SUMO-conjugation sites at lysine 200 and lysine 208
were confirmed by in vitro sumoylation of a minimal La protein excluding the four minor

SUMO acceptor sites in the C’-terminus of hLa.

4.3.5 Sumoylation of La enhances cyclin D1 RNA-binding

The two identified sumoylation sites K200 and K208 are located within the interdomain
peptide linker between RRM1 and RRM2, which are both required for D1-FL binding. It is
likely that binding of an RNA molecule by RRM1 and RRM2 induces structural changes in
the La protein, thus it is reasonable to speculate that a bound RNA may prevent or increase
sumoylation of hLa in vitro. In order to test this, the La protein was pre-incubated with either
the D1-FL RNA or the smaller L22 RNA oligoribonucleotide which were both bound by hLa
(figure 4.3.11) before it was subjected to sumoylation. Further, parallel reactions in the
presence of 0.5 pg heparin, which is a non-specific RNA competitor, were prepared to study
whether La is sumoylated at a higher efficiency as a monomer or multimer. The hLa was pre-
incubated for 10 minutes at room temperature with 10 nM RNA in the presence or absence of
0.5 pg heparin prior to performing the IVSA with SUMO-1 or the conjugation deficient
SUMO1-GA mutant (3.2.6). Subsequently, sumoylation products were acetone precipitated,
separated by SDS-PAGE and visualized by immunoblotting for La. As shown (figure
4.3.11A) pre-incubation of hLa with the long (212 nts) D1-FL RNA and the small L22 RNA
(37 nts) almost completely prevented sumoylation (figure. 4.3.11A lanes 1 and 3). The lower
signal intensity in lane 1 in figure 4.3.11B is likely due to the lower amount of hLa loaded,
however, in the presence of heparin sumoylation of hLa was more efficient than in the
absence of heparin (figure 4.3.11). Interestingly, the addition of heparin strongly restored
sumoylation of hLa in the presence of RNA (lanes 2 and 4, figure 4.3.11A and B). Note that
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in the presence of RNA, heparin had a strong positive effect on the lower S-1:La band
whereas the positive effect on the higher molecular band of S-1:La was not as strong. In
conclusion, this experiment suggests that binding of a long RNA molecule impedes
sumoylation of hLa and that the addition of heparin facilitates and restores sumoylation of the
La:RNA complex. This findings suggest that only monomeric La:RNA complexes are
sumoylated because it is shown that heparin prevents the formation of multimeric La:RNPs
(figure 4.2.5).
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Figure 4.3.11: The non-specific competitor heparin facilitates SUMO-modification of hLa.
Recombinant La protein was incubated with either 10 nM D1-FL RNA (A) or Cy3-labeled L22 RNA (B) to
determine whether RNA-binding of the La protein improves modification of La by SUMO-1. The unspecific
competitor heparin was used to study whether La is sumoylated preferentially as monomer or multimer. The
IVSA was performed in presence or absence of RNA and heparin (as indicated). The sumoylation was
controlled with parallel reactions using the conjugation deficient SUMO-1GA mutant. SUMO-conjugated La
(S-1:La) and native La are indicated on the left. Unrelated La specific bands are indicated by the # sign.
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The posttranslational modification of a protein by SUMO may have consequences on the
functionality of the substrate as discussed in detail in the introduction (section 1.3), one
consequence is the conformational change of the substrate, which directly regulates its
function [172]. In the case of hLa sumoylation between the two RRMs may induce structural

changes affecting its RNA binding activity.
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Figure 4.3.12: Modification of hLa with SUMO results in an increased binding activity to cyclin D1
RNA. In order to analyze whether sumoylation of La affects RNA-binding activity, wild type La and
RRM1+2, including the substitution mutants of RRM1+2, were sumoylated and used for RNA-binding studies
by native EMSAs. Three independent IVSA reactions were performed (n=3). A) and C) Representative
immunoblots of IVSA used for downstream EMSA studies. Native La species were quantified to allow
concentration adjustments for the downstream RNA-binding studies. B) EMSASs were carried out as described
in 3.3.6.2 and quantified. The EMSA quantification revealed that significantly more RNA was shifted into
complexes when 80 nM and 106 nM SUMO-1 modified La (S-1:La, black bar) was used compared to the
control reaction (con La, grey bar). n=4 D) 80 nM of the IVSA products were used to analyze the binding to
[*?P]-labeled cyclin D1-ATG RNA by native EMSA. Quantification of those EMSAs showed a significantly
higher RNA:La complex formation for sumoylated RRM1+2 and RRM1+2 K208R. The double mutant
RRM1+2 K200RK208R had a similar RNA-binding activity as the control La (con, light grey bar). The paired
two-tailed Student’s t test was used to determine the p-value and displayed above the bars. Standard
deviations from the mean values are indicated by error bars. n=3
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In order to test the activity of La to bind cyclin D1 RNA regulated by SUMO-modification,
electrophoretic mobility shift assays were performed to compare the RNA-binding of native
La with SUMO-modified La. The RNA binding-activity of SUMO-modified wild type La to
radiolabeled D1-FL RNA was analyzed. The La protein was modified by SUMO-1WT and a
parallel reaction with conjugation-deficient SUMO-1GA mutant as a control (3.2.6). Since
the buffering conditions for the IVSA differ from those required for the binding studies, the
buffer was exchanged to EMSA buffer (refer to 3.3.6.2). An aliquot of the IVSA reaction in
the RNA-binding buffer was taken, acetone precipitated and detected by immunoblotting for
La (refer to 3.2.7 and 3.2.9). The sumoylated and control hLa were generated fresh for each
EMSA, with the efficiency and concentration of La validated each time by immunoblotting, a
representative example is shown in figure 4.3.12A. EMSAs were performed and quantified as
described in sections 3.3.6.2 and 3.3.6.7 Three concentrations (27, 80, and 106 nM) of S-
1:hLaWT were titrated in the presence of 10 nM of [*2P]-labeled D1-FL RNA, the same was
done in parallel for control La. A representative EMSA is shown in appendix figure Al.
These EMSA studies in figure 4.4.12B revealed an overall enhanced binding activity of
SUMO-modified La (black bar) versus control La (grey bar) in three independent
experiments. The difference in binding is noted as increasing with the La concentration and
significant when 80 and 106 nM protein was used for the native EMSA.

The mutational elimination of the SUMO-conjugation sites in the minimal RRM1+2 context
directly allows for drawing conclusions of the function of SUMO-conjugation on RNA-
binding of the human La protein. Therefore, RRM1+2, the single mutant RRM1+2 K208R,
and the double mutant RRM1+2 K200RK208R were subjected to in vitro sumoylation using
SUMO-2. Parallel reactions with the conjugation deficient SUMO-2GA mutant were
performed as a control. As described above, the buffer was exchanged to the RNA-binding
buffer and an aliquot of each sample was analyzed for sumoylation by immunoblotting for La
(refer to 3.2.9). The La amounts were quantified using the ImageQuant RT ECL instrument
and ImageQuant TL software. This information was then used for adjusting the La
concentrations for subsequent EMSA studies. The EMSAs in figure 4.3.12D were carried out
as described before (3.3.6.2) using 10 nM [**P]-labeled D1-ATG RNA as substrate for 80 nM
SUMO-modified and control hLa (light grey bar). RNA-binding studies were performed in
three independent experiments and quantified using a Storm phosphorimager and

ImageQuant TL software as described in section 3.3.6.7. The control reactions were set to
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100% and the RNA-binding by the sumoylated proteins were normalized in relation to the
control reactions.

As noted in figure 4.3.12D sumoylation of the wild type RRM1+2 results in a significantly
higher D1-ATG RNA-binding activity compared to the control. Interestingly, RRM1+2
K208R binds less RNA compared to sumoylated hLaWT, implying that the removal of one
SUMO molecule affects its RNA-binding activity. Strikingly, the RNA-bindning activity of
RRM1+2 K200RK208R is very similar to native hLa, strongly suggesting that SUMO-
modification at lysines 200 and 208 facilitate the RNA-binding activity of hLa. This finding
has potential significant functional implications if similar observations would be made with
endogenous hLa in living cells.

In short, SUMO-modification of the minimal RRM1+2 La protein increases the RNA-
binding activity. This RNA-binding advantage is lost upon eliminating the main sumoylation
sites in RRM1+2 K200R K208R.

4.3.6 Sumoylation of La enhances 5’-TOP RNA-binding

Cytoplasmic La protein is involved in the translational regulation of a class of mMRNAs
containing a 5’-terminal oligopyrimidine track, referred to as 5’-TOP mRNAs [241] [104]
[242] [93]. These 5’-TOP mRNAs encode for ribosomal proteins and other factors required
for the translation machineries including elongation factors [243] [244].

In order to confirm that sumoylation of La facilitates the RNA-binding activity binding of the
hLa protein to three RNA oligoribonucleotides (oligos) were analyzed by native fluorescent
EMSA. Two of those RNA oligo represent the 5’-terminal 37 nucleotides of two rodent TOP
MRNAs, namely L37 and L22, both encoding for the rodent ribosomal proteins L37 and L22.
Further, the 37 nts long oligoribonucleotide representing the 5’-terminus of the unrelated
GAP43 mRNA, which encodes for the growth associated protein 43 (GAP43), was included
in the EMSA studies as well. The ribosomal protein mRNAs were chosen because these
MRNAs localize to the axonal compartment of rat sensory neurons [60] [245] and could be
exposed to sumoylated La proteins in vivo. The RNA oligoribonucleotides were 3’-end
labeled with the fluorescence dye C3 cyanine to allow for visualization by native EMSAs,
note the advantage of fluorescence vs. radiolabeled RNA probes discussed in section 4.2.1.

A binding curve using increasing hLa concentration was established for each RNA oligo and

a RNA concentration of 22 nM was allowed to bind to the hLa protein, hLa-RNP formation
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was then analyzed by native EMSA (figure 4.3.12A). The RNA-binding by hLa was
quantified and the dissociation constants for the L37 and L22 RNP formation was determined
at approximately 100 nM (data not shown), thus the affinity of the La protein for those two
targets is similar to the D1-FL RNA. No saturation was reached for the GAP43 binding by
hLa (data not shown).

The effect of SUMO-modification of the hLa protein on its TOP RNA-binding activity was
analyzed next by IVSA, which was followed by native fluorescent EMSA. Recombinant hLa
was sumoylated by the optimized IVSA and SUMO-1GA at 10-fold reactions. A parallel
reaction with the conjugation deficient SUMO-1GA mutant was used to control the
sumoylation reaction (i.e. con La). The IVSA product was exchanged to the RNA-binding
buffer for an optimal EMSA (3.3.6.2) and an aliquot of the reaction was then acetone
precipitated overnight and subjected to SDS-PAGE with subsequent immunoblotting for hLa
to determine the sumoylation efficiency. Figure 4.3.13B displays a representative
immunoblot of IVSA products used for downstream RNA-binding studies. The hLa protein is
modified by SUMO-1WT, which is represented by the intense higher molecular weight band
at ~ 70 kDa and the less intense ~ 80 kDa band, but not the conjugation deficient mutant.
Further, the buffer exchanged IVSA products were checked for comparable hLa levels (short
exposure SE, figure 4.3.13B). The validated IVSA products were then used in increasing
amounts (27, 80, and 106 nM) for L37 RNA or L22 RNA-binding EMSA studies. Figure
4.3.13C shows a representative native fluorescent EMSA with L37 RNA as a La target, two
RNP complexes are formed, but both complexes have a very similar mobility. Comparing the
upper band with the lower band of free RNA in figure 4.3.13C displays that the free RNA
contains two distinct RNA species of different mobility, but mainly the lower mobility RNA
was shifted into a complex with the La protein. Quantification of the native fluorescent
EMSASs using in vitro sumoylated La protein revealed that significantly more L37 and L22
RNA oligoribonucleotides were shifted into a complex with 80 nM S-1:La (black bar), and
106 nM in the case of the L37 RNA this was in comparison to the same concentrations of the
control La (grey bar) (figure 4.3.13D). In conclusion, the SUMO-1 modified hLa protein
binds RNA oligoribonucleotides representing strong and uridine-rich TOP elements in vitro
more efficiently than the native protein. Currently, this is the first report demonstrating that
SUMO-maodification of a RNA-binding protein enhances its RNA binding activity.
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Figure 4.3.13: SUMO-maodification of hLa enhances its 5’-TOP mRNA-binding activity. The RNA-binding
of La to 5’-terminal oligopyrimidine (TOP) elements was studied by native EMSAs. An unrelated Cy3-labeled
RNA oligoribonucleotide, GAP43, was included in these studies. A) The fluorescence-based EMSA was
performed as described in 3.3.6.6. B) Representative immunoblot of IVSA used for downstream EMSA studies.
Native La species were quantified to allow concentration adjustments for the downstream RNA-binding studies
when La protein levels of S-1:La and con La were not comparable. C) Representative fluorescence-based EMSA
of La binding L37 RNA oligoribonucleotide. D) and E) Quantification of EMSAs of La with the L37 RNA (D)
and L22 RNA (E). D) At high La concentration of 80 and 106 nM SUMO-1 modified La (black bar) shifted
significantly more L37 RNA into a ribonucleoprotein complex than control La (grey bar). The p-value was
determined from ten independent experiments (n=10) in Prims5 using the two-tailed paired Student’s t-test. D)
More of the L22 RNA oligoribonucleotide was shifted into La-RNP complex with S-1:La (black bar) than with
control La (grey bar). The p-value is indicated. n=4
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5. Discussion

5.1 The protein binds in close proximity to the cyclin D1 mRNA translational
start site

One of the major functions of La is to facilitate translation of positive sense viral RNAs and
of cellular mRNAs in the cytoplasm, e.g. viral RNAs of HIV [102], HCV [62] [99] [67], and
poliovirus [98] [246] [67], cellular mMRNAs, e.g. XIAP [91], Mdm2 [10], laminin B1 [94],
and cyclin D1 [89] in the cytoplasm. Interestingly, those cellular mRNAs are translated into
proteins with tumor-promoting activities such as inhibition of apoptosis (XIAP), the negative
regulation of p53 tumor suppressor (Mdm2), and supporting epithelial-mesenchymal
transition (EMT; laminin B1). Although hLa binding sites for cellular and viral mRNAs were
mapped [94] [102] [91] [10], a consensus sequence for hLa binding sites in MRNAS has not
been determined. Binding of hLa in close proximity to the translational start site has been
reported for HCV [62] [113], poliovirus [98] [246], and CCNDL1 as described in more detail
below.

Little is known about the molecular mechanism by which the La protein stimulates
translation of mRNAs with internal binding sites. The development of novel cancer
therapeutics targeting the La protein, which is overexpressed in solid tumors [11] and tumor
cell lines [127], would require molecular details into how hLa is interacting with mRNAs of
tumor-promoting factors and how they stimulate their translation. A major goal of this work
was to characterize the interaction of human La with the mMRNA of the cooperative oncogene
cyclin D1 at the molecular level, and to develop novel strategies to reduce cyclin D1
expression in cancer cells by targeting the interactions of hLa with the CCND1 mRNA.
Different EMSA techniques were used to identify the La-binding site in the cyclin D1 mRNA
in vitro. As expected, the human La protein recognized the entire cyclin D1 5’-UTR (D1-FL)
consisting of the 209 nucleotides from the 5’-UTR and AUG start codon. Further mapping
identified the major binding site within the 3’-terminal 113 nucleotides (figure 4.1.3B, part B)
and a minor binding site within the 5’-terminus (figure 4.1.3B, part A, nts -209 to -110). A
combination of different approaches to include blocking of hLa’s binding to D1-FL RNA by
DNA oligonucleotides (figure 4.1.4) and competitive EMSA (figures 4.1.5 to 4.1.6) allowed
for the identification of the hLa binding site between nts -8 and +3 (figure 4.1.6D). RNA
oligoribonucleotides (figure 4.1.7, figure 4.1.9) were used to illuminate the hLa binding site

in more detail and revealed that the uridine of the AUG is not critical for binding (figure
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4.1.9). However, changes mainly located in the Kozak consensus sequence demonstrate that
nucleotides — 3 to -1 and +3 to +4 are critical for La binding (figure 4.1.9).

It has been shown that La binds to the translational start site context of the HCV 5’-non
coding region (5’-NCR) as shown by [62]. In addition, earlier work suggested La binding to
the highly conserved polypyrimidine tract/AUG motif in the 5’-NCR of poliovirus [246].
Furthermore, a previous study revealed that the sequence context of the translational start site
is critical for La binding [111] suggesting that hLa binds preferentially to the translational
start site when it is embedded in a strong Kozak consensus sequence. What needs to be
addressed is how hLa stimulate IRES-mediated translation by binding at or in close proximity
of the translational start site.

IRES-mediated translation is achieved by directly recruiting the 43S ribosomal subunit to the
vicinity of the translational start site codon AUG is achieved, this is circumventing the
necessity of the 5’-cap structure and the associated initiation factors [247] [248]. The 43S
subunit scans along the 5’-UTR to find the authentic AUG start codon to initiate translation.
Upon start codon recognition 48S complex formation at the translational start site AUG is
induced. As shown by the Sonenberg laboratory overexpression of a trans-dominant mutant
of La reduces 48S complex formation during HCV and polioviurs IRES-mediated translation
suggesting that La supports the recognition of the start site [67]. The hLa protein has been
found to associate with 40S ribosomal fractions when analyzed by sucrose gradient
centrifugation [249] [250] and speculated to facilitate the landing of the 43S preinitiation
complex on mRNA [67] [250]. However, a direct interaction with the 80S subunit has not
been shown. This implicates only a transient association of hLa with the small 40S ribosomal
subunit and its release before the elongation competent 80S ribosome is assembled.

It has to be addressed if hLa is recruited to the mRNA as a 40S:La or 43S:La complex or if it
interacts with mRNA independently of ribosomal complexes. The in vitro data presented
herein clearly demonstrate cyclin D1 RNA binding by hLa in the absence of ribosomal
complexes. However, these findings do not exclude the possibility of La association with
ribosomal complexes during 5’-UTR scanning for the translational start sitt AUG codon in
living cells. The mRNA is pulled through a channel within the 43 subunit during 5’-UTR
scanning. This process may be impeded by secondary and tertiarty mRNA structures [251],
which need to be unfolded for an efficient 5’-UTR scanning and start codon recognition.
RNA recognition by hLa is suggested to be shape-directed rather than sequence specific
[113] [90]. Sequence-independent recognition of hLa to short double stranded stretches

flanked by single stranded extensions has been demonstrated for 5’-NCR HCV recognition
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[113]. Recent evidence suggests that RRM-containing hnRNP proteins bind double-stranded
structured RNAs [252] [253] [254] [76] the binding of an RRM to double-stranded RNA
cannot be explained [21], but this needs to be structurally confirmed.

In order to support the idea of structural element-driven recognition by hLa the secondary
structures of La binding sites in XIAP, Mdm2, HCV, and CCND1 were predicted by the
software mfold [255]. The predicted XIAP RNA forms a stem comprised of 10 base pairs,
similarly to the CCND1 La binding site, and a loop of five single stranded nucleotides. The
La binding site in the Mdm2 RNA forms a shorter seven base pair stem followed by a five-
nucleotide loop and an additional short stem-loop. The D1-ATG RNA forms a stem of eleven
base pairs. The AUG and the embedding Kozak consensus sequence are located in double
stranded as well as single stranded stem-loop regions (figure 5.1). Similarly, the hLa binding
site in the AUG start codon context of HCV is represented by five base pairs and a loop of
seven nucleotides. The structure of HCV RNA has been experimentally confirmed, however,
the 5°- and 3’-ends are forming a bulge in the context of the entire 5’-non coding region. The
loop comprises the AUG and the entire Kozak consensus sequence. The requirement of a
strong Kozak sequence has been discussed as an important feature of La binding sites. The
HCV and CCND1 structures share two locations in the loop, +1 A of the start codon AUG
and postion -1 from the Kozak consensus sequence. The other Kozak consensus sequence
nucleotides are in different structural contexts in those two RNAs, as well as the +2 U of
AUG, which has been shown to be redundant for La recognition. RRM-containing RNA-
binding proteins (RBPs) commonly interact with single-stranded nucleic acids [256] [21]
suggesting that the single-stranded -1 C and +1 A are preferentially recognized by hLa.
Interestingly, the Mdm2 RNA also harbors the single stranded CA-motif (nts 8 and 9 in
figure 5.1), which may represent the La recognition site.

In conclusion, these structural analyses suggest that La recognizes stem-loop structures and
binds single stranded nucleotides located in looped and bulged areas. Nucleotide binding
within loops has also been shown for other RRM-containing proteins, such as for the
splicosomal protein U1A, which directly interacts with nucleotides in the 10-nt loop of its
target U1 hairpin 1l [257] [258].

If the looped and bulge structures indeed exist in the mMRNAs and endogenous La is binding
those structures in living cells then an interesting possibility emerges. It has to be addressed if
hLa refolds secondary and tertiary structures in mRNAs and if it facilitates the scanning and
recognition of the AUG start codon by the 43S complex. This scenario would also explain

why La was suggested to be required for efficient 48S subunit formation [67]. Intriguingly,
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the hLa protein has been proposed to have RNA-chaperone activity [115]. This activity
allows the protein to facilitate the proper folding of RNA in an ATP-independent manner.
RNA-chaperones are considered to contain intrinsically disordered regions [117] [126].
Preliminary data from RNA-chaperone assays performed in the laboratory revealed that hLa
is indeed able to destabilize structures in the D1-ATG RNA. This strongly supports
speculation that hLa facilitates translation when the start codon AUG is embedded in a
structural context, which impedes efficient AUG recognition by the 43S subunit. Therefore,
the following model can be envisioned. The hLa protein binds a structure in the cyclin D1
mMRNA. This structure comprises the translational start site. La then stimulates translation by
refolding this region which would otherwise impede the recognition of the start site by the

43S preinitiation complex.
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Figure 5.1: Secondary structure predictions of La binding sites in selected mMRNAs by mfold. All four La
binding site comprise stem-loop structures of varying lengths and sequences. The AUG start codon in the
HCV IV and D1-ATG RNA are indicated by a black line. The thermodynamically most stable structures are
displayed. For sequence information refer to the appendix.
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5.2 Interaction of the human La protein with cyclin D1 mRNA

The human La protein is a modular RNA-binding protein containing three RNA-binding
domains, the La motif, the RNA recognition motif 1 (RRM1), and the RNA recognition motif
2 (RRM2). The interaction of nuclear La with its main targets, RNA polymerase IlI
transcripts and other RNAs ending in poly(U)-sequences, has been well studied and even a
co-crystal structure of a small UUU-OH mimicking RNA bound to the N’-terminal domain
(NTD) of the La protein has been solved [31]. The cytoplasmic La protein contributes to cap-
and IRES-dependent translation, however, the La domains mediating the internal binding to
those cellular mMRNAs have not been identified yet.

In order to identify the RNA-binding domains of hLa a variety of La mutants were analyzed
for their RNA-binding activity to the cyclin D1 RNA by two different in vitro techniques,
EMSA and fluorescence polarization. Utilizing EMSA and FP recombinant hLaWT was
shown to bind the entire CCND1 5’-UTR (D1-FL) with an affinity of Kp as 45 nM (figure
4.1.2D) and D1-ATG RNA (harboring the translational start site) with an affinity of
approximately 80 nM (figure 4.1.7).

The RNA-binding affinity to the full length 5’-UTR is approximately 10-fold lower as the
high affinity binding of the La protein to fragments of the poliovirus 5’-UTR, which has an
affinity of 4 nM [98], and the HBV RNA (Kp = 1 nM) [112] [90]. The La protein also has a
high affinity to RNA polymerase Il transcripts, the dissociation constant are in the lower
nanomolar range between 3-19 nM [40] [259]. The affinity of hLa for the 5’-UTR of cyclin
D1 is lower compared to most other described hLa RNA targets. Preliminary data for the
binding of 5’-TOP RNA oligoribonucleotides, L22 and L37, suggest a comparable affinity of
Kp~= 100 nM for those synthetic RNAs.

Although the affinities determined herein are lower compared to other described RNA targets
of hLa, the loss of affinity is not within magnitudes, but still in the nanomolar range
reflecting an affine binding [260]. The RNA-binding affinities were determined in different
laboratories by varying techniques, which may have resulted in altered affinities. The
preparation of recombinant hLa may also be crucial for comparable RNA-binding studies.
The hLa preparation used herein is only 10-20% RNA-binding active, which may cause the
observed decreased RNA-binding affinity of hLa, discussed later in 5.5.4. The affinity of hLa
to cellular and viral mMRNAs could be reduced, compared to terminal poly(U) sequences,

because the recognition of internal La binding sites within secondary mRNA structures may
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challenge hLa recognition. However, the RNA-binding affinity of hLa to a predicted stem
loop in the HBV-RNA [112] [90] and the HCV 5’-NCR [98] are comparable to targets
harboring terminal poly(U) sequences [40] [259] implying that hLa binds terminal poly(U)

sequences with a similar affinity as structured regions.

Electrophoretic mobility shift and fluorescence polarization assays clearly show that the N’-
terminal La motif (LaAl, aa 11-99) of the La protein is not required for the D1-ATG RNA-
binding (figure 4.2.3). Since the RNA-binding affinity of LaAl, Kp =~ 68 nM, is comparable
to the affinity of hLaWT the deletion of the La motif is not likely to induce a inducing
disadvantage, structural changes for RNA-binding. This La motif-independent recognition
has also been shown for HBV RNA-binding [35]. Intriguingly, this recognition mechanism

3 5 differs from the interaction of La with RNA

AT (RPN polymerase Il transcripts, where the La motif is
2 . " ,

RNP2: [ILVI-[FY]-ILVI-X-N-L essential for RNA-recognition [31], as reported for 3’-

— terminal poly(U) motif binding in pre-tRNAs by the La
protein [73]. In contrast, RRM1 and RRM2 are the
main domains mediating hLa-binding of cyclin D1
RNA (D1-FL or D1-ATG (figures 4.2.4, 4.2.5).
Hallmarks of RRMs are the RNP-1 and RNP-2

N

\/ consensus sequences, which are directly mediating the
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P
RNP-2, position 5 in RNP-1, and position 3 in RNP-1
Figure 5.2: Schematic representation .
of the four-stranded P-shest [21] [15] [261], furthermore they are located in the B1- and
RNP-1 and RNP-3 consensus sequences g3 _strand, respectively (figure 5.2). The deletion of the

of RRMs are displayed. The
approximate location of the main  RNP-2 in RRM2 resulted in a total loss of D1-ATG

conserved aromatic residues in RNP-1
and RNP-2 are indicated (circled). X =  RNA-binding in EMSA studies with the LaA4 mutant
any amino acid residue ) )

(figure 4.2.3F). The deletion of the RNP-2 consensus
sequence in RRM1 (LaA2) did not abrogate D1-ATG RNA-binding in EMSAS; however, it
reduced the complex formation with the RNA dramatically as seen in figure 4.2.3.F.

Although the RNP-2 sequence in RRML1 is contributing substantially to RNA-binding, the

B2 interaction with the RNA typically by position 2 in the

FP-assays suggest that binding still occurs but the reaction kinetics are different. This
assumption would explain the very weak complex formation in EMSA and the moderate
decrease in affinity (Kp = 223 nM). Hence other parts of La may contribute to binding but
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RNP-2 of RRML1 is absolutely required for La:D1-ATG RNA complex formation. Similarly,
the LaA4:D1-ATG RNA complexes are almost invisible compared to a less dramatic affect
on the RNA-binding affinity dropped (Kp = 303 nM), again suggesting that RNP-2 of RRM2
is absolutely required for stable La:D1-ATG RNA complex formation.

However, the dramatic reduction or loss of D1-ATG RNA-binding in the EMSA is not as
clearly reflected by the dissociation constants, which were rather expected to be in the high
nanomolar to low micromolar range, as shown for the RNA-binding activity of C’-terminal
deletion mutants of the RNA-binding protein AUF1 to c-fos A+U-rich element RNA [262].
Therefore, suggesting other factors are involved in RNA-binding, such as the RNP-1
consensus sequences. Preliminary data suggest that the RNP-1 in RRM2 is involved in D1-
FL RNA binding (data not shown).

These findings strongly suggest that both RRMs must be functionally active, since the loss of
one RNP consensus sequence is not compensated by the other RNP sequences. The RRMs
are likely acting cooperatively to establish a stable La:D1-ATG RNA complex as recently
postulated for HBV RNA [35] and HCV RNA binding [113].

The RNA binding mechanisms for RBPs with more than one RRM have been shown for
various proteins (reviewed in [21], such as poly(A)-binding protein (PABP; [263], nucleolin
[264] [265], and DNA, e.g. hnRNP Al [256] to facilitate higher binding affinity and
specificity [21]. Structural studies of the interaction of the ATP-dependent helicase-related
protein 1 (Hrpl) with RNA revealed that two RRMs are arranged in an almost parallel
orientation to each other, which accommodates the single stranded RNA molecule shown in
figure 5.3 [266]. The RRM-RRM interaction is stabilized by a salt bridge and hydrogen
bonds between the inter-RRM peptide linker and the RRM2 [266]. This superposition of
RRMs in complex with RNAs has also been shown for the proteins Sex-lethal (SxI) [267] and
HuD [260] and is shown in figure 5.3. The hydrogen bond formation between the linker and
the RRM2 were observed for the approximately 58 distant amino acids arginine 202 and
aspartic acid residue 206 for SxI and arginine 116 and aspartatic acid residue 174 for HuD
[266]. Intriguingly, the arginine 196 located in the hLa inter-RRM and aspartic acid 255 in
the RRM2 are 59 amino acids apart, similar to the 58 amino acid spanning hydrogen bond in
Sxl and HuD [266], suggesting that a hydrogen bond between those two residues is formed in

hLa. The importance of the hLa inter-RRM peptide linker was analyzed by EMSA.
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Figure 5.3:  Superposition of
protein structures of Sex-lethal,
Hrpl, and HuD associated with
their ssRNA targets [21]. The
RRM ribbons of Sex-lethal, Hrp1,
and HuD are indicated in grey,
yellow, and blue, respectively.
Their  ssSRNA  targets  are
respectively represented in black,
red, and cyan.

A hLa protein mutant, in which the linker region was deleted (60 aa between aa 170-230), did
not form a La-RNP complex with D1-ATG RNA (appendix figure A2). Those prelimary data
imply that the inter-RRM linker is required for the conformational position of the tandem
RRMs, presumably similar to the superposition of Sxl and HuD [266], thus are required for
RNA binding.

This hypothesis is supported by the in silico analysis of the RRM1+2 protein (amino acids
114-326), which revealed that the linker region is mainly intrinsically disordered towards the
RRM2 (figure 5.4). Due to this lack of a tertiary structure the inter-RRM linker region is
flexible and may cause a structural change of the La protein to assist the superposition of the
RRM1 and RRM2 for efficient RNA-binding.

The RNA-binding affinity of the minimal La protein RRM1+2 is approximately 30% lower
compared to the hLaWT as reflected by the higher Kp of 111 nM (figure 4.2.4B) suggesting
that the N’-terminal and C’-terminal amino acids are not essential for D1-ATG binding, but
are contributing directly to RNA-binding or indirectly by modulating the protein structure.
Intermolecular interactions between the RRMs and other domains within the same protein are
proposed to affect the specificity of the RRM-RNA interaction [21]. Structural analysis of the
hLa NTD (La motif and RRM1) bound to RNA revealed that the La motif interacts broadly
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with the RNA, which resulted in merely a few established non-canonical contacts between
RRM1 and the RNA [76] [31].

The C’-terminal region of the La protein is suggested to play an important role in RNA-
binding [40] [268] [269] [218]. The C’-terminus is mostly intrinsically disordered [224] and
punctuated by a short basic motif. The C’-terminal amino acids (aa 327-408), as well as the
basic and aromatic amino acids between aa 332-339 and aa 357-364 (table 4.2.1) may interact
with RNA.
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Figure 5.4: Disordered profile plot of the minimal hLa protein mutant RRM1+2. The FASTA sequence
of RRM1, RRM2, and inter-RRM peptide linker (aa 114-326) was submitted to the DISOPRED?2 server. The
probability of disorder is plotted as a function of the amino acid sequence. A schematic representation of the
minimal RRM1+2 protein is displayed as a reference below the plot. The black filter curve is the
DISOPRED?2 output for the disorder predictions, while the dotted output line represents the lower confidence
disorder predictions. The algorithm’s default fault positive rate threshold of 5% is indicated by the horizontal
line. (http://cms.cs.ucl.ac.uk/ fileadmin/bioinf/Disopred/disopredhelp.html).

Whereas the RNA-binding affinity of RCD1, carrying basic and aromatic amino acid
substitutions (aa 332-339), is similar to the wild type dissociation constant, the mutation of
basic and aromatic amino acids in RCD2 (aa 357-364) resulted in a dramatically higher
RNA-binding affinity of Kp = 15 nM. This is similar to the described affinities of La to RNA
polymerase Il transcripts. The dramatic reduction of the dissociation constant of RCD2
suggests that the basic and aromatic amino acids between aa 357 through 364 are impeding
RNA-binding. It is possible that hydrogen bonds or salt bridges, as shown for the interaction
of RRM1 and RRM2 of Hrpl with its substrate [266], are formed between the basic and
aromatic amino acid stretch (357-364) and the RRM2. Interestingly, the amino acid stretch
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between aa 357-364 comprises three lysines (K360, K361, K363) which may form a salt
bridge with one of the seven aspartic acid residues in RRM2. A cluster of three aspartic acid
residues (D239, D241, D242), are surrounding the RNP-2 consensus sequence (aa 235-240)
in RRM2. A formation of salt bridges may not impede binding, but slightly reduce the RNA-
binding activity by covering the RRM2.

Another explanation for the reduced RNA-binding activity, as a result of basic and aromatic
stretches, may result from the lack of posttranslational modification in the close vicinity to
the amino acid stretch between aa 357-364. It has been shown that phosphorylation can
perturb the energy landscape of a protein resulting in conformational changes to the protein
[270] [271]. Human La is phosphorylated at threonine 362 (in silico prediction) [272],
threonine 389 by Akt [42], and serine 366 by casein kinase Il (CK2) [37] [58]. The
phosphorylation sites for threonine 362 and serine 366 are located in or in close proximity of
the RNA-binding inhibitory region, located between aa 357-364. Hence, the posttranslational
modification of either or both residues may induce a structural change in this region resulting
in the inhibition of the negative RNA-binding effects mediated by the basic and aromatic
amino acids (aa 357-364) located in this intrinsically disordered region. Additional
posttranslational modifications sites may also regulate the inhibitory effects of aa 357-364,
lysine acetylation sites K320 and K360 [38], and sumoylation sites K344, K352, K363, and
K400 are located in the CTD.

The minimal La protein RRM1+2 is RNA-binding active, as in the case of cyclin D1 RNA,
making it a potential candidate for structural analyses, e.g. by NMR, which would lead to
understanding the direct interaction of the binding domains as well as their interpeptide linker
for RNA-binding.

In conclusion the following model for cellular mRNA binding by hLa is suggested. The
RRM1 and RRM2 are positioned in a parallel and planar configuration creating an accessible
RNA-binding surface which allows for the cooperative binding of D1-ATG RNA. This
structural arrangement is possible because of the flexible, intrinsically disordered inter-RRM

linker.
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Figure 5.5: Model of La binding to the cyclin D1 mRNA. The hLa protein recognizes the translational start
site context, which is located in a stem-loop structure, and binds the RNA via its RRM1 and RRM2.

5.3 “Regulating the regulator’”: SUMO-modification enhances the RNA-binding
activity of La to translational regulatory elements

5.3.1 Characterization and identification of SUMO-acceptor sites in vitro

Posttranslational modifications (PTM) of proteins are critical mechanisms for regulating
protein activity. In recent years, several studies reported the sumoylation of RNA-binding
proteins [201] [202] and other proteins involved in RNA-processing [210] [212]. SUMO-
modification of the RNA-binding protein hnRNP C1 has been shown to impair its binding to
single stranded DNA [201]. Furthermore, a negative functional alteration of the RNA-editing
activity upon sumoylation of ADAR1 has been reported by Desterro et al. [210].
Interestingly, the sumoylation of the RNA-binding protein Sam68 does not alter its RNA-
binding activity, but has been shown to enhance its repressive effects on cyclin D1 expression
[202] possibly due to alteration of Sam68 affinity for transcriptional coactivators such as
acetyltransferase CBP [273] [274]. Sumoylation of proteins involved in posttranscriptional
gene expression processes have been shown to positively alter their function, e.g.
sumoylation of the translation initiation factor elF4E activates mRNA translation [211] and
SUMO-modification of 3’-end mRNA processing factors symplekin and CPSF-73 enhances
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the activity of the 3’-mRNA processing complex [212]. SUMO-modification of elF4E is
proposed to modulate elFAE protein-protein interactions, because sumoylation is suggested to
induce a conformational change altering the interaction surfaces and resulting in an increased
binding affinity for other proteins. elFAE is another factor involved in CCND1 RNA
expression by promoting the nuclear export of CCND1 mRNA [275]. It has been shown that
SUMO-conjugation can alter the subcellular localization of their targets, e.g. unmodified
RanGAPL is localized to the cytoplasm [276], and it also alters protein-protein interactions,
e.g. sumoylated RanGAP1 is tightly binding to the RanBP2/Nup358 nuclear pore complex
[277] [278].

In conclusion, RNA-binding proteins are reported to be SUMO-modified and affected
differently upon this posttranslational modification. Although the effects of sumoylation on
the RNA-binding activity are not well studied, sumoylation has been shown to positively
influence mMRNA processing and translation suggesting an important involvement of

sumoylation on protein expression.

The human La protein has been described to be modified both SUMO-2 as in HelLa cells
upon heat shock or by SUMO-1 and SUMO-2 as in rat neurons [60]. In those sensory rat
neurons sumoylation of La triggered the retrograde transport of La from the axons to the
neuronal cell body [60].

A hLa-specific in vitro sumoylation assay (IVSA) was established to study if sumoylation has
an effect beyond motor protein transport in axons, and on RNA-binding activities of the

protein.

The critical parameters for an optimal La-specific IVSA were identified as molar
Ubc9:SUMO ratios between 1:9 and 1:37 (figure 4.3.3A), an incubation time of two hours
(figure 4.3.3B), and an incubation temperature of 30°C (figure 4.3.3B). Whereas a parallel
reaction without the addition of ATP is a solid control (figure 4.3.4) the more appropriate
negative sumoylation control was a parallel reaction with the conjugation deficient SUMO-
GA mutant (figure 4.3.2).

The observation of two bands at approximately 67.5 kDa and 77 kDa represented SUMO-
conjugated hLa protein, thus suggesting sumoylation at two sites. Those two bands were not
only La-specific but also SUMO-specific, as detected by a SUMO-specific antibody (figure
4.3.7), further suggesting the bands are SUMO-modified hLa.
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In some instances a larger third sumoylation band was detected implying sumoylation at a
third site (figure 4.3.7). Interestingly, using SUMO-2 and SUMO-3 as modifiers resulted in
SUMO-conjugation of hLa at only one site (figure 4.3.7) compared to SUMO-1 modification
of at least two La lysine residues. The SUMO-2 and SUMMO-3 peptides contain lysine 11 as
SUMO-acceptor site, which would allow for the formation of poly-SUMO chains [168],
however, the sumoylation of one site by SUMO-2/-3 and two sites by SUMO-1 suggests that
SUMO-2/-3 are recognizing only one site and not forming poly-SUMO chains on hLa in

vitro. This result led to investigating specific sumoylation sites.

Therefore, to identify the SUMO-acceptor sites in hLa a number of La mutants with
mutations in potential and confirmed sumoylation sites were tested in vitro (figure 4.3.8)
However lysine 41, which was identified as SUMO-acceptor site in rat dendritic cells [60],
and the other suggested lysines were not modified in vitro (figure 4.3.8A). These findings
imply that recognition of sumoylation sites in cultured cells differs from in vitro recognition,
further suggesting a cell-type specific sumoylation of La. To address the difference between
in vitro and in vivo SUMO-acceptor site recognition SUMO-sites of hLa in different cell
systems has to be identified and compared to already established in vitro identified SUMO-
acceptor sites of recombinant hLa.

The identification of sumoylation sites was initially attempted by in silico analysis, however,
the in silico predictions resulted in a large number of possible SUMO-sites so an alternative

method was chosen to identify the sumoylation sites within hLa.

As an alternative, mass spectral analysis was used to identify the sumoylation sites in
recombinant hLa. A collaboration with Dr. P. Thibault identified lysine 200 and lysine 208 as
the main sumoylation sites and lysines K344, K352, K363, and K400 as minor sumoylation
sites. The main SMO-acceptor sites were confirmed by mutagenesis in the context of the
minimal RNA-binding competent RRM1+2 La protein. The in vitro sumoylation of the
minimal La protein RRM1+2 resulted in two sumoylation events (figure 4.3.10).

Numerous proteins can be either modified by SUMO-1 and SUMO-2/-3 [279], however,
some substrates, e.g. RanGAP1 and Sp100, are preferentially modified by either SUMO-1 or
SUMO-2/-3, respectively [280] [279] [172]. Although the hLa protein is SUMO-conjugated
by all three SUMO paralogs the observed efficient sumoylation of two sumoylation sites only
by SUMO-1 suggests a preferential modification by SUMO-1 in vitro. However, the
modification of hLa by SUMOL1 and SUMO-2 has been shown in rat dorsal root ganglions
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[60] and by SUMO-2 in U20S cells upon heat shock [61]. These data suggest a complex
modification of human La by SUMO in response to different cellular conditions (e.g. heat

shock), in different cell types, and in vitro.

The identified in vitro sumoylation sites differ from the SUMO-acceptor lysine 41 identified
by mutational analyses of overexpressed GFP-tagged hLa protein in rat neuronal cells.
Sumoylation in cultured cells likely differs from in vitro sumoylation because other factors
that regulate target specific sumoylation are absent in vitro. The interaction between
sumoylation and other posttranslational modifications (PTMs) has been described [281], e.g.
sumoylation can act antagonistically or synergistically with ubiquitination [177] and SUMO-
modification has been shown to compete with phosphorylation [282]. Therefore, it is possible
that the hLa protein is SUMO-modified at a different lysine because of the cross-talk with
other PTMs. Those PTMs may induce either structural change within the protein, which may
block the canonical sumoylation sites, or trigger a signal for the sumoylation apparatus
resulting in a non-modified target. This aspect may be of critical importance in respect to the
minor SUMO-acceptors sites (K344, K352, K363, and K400), which are located in close
proximity to reported phosphorylation (threonine 362 and 389, serine 366) [272] [42] [37]
and acetylation sites (K320 and K360) [38] in the CTD of hLa.

Because hLa was modified by SUMO-1 in the distal parts of axons in neuronal cells, hLa
may be SUMO-modified in the cytoplasm. In context of the regulation, it needs to be
addressed in which cellular compartments hLa gets modified and demodified. The
localization of the E3 ligase RanBP2 on the cytoplasmic and SENP2 on the nuceloplasmic
side of the nuclear pore complex suggests a rapid sumoylation-desumoylation upon nuclear
import of proteins [277] [283] [284] However, sumoylation of the ets-related transcriptional

repressor TEL and Dictyostelium MEK1 triggered nuclear export of those targets [285] [286].

It can be concluded that the identification of lysines 200 and 208 as SUMO-acceptor sites
supports the hypothesis that sumoylation modulates the RNA-binding activity of hLa because
the sumoylation sites are located within the 60 amino acid inter-RRM linker region (aa 170-
230) between the RNA-binding mediating domains RRM1 (aa 112-169) and RRM2 (231-
327).
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Figure 5.6: Recombinant human La is modified at lysine residues 200 and 208. Schematic representation
of hLa sumoylation sites located in the peptide linker between RRM1 and RRM2.

5.3.2 SUMO enhances the RNA-binding activity of hLa in vitro

The location of La sumoylation sites, lysines 200 and 208, in the inter-RRM linker region and
in close proximity to the internal mRNA-binding domains RRM1 and RRM2 strongly
suggests that sumoylation at those sites may modulate the RNA-binding activity of hLa. This
has been experimentally shown and explained in the following section.

The RNA-binding activity of hLa was significantly stimulated upon SUMO-modification
(figure 4.3.12B and D). The SUMO-modification of hLaWT and wild type RRM1+2 proteins
had positive effects on the RNA-binding activity to cyclin D1 RNA. The stimulatory effect
was decreased but not abrogated upon abolishing the K208 sumoylation site suggesting that
the sumoylation at lysine 200 alone cannot stimulate the RNA-binding activity of hLa to the
same extend as sumoylation at both lysines.

There was a marginal increase the RNA-binding activity by 25% compared to a 50%
stimulation by the sumoylated wild type RRM1+2 represented in the S-2:RRM1+2 K208R
which approximately equaled the intensity of both S-2:RRM1+2 bands together (figure
4.3.12C). These findings suggest that the sumoylation of both lysines, K200 and K208, is
required for efficient stimulation in RNA-binding activity of the hLa protein.

The RNA-binding activity was reduced to normal wild type levels upon mutation of both
sumoylation sites, although sumoylated hLa species were detected in some IVSAs (figure
4.3.12D). These observations conclude that additional SUMO acceptor sites exist, as
described earlier, but are not modulating the RNA-binding activity to a detectable level.
Therefore, the SUMO-modification at the main SUMO-acceptor sites, lysines 200 and 208,
stimulate the D1-FL RNA-binding activity of hLa.

As discussed earlier the inter-RRM linker is critical for hLa RNA-binding. This is possibly
due to the inter-RRM linker enabling a structural conformation of the RRMs optimizing them
for RNA-binding. The SUMO-modification of the intrinsically disordered inter-RRM peptide
linker may support proper inter-RRM-linker induced positioning of the tandem RRMs.
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It is shown herein (figure 4.3.11) that the accessibility of SUMO-acceptor sites might be
affected by prior RNA-binding to hLa. The binding of the RNA to hLa prior to IVSA
virtually abrogated SUMO-modification. Many SUMO-consensus sites, such as K208, are
located in intrinsically disordered regions or extended loops [163]. The hLa protein is
proposed to bind RNA synergistically by its RRM1 and RRM2, and forms multimeric
ribonucleoprotein complexes at specific hLa protein concentrations. The multimerization of
hLa upon RNA-binding may induce a structural conformation resulting in shielding of the
SUMO-acceptor lysines in the interdomain peptide linker from SUMO-modification by
Ubc9.

The addition of the unspecific competitor heparin restored sumoylation (figure 4.3.11B),
which implies accessibility of the SUMO-acceptor sites in monomeric RNA-bound hLa
(figure 4.3.11). This emphasizes the importance of establishing functional significance of hLa
multimerization in vitro and in vivo.

Although much work is needed to illuminate how the RNA-binding activity of hLa is
regulated upon sumoylation, it is apparent from the presented data that this may represent an
important regulatory mechanism.

The literature hints to a stress-induced modification of target proteins by SUMO-2/-3. There
is little free SUMO-1 available under resting conditions, whereas there is a pool of free
SUMO-2/-3, which gets increasingly conjugated during oxidative, genotoxic, osmotic,
ethanol and mild heat stress [280]. This stress-dependent response of increased SUMO-2/-3
conjugation was detected in various cell systems [287] [288] [289] suggests that sumoylation
acts as a protective stress-response. However, substrates are modified at different levels upon
stress, some substrates get less sumoylated, however, an overall net increase of sumoylation
was observed upon stress-induction [61] [290].

The in vitro sumoylation of hLa with SUMO-2/-3 appears less efficient than the conjugation
of SUMO-1. Further, SUMO-2 modification of La has been described upon inducing heat
stress in HeLa cells [61]. Those two findings hint to stress-induced SUMO-2/-3 conjugation
of hLa signaled externally or internally. Under these stress conditions cap-dependent
translation is impaired and IRES-mediated translation is activated. This correlation supports
the following model. In normal cells hLa is mainly modified by SUMO-1. Sumoylation
induces structuring of the inter-RRM peptide linker, which then promotes optimal positioning
of RRM1 and RRM2 facilitating the binding of cyclin D1 mRNA in close proximity to the
translational start site. The proposed RNA-chaperone activity of hLa restructures the RNA,

which then supports translation initiation resulting in cyclin D1 expression. However, in
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cancerous and stressed cells the sumoylation pathway is activated, which leads to
modification of hLa by SUMO-2/3. This modification further stabilizes the positioning of the
tandem RRMs thus enhancing the RNA-binding activity of hLa further. The translation rate
of the cooperative oncogene cyclin D1 is augmented because sumoylated hLa facilitates

translational initiation.

5.3.1 SUMO-modification enhances the RNA-binding activity of hLa to 5’-TOP RNAs

The enhancement of RNA-binding activity on a protein upon sumoylation has not been
previously reported, however it is demonstrated herein for the cyclin D1 RNA-binding
activity by sumoylated hLa. The effect of sumoylation of hLa on its RNA-binding activity
was analyzed for RNA oligoribonucleotides representing the 5’-terminal oligopyrimidine
tract (5°-TOP) element of RNAs encoding rat ribosomal proteins L37 and L22.

The La protein has is known to be involved in the translational regulation of mRNAs
containing translational regulatory 5’-TOP motifs [241] [104] [242] [93], which encode for
ribosomal proteins and other factors involved in the translational machinery [243] [291]. The
translation of 5’-TOP mRNAs is stimulated by growth or mitogenic stimuli via both the
mTOR and PI3-kinase pathway [292] [293] resulting in the expression of ribosomal proteins
and ultimately in the activation of protein synthesis and cell growth [293]. A hallmark of
TOP mRNAs is a sequence of cytosine followed by 4-14 pyrimidines in the context of an
unstructured 5’-UTR, which is in close proximity to the 5’-cap [294] [295] [291] [244] [105]
[58].

Fluorescence EMSAs were used to study the RNA-binding activity of native hLa to 5’-TOP
representing oligoribonucleotides (oligo) followed by RNA-binding studies with sumoylated
La.

The RNA-binding activity of native La to 5’-TOP RNAs was similar to cyclin D1 RNA-
binding. However, La binding to the unrelated GAP43 RNA oligoribonucleotide representing
the 5°-terminus of the mRNA encoding for the growth associated protein 43 did not result in
saturation. The preferential binding of the L37 and L22 RNA oligos coincides with high
pyrimidine abundance in the 5’-terminal 15 nucleotides of the L22 (86%) and L37 (79%)
RNAs compare to GAP43 (53%) shown in figure 5.7. Although the overall pyrimidine
abundance in the RNA oligoribonucleotides is similar, this suggests that hLa specifically
recognizes and binds RNAs with a high abundance of pyrimidines in their 5’-terminus.
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Figure 5.7 Pyrimidine abundance analyses of the RNA oligoribonucleotides used in EMSA studies. L22
and L37 RNAs display a high abundance of terminal pyrimidines. B) Quantification of pyrimidine

abundance. The overall pyrimidine abundance is similar in all three RNAs, but differs in the 5’-terminal
nucleotides. Pyr = pyrimidine residues (cytosine and uracil), Pur = purine residies (adenine and guanine)
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Sequence and structure driven recognition of internal RNAs by hLa, as discussed earlier,
suggested an important role for the location of the start codon AUG embedded in the Kozak

consensus sequence (partially) in a loop. (refer to 5.1).

Secondary structure analyses by mfold revealed that all three predicted RNA structures, L22,
L37, and GAP43, comprise stem-loops, however, the stem and loop lengths differ as well as
single and double stranded nucleotide amounts. Note, L22 and L37 do not share similar
structural features (figure 5.8). The high pyrimidine content within the first 15 nts of L22 and
L37, not structural aspects, could explain the higher RNA-binding affinity of La to L22 and
L37 compared to GAP43. Additional work would be required to understand the foundation of
this preferential La to L22 and L37 binding.

It is unknown whether the 5’-TOP RNA-binding mechanism is similar to D1-FL RNA- or
D1-ATG RNA-binding, therefore 5’-TOP mRNA-binding may be mediated by the
synergistic interaction of RRM1 and RRM2 or by the La motif. However, the binding of hLa
to 5’-TOP RNAs was strongly enhanced upon SUMO-1 modification of hLa (figure 4.3.13)
implying a similar RNA-binding mechanism. La sumoylation resulted in a significant 2.5- to
3-fold increase in L37 RNA-binding activity compared to an approximately 1.5-fold of L22
RNA-binding activity upon La sumoylation. The higher increase in L37 RNA-binding
activity upon sumoylation may be a result of the already increased RNA-binding affinity of
native La to L37. In conclusion, from RNA-binding studies using different RNA targets and
native and sumoylated La it appears that sumoylation of hLa facilitates its RNA-binding

efficiency.
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Figure 5.8: Secondary structure predictions of RNA oligos L22, L37, and GAP43 by mfold. For sequence
information and accession numbers refer to section 2.11.

Biochemical evidences indicates the binding of La to 5-TOP mRNAs. The La protein has
been shown to co-sediment with 5’-TOP mRNAs in polysomes [93] [104] [59], has been
reported to bind synthetic oligoribonucleotides representing 5’-TOP motifs in competition
studies [296], and Xenopus laevis La has been demonstrated to associate with 5’-TOP motif
containing MRNAs [297] [93] [104] [59]. However, whereas X. laevis La is proposed to have
a stimulatory effect on translation [93] [104] [59], a negative effect of La on the translation of
the elongation factor 1A (EF1A) was shown [242]. Those studies were all done in vitro
lacking functional analyses to prove the role of the La protein in the regulation of 5’-TOP
RNAs. Polysome distribution profiles of La-overexpressing human embryonic kidney cells
revealed that non-phosphorylated La is associated with L37 mRNA [58]. Interestingly, yeast
MRNAs lack a canonical 5’-TOP motif, however, the yeast La homolog Lhplp has been
shown to be associated with ribosomal protein mRNASs [74] suggesting that La plays a role as
a trans-acting factor in the translational regulation of 5’~-TOP mRNAs.

It would be important to investigate La-mediated stimulation of 5’-TOP mRNA translation,
because the tumor suppressor protein p53 is regulated by those mMRNAs.

It has been shown that ribosomal proteins L5, L11, and L23 bind Mdm2, which is the
negative regulator of p53, thus preventing binding of Mdm2 to p53 and the Mdm2-mediated
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degradation of p53 [298] [299]. The role of hLa in this process would suggest an important

cellular function.

5.4 The brave new world: The role of cytoplasmic La in cell proliferation

growth factors, mitogenic stimuli
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Figure 5.9: Cytoplasmic La contributes to oncogenesis by stimulating cell growth and cell
proliferation. Growth factors ignite a signaling cascade by activating mTOR and PI3K. Phosphorylation of
La at threonine 389 by activated Akt downstream of PI3K mediates nuclear export. The cytoplasmic hLa is
de-phosphorylated which triggers SUMO-modification of hLa. The hLa sumoylation enabled the enhanced
RNA-binding activity to 5’-TOP mRNAs and cyclin D1 mRNA by inducing an optimal structural change in
hLa. La recognizes the translational start site context located in a stem-loop structure. The C’-terminal
located RNA-chaperone domain opens the stem structure, allowing the stalled 43S preinitiation complex to
scan the mRNA for the translational start site to initiate translation. Cyclin D1 IRES-dependent translation
occurred in an Akt-dependent manner, by which the La protein was specifically activated by Akt.
Phosphorylation of La by CK2 on the other hand stimulates the function of nuclear La in tRNA processing.
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The aim of this study was to unravel the mechanism by which the hLa protein is stimulating
cell proliferation. La may promote cell proliferation by upregulating the translation of cyclin
D1. Human La has been shown to regulate the expression of this cooperative oncogene [89],
which is often overexpressed in cancerous cells [129] [131] [300]. The aberrant expression of
cyclin D1 is not only regulated on the transcriptional level [301] [302] [303] but also by its
gene amplification [128] [304] and mRNA translation. IRES-mediated translation of CCND1
has been shown to be Akt-dependent [146], proposing that factors involved in IRES-mediated
translation, such as ITAFs [247], are regulated by Akt-phosphorylation. Human La [89] and
hnRNP Al [213] have been identified as ITAFs regulating IRES-mediated translation of
cyclin D1. Phosphorylation of hnRNP Al by Akt inactivates ITAF functions [213], however,
molecular and regulatory mechanisms by which hLa influences cyclin D1 translation are
unknown. Findings presented in this study illuminate some important aspects. Sumoylation of
hLa at lysines 200 and 208 facilitated hLa binding to the translational start site context of
cyclin D1 in vitro. Therefore, the following is supporting evidence in how molecular and
regulatory mechanisms stimulate hLa-mediated cyclin D1 translation.

The hLa protein is mainly localized in the nucleus, but also shuttles to the cytoplasm [53]. It
is unclear to which extend phosphorylation by CK2 [58] and Akt [42] are involved in this
subcellular localization, although the literature strongly suggests a critical involvement of
phosphorylation in the intracellular distribution of hLa. Because Akt activity is often
increased in cancerous cells [305] an Akt-dependent phosphorylation may trigger the
localization of hLa to the cytoplasm, assuming that hLa behaves similarly to murine La [41].
The result of higher hLa abundance in the cytoplasm supports the speculation of hLa
promoting IRES-dependent translation of tumor promoting factors such as cyclin D1, XIAP,
and laminin B1.

The human La protein is not only regulated by Akt- and CK2-phosphorylation, but also by
SUMO-modification [60] [61], which promotes the RNA-binding activity of hLa. The
sumoylation pathway is involved in tumorigenesis [306] [193], because it is involved in
tumor promoting pathways such as cell growth, differentiation, senescence, apoptosis, and
autophagy [194] [195]. SUMO-2/-3 peptides are conjugated from a free pool to their targets
induced by a variety of stresses [280]. It has been shown that in some cases phosphorylation
co-regulates SUMO-modification [307] [308] [309]. Therefore, it may be speculated that hLa
is modified by SUMO-2/-3 in cancerous cells, which results in a higher binding activity and

ultimately facilitates IRES-mediated translation of tumor promoting factors.
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The hLa protein may be contributing to the regulation of cell growth, as it also regulates
cyclin D1 as part of the cell cycle machinery, with both cell growth and division ultimately
leading to cell proliferation. It is controversially discussed in the literature whether hLa
stimulates the translation of 5’-TOP mRNAs [93] [104] [59] [242] [310], however, it has
been shown that hLa is not associated with 5°-TOP mRNAs when CK2-mediated
phosphorylation is inhibited in living cells [58]. The sumoylation-dependent promotion of
hLa 5’-TOP mRNAs binding implies a correlation between sumoylation and the expression
of ribosomal proteins and elongation factors during cell growth.

According to the model, summarized in figure 5.9, hLa is proposed to stimulate cell
proliferation and cell growth by stimulating the translation of cyclin D1 and 5’-TOP mRNAs
in response to Akt phosphorylation and SUMO-modification.

5.5 Discussion of technical observations, problems, and solutions

5.5.1 Comparison of EMSA and fluorescence polarization assay

The difference in La:D1-ATG RNA interactions determined by EMSA and FP assay are in
the methodology of the assays. La-RNP complexes may not be detected in EMSAS due to the
rapid dissociation of those complexes during electrophoresis. On the other hand, a slow
dissociation may result in data misinterpretation by underestimating the intensity of the
La:D1-ATG RNA complex. In contrast, the RNA and La protein are not electrophoretically
separated in the fluorescence polarization assay, but kept in solution. This allows the protein
to constantly bind, release, and re-bind RNA, thus allowing for analysis of the RNA-protein
interaction and kinetics when measured over time. However, the formation of either one or
several protein:RNA complexes cannot be distinguished by the fluorescence polarization
assay, but can be distinguished by native EMSA. Hence, the fluorescence assay is a time
saving method for monitoring the hLa-D1-ATG RNA interaction and kinetics over time, but
does not allow conclusions about protein stoichiometry. The fluorescence polarization assay
is of higher accuracy compared to the EMSA; because, no subjective interpretation of the
signal area for quantification has to be assessed, inter alia. However, this work shows that the
RNA-binding affinities of hLa to the cyclin D1 translational start site context determined by
both assays were similar.

A limitation of the FP assay is the requirement of a small labeled ligand, usually less than 10
kDa and/or less than 30 nucleotides [220]. The D1-ATG RNA oligoribonucleotide used

- 141 -



herein consisted of 47 nucleotides, which equals a mass of 15.1 kDa, or 15.6 kDa including
the 6-FAM dye. Although the RNA was 50% larger than recommended [220], the
fluorescence polarization assay worked with this oligoribonucleotide, which may have
resulted from folding of the RNA into a more compact structure. Indeed, the mfold software
[255] only predicts one folding for the D1-ATG RNA into a stem-loop structure as shown in
figure 5.1 and later discussed in detail. Ultimately, using a combination of both methods
made for a great advantage in understanding the interactions of RNA-binding proteins and
their target RNA.

5.5.2 Oligomerization of the human La protein in vitro

The dimerization domain of hLa was proposed to be located between aa 298 and 348 [35].
Interestingly, the La mutant RRM+2 forms multimers in EMSAs (figures 4.2.4 and 4.2.5)
suggesting that the dimerization domain is located between amino acids 298 to 326. It is
known that RRMs can mediate protein:protein interactions [311] [21] allowing for the
possibility that La multimerization may be mediated via RRM:RRM contacts between two
different La molecules. However, the most critical question is if potential multimerization are
of functional relevance. The La mutant (La(236-348)) [67] is obviously not able to interact
with La using Far-Western blotting and also proposed to inactivate endogenous La when
expressed in cells. This mutant was used as a trans-dominant La mutant to study the role of
La in translation [67].

However, in vitro higher order La-RNP complexes are suggested to result from
homodimerization, which are formed after the formation of saturated primary complexes and
[47]. These complexes have been shown to have lower target specificity [63]. Native EMSA
binding studies revealed that the La protein and most of the La protein mutants, except
RCD2, form not only a primary but also secondary and tertiary RNP complexes with the D1-
ATG RNA.

In order to determine if hLa binds RNA as a monomer, EMSAs with the minimal La protein
RRM1+2 were performed in the presence of the unspecific competitor molecule heparin,
which mimics the negatively charged RNA phosphate backbone. Monomeric La binding was
induced upon the addition of excessive amounts of heparin; however, it could not be
concluded if more than one copy of hLa binds the cyclin D1 RNA in the absence of heparin

or if La is forming homodimers.
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The collected data suggested that monomeric hLa binds cyclin D1 RNA in vitro. However, it
is still unclear if multimeric La-RNP complexes are a result of protein-protein interaction of
RNA-bound La or due to the association of more than one La copy with one RNA molecule.

The in vivo dimerization of hLa remains elusive. The overexpression of a La dominant
negative mutant in HeLa cells abrogated the function of endogenous La in poliovirus and
HCV IRES-dependent translation, hinting at functional dimerization of hLa in HelLa cells
[67]. The homodimerization of hLa could not be confirmed by chemical shift analyses, >N
backbone dynamics, or by analytical ultracentrifugation [66], therefore, further studies are

required to understand the functional aspects of La dimerization in vivo.

5.5.3 Considerations for establishing an in vitro sumoylation assay

In optimizing the IVSA the ratio of the conjugating enzyme Ubc9 to SUMO appears to be
one of the most critical parameters for efficient sumoylation as shown in figure 4.3.3A. The
molar ratio of Ubc9 to SUMO (1:18) resulted in the most efficient conjugation of SUMO-1 to
hLa protein. Similar results were achieved with Ubc9:SUMO-1 ratios of 1:9 and 1:37. The
requirement of such an excessive molar amount of SUMO-1 compared to Ubc9 implies that
(a) a large number of recombinant SUMO proteins may not be in a functional folding due to
the recombinant protein expression, (b) the catalytic domain of the Ubc9 protein is folded
incorrectly and does not allow the release of the SUMO-1 protein to the La protein and no
recycling of Ubc9 can occur, or (c) a ligase is required to facilitate the conjugation of the
small peptide to the target. In order to optimize the IVSA two catalytically active fragments,
IR1+M and BP2AFG [231], of the E3 ligase RanBP2 were included in the IVSA assay.
However, the presence of either truncated ligase did not improve the IVSA efficiency but
decreased the efficiency (figure 4.3.5).The requirement of a ligase for an optimal transfer of
SUMO to the La protein cannot be excluded, because several other SUMO described ligases
[179] [180] [181] may target-specifically, facilitating the sumoylation of the hLa protein in

vitro.

However, determining the optimal incubation parameters increased the efficiency of the
IVSA. SUMO-modification of the hLa protein at the physiological relevant temperature of
37°C resulted in an overall less efficient sumoylation, and the sumoylation product also

appeared later in comparison to the sumoylation performed at 30°C (figure 4.3.3B). This was
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optimization of an in vitro system, therefore it does not allow conclusions regarding
biological sumoylation conditions.

The conjugation deficient SUMO-GA mutant represents a vigorous control for the IVSA
because the substitution of the terminal glycine to alanine in this mutant inhibits the trans-
esterification and ligation of the SUMO peptide to the target protein [229]. The non-
hydrolysable ATP analog phosphorothioate ATP-y-S was tested as a secondary negative
sumoylation control. In the absence of any energy source no sumoylation products were
detected (figure 4.3.4), unexpectedly sumoylation occurred in the presence of the ATP analog
ATP-y-S. However, the efficiency of the SUMO-modification was reduced compared to the
parallel reaction with ATP. A contamination of the reaction with ATP during the reaction
assembly was possible, but is not very like because in parallel prepared negative controls
without ATP did not result in sumoylation of the La protein. A possible contamination of the
protein preparations could be discarded for the same reason. It is rather likely that the ATP-y-
S solution was contaminated with ATP. However, Peck and Herschlag [312] have
demonstrated that the eukaryotic initiation factor 4A (elF4A) efficiently uses ATP-y-S due to
its ATPase activity. It is suggested to be cautious when using an ATP analog as a mechanistic
probe.

The human La protein has been proposed to contain a Walker A nucleotide binding motif in
the CTD to render ATP dependent-helicase activity [114] [313] or to bind 5’-triphosphate
ends of nascent tRNAs [37]. Hence, the sumoylation of La in the presence of the putatively
non-hydrolysable ATP-y-S may also be a result of the ATPase activity in the La protein.

In conclusion, the SUMO-conjugation deficient SUMO-GA mutant appears to be the most

vigorous and appropriate sumoylation control.

5.5.4 Efficiency of IVSA

A sumoylation of an average 5% hLa protein resulted in a two-fold increased D1-FL RNA-
binding activity and a 50% increased D1-ATG RNA-binding at higher La concentrations
(figure 4.3.12B and D). The performed RNA-binding studies and additional observations in
the laboratory suggest that only ~ 10% to 20% of the hLa preparation is RNA-binding active.
This would assume that a majority of the protein may be misfolded, as often observed during
recombinant protein expression. The dramatic effects of sumoylation on the RNA-binding

activity of hLa protein may result from the sumoylation-induced structural change of the
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inter-RRM peptide linker, which transforms RNA-binding inactive into RNA-binding active
hLa proteins and ultimately results in an increased RNA-binding activity.

SUMO-modification has been suggested to mask or add interaction surfaces and result in
altered protein—protein interactions of target proteins by inducing conformational changes
[314]. In addition, it has been suggested that disordered regions may adopt an ordered
structure upon target binding [122] [123] [124] [125]. Therefore, sumoylation at those
unstructured regions may induce (partial) structuring of the disordered inter-RRM peptide
linker. It is well established that the fusion of the SUMO peptide to the N’-terminus of a
protein of interest promotes correct folding of its fusion partner and enhances its effects on
recombinant protein expression and solubility [315] [316]. The expression of SUMO-target
proteins in living cells is often used to study the function of sumoylated proteins in a cellular
context. Therefore, it would be interesting to investigate if the SUMO-La fusion protein
would display a larger fraction of RNA-binding competent La protein. Ultimately, it would
be critical to establish if sumoylation of hLa promotes correct folding or if it is a regulatory
modification that regulates the RNA-binding activity of the La protein (as discussed earlier,
5.3.2).

On the other hand, the strong effects on RNA-binding by sumoylation may be explained if
sumoylation actually occurs preferentially at the 10-20% RNA-binding competent and La
proteins resulting in a positive alteration of the RNA-binding activity, e.g. by facilitating the
positioning of the tandem RRMs. Indeed, more work is required to clarify this problem and
may be approached by enriching SUMO-La (e.g. by gel filtration) to compare the RNA-
binding affinity of SUMO-modified La versus native La.

5.5.5 In silico prediction of SUMO-acceptor sites

Two different programs were used as an in silico approach to predict potential lysine residues
as SUMO-acceptor sites.

The FASTA sequence of hLa (refer to appendix) was submitted to SUMOsp2.0 and
SUMOplot Analysis Program to predict sumoylation sites of hLa. The algorithms in both
programs identified several different sumoylation site of different stringency (table 4.3.1 and
4.3.2). The sites with the highest score in SUMOplot were determined for K41, K185 and
K208. The SUMOsp2.0 program predicted 14 potential SUMO-acceptor sites at the default
medium cut-off. The SUMOplot program predicted lysine 208 as a highly scored
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sumoylation site; however, experimentally lysine 208 was definitively identified as a
sumoylation site. The in silico approach helped strengthening the hypothesis that lysine 208
may be serving as a sumoylation site, but the outputted list was too large to experimentally
handle the identification of the additional sites by mutagenesis of hLa.

In conclusion, in silico prediction of sumoylation sites may be useful for some substrates;
however, a high abundance of lysines, as in the case of hLa, may make it difficult to predict a
small amount of potential sumoylation residues. Combining in silico predictions with
structural information in regards of the location of putative residues in exposed or disordered

regions would certainly narrow down possible sumoylation sites.

5.6 Future directions

The role and function of cytoplasmic La in stimulating translation of cellular mMRNAs has
become more consolidated, however, future studies are required to fully comprehend the

distinct role of the human La protein.

Addressing the oligomerization of the human La protein in vivo is important. The functional
loss of endogenous La by a dominant negative acting overexpressed La mutant has been
shown, however, the multimerization has not been shown directly in vivo. A mammalian-
two-hybrid assay would determine if the human La protein is forming dimers or multimers in
vivo. Another method based on fluorescence recovery after energy transfer (FRET) could
show the oligomerization of two populations of the hLa protein, labeled with two different

fluorescence dyes, when expressed in one cell and analyzed by microscopy.

The described cooperative RRM1 and RRM2 binding mechanism of La to the cyclin D1
MRNA needs to be proven for other cellular mMRNAs to exclude a cyclin D1 specific RNA-
binding mechanism. The requirement of RRM1 and RRM2 for La-binding to XIAP mRNAs
and Mdm2 mRNAs by EMSA, as representative internally recognized mRNAs, would further
support the role of La in the translational stimulation of those tumor-promoting factors. In
vitro XIAP and Mdm2 RNA-binding studies including SUMO-modified La would support
the presented model by which sumoylation enhances its RNA-binding activity to cellular
MRNAsS.
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The binding site of the La protein in cyclin D1 mRNA has not been fully mapped. In order to
identify the contact sites of the human La protein, RNA-footprinting experiments using
specific riboucleases to digest La bound and unbound RNA would need to be performed.
Using the RNases T1, cleaving the 3’-ends of single stranded guanines, and V1, which cuts
specifically base-paired sequences, would aid in identify the La binding site and also provide
structural information about the RNA.

A comprehensive study of structure-driven binding rather than sequence-specific binding
would be needed to understand how La recognizes substrates and is capable of targeting the
interaction. In order to better understand the sequence/structure-driven La recognition, the
RNA-binding affinity of La to all described La targets could be compared by competitive
EMSAs or FP assays. The novel PAR-CLIP (photoreactive-ribonucleoside-enhanced
clossslinking and immunoprecipitation) method would help identify comprehensively and
specific La binding sites in the proximity of a translational start site codon in living cells.

In addition, RNA-binding studies of sumoylated La with RNA oligoribonucleotides
comprised of different structural features, such as different stem lengths and/or loop sizes and
altering sequences in those structural features, would clarify the recognition of mMRNAs by
the La protein and explain why there is no identified consensus sequence.

In order to show that the RNA-chaperone activity of the La protein is responsible for
restructuring highly structured 5’-UTRs and to facilitate the scanning of 43S preinitiation
complexs and/or assembly of the 80S initiation complex at the translational start site the
required domain has to be mapped.

Recombinant La mutants can be tested in an RNA-chaperone assay based on a molecular
beacon. An RNA oligoribonucleotide representing the RNA of interest harboring a stem-loop
structure would be labeled with a fluorophore at one end and on the other with a quencher.
Upon excitation the fluorophore does not emit fluorescence light because of the quencher,
which is in close proximity to the fluorophore as a result of the formed stem. As La binds, a
fluorescence signal would be detected if La were opening the stem because the quencher
would be too far from the fluorophore to quench the signal.

To show the requirement of RNA-chaperone activity for translation, the RNA-chaperone
deficient La mutants need to be overexpressed in La-depleted cells and cell extracts analyzed

for the expression of the RNA of interest.
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In order to understand the regulation and effects of sumoylation on the La protein in vivo, the
sumoylation of La needs to be studied in detail in living cells. Sumoylation in rat neurons
trigged the retrograde transport of La and herein was demonstrated that the RNA-binding
activity of La is enhanced upon sumoylation. However, the sumoylation of La in human cells
needs to be analyzed for the localization, SUMO paralog specificity, and the effect on
translation. A robust system has to be established to show sumoylation in living cells. This
could be achieved by overexpressing the conjugating enzyme Ubc9, SUMO, and using a
fluorescence labeled La protein as well as inducing stress in a cellular system.

To achieve a high impact in support of this work a co-crystalized structure or NMR structure
of human La bound to a cellular mRNA would need to be solved, such as cyclin D1. The
minimal La protein RRM1+2 has been shown to be cyclin D1 RNA-binding active with a
similar but slightly less affinity, compared to the wild type hLa. However, the smaller size of
the RRM1+2 protein makes the protein a reasonable candidate for crystallization and/or
NMR analyses. This would allow understanding into the interactions of La to the RNA and

would allow a targeted approach to design anti-cancer drugs.
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Figure Al: Modification of La with SUMO-1 results in an increased binding activity to
cyclin D1 RNA. A standard IVSA was performed and products were used for EMSA. The
utilization of SUMO-1WT or SUMO-1GA in the IVSA is indicated. Representative EMSA in
the presence of 0.5 pg heparin. The La-RNP complex and free RNA are indicated.
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Figure A2: Cyclin D1 RNA-binding is abrogated upon deletion of the inter-RRM peptide
linker. The 60 amino acid inter-RRM linker (LaAlinker) was deleted between aa 170-230.
Standard EMSA with D1-FL and the indicated protein concentrations were performed. La-
RNP formation is abrogated upon deletion of the linker region.

- 168 -



disorder probability

disorder probability

1 T T
08 r 1
06 J
o4 i Disordered profile plot
1 T T
02 1
f J . i 08+
0 50 100 150 200 250 300 350 400 450 g
sequence number E 06
N - S £
2 04t
2
RCD2 Disordered profile plot =
1 . - 02 _
. B
08 o LA SN
] 50 100
sequence number
06
LS
04 NI _C:
- ) —
disordered regions
02
] 50 100 150 200 250
sequence number
N -
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