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1 SUMMARY

Small ubiquitin-related modifier (SUMO) is a protein that is attached to lysine residues in
a variety of target proteins. Sumoylation of proteins can alter their intracellular
localisation, stability, activity and interaction with other proteins. The pathway of
sumoylation is analogous to that of ubiquitination. The reaction is ATP dependent and
requires the El-activating enzyme (Aos1/Uba2), the E2-conjugation enzyme (Ubc9) and
for most target proteins SUMO E3 ligases.

The aim of this study was to characterise the SUMO E1 enzyme, a heterodimer consisting
of the subunits Aosl and Uba2. On one hand I characterised an Uba2 splice variant,
which lacks one exon encoding 50 amino acids. Using RT-PCR I could determine the
tissue specific distribution of the Uba2 splice variant. I furthermore showed that Uba2
variant protein is still able to form an active E1 enzyme complex with Aosl. I could
demonstrate that variant Aosl/Uba2 complex is fully active in RanGAP1 sumoylation
with SUMO1 or SUMO2. This finding was surprising in light of the missing amino acids,
and will have implications for the understanding of E1 function.

A large part of my work was dedicated to the identification and characterization of a
novel SUMO substrate called ELKS. According to literature, ELKS proteins have been
linked to intracellular membrane traffic and NFkB signaling pathways. I identified ELKS
in membrane fractions as a binding partner for the Aosl subunit of the SUMO EI enzyme
and confirmed in vivo interaction with ELKS antibodies that I generated. Because
recombinant proteins did not interact directly, I searched for potential bridging factors.
Neither SUMO nor Ubc9 or Rab6 (one ELKS partner) mediated interaction between
ELKS and Aosl. Performing a large scale immunoprecipitation and analysis by mass
spectrometry, I could find several candidates, including nucleoporin RanBP2, a SUMO
E3 ligase. This suggested that ELKS may be a target for sumoylation. Indeed, I could
show that ELKS was SUMO-modified in vivo and in vitro. Moreover, RanBP2 enhanced
ELKS sumoylation. By mass spectrometry I identified two SUMO acceptor sites in
ELKS. Mutation of these two residues had no effect on ELKS localisation, but strongly
inhibited ELKS induced NFxB activation. In conclusion, work described in this thesis
implicates sumoylation as an important mechanism for ELKS function in NFxB

signaling.
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2 INTRODUCTION

2.1 Overview
Posttranslational protein modifications

Posttranslational modification of proteins is a fundamental mechanism of modulating
their function, activity or localisation after their synthesis has been completed. One class
of modifications involves addition of a small chemical group to amino acids, e.g. through
phosphorylation, acetylation, ADP ribosylation or methylation, while the second class
involves attachment of larger macromolecules, such as polypeptides in the case of
ubiquitylation, sumoylation or polysaccharides.

The ubiquitin system is the prototype for a newly recognized family of pathways that
result in the covalent modification of target proteins. These systems use different
ubiquitin-like proteins, different enzymes, and act on different substrates, but share a
common chemistry (Osaka et al., 1998; Hochstrasser, 1998; Mizushima et al., 1998).
Modification with ubiquitin was the first identified case where the modifier itself is a
small polypeptide. Ubiquitin, a 76-residue protein (8 kDa), is attached through its C
terminus to exposed amino groups on proteins in a reaction that involves three enzymes
— a ubiquitin activating enzyme (E1), a ubiquitin conjugating enzyme (E2) and a
ubiquitin ligase (E3) (Figure 1); (Pickart et al., 2004). ATP is required to form a thioester
bond between the C-terminal carboxyl group of ubiquitin and the active site Cys of an
El. The EIl transfers ubiquitin to an E2, which is also linked to ubiquitin through a
thiolester bond. E2s bind to specific E3 enzymes that bind directly to the protein
substrates. E3s can themselves form a thioester bond with ubiquitin (HECT-domain E3s)
before substrate attachment, or can function as a bridge between an activated E2 and its
target (RING and U-box E3s). Ubiquitin is usually attached to the g-amino group of a
lysine on a target protein through an isopeptide bond (see Figure 1), although
ubiquitylation can also occur at the free N-terminus of a protein. Ubiquitylation reactions
are reversed by the action of deubiquitylating enzymes (DUBs) of which there are many

types (Borodovsky et al., 2001; Amerik et al., 2004).
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Originally, the major role of ubiquitin was identified with substrate protein degradation
by the 26S proteasome (Coux et al., 1996), and characteristic of proteins sent to the
proteasome were polyubiquitin chains attached to it. More recently, other functions of
ubiquitin have been discovered that do not involve proteasome-dependent proteolysis.
Some proteins are modified by a single ubiquitin (monoubiquitylation) or short ubiquitin
chains. This modification, instead of sending proteins to their death through the
proteasome, regulates processes as diverse as membrane transport, histone regulation, or
budding of retroviruses from the plasma membrane (Hershko et al., 1998; Deng et al.,
2000; Pickart, 2001; Hicke et al., 2001).

Over the last few years a number of proteins related to ubiquitin have been discovered,
the so-called ubiquitin domain proteins (UDPs) and ubiquitin-like proteins (UBLs).
Members of the first class, ubiquitin domain proteins do not act as modifiers but instead
contain an ubiquitin like domain as part of their linear sequence (Jentsch et al., 2000;
Hochstrasser et al., 2000). However, unlike proteins targeted by Lys-48 chains, the UDP
does not get degraded. The second class, UBLs, act as posttranslational modifiers in a

manner analogous to ubiquitin (Jentsch et al., 2000). This class includes Nedd8 (also
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called Rubl), Apg8, Apgl2, ISG15, and Small Ubiquitin-like MOdifier protein (SUMO).
Each of these class proteinsa are structurally related (Figure 2). They have the potential to
alter the conformation of the target, to convey a new surface to their substrate resulting in

the ability to interact with a new partner, or to mask existing binding sites.

Figure 2. Members of the ubiquitin protein family: Ubiquitin; SUMO Nedd8. (From Walsh Ch., 2005)

The SUMO family

SUMO is probably the most prominent member of the ubiquitin like modifiers (Melchior
2000; Johnson 2004). SUMOs constitute a highly conserved protein family found in all
eukaryotes and are required for viability of most eukaryotic cells, including budding

yeast, nematodes, fruit flies, and vertebrate cells in culture (Hayashi et al., 2002; Epps et
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al., 1998). In multi-cellular organisms, SUMO conjugation takes place in all tissues at all
developmental stages. Saccharomyces cerevisiae contains only one SUMO homologue,
while the mammalian SUMO family consists of four members: SUMO-1, -2, -3 and -4
(Figure 3). SUMO-2 and SUMO-3 are very similar at the amino acid level (87 %
sequence identity), but they are only 47 % identical to SUMO-1 (Figure 3). SUMO-1 is a
101 amino acid polypeptide and although it only shows 18% homology to ubiquitin, the
three-dimensional structures of both proteins are very similar (Bayer et al., 1998). NMR
structure analysis (Bayer et al., 1998) revealed that SUMO-1 contains the characteristic
BRapPap ubiquitin fold common to ubiquitin-like proteins (Mayer et al., 1998). Both
proteins contain a Gly-Gly-motif at the C-terminus, which is essential for conjugation to
target proteins. A characteristic feature for SUMO-1 related proteins is a flexible N-
terminal extension of 10-20 amino acids, which is absent in ubiquitin and some other
ubiquitin-like proteins (Mahajan et al., 1997; Bayer et al., 1998).
P N . S o R S SRR SR O |
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Figure 3. Sequence alignment of SUMO family members and ubiquitin. Sequence comparison of the
human SUMO family members (SUMO-1, -2, -3 and -4) to the yeast SUMO homologue SMT3 and to
human ubiquitin. Identities are shown in red, similarities in blue.

SUMO conjugation influences the function of its targets in many ways, for example by
changing its subcellular localisation, altering their interactions with other
macromolecules, regulating protein-protein interactions and/or stability, and finally it
promoting assembly of several multi-protein complexes. However, in contrast to

ubiquitin SUMO does not target substrates directly for proteasome-dependent proteolysis.
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2.2 Molecular mechanism of Sumoylation

2.2.1 Enzymes mediating the SUMO pathway

The pathway of sumoylation is analogous to that of ubiquitination, but SUMO
conjugation involves a different set of enzymes (Figure 4). Some of these enzymes such
as the SUMO-activating enzyme (E1) and SUMO-conjugating enzyme (E2) show
sequence similarity to their counterparts in the ubiquitin system, and are conserved from
yeast to humans. Similar to the ubiquitin system, an inactive SUMO is converted to its
active form by removal of its last four amino acids to leave two essential glycine residues
at the C-terminus. This allows activation by formation of a thioester between the C-
terminal glycine of SUMO and a cysteine from the SUMO-activating E1 enzyme
(Aos1/Uba2) transfer to a conjugating E2 enzyme (Ubc9), and conjugation to the e-amino
group of specific lysine residues on target proteins (Johnson et al., 1997). In most cases,
the last step requires SUMO-specific ligases (see figure 4); (Johnson et al., 2002).

Unlike ubiquitin, SUMO is usually targeted to a lysine within a consensus sequence

(DKXE), where @ is a hydrophobic amino acid, K the modified lysine, X any amino acid

o
h
DrEcursar i .
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Figure 4. SUMO conjugation/deconjugation cycle. SUMO is synthesized as a precursor and processed by
hydrolases to make a double glycine motif available for conjugation. The C-terminus of mature SUMO
needs first to be activated by the SUMO activating enzyme (E1), a heterodimeric protein composed of
Uba2 and Aosl. Activation is ATP-dependent, proceeds via a SUMO-adenylate intermediate, and results in
SUMO being linked by a thioester to a cysteine residue in Uba2. Activated SUMO is then transferred, in a
transesterification reaction, to a cysteine residue of Ubc9, a conjugating enzyme (E2) specific for SUMO.
In conjunction with SUMO ligases (E3), Ubc9 conjugates SUMO to a variety of substrate proteins. The
resulting isopeptide bond is stable and its disruption requires a desumoylating enzyme (From Dohmen et
al., 2004).

2.2.2 SUMO-Activating Enzyme (E1)

Most organisms contain a single SUMO-activating enzyme. The S. cerevisiae ubiquitin
E1 Ubal is a 90 kDa monomer that contains a cysteine residue in its active site. Ubal and
its homologs from other organisms are very similar to each other (53% identity between
S. cerevisiae Ubalp and human ubiquitin E1). Their most striking features are two copies
of a ~150-residue domain (Figure 5, domain I) that contains a potential nucleotide-
binding motif and is also found in several other proteins, such as E.coli thiF (Vander
Horn et al., 1993) and chIN (Pitterle et al., 1989). The second copy of this domain in E1
is followed directly by a region containing the active site Cys residue (Cys600 in Ubalp)
that forms the thioester with ubiquitin (domain III in Figure 5), (Hatfield et al., 1992).
Interestingly, the SUMO E1 is a heterodimer composed of Aosl (SAEl) and Uba2
(SAE2) proteins (Dohmen et al., 1995). Aosl shares 29% sequence identity with the N-
terminal region of the ubiquitin E1. Most of the sequence similarity is found in two
separate regions at the N- and C-terminus of Aosl (domains I and II in Figure 5),
(Johnson et al., 1997). Uba2 is similar to the C-terminal region of Ubal, with two regions
of greater similarity (domain I/domain III and domain IV in Figure 5). Uba2 contains a
Cys residue (Cys173) corresponding to the E1 active site. E1s and Uba2 share another
region of high sequence similarity (domain IV), the function of which is unknown. This
suggests that Aosl and Uba2 combine to carry out functions analogous to those

performed by the single protein Ubal.
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Figure 5. Schematic representation of homologous domains in human ubiquitin E1 enzyme, hUbal; S.
cerevisiae (S.c.) ubiquitin E1, Ubalp; human SUMO-1 activating enzymes, Aol (SAE1) and Uba2 (SAE2);
S. cerevisiae SUMO-activating enzymes, Aoslp and Uba2p. Domain I includes a potential nucleotide-
binding motif and is found in a number of proteins, such as E.coli thiF and chINB, not involved in
activationof Ub-like proteins. In Els, domain III contains the active site cysteine residue which forms a
thioester with the C-terminus of Ub. SUMO Uba2 shares this domain including the conserved cysteine
residue (Cys177). Domains II and IV are each found in several other proteins in addition to Els, but
nothing is known about their functions. Modified from Desterro et al., 1999.

Very recently structures of human heterodimeric Aos1/Uba2-Mg-ATP and Aosl/Uba2-
SUMO1-Mg-ATP complexes were determined by Lois and Lima, 2005 (Figure 6 A&B).
The structure revealed that Uba2 contains three important domains, the adenylation
domain and two additional domains located on either side of the Uba2 adenylation active
site (Figure 6). The first was referred to as the catalytic Cys domain (159-386) since it
contained Cys173, responsible for E1-SUMO thioester bond formation. The second was
termed the UbL or UBiquitin-Like domain (442—549) due to its structural similarity to Ub
and other Ubl modifiers (Lois and Lima, 2005).
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Figure 6. Structure of the SUMO activating enzyme. (A) Ribbon diagram of the Aos1/Uba2 heterodimer.
Aosl is colored blue and Uba2 is colored shades of pink, magenta, and red. (B) Ribbon diagram of the
Aos1/Uba2-SUMO-1 complex. SUMO is colored yellow. Catalytic Cys and UbL domains are labeled. The
active site cysteine is labeled and colored yellow. (C) Schematic representation of Aosl/Uba2. Aosl is
showed in blue (1-346 aa) and Uba2 in grey and orange (1-640 aa). From Lois and Lima 2005.

Like the E1 for Ub, the SUMO-activating enzyme (E1) catalyzes a three-part reaction.
First, the C-terminal carboxyl group of SUMO attacks ATP, forming a SUMO C-terminal
adenylate and releasing pyrophosphate. Next, the thiol group of the active site cysteine in
the E1 attacks the SUMO adenylate, releasing AMP and forming a high-energy thioester
bond between the E1 and the C terminus of SUMO. Finally, the activated SUMO is
transferred to a cysteine in the E2 (Johnson et al., 1997).

Consistent with the functions as an E1 enzyme, most cellular Uba2 and Aosl is found as
a heterodimer (Azuma et al., 2001). However, the two-subunit structure of the SUMO E1
suggests that they have additional function and might be regulated separately.
Interestingly, levels of human Aos1 were found to be regulated during the cell cycle. The
level of Aosl protein increased as cells progressed through S phase, followed by a

substantial decrease in G2 phase, whereas Uba2 levels remained unchanged during cell
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cycle (Azuma et al., 2001). These data suggested that regulation of SUMO activating
enzyme might be mediated via Aosl.

The expression pattern of SUMO E1 showed detectable levels of each mRNA in many
different mammalian adult and embryo tissues, as well as from cultured cells, indicating
that Aos1 and Uba2 are ubiquitously expressed (Azuma et al., 2001).

Both SUMO E1 subunits have been demonstrated to be localised in the cell nuclei with a
diffuse localization of species ranging from yeast to mammals (Dohmen et al., 1995;
Azuma et al., 2001). However, low level of E1 enzyme is also clearly present in the
cytoplasm (Pichler et al., 2002).

In addition to Ubc9 and SUMO, only one other binding partner has been described for the
SUMO E1 enzyme. This binding partner is the poly (A) polymerase Papl, normally
responsible for the addition of the adenylate tail to the 3° end of mRNA (del Olmo et al
1997). Uba2 depleted extract was tested in in vitro polyadenylation experiments and
polyadenylation activity was significantly reduced. This experiment indicated that
components of the polyadenylation machinery depend on SUMO modification however,

Papl was not shown to be modified by SUMO.

2.2.3 SUMO-Conjugating Enzyme (E2)

Ubc9 is the only SUMO-conjugating enzyme in yeast and invertebrates and most likely in
vertebrates as well (Hayashi et al., 2002). The presence of only one SUMO E2 contrasts
with the Ub pathway where multiple E2s participate in ubiquitylating distinct sets of
substrates. Like the genes for SUMO, Aosl and Uba2, the gene encoding Ubc9 is
essential in all organisms tested except S. pombe (al-Khodairy et al., 1995; Seufert et al.,
1995; Tanaka et al., 1999).

In a transesterification reaction, activated SUMO is transferred from the Uba2 subunit of
SUMO-activating enzyme to a single SUMO-conjugating enzyme (E2) known as Ubc9
(Figure 4). As a result, a SUMO-Ubc9 thioester intermediate is formed (Johnson et al.,
1997 and Desterro et al., 1997).
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Ubc9 is a predominantly nuclear protein (Seufert et al., 1995), but studies on Ubc9 in
mammals have shown that at least a fraction of it is present in the cytoplasm and
associated with cytoplasmic and nucleoplasmic filaments of the nuclear pore complex
(NPC), (Pichler et al., 2002; Zhang et al., 2002). A patch surrounding the active site
cysteine of Ubc9 binds directly to the ®KXE consensus sequence in the substrate
(Bernier-Villamor et al., 2002 and Tatham et al., 2003). A second region on Ubc9,
separate from the active site, binds directly to SUMO and is involved in transfer of
SUMO from El (Bencsath et al., 2002). Interestingly, not all of the activities of Ubc9
appear to involve enzymatic activity. For example, Ubc9 mediates nuclear targeting of
homeobox protein Vsx-1 via binding to its nuclear localization signal (Kurtzman et al.,
2001).

In many studies, mainly using the yeast two-hybrid technique, Ubc9 was found to be an
interaction partner of a very large number of proteins, such as p53, Rad51, Rad52, c-Jun
or the glucocorticoid receptor. Most of these have turned out to be targets for sumoylation

(Gottlicher et al., 1996; Shen et al., 1996).

2.2.4 E3 ligases

Three distinct types of SUMO ligases (E3s) have been discovered recently (reviewed in
Johnson 2004; Pichler and Melchior 2004): PIAS (Protein Inhibitor of Activated STAT
family), originally discovered as inhibitors of STAT transcription factors (Shuai et al.,
2002), RanBP2 (Ran Binding Protein), (Pichler et al., 2002) and PC2 (polycomb group
protein), (Kagey et al., 2003). These proteins are identified as E3 enzymes because they
promote transfer of SUMO from the E2 to the substrate (Hershko et al., 1998).

PIAS

The eukaryotic family of PIAS proteins is evolutionarily conserved from yeast to

humans. In yeast S. cerevisiae only two members of this family (Siz1/Siz2) were found,

while in higher eukaryotes this family is more diversified. The human family of PIAS
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proteins consists of at least five members, PIAS1, PIAS3, the o and B splice variants of
PIASx, and PIASy (Shuai et al., 2002).

All mammalian PIAS share a characteristic domain structure that is schematically shown
in Figure 7. Within the N-terminus of PIAS a region of about 35 amino acids spans a so
called SAP module (Figure 7) (Aravind et al., 2000). A common feature of SAP-
containing proteins is their ability to bind to chromatin. Another characteristic feature of
PIAS proteins is the presence of a cysteine/histidine-rich domain, known as Miz-zinc
finger or SP-RING domain (Hochstrasser M. 2001, Jackson P. K 2001; Pichler and
Melchior, 2004).

Work by several laboratories demonstrated that all mammalian PIAS proteins exert
SUMO-ligase activity towards various mammalian SUMO-target proteins (eg. Sachdev et
al., 2001; Sapetschnig et al., 2002). Importantly, PIAS proteins themselves are covalently
modified by SUMO in a process that also requires the integrity of the SP-RING domain
(Schmidt et al., 2002 and Kotaja et al., 2002).

PIAS family members
PIAS] 9 5 650aa
|
= pa—— Stail
AR, P53
FA
PIAS3 619aa
N I "
IRF1
TIF2
— Ex12,p53
Gfi-1
HMGL-C
PIASxc 527aa
| B ™
— AR
— DJ1
PIASxP 621aa
b | N W
Axin
PIASy 51022
| || I S— Lef1
-3 AR

B SAP B RING ¥ SUMO interaction motif

Figure 7. Human PIAS family members. PIAS contain an N-terminal SAP domain, a SP-RING believed to
be the Ubc9 interaction site, and a SUMO binding motif. Arrowheads indicate mapped substrate interaction
domains [PIASI: Statl (Liao et al., 2000), AR (Tan et al., 2000), p53 (Kahyo et al., 2001), and FAK



Introduction 16

(Kadare et al., 2003); PIAS3: IRF1 (Nakagawa et al., 2002), TIF2 (Jimenez-Lara et al., 2002), Kv1,2
(Kuryshev et al., 2000), p53 (Wible et al., 2002), Gfi -1 (Rodel et al., 2000), and HMG-C (Zentner et al.,
2001); PIAS xa: AR (Moilanen et al., 1999) and DJ-1 (Takahashi et al., 2001), PIASxf: Axin (Rui et al.,
2002); and PIASy: LEF-1 (Sachdev et al., 2001) and AR (Gross et al., 2001)]. Modified from Pichler and
Melchior 2004.

PIAS1 and PIAS3 are found in all cell types, whereas PIASx and PIASy appear to be
expressed primarily in testis (Chung et al., 1997; Gross et al., 2001). PIASxa, PIASx}3,
PIASy, PIAS1, and PIAS3 all enrich in intranuclear dots, which are, at least in part, PML
nuclear bodies (Sachdev et al., 2001; Kotaja et al., 2002; Miyauchi et al., 2002). In
addition, they localise to the nucleoplasm and at low levels in the cytoplasm.

Sumoylation of many substrates can be stimulated by several different PIAS proteins,
upon overexpression both in cells and in vitro. More recently, mammalian PIAS proteins
have been shown to induce sumoylation of the androgen receptor (Nishida et al., 2002),
STATI1 (Ungureanu et al., 2003), MDM2 (Miyauchi et al., 2002), Smad4 (Lee et al.,
2003), p53 and c-Jun (Schmidt and Muller, 2002), thereby mostly suppressing the

transactivating properties of these transcription factors.

RanBP2

A second type of SUMO E3 is the nucleoporin RanBP2/Nup358 (Pichler et al., 2002).
RanBP2, a 358 kDa protein, is a core component of the cytoplasmic filaments of nuclear
pore complexes (Wu et al., 1995; Yokoyama et al., 1995), where it interacts with
sumoylated RanGAP. RanBP2 was itself one of the first SUMO targets to be identified
(Saitoh et al., 1998). RanBP2 contains multiple domains including an N-terminal leucine
rich domain, four binding domains for the small GTPase Ran, a zinc finger domain, two
50 amino acid internal repeats (IR1 and IR2), a cyclophilin like domain, and multiple FG
repeats. Detailed characterisation revealed that the SUMO E3 activity resides in a ~30-
kDa domain including the internal repeat (IR) domain (Figure 8). This domain shares no
obvious primary or tertiary structural homology with any other known E3 ligase (Pichler

et al., 2004; Tatham et al., 2005; Reverter et al., 2005).
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|I hinding domains for transport complexes

Figure 8. Architecture of RanBP2. Domain structure of RanBP2. Domains implicated in binding to
components of the Ran pathway or SUMOI1 conjugation machinery are indicated. For more details, see
Yokoyama et al. (1995), Saitoh et al. (1998), Matunis et al. (1998), Yaseen et al., 1999 and Pichler and
Melchior 2004).

In addition to having the capacity to act as an E3 in the sumoylation of several proteins,
the IR domain forms a stable trimeric complex with SUMO-RanGAP1 and Ubc9, and
thus it is responsible for the localisation of SUMO-RanGAP1 to the nuclear pore (Saitoh
et al.,, 1997; Matunis et al., 1998). This domain in the presence of E1, E2, SUMO and
ATP was sufficient to mediate in vitro sumoylation of Sp100 and HDAC4 (Pichler et al.,
2002 and Kirsh et al., 2002), but in vivo targets are still unknown.

Pc2

A third reported E3 for SUMO is the polycomb group (PcG) protein Pc2 (Kagey et al.,
2003). PcG proteins form large multimeric complexes, which are microscopically
detectable as discrete foci, so-called PcG bodies within cell nuclei (Figure 9b). Pc2
contains an N-terminal chromatin organization modifier (chromo) domain and a C-
terminal “C-box”, but are otherwise unrelated. Whereas the chromodomain is responsible
for chromatin binding, the C-box is required for gene repression (Figure 9a). The human

PcG protein PC2 recruits the transcriptional co-repressor CtBP as well as Ubc9 to PcG
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bodies, and stimulates CtBP sumoylation in vivo and in vitro (Kagey et al., 2003). Similar

to PIAS and RanBP2, PC2 itself is modified by sumoylation (Kagey et al., 2003).

a) b)
Pc2
-
Ring
-
_c M 58802
e Cobox
- Chromo domain

Figure 9. a) Schematic domain of Pc2. Pc2 contains an N-terminal chromodomain and a C-terminal “C-
box”. Interaction sites for CtBP, RING1 and SUV39HI are indicated (Pichler and Melchior 2004). b)
[lustration of polycomb bodies inside the nucleus in COS-1 cells. Immunofluorecsence picture taken from
Kagey et al., 2003.

2.2.5 SUMO processing and deconjugation

SUMO cleaving enzymes play important roles at two critical steps in the SUMO cycle
(Figure 4). They remove SUMO from proteins, making the modification reversible, and
they also provide a source of free SUMO to be used for conjugation to other proteins.
Free SUMO is generated both from newly synthesized SUMO, which must be cleaved to
remove a short C-terminal peptide, and from desumoylation of existing conjugates. Two
“ubiquitin-like modifier proteases”, Ulpl and Ulp2, were found in S. cerevisiae (Figure
3). SUMO-cleaving enzymes contain a ~200 amino acid domain located at the C-
terminus (the Ulp domain) that contains the SUMO cleaving activity (Mossesova et al.,
2000). The Ulp domain does not share sequence similarity with the enzymes that cleave
Ub. Instead, it is related to a number of viral proteases (Li et al., 1999). The different
SUMO-cleaving enzymes have varying N-terminal domains, which are apparently

regulatory and target the enzymes to different parts of the cell (Panse et al., 2003; Hang et
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al., 2002). Ulpl localises to the nuclear pore complex and is required to cleave both the
SUMO precursor and SUMO conjugates from other proteins; whereas Ulp2 localises to
the nucleus and does not cleave the precursor. Additionaly Ulp2 appears to desumoylate a
distinct set of conjugates (Li et al., 1999; Schwienhorst et al., 2000; Li et al., 2000).

To date seven Ulpl-related proteins with similar sequences have been identified in
human cells, namely SENP1, 2, 3, 5, 6, 7 and 8 (Yeh et al., 2000). Of these, SENPI,
SENP2 (also designed Axam, SuPr-1, SSP3, and SMT3IP2), and SENP6 have been
shown to have SUMO processing or deconjugating activity in vitro (Gong et al., 2000;
Hang et al, 2002; Kim et al., 2000). However, SENPS has recently been shown to encode
a de-neddylating activity and not a de-sumoylating activity (Gan-Erdene et al., 2003;
Mendoza et al., 2003). SENP1 is nuclear and SENP3 is a nucleolar localised protein. In
contrast SENP2 generated by differential splicing is found in cytoplasm, nuclear pore,

and nuclear body.

2.3 Function of SUMO modifications

Many of the known targets of sumoylation are nuclear proteins with important roles in
regulating transcription, chromatin structure, and DNA repair. Furthermore, the nuclear
targets of many signaling pathways (such as TGF[, wnt, and cytokine signaling) are
posttranslationally modified by SUMO. Examples of proteins known to be modified by
SUMO are shown in Figure 10.



Introduction 20

Nuglear pore

oplasmic

Transcription

Figure 10. SUMO substrates grouped by function. Many SUMO modified proteins function in regulation of
transcription, chromatin structure, maintenance of the genome, and signal transduction. (Modified from
Seeler and Dejean 2003).

2.3.1 Molecular consequences of sumoylation

The effects of SUMO modification are diverse and appear to be substrate dependent.
Molecular consequences of sumoylation include: a) inhibition of protein-protein
interaction, b) promotion of protein-protein interaction and c) alteration of protein-DNA
interaction. Phenotypically, this can result in changes of intracellular location, stability or

activity. Examples are described below.

Inhibition of protein-protein interaction

Masking of a binding site upon sumoylation was shown recently for the association
between CtBP (C-terminal binding protein of adenovirus E1A) and the PZD domain of
nNOS protein. CtBP is a corepressor that is often associated with transcription repressors

via a PxDLS motif (Boyd et al., 1993; Schaeper et al., 1995). It is usually nuclear, but
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interaction with nNOS traps it in the cytoplasm (Lin X et al., 2003). Consistent with this,
mutation of the SUMO acceptor site in CtBP resulted in its relocalisation from the
nucleus to the cytoplasm. On a molecular level, SUMO attachment interferes with CtBP-

nNOS interaction.

Promotion of protein-protein interaction

RanGAP1 was the first protein shown to be covalently modified by SUMO-1 (Matunis at
al., 1996; Mahajan et al., 1997). Unmodified RanGAP1 is cytoplasmic, whereas SUMO-1
modification of RanGAP1 directs it to the nuclear pore complex (NPC). This is due to
direct binding of sumoylated RanGAP1 to the nucleoporin RanBP2 (Mahajan et al.,
1998; Matunis et al., 1998; Joseph et al., 2002). Recent studies revealed that this is not
due to a conformation change, but rather sumoylation has been hypothesized to expose or
create a new binding site on the C-terminal domain of RanGAP1 for RanBP2 (Matunis et

al., 1998; Macauley et al., 2004).

Alteration of protein-DNA interaction

An interesting SUMO target is the thymine DNA glycosylase (TDG), a base excision
repair enzyme that removes thymine or uracil from T-G or U-G mismatched base pairs
(Hardeland et al., 2002; Baba D et al.,, 2005). Molecular mechanism of SUMO
modification mediated modulation of enzymatic properties of TDG following that the
enzyme became incapable of acting as a thymine-DNA glycosylase on a G-T substrate
instead it showed enhanced uracil processing on a G-U substrate. A conformational
change involving the N-terminal domain of TDG allows for non specific interactions with
DNA that facilitate processing of substrates at the expense of enzymatic turnover.
Sumoylation then reverses this structural change in the product bound TDG (Steinacher

et al., 2005).
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2.3.2 Pathways in which SUMO was found

Sumoylation contributes to a large number of cellular pathways, but is especially
prominent in DNA repair, transcriptional regulation, signal transduction, and

nucleocytoplasmic transport and many others. Some well-known examples will be

described briefly.

DNA damage repair

PCNA (proliferating cell nuclear antigen) is exquisitely modulated by covalent post-
translational modifications involving ubiquitin and the ubiquitin-related protein SUMO.
After DNA damage activities of RAD6 and RAD18 result in the monoubiquitination of
PCNA on K164, whereas activities of MMS2, UBC13, and RADS result in the formation
of K63-linked polyubiquitin chains on K164 of PCNA. Ubiquitylation of PCNA appears
not to target it for degradation but to activate it for participation in DNA repair processes
mediated by the translation polymerase n and C (Stelter et al., 2003). Interestingly, K164
also serves as the acceptor lysine for SUMO attachment (Hoege et al., 2002). As would
be expected if SUMO is blocking ubiquitylation, genetic evidence indicates that SUMO
conjugation inhibits damage-induced DNA repair and mutagenesis (Hoege et al., 2002;
Stelter et al., 2003).

SUMO as an ubiquitin antagonist

An antagonistic role for SUMO in ubiquitinylation has first been reported in a study on
IkBa (Desterro et al., 1998). In unstimulated cells the NFkB transcription factors are
maintained in an inactive state by IxB inhibitor proteins. In response to activation signals
such as TNFa or PMA, IkBa undergoes polyubiquitination at lysines 21 and 22 and is
targeted for proteasome-mediated degradation, thereby releasing NFkB family members.
However, IkBa is also modified by SUMO-1 on lysine 21, thus blocking ubiquitination
and stabilizing the protein (Desterro et al., 1998).

An analogous system includes the inhibition of ubiquitin-dependent degradation of
CREB (cAMP response element binding protein) by sumoylation after hypoxia
(Comerford et al., 2003). Hypoxia results in a rapid phosphorylation-dependent
degradation of CREB. This in turn triggers the induction of proinflammatory genes such

as TNFa, leading to the activation of NF-xB. However, prolonged treatment with
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hypoxia conditions increases the amounts of sumoylated CREB and IkBa. Additionally,
overexpression of SUMO-1 stabilizes CREB in hypoxia. The same study demonstrated
that SUMO-1 is transcriptionally induced in hypoxia. Based on these data, Comerford et
al. proposed that SUMO-1 modification may represent a general anti-inflammatory signal
that provides an “off switch” to the inflammatory response by stabilizing certain
regulators and by nuclear targeting of others.

SUMO in transcription

SUMO modification of transcription factors can lead to transcriptional activation but is
more often associated with transcriptional repression (Gill et al., 2004). An example of a
mechanism by which an activator is turned into a repressor was observed for Elk-1. This
transcriptional activator acts together with SRF (Serum Response Factor) in response to
mitogenic stimulation. SUMO-modified Elk-1, however, recruits histone acetylase
HDAC?2 to promoters, which results in transcriptional repression (Yang et al., 2004). In
contrast, removal of SUMO by mutation of the transcription factor Sp3 acceptor lysines
or cotransfection with a SUMO protease dramatically increased transcriptional activity of
Sp3 (Ross et al., 2002; Sapetschnig et al., 2002). This suggests that SUMO modification
may contribute to the complex activity of Sp3, which has long been known to function as
both an activator and a repressor of transcription dependent on context.

Another interesting example are diverse transcription factors with “synergy control
motifs,” which were originally identified in the glucocorticoid receptor (GR) as peptide
motifs that reduce GR-dependent transcription from promoters containing multiple GR
binding elements (Ifiiguez-Lluhi et al., 2000). The critical feature of synergy control
motifs is a ®KXE sequence, and these sites are sumoylated, suggesting that SUMO
attachment reduces the positive synergistic effect of having multiple transcription factors

bound to the same promoter (Ifiiguez-Lluhi et al., 2000; Tian et al., 2002).

The work described in this thesis identified and characterised a novel SUMO substrate,
called ELKS. ELKS has been linked to vesicle transport at the level of the Golgi complex
(Monier et al., 2002). I could demonstrate that ELKS was modified with SUMO in vivo
and in vitro, and suggest for the first time that this modification could be involved in

vesicletransport.
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3 MATERIALS AND METHODS

3.1 MATERIALS

3.1.1 Chemicals and materials

Materials for filtration and dialysis

Centricon 5K, 10K, 30K, 50K

MF-milipore membrane filter

UH 100/10 and 30 Ultrahiilsen
Whatman 3 MM, Filter paper
Centrifugation Filter 5K, 10K, 30K

Chromatography matrics
CNBr-Sepharose 4B

Glutathion Sepharose 4B
Ni-Nitrilotriaceticro Acid (NTA)-Agarose
Sepharose-Q (FF)

Superdex 75 HR 10/30

Superdex 200 HR 10/30

Superdex 200 pg HiLoad

Protein and DNA markers
BenchMark™ Protein Ladder

Protein Ladder, 10-200 kDa
Prestained Protein Ladder, 10-180 kDa
Gene Ruler 100bp Ladder Plus

Gene Ruler 1kb Ladder Plus

Milipore, Eschborn
Sigma-Aldrich, Taufkirchen
Schleicher& Schuell, Dassel
Maidstone, England
Sigma-Aldrich, Taufkirchen

Sigma-Aldrich, Taufkirchen

Amersham Pharmacia Biotech, Freiburg
Qiagen, Hiden

Sigma-Aldrich, Taufkirchen

Amersham Pharmacia Biotech, Freiburg
Amersham Pharmacia Biotech, Freiburg

Amersham Pharmacia Biotech, Freiburg

Life Technologies, Karlsruhe
MBI Fermantas, St. Leon Rot
MBI Fermantas, St. Leon Rot
MBI Fermantas, St. Leon Rot
MBI Fermantas, St. Leon Rot
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Transfer membrane

Hybond-N+

Nylon Transfer Membrane (0,45 pm)
PROTRAN
NC Transfer Membrane (0,45 pm)

Imaging film

3.1.2 Reagents and reactions Kits

Big Dye Terminator

Cycle Sequencing RR-Mix
Desoxynucleotide Set

Freund’s Adjuvant (incomplete)
HiSpeed ™Plasmid Midi Kit

Micro BCA Protein Assay Reagent Kit
Mounting Medium

Polyfect Transfection Reaget

Protoscript First Strand cDNA Synthesis Kit

QIAGEN Plasmid Kit (Midi, Maxi)
QIAGEN Gel Extraction Kit
Rotiphorese Gel 30

Super Signal West Femto Maximum Sensitivity Substrate

Super Signal West Pico Maximum Sensitivity Substrate

TiterMax Gold, Adjuvant
Trizol® Reagent

Amersham Pharmacia Biotech, Freiburg

Schleicher& Schuell, Dassel

Amersham Pharmacia Biotech, Freiburg

TM: Kodak, Biomax, USA

Applied Biosystems, Foster City, USA
Sigma-Aldrich, Taufkirchen
Sigma-Aldrich, Taufkirchen

Qiagen, Hilden
Pierce, Rockford, USA
Molecular Probes, Eugene, USA

Qiagen, Hilden
New England Biolabs

Qiagen, Hilden

Qiagen,Hilden
Roth, Kalsruhe

Pierce, Rockford,USA
Pierce, Rockford,USA

Sigma-Aldrich, Taufkirchen

Life Technologies
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3.1.3 Buffers and solutions

ATP: 100 mM ATP, 100 mM Mg(0Ac),, 20 mM HEPES, pH 7.4

BufferA: 5 mM HEPES-KOH (pH 7.3); 10mM KOAc, 2 mM Mg [OAc],, ] mM DTT

Buffer 1: 6 M Guanidinium/HCI, 0.1 M Na,HPO4/NaHPOy,, (pH 6.3) or (pH 8.0)

Blocking Buffer (IF): 2% (w/v) BSA in PBS

Blocking Buffer (WB): 5% (w/v) milk powder in PBS, 0.2%Tween

Coomassie staining: 50% (v/v) Methanol, 10% (v/v) acidic acid, 0.1% (w/v) SERVA
Blue R (SERVA)

Coomassie destainer: 50% (v/v) Methanol, 10% (v/v) acidic acid

Carbonate Buffer: 0.2 M Na,HPO, (pH 8.9)

DNA Loading Buffer 6x: 10 mM Tris/HCI (pH 8.0), 50 mM EDTA, 1% (w/v) SDS,
30% (w/v) Glycerine, 0.1% (w/v) Bromophenolblue

Elution buffer: 50 mM Na-Phosphate pH 8.0, 300 mM NaCl, 300 mM Imidazol, I mM
B-Mercaptoethanol, 1 png/ml each of AP, L/P

Glutathione Elution Buffer: 50 mM Tris/HCI, 20 mM Glutathione, 150 mM NaCl, pH
8.0

Hypothonic Buffer: 10 mM Tris/HCI (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM
EGTA, 2 mM DTT

IP Buffer: 0.1% Triton X-100, 50 mM Tris/HCI (pH 7.4), 300 mM NaCl, 5 mM EDTA
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Lysis Buffer: 50 mM Na-Phosphate pH 8.0, 300 mM NaCl, 10 mM Imidazol

P1: 50 mM Tris/HCL, 10 mM EDTA, 100 ng/ml RNase A, pH 8.0

P2: 200 mM NaOH, 1% (w/v) SDS

P3: 3 M K-Acetat, pH 5.5

PFA: 2% (w/v) Paraformaldehyde in PBS, pH 7.4

PBS: 140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM KH,PO,, titrate with
NaOH pH 7.5

PBS-T: 0.2% (w/v) Tween 20 in PBS

Ponceau S: 0.5% (w/v) Ponceau S, 1% (v/v) acedic acid

Q buffer 1: 50 mM Tris pH 7.5, 50 mM NaCl, | mM DTT, 1 pg/ml each of AP, L/P

Q buffer 2: 50 mM Tris pH 7.5, 1 M NaCl, I mM DTT, 1 pg/ml each of AP, L/P

RIPA Buffer: 50 mM Tris/HCI, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Nonidet P-40,
0.25% (w/v), Sodiumdeoxycholate, 0.1% (w/v) SDS, pH 7.5

SDS Electrophoresis Buffer: 25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS
SDS Sample Buffer 10x: 209 mM Tris/HCI (pH 6.8), 41% (w/v) Glycerine, 7.7% (w/v)
SDS, 0.2% (w/v) Bromophenolblue, 17% (v/v) B-Mercaptoethanol

SDS Sample Buffer 2x: 100 mM Tris/HCI1 (pH 6.8), 20% (w/v) Glycerine, 4% (w/v)
SDS, 0.2% (w/v) Bromophenolblue, 200 mM DTT

SDS Sample Buffer 1x: 50 mM Tris/HCI (pH 6.8), 10% (w/v) Glycerine, 2% (w/v) SDS,
0.1% (w/v) Bromophenolblue, 100 mM DTT
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S200 buffer: 50 mM Tris pH 7.5, 50 mM NaCl, 1 mM DTT, 1 pg/ml each of AP, L/P

TAE, 50x: 2 M Tris, 57.1% (v/v) acidic acid, 0.05 M EDTA, titrate with HCIl pH 7.7

Transfer Buffer: 47.9 mM Tris, 38.6 mM Glycine, 0.037% (w/v) SDS, 20% (v/v)
Methanol

Transport Buffer: 200 mM HEPES (pH 7.3), 1.1 M KOAc, 20 mM Mg(OAc),, 10 mM
EGTA, titrate with KOH pH 7.3

Triton X-100 Solution: 0.2% (w/v) Triton X-100 in PBS

Wash Buffer: 10 mM HEPES-KOH (pH 7.3), 110 mM KOAc, 2 mM Mg[OAc],

Wash buffer: 50 mM Na-Phosphate pH 8.0, 300 mM NacCl, 20 mM Imidazol, 1 mM B-
Mercaptoethanol, 1 pg/ml each of AP, L/P

3.1.4 Cell culture

Components
Dulbecco’s Modified Eagle’s Medium (DMEM)

with 4,5 g/l Glucose Life Technologies, Karlsruhe
DMEM plus 4500 mg/ml Glucose Life Technologies, Karlsruhe
Fetal Calve Serum (FCS) Sigma-Aldrich, Taufkirchen
L-Glutamin, 100x Life Technologies, Karlsruhe
Joklik’s Medium Life Technologies, Karlsruhe
Natrium pyruvate, 100x Life Technologies, Karlsruhe
New Born Calve Serum Sigma-Aldrich, Taufkirchen
Penicillin/Streptomycin, 100% Life Technologies, Karlsruhe
Trypsin/EDTA, 10x Life Technologies, Karlsruhe
3.1.4.2 Cell culture medium

HeLa Suspension Cells Joklik’s Medium plus 2 g/l NaHCO;3,

2.38 g/l HEPES, pH 7.1, 5% (v/v) NCS,
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100 U/ml Penicillin, 100pg/ml Streptomycin

ImM Natriumpyruvate

Adherent cells: DMEM plus 4.5 g/1 Glukose, 10% (v/v) FCS
HeLa, Hs68, 293T 100 U/ml Penicillin, 100pg/ml Streptomycin

ImM Natriumpyruvate

Bacteria expression medium

LB-medium 1%(w/v) Bactotrypton, 0,5% (w/v) Yeast extract, 1% (w/v) NaCl

Selection medium contain 50 pg/ml ampicilin or 30 pg/ml kanamycin

3.1.5 Antibodies

Primary antibodies

Antibody Abreviation Species Source
anti-Aosl aAosl goat AG Melchior
MPI for Biochemistry, Martinsried
anti-clathrin oclathrin mouse BD Transduction
Laboratories
anti-EEA1 oEEAL mouse BD Transduction
Laboratories
anti-ELKS (N-terminal) oELKS rabbit AG Melchior
MPI for Biochemistry, Martinsried
anti-ELKS (C-terminal) oELKS rabbit AG Melchior
MPI for Biochemistry, Martinsried
anti-GFP aGFP rabbit Santa Cruz Biotechnology,
Heidelberg
Anti-GM130 aGM130 mouse BD Transduction
Laboratories
anti-GST aGST rabbit AG Hengst
MPI for Biochemistry, Martinsried
anti-LAMPI1 aLAMPI rat The Developmental Studies Hybrydoma
Bank
(1D4B) The University of lowa, USA
anti-HA (clone 16B12) oaHA mouse BAbCo
Richmond, USA
anti-His oHis rabbit Santa Cruz Biotechnology,

Heidelberg
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anti-myc aMyc mouse Alexis Biochemiclas
anti-Rab6 aRab6 rabbit Santa Cruz Biotechnology,

Heidelberg
anti-RanGAP1 aRanGAPI goat AG Melchior

MPI for Biochemistry, Martinsried
anti-SUMO-1 aSUMO1 goat AG Melchior

MPI for Biochemistry, Martinsried
anti-SUMO-2/3 aSUMO2 goat AG Melchior

MPI for Biochemistry, Martinsried
anti-Uba2 aUba2 goat AG Melchior

MPI for Biochemistry, Martinsried
anti-Ubc9 aUbc9 goat AG Melchior

MPI for Biochemistry, Martinsried

Secondary antibodies

Antibody

conjugated with

Species

Source

anti-goat IgG, (H+L) Peroxidase Donkey Jackson Immuno Research Laboratories,
West Grove, USA

anti-mouse IgG, (H+L) Peroxidase Goat Jackson Immuno Research Laboratories,
West Grove, USA

anti-rabbit IgG, (H+L) Peroxidase Goat Jackson Immuno Research Laboratories,
West Grove, USA

anti-mouse IgG, (H+L) Cyt™3 Donkey Jackson Immuno Research Laboratories,
West Grove, USA

anti-rabbit IgG, (H+L) Cyt'™2 Donkey Jackson Immuno Research Laboratories,
West Grove, USA

anti-mouse IgG, (H+L) FITC Goat Jackson Immuno Research Laboratories,
West Grove, USA

anti-rabbit IgG, (H+L) FITC Goat Jackson Immuno Research Laboratories,
West Grove, USA

anti-goat IgG, (H+L) Alexa Fluor Donkey Molecular Probes
Oregon, USA

anti-mouse IgG, (H+L) Alexa Fluor Goat Molecular Probes

Oregon, USA
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3.1.6 Recombinant proteins

CFP-mRanGAP1tail (AS 400-
589)  pET-11d

AG Melchior, MPI for Biochemistry, Martinsried

GST-hRanBP2 IR1+M (AS 2633-

2711)  pGEX-2T

AG Melchior, MPI for Biochemistry, Martinsried

GST-hRanBP2AFG (AS 2553-
2838)  pGEX-3x

AG Melchior, MPI for Biochemistry, Martinsried

GST-mELKS (AS 1-3365)
pGEX-4T-1

AG Melchior, MPI for Biochemistry, Martinsried

His-hAos1 (AS 1-380)
pET-28a

PCR amplification from EST clone DKFZp434J0913
AG Melchior, MPI for Biochemistry, Martinsried

hSUMO1AC4 (AS 1-97)
pET-11a

AG Melchior, MPI for Biochemistry, Martinsried

hUba2 (AS 1-660)

PCR amplification from EST clone DKFZp434D0717

pET-28a AG Melchior, MPI for Biochemistry, Martinsried
hUba2 (AS 1-660) PCR amplification from EST clone DKFZp434D0717
pET-11d AG Melchior, MPI for Biochemistry, Martinsried
mUbc9 (AS 1-158) PCR amplification from EST clonIMAGp998A061122
pET-23a AG Melchior, MPI for Biochemistry, Martinsried

mRanGAP1 (AS 1-589)
pET-11d

AG Melchior, MPI for Biochemistry, Martinsried

YFP- hSUMO1AC4 (AS 1-97)
pET-11d

AG Melchior, MPI for Biochemistry, Martinsried

His-mELKS (AS 1-3365)
pET-28a

AG Melchior, MPI for Biochemistry, Martinsried

3.1.7 Plasmids

Eucaryotic expression vectors

HA

His Cruz

Myc

pGEX-4T-1

Procaryotic expression vectors
pET-11d

pET-23a
pET-28a

Invitrogen, Groningen, Niederlande

Amersham Pharmacia Biotech, Freiburg

Calbiochem-Novabiochem GmbH, Bad Soden
Calbiochem-Novabiochem GmbH, Bad Soden
Calbiochem-Novabiochem GmbH, Bad Soden




Materials and Methods

32

3.1.8 Important oligonucleotides

Cloning of Aosl into pCruzA

Aosl Kpnl 5’-GGGGTACCATGGTGGAGAAGGA-3’
Aosl Xbal 5’-ATTGTTAACTCAGTTTTCCTTGCCTG-3’

Cloning of ELKS into pCruzA
ELKS Notl 5’~-AAAGCGGCCGCTACCATGTATGGAAGT-3’
ELKS Bglll 5’-AAAAGATCTTCAGGAGGACTCTTCCAG-3’

Cloning of ELKS into pGEX-4-T-1
ELKS EcoRI 5’-GGAATTCATGTATGGAAGTGCTCG-3’
ELKS Notl 5’-AAGCGGCCGCTCAGGAGGACT-3’

Cloning of ELKS into pASK-IBA
ELKSIBA43 Sall 5’-GCCCGCGGTATGTATGGAAGTGCGC-3’
ELKSIBA43 Sacll 5’-CTGCAGGTCGACGGAGGACTCTTC-3’

ELKSIBA45 Sall 5’-ATTCCGCGGTAATGTATGGAAGTGC-3’
ELKSIBAA45 Sacll 5’-ATAGGTCGACCTGGAGGACTCTTX-3’

Cloning of ELKS into pET28a
ELKSforward 5’-AAAGAATTCACCATGTATGGAAGTGCT-3’
ELKSreverse 5’-AAAGCGGCCGCTTCAGGAGGACTCTTC-3’

Cloning of ELKS Fragment 1 into pGEX-4-T-1
ELKS1 EcoRI 5’-AAAGAATTCACCTATGGAAGTGCTCGATCA-3’
ELKS1 Notl 5’-AAAGCGGCCGCTCACTCAATCCTCAGCTCCAT-3’

Cloning of ELKS Fragment 2 into pGEX-4-T-1
ELKS2 EcoRI 5’-AAAGAATTCACCATGACTCAGAAGCAGACCCTA-3’
ELKS2 Notl 5’-AAAGCGGCCGCTCATCGCTCTTTCAAGCTGCT-3’

Cloning of ELKS Fragment 3 into pGEX-4-T-1
ELKS3 EcoRI 5’-AAAGAATTCACCATGGTCAAGTCTCTGCAGGCG-3’
ELKS3 Notl 5’-AAAGCGGCCGCTCACTCTTCCACCTGTTTCTC-3’

Cloning of ELKS Fragment 4 into pGEX-4-T-1
ELKS4 EcoRI 5’-AAAGAATTCACCATGCTGTTGATGGCTATGGAG-3’
ELKS4 Notl 5’-AAAGCGGCCGCTCAGGAGGACTCTTCCAG-3’

Cloning of ELKS Fragment 1,1P into pGEX-4-T-1
ELKSIP EcoRI 5’-AAAGAATTCACCTATGGAAGTGCTCGATCA-3’

ELKSI1P Notl 5’-AAAGCGGCCGCTCAGCTCCAGAAGGTCTTGAT-3’
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Cloning of ELKS Fragment 1,2P into pGEX-4-T-1
ELKS2P EcoRI 5’-AAAGAATTCACCTATGGAAGTGCTCGATCA-3’

ELKS2P Notl 5’-AAAGCGGCCGCTCACTCCCCAGTCCTACTGCT-3’

Cloning of ELKS Fragment 1,3P into pGEX-4-T-1
ELKS3P EcoRI 5’-AAAGAATTCACCTATGGAAGTGCTCGATCA-3’

ELKS3P Notl 5’-AAAGCGGCCGCTCAGGCATTTTCAAATCTCCG-3’

Cloning of ELKS Fragment 1 into pCruzA
ELKS1 Notl 5’-AAAGCGGCCGCTACCATGTATGGAAGTGCTCGATCA-3’
ELKSI1 Bglll 5’-AAAAGATCTACTCTCAATCCTCAGCTCCAT-3’

Cloning of ELKS Fragment 2 into pCruzA
ELKS2 Notl 5~ AAAGCGGCCGCTACCATGACTCAGAAGCAGACCCTA-3’
ELKS2 Bglll 5’-AAAAGATCTACTTCGCTCTTTCAAGCTGCT-3"

Cloning of ELKS Fragment 3 into pCruzA
ELKS3 Notl 5’-AAAGCGGCCGCTACCATGGTCAAGTCTCTGCAGGCG-3’
ELKS3 Bglll 5’-AAAAGATCTACTCTCTTCCACCTGTTTCTC-3’

Cloning of ELKS Fragment 4 into pCruzA

ELKS4 Notl 5’-AAAGCGGCCGCTACCATGCTGTTGATGGCTATG-3’
ELKS4 Bglll 5’-AAAAGATCTACTTCAGGAGGACTCTTCCAG-3’

3.1.9 Bacterial strains

BL21(DE3) Stamm Epicurian coli B; F* dem ompT hsdS(rg'mg)

gal A\DE3, Stratagene
DH5a F¢80lacZAM1S5 A(lacZY A-argF)U169 deoR recAl endAl
hsdR17 (rgmg ") supE44 Athi-1 gyrA96 relAl
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3.2 MOLECULAR BIOLOGY METHODS

3.2.1 Plasmid DNA purification (miniprep)

Single colonies were picked into 3 ml LB medium containing the appropriate selective
antibiotic. Cultures were incubated over night at 37°C with vigorous shaking. 1.4 ml of
the culture was transfered into 1.5 ml microcentrifuge tubes. The cells were
microcentrifuged (14,000%g) for 30 seconds. The supernatant was discarded; the pellet
was resuspend in 300 pl of ice cold buffer P1. Then 300 pl of freshly buffer P2 was
added, mixed by gentle invertion and incubated for 5 min at RT. Then 300 pl of buffer P3
was added and mixed. Samples were centrifuged at 14,000xg for 30 min, and
supernatants were transferred to new microcentrifuge tubes. 0,7 volumes of isopropanol
was added, mixed and centrifuged at 12,000xg for 15 min. Supernatant was carefully
discarded and pellets were washed with 70% EtOH and centrifuged at 10,000xg for 5
min. EtOH was removed and pellets were air-dried. DNA was redissolved in a suitable

volume of sterile water.

3.2.2 Plasmid DNA (midi-, maxiprep)
Plasmid DNA was prepared using the QTAGEN® plasmid midi-, maxi-prep kit according

to the procedure described by the manufactured.

3.2.3 Preparation of chemically competent cells

50 ul of competent DH5a cells were incubated in Sml LB medium with 0.02 MgSO4 and
0.01 M KClI and cultured at 37°C overnight. The next day, the 1 ml overnight culture was
diluted in 150 ml pre-warmed LB with 0.02 M MgS0./0.01 M KCl and grown for around
1.75 h at 37°C until ODg density of 0.3 to 0.4. The culture was kept on ice for 10 min
and centrifuged for 10 min at 600 rpm at 4°C. The pellet was resuspended in 37.5 ml
TFBI (25 mM KAc, 50 mM MnCl,, 100 mM RbCl, 10 mM CaCly; pH 5.8) sterile
filtered; and sterile glycerol added to a final concentration of 15% and kept on ice for 10
min before centrifuging at 6000 rpm for 10 min at 4°C. The pellet was resuspended in 4
ml TFBII (10 mM MOPS pH 7.0, 75 mM CaCl,, 10 mM RbCl, 15% glycerol,
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autoclaved) and cells were aliquoted at 50 pl or 100 pl on dry-ice/isopropanol and kept at
-80°C.

3.2.4 Estimation of DNA concentration

Concentration of the DNA was estimated using spectrophotometric method by measuring
absorbtion at 260 nm. The ratio OD,4/OD,g9 was determined in order to assess the purity
of the sample. The samples were measured in a spectrophotometer DU 640, Beckman.

The values where 10D= 50 pg/pl.

3.2.5 Digestion of plasmid DNA with restriction endonucleases

Each restriction enzyme requires specific reaction conditions for optimum activity.
Enzyme buffers are specifically formulated to provide the salt concentration for optimal
enzyme activity. Therefore, the correct buffer solution was used for each particular

restriction enzyme. The following procedure was performed.

1. For each digest the following solutions in a microcentrifuge tube were combined.

Item Amount
deionized water 6 ul
10x reaction buffer 1 ul
Plasmid miniprep DNA 3ul
Total 10 pl

2. 0.5 pl of enzyme solution was added to the mixture from step 1. If digest was with two

restriction enzymes (double digest), 0.5 ul of the second enzyme was added.

3. Incubation at 37° C from 2 h to overnight.

4. Reaction was stopped by adding the 6x DNA sample buffer.
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3.2.6 DNA purification

Digested DNA fragments were separated on agarose gel and visualized by UV. The DNA
fragments were isolated from the agarose gels and purified with QIAquick or QIAEXII
Gel Extraction Kit (QIAGEN®™) according to the procedure described by the

manufacturer. Recovery of the DNA fragments was checked on agarose gel.

3.2.7 Ligation of DNA insert into vector DNA

1. In a microcentrifuge tube 5-10 ul of digested vector DNA (50-400ng) and insert
DNA were mixed.
2. Into DNA were added:

10x ligation buffer 2ul

50% PEG 4000 solution (for blunt ends only) 2pul

nuclease free water to 20ul
T4 DNA ligase 1-2u (for sticky ends)
Su (for blunt ends)

3. The tubes were vortexed and centifuged for 3-5 seconds.

4. The mixture was incubated for 1 hour at 22°C.

5. T4 DNA Ligase was inactivated by heating reaction mixture at 65°C for 10
minutes.

6. The mixture was used for transformation.

3.2.8 Transformation into DH5a

The ligations were transformed to chemically component E. coli strain DHS5a. 4 pl
ligations were added to 100 ul competent cells and incubated on ice for 45 min, heat
shocked at 42°C for 90 sec and incubated for 2 min on ice. The bacterias were then
cultured in 600 pl LB medium without antibiotics at 37°C for 1 h in a bacteria shaker and

plated onto LB plates containing proper antibiotic.
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3.2.9 Polymerase Chain Reaction (PCR)

The first five reaction components were combined in the order listed in table below in a
thin-walled 0.5ml reaction tube. Mix was gently vortexed in the tube for 10 seconds and

briefly centrifuged. Reaction was initiated by adding the template and primers.

Components Volume Final Concentration

Nuclease-Free Water xul

(to a final volume of 50pl)

10X Reaction Buffer Sul 1x
dNTP mix (10mM of each dNTP) Tl 0.2 mM each
Taq DNA polymerase (5u/pl) 0.25ul 0.025 u/pl
25mM MgCl, 3ul 1.5 mM
Downstream Primer 50 pmol 1uM
Upstream Primer 50 pmol 1uM
Template Yul

Tubes were placed in a controlled temperature heat block and preceded with the thermal

cycling profile chosen for distinct reactions.

PCR reaction products were analysed by agarose gel electrophoresis of a Syl aliquot from

3.2.10 Mutagenesis

Mutagenesis was performed using Stratagene’s QuikChange® II site-directed

mutagenesis Kkit.
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The point mutants in the SUMO consensus sites of ELKS were introduced using the His-
ELKS or HA-ELKS clone (previously verified by sequencing) as a template and with the
following primers:

10 K/R (forward):

5' GCTCGATCAGTAGGGAGGGTGGAACCAAGCAGC 3'

10 K/R (reverse):

5' GCTGCTTGGTTCCACCCTCCCTACTGATCGAGC 3'

444 K/R (forward):

5" GGTAGAGCAACTGAGGGAGGAGCTAAGTTCG 3’

444 K/R (reverse):

5" CGAACTTAGCTCCTCCCTCAGTTGCTCTACC 3°

472 K/R (forward):

5" GTCTGAGATTGGCCAGGTGAGGCAGGAACTGTCCAGAAAGG 3°

472 K/R (reverse):

5 CCTTTCTGGACAGTTCCTGCCTCACCTGGCCAATCTCAGAC 3’

889 K/R (forward):

5" GCTATGGAGAAGGTGAGGCAGGAACTGGAGTCC 3’

889 K/R (reverse):
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5" GGACTCCAGTTCCTGCCTCACCTTCTCCTCCATAGC 3’

Reaction mix

Components Concentration
Plasmid 500 ng
Primer 1 12.5 pmol
Primer 2 12.5 pmol
dNTP-mix 5 nmol
10xPfu buffer S5ul
Pfu polymerase 1 ul
H,0 sterile x pl
Cycling Parameters for the mutagenesis
Segment Cycles Temperature Time
1 1 95°C 30 seconds
2 12-18 95°C 30 seconds
60°C 1 min
68°C 2 min/kb of plasmid length
72°C 20 min

After PCR samples were digested with Dpnl restriction enzyme (10 U/ul) for 2 h at 37°C.

Then 3 pl of the Dpnl-treated DNA reaction were transferred to separate aliquots of the

DH5a competent cells.
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3.2.11 Sequencing
Sequencing was performed using “Big Dye Terminator Cycle Sequencing RR-Mix” from
Applied Biosystem. Reaction mix contained: 500 ng plasmid, 4.0 pmol sequencing

primer, 4 pl of BD-Mix and H,0 sterile filled up to 10 pl.

PCR program
Segment | Cycles Temperature Time
1 1 96°C 2 min
2 40 96°C 30 seconds
50°C 15 seconds
60°C 4 min

3.2.12 Organ extracts

Mouse organ extracts for Western blot analysis were prepared by isolating the respective
organs from anaesthetized mice, snap freezing them in liquid nitrogen and thawing by
resuspension with a plastic homogenizer on ice in cold lysis buffer: 50 mM Tris-HC1 7.5,
1% Triton X-100, 120 mM NaCl, 20 mM NaF, 1 mM sodium pyrophosphate, 1 mM

sodium vanadate, 10 pg/ml pepstatin, leupeptin, aprotinin.

3.2.13 RNA isolation

Total RNA was isolated from mouse tissues using TRIzol reagent according to the
procedure described by the manufactured with minor modifications. Briefly, tissue
samples were homogenized in TRIzol, 50-100 mg tissue/ml TRIzol. Samples were
incubated at RT for 5 min. Chloroform was added to the samples (0.2x the volume of
TRIzol used) and vortexed vigorously and centrifuged at 12,000xg at 4°C for 15 min.
The upper aqueous phase was extracted with 1 volume phenol pH 4.0/chloroform and
centrifuged at at 12,000xg at 4°C for 15 min. The RNA in the upper aqueous phase was
precipitated with 0.5 volume isopropanol and centrifuged at 12,000%g at 4°C for 15 min.
The RNA pellet was washed with 70% ethanol/DEPC-H,0 and quantified at Aeo.
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3.2.14 RT-PCR (Reverse transcription polymerase chain reaction)
5 pg RNA in 15 pl of DEPC-H,O were incubated at 65 °C for 5 min to denature

secondary RNA structures, and subsequently placed on ice for 5 min.

The following components were mixed in DEPC-treated Eppendorf tubes:

Reagent Volume
RNA 15ul

5x first strand buffer (Invitrogen) S5ul

0.1 M DTT 2ul
Oligo dT primer (50 pmol/ul) 1 ul
dNTPs (10 mM) 1 ul
Superscript I Reverse 1wl
Transcriptase (Invitrogen, 200 U/ul)

Final volume 25 ul

As a negative control, one reaction was mixed without Reverse Transcriptase. The
reaction was carried out at 42 °C for 1 h to allow cDNA synthesis. The samples were

diluted 1:2 by addition of 50 pl of DEPC-H,O and subsequently used for PCR analysis.

3.3 Cell biology methods

3.3.1 Cell lines

The following adherent cell lines were used in this study: 293, Hs68, HeLa. Cells were
maintained in standard DMEM medium supplemented with 10% fetal calf serum, 100
units/ml each of penicillin and streptomycin and 2 mM L-glutamine and were usually
grown in 10-cm or 15-cm diameter tissue culture dishes. All cells were kept at 37 °C in
humidified 5% CO; incubator. HeLa cells in suspension were grown in Joklik’s medium

at 37°C in spinner flask.
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Subculturing of the adherent cells was done by trypsinization with 0.25% trypsin, 0.2%
EDTA.

Suspension cell lines were grown in 250 ml, 1 1 or 3 1 tissue culture flasks. Subculturing

of suspension cells was done by diluting with fresh medium.

The freezing of cells was done in 90% FCS and 10% (v/v) dimethyl-sulfoxide (DMSO)
in a freezing box at -80°C. The frozen aliquots were stored in a liquid nitrogen tank or at

-80°C.

Thawing of the cells was done by submerging the frozen vial in a 37 °C water bath. The
cells were then washed with medium by centrifugation at 1200 rpm for 3 min. and

resuspended in pre-warmed medium before transferring them to culture plates or flasks.

3.3.2 Transient transfection

Cells were transfected with PolyFect according to the procedure described by QIAGEN
(“PolyFect Transfection Reagent Handbook™). Briefly, the example of protocol optimized
for transient transfection of HeLa cells in 60 mm dishes is given.

The day before transfection cells were seeded 8x10° cells per 60 mm dish in 5 ml
appropriate growth medium. On the day of the transfection 3 pg DNA was diluted with
growth medium containing no serum, proteins, or antibiotics to a total volume of 150 pl.
Then 25 pl of PolyFect transfection reagent was added to the DNA solution, vortexed for
10 sec. Samples were incubated for 10 min at RT to allow complex formation. In
between, cells were washed once with 4 ml PBS and 3 ml of fresh cell growth medium
was added. To the reaction tube containing the transfection complexes, 1 ml of medium
was added, mixed and transferred to the cells in the 60 mm dishes. Cells were incubated
with the complexes for 24-48 h after transfection to obtain maximal expression levels of

the transfected proteins.
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3.3.3 Fluorescence microscopy

For indirect immunofluorescence, adherent HeLa cells or Hs68 fibroblasts grown on
glass coverslips were fixed for 10 min. with 2% PFA in PBS, 1mM MgCl,, and
permeabilized for 5 min with 0.2% Triton X-100 in PBS, I mM MgCl,. After washing 3
times with PBS, blocking was done with 2 % BSA in PBS+1mM MgCI2 for 45 min. The
coverslips were then incubated wit 50 pl primary antibody diluted in 2% BSA,
PBS/MgCl, for 60 min at RT. Following a 3x washing with PBS, the cells were
incubated 45 min. with the secondary antibody, diluted in 2% BSA, PBS/MgCl,. After a
final wash (3% with PBS) the coverslips were mounted on a pre-cleaned microscope slide

in mounting medium.

Microscopy was done with a fluorescent microscope (Zeiss, Jena, Germany) equipped
with standard DAPI, FITC (or GFP) and Texas Red (or Cy3) filters. Images were
acquired with 40%, 63x, 100x objectives, using an Axioskop-II Fluoroscence Microscope
(Zeiss, Jena) using MicroMax CCD camera (Princeton Instruments, New Jersey, USA)

with IP Lab Software Scientific Image Processing 3.5.5 (Scanalytics, Inc.)

Confocal images were recorded using a Bio Rad Radiance 2000 confocal laser scanning
and Nikon TE300 microscope equipped with a 40, 60XI-4, Plan-APO-CHROMAT oil

immersion objective

3.3.4 Reporter luciferase assay

Cells were scraped, washed once with 1x PBS and resuspended in 100 pl 1x Reporter
Lysis Buffer (Promega, Madison, WI). The cell suspension was frozen in liquid nitrogen
and thawed at room temperature. The cell debris were spun down at 13000 rpm for 5 min.
20 pl of the protein extracts were used for measurement of the luciferase activity using
the Luciferase assay system (Promega, Madison, WI), following the manufacturer’s
instructions. The measurement was performed with the luminometer LUMAT LB 9501,

Berthold, Wildbad Germany
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3.4 Biochemistry methods

3.4.1 Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was based on the discontinuous system described by Laemmli (1970).
Diverse percentage of the separating gels (depending of the size of the proteins of
interest) were cast using a 30% acrylamide/0.8% N, N'-methylene bisacrylamide solution
(Roth). For electrophoresis, protein samples were mixed 1:1 with 2x Laemmli buffer,
heat denatured for 5 min. at 95 °C and loaded onto the gel. Proteins were separated by
applying a current of 20 mA until the front dye had reached the end of the gel. Pre-
stained or unstained marker proteins were run in parallel. Following electrophoresis,
proteins were stained with Coomassie Brilliant Blue G250, silver staining or subjected to

Western blotting (see below).

3.4.2 Coomassie staining

For Coomassie staining of polyacrylamide gels, the gels were incubated for 30 minutes
on a slowly rocking platform with Staining solution (50% Methanol, 10% Acetic acid,
0,25 % Coomassie Brilliant Blue G250). To visualize the proteins the gels were incubated
overnight in destaining solution (50% Methanol, 10% Acetic acid) until the background

was clear. For drying, the gels were soaked in dH,0 containing 20% gycerol, placed

between cellophane film and dried over-night at RT.

3.4.3 Silver staining

Gels were fixed for 3 hours in a solution containing 12% acetic acid (v/v), 50% methanol
(v/v) and 50 pl (37%) formaldehyde in MilliQ water in a volume of 100 ml. The gels
were then rinsed 3 times 5 min in 50% ethanol and soaked for 1 min in a sensitivity-
enhancing solution containing 0.2 g/l of freshly sodium thiosulfate in MilliQ water. Gels
were rinsed 3 times for 20 sec in dd H,0 and impregnated for 20 minutes with silver
solution containing 37 pl of 37% formaldehyde and 0.1 g of silver nitrate per 50 ml of
MilliQ water and washed 2 times for 20 sec in dd H,0. The gels were developed in a
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solution containing 3.0g sodium carbonate, 25 ul of 37% formaldehyde per 50 ml of
MilliQ water. Development was stopped when background began to appear. The gels
were washed 2 times for 20 sec in dd H,0 and stopped by incubation in stop solution

containing 50% MetOH and 12% acetic acid.

3.4.4 Immunoblotting
Proteins were denatured at 95°C and separated by SDS-PAGE and transferred to

nitrocellulose membrane for 2 h at 0.8 mA/cm’ using a “Semidry”-Blot device in the

presence of transfer buffer.

(+) POSITIVE ELECTRODE (ANODE)

sk ok s sk sk s ok s ke sk skeosk sk sk sk skook Plastic cassette

Three Sheets Whatman 3MM
Nitrocellulose membrane
Polyacrylamide gel

Two Sheets Whatman 3MM

sk sk sk sk ske st sk skeoske sk skeosk sk skosk sk ks Plastic cassette

(-) NEGATIVE ELECTRODE (CATHODE)

The blots were stained with 10 % Ponceau S (Sigma) in order to visualize transfer
efficiently and the protein molecular weight marker. The blots were incubated in blocking
solution (PBS containing 5 % dried milk and 0.2 % Tween-20) for 1 h at RT. Detection
of antigens on nitrocellulose was performed with affinity-purified antibody in 5% milk
powder in PBS, 0.2% Tween 20 for 1 h at RT. The blots were washed with PBS, 0.2%
Tween-20, 3 times for 10 min each and incubated with secondary antibody diluted in
blocking solution for 45 min at RT. The blots were washed with PBS, 0.2% Tween-20, 3
times for 10 min each. Detection was performed by chemiluminescence (ECL from
Pierce). Occasionally blots were stripped with stripping buffer (0.1 M Glycine, 0.5 %
SDS, pH 2.2) for 2 times 10 min with agitation. The blots were washed with PBS, 0.2%
Tween 20, for 10 min and then incubated again in blocking solution and reprobed using

other antibodies.
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3.4.5 Expression and purification of recombinant proteins

Expression and purification of recombinant SUMO E1 enzyme

The protocol described below uses co-expression of His-tagged Aosl with untagged
Uba2. Isolation was normally carried out in four days from a frozen bacterial cell pellet
and leads to approximately 0.5-1 mg of SUMO E1 enzyme per liter of bacterial culture.

For protein purification, pET28a-Aosl and pETI11d-Uba2 were simultaneously
transformed into the E. coli strain BL21(DE3), and used to directly inoculate 500 ml of
LB with 50 pg/ml ampicilin and 30 pg/ml kanamycin (due to poor growth of the bacteria,
selection for single colonies on plates was omited). After growth for 18 h at 37°C,
bacteria were harvested by centrifugation, resuspended in 2 liters of fresh LB medium,
and directly induced for protein expression with 1 mM IPTG. The cells are grown for 6 h
at 25°C, before harvesting by centrifugation at 4,000 rpm in a Beckman JS5.2 rotor. After
resuspension in 50 ml buffer A, the cells were subjected to one freeze-thaw cycle (-
80°C). Once thawed, 1 mM B-Mercaptoethanol, 0.1 mM PMSF, 1 pg/ml each of AP, L/P,
and 50 mg lysozyme (SIGMA) were added, and the bacterial suspension incubated on ice
for 1 h. Bacterial debris were removed by centrifugation at 1 h 100,000g, 4°C, in a 45Ti
rotor. His-Aosl and associated Uba2 are enriched from the supernatant by batch
incubation for 1 h at 4°C (slow rotation) with 6 ml Probond resin (Invitrogen)
equilibrated in lysis buffer including protease inhibitors and B-mercaptoethanol. After
harvesting by centrifugation, resin was transferred into a column and washed extensively
with cold wash buffer until no more protein elutes from the column (protein detection by
OD280 or by Ponceau S staining on nitrocellulose membrane). Proteins were eluted with
3 volumes elution buffer (gravity flow), and 2 ml fractions were collected. Protein
containing fractions were combined and concentrated to 2 - 5 ml using a centrifugal
device (e.g., 30K-Millipore-concentrator). After filtration of the concentrate through 0.2
pm low protein binding filter, it was applied to an FPLC S200 preparative gel filtration
column equilibrated in S200 buffer. 5 ml fractions were collected and analysed by SDS-
PAGE. His-Aosl was expressed in large excess, and smeared over many column
fractions. Only fractions that contain both His-Aos1 (migrates at 40 kD) and Uba2 (note
that it migrates at 90 kD despite a predicted size of 72 kD) were combined and applied
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for further purification on a 1ml MonoQ anion exchange column (Pharmacia FPLC, 1
ml). Elution from the MonoQ column involved a linear gradient from 50 to 500 mM
NacCl (generated from Q buffers 1 and 2). 0.5 ml fractions were collected, and analysed
by SDS-PAGE. Fractions containing approximately equimolar levels of His-Aosl and
Uba2 were combined and dialyzed against TB. The enzyme was aliquoted (5 pl aliquots),

frozen in liquid nitrogen, and stored at -80°.

Expression and purification of recombinant ELKS

His-ELKS was transformed into the E. coli strain BL21(DE3), and plate out on LB plate
plus kanamycin. The next day single colony was selected to inoculate 100 ml over night
pre-culture. After growth for 18 h at 37°C, bacteria were harvested by centrifugation,
resuspended in 21 fresh LB medium, and directly induced for protein expression with 1
mM IPTG. The cells were grown for 5 h at 25°C, before harvesting by centifugation at
4,000 rpm in a Beckman JS5.2 rotor. Pellet was resuspended in 30 ml of lysis buffer
containing 50 mM Na-Phosphate, pH 8.0, 300 mM NaCl, 10mM imidazol, protease
inhibitors and B-mercaptoethanol. Than the cells were subjected to one freeze-thaw cycle
(- 80°C). Once thawed, lysozyme was added to a final concentration 1 mg/ml, and the
bacterial suspension was incubated on ice for 1 h. Further the cells were sonicated and
bacterial debris were removed by centrifugation for 1h at 100,000xg; 4°C, in a 52.2 Ti
rotor. The supernatant was incubated for 1 h at 4°C (slow rotation) with 3 ml Probond
resin equilibrated in lysis buffer including protease inhibitors and B-mercaptoethanol.
After harvesting by centrifugation, the resin was transferred into a column and washed
extensively with cold wash buffer (50 mM Na-Phosphate, pH 8.0, 300 mM NaCl, 20mM
imidazol, protease inhibitors and B-mercaptoethanol) until no more protein elutes from
the column (protein detection by OD,gy or by Ponceau staining on nitrocellulose
membrane). Proteins were eluted with 3 volumes elution buffer (50 mM Na-Phosphate,
pH 8.0, 300 mM NaCl, 350 mM imidazol, protease inhibitors and B-mercaptoethanol,
gravity flow), and 0.5 ml fractions were collected. Protein containing fractions were
combined and concentrated to 2-5 ml using a 30K-Millipore-concentrator. After
centrifugation for 30 min at 100,000xg, the concentrate was applied to an FPLC S200

analytical gel filtration column equilibrated in buffer containing 50 mM Na-Phosphate,
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pH 8.0, 150 mM NacCl, protease inhibitors and DTT. Fractions were analyzed by SDS-
PAGE and only those containing His-ELKS were combined and dialyzed against TB.

3.4.6 Measurement of protein concentration
Protein concentration was determined using a Coomassie Brilliant Blue G-250-based

protein assay reagent (Biorad) or “Micro BCA Protein Assay Reagent” kit (Pierce).

3.4.7 In vitro SUMOQylation.

For in vitro sumoylation, 500 ng of substrate (ELKS), 1 mM ATP, 150 ng Ubc9 (28 nM),
150 ng E1 (68 nM), 500 ng SUMOI (2.2 uM) and 20 ng BP2 fragments (31 nM
BP2AFG, 109 nM IR1+M,) or = 1 pg PIASI were incubated in a total volume of 20 pl
transport buffer supplemented with protease inhibitors, | mM DTT, 0.05% (v/v) Tween
and 0.2 mg/ml ovalbumin grade VI (Sigma) at 30°C for 30 min. Reactions were stopped
by addition of an equal volume of (SDS) sample buffer.

Thioester reactions were performed in 20 mM Tris (pH 7.6), 50 mM NaCl, 10 mM
MgCl,, protease inhibitors, and 0.1 mM DTT. Reactions were terminated by 1:1 dilution
with 2% nonreducing sample buffer (50 mM Tris [pH 6.8], 2%SDS, 4 M urea, 10%
glycerol).

3.4.8 Fluorescence Resonance Energy Transfer (FRET)-based SUMO

assay

FRET is a process by which the excited state energy of a fluorescent donor molecule is
transferred emission free to an acceptor molecule. The consequence of this is a significant
reduction in donor - and a concomitant appearance of acceptor - emission. Efficient
energy transfer not only requires overlapping emission and excitation spectra, it also
requires very close proximity (less than 10 nm) of the donor and acceptor molecules.
FRET is therefore widely used as an indicator for inter- or intramolecular protein
interactions.

The principle of FRET based sumoylation assay developed in our laboratory is depicted

in Figure 1A. As a model target, we have chosen RanGAP1, as it is the most efficient
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SUMO target known to date. Fusion proteins of YFP with SUMO and CFP with the 20

kDa C-terminal domain of RanGAP1 (GAPtail) are used for conjugation. CFP and YFP

represent a well characterized donor and acceptor pair for in vivo and in vitro FRET

applications (Pollok and Heim, 1999; Tsien, 1998). Isopeptide bond formation between

these components enables FRET directly, hence secondary reagents for analysis are not

required. YFP-SUMO, CFP-GAPtail, and the required enzymes Aosl/Uba2 and Ubc9

can be expressed and purified well from bacteria (Figure 1B), and are functional in ATP

dependent isopeptide bond formation (Figure 1C). The strong FRET signal that can be

observed upon YFP-SUMO and CFP-GAPtail conjugation makes this assay a very useful

platform for kinetic analysis of the basic sumoylation machinery.
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Figurel A FRET-based sumoylation assay. A. Principle of the FRET assay. When YFP-SUMO and CFP-
GAPtail are not conjugated, excitation of CFP at 430 nm results in strong emission at 485 nm. Upon
addition to the conjugating enzymes (Aos1/Uba2, Ubc9) and ATP, YFP-SUMO is covalently conjugated to
CFP-GAPtail. This allows FRET to take place. As a consequence, emission at 485 nm is reduced and
emission at 527 nm increases. B. Purified components used in the FRET-based assay. Coomassie staining
of recombinant YFP-SUMO1, CFP-GAPtail, Aosl/Uba2 and Ubc9. C. Titration of the El activating
enzyme Aosl/Uba2. Reactions included YFP-SUMO1, CFP-GAPtail, Ubc9, and increasing concentrations
of Aosl/Uba2. The reaction was started by the addition of ATP and was monitored over 30 min. An ATP
control was included to provide a basline.

3.4.9 Generation and purification of rabbit or goat polyclonal antibodies

o ELKS antibodies were raised in rabbit; o Uba2, antibody were raised in goat. Rabbits
or goat were injected with 500ug of protein (Gst-ELKS C-term, Gst-ELKS N-term, or
His-full length Uba2) emulsified with Titermax Gold. Boosts were with 500ug emulsified
with incomplete Freund’s adjuvant. To obtain a good titer three injections were sufficient.
Once blood was received from animal facility, it was stirred with a glass rod for approx. 1
min, then was let at RT for 1 hour, stirred again and stored at 4°C over-night. The next
day, blood was stirred again, and then centrifuged for 30 min at 4000 rpm in Beckmann
J6B centrifuge. Supernatant was collected, aliquoted, and stored at — 20°C.

For testing the titer, immunoblots were carried with a fixed amount of antigen (10ng) in
each strip, and serial dilution (1:100-1:10000) of the serum. To control for nonspecific
background, the antigen was applied as a mix with total HeLa cell extract, and for each
antibody dilution two samples were loaded, one with and one without antigen in the HeLa
extract. Antibodies were affinity purified from serum by adsorption of affinity columns
containing the corresponding recombinant proteins. Briefly, the recombinant protein was
extensively dialyzed against Carbonate buffer (0.2 M, pH 8.9), with buffer change, over-
night. CNBr beads were prepared and the protein (0.5 mg protein/ml beads) was added.
Incubation was performed for 3 h at RT. To determine the coupling rate, the OD at 280
nm was checked before and after coupling. Then the beads were washed 2 times with
carbonate buffer and incubated with 100 mM Ethanolamine for 1 h at RT to block all
remaining coupling sites and then beads were washed again 3 times and equilibrated with
500 mM NaCl in PBS. Those beads were then used for affinity purification of serum. 1-2

ml of matrix was incubated with 30 ml serum and 20 ml PBS in a falcon tube at 4°C
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over-night. On the next day beads were washed two times with 50 ml PBS + 500mM
NaCl and transferred into a column. Wash was continued until no more protein in flow
through was detected. Then, elution buffer (0.2 M acetic acid, pH 2.7, 500 mM NacCl)
was carefully applied onto column. Antibodies were eluted with approximately 10
column volumes. Fractions (0.5 ml) were collected and immediately 100 pl of 1M Tris
base was added to neutralize the pH. Fractions with antibodies were combined and
concentrated to approx. 1 ml. Buffer was changed to PBS and antibodies were mixed

with 1 vol of 87 % glycerol and stored in aliquots at — 20°C.

3.4.10 Immunoprecipitation

Immunoprecipitation using HeLa cells in suspension lysed with a nondenaturating

detergent solution for Mass Spectrometry.

HeLa cells pellet, 25 ml (TZ 1008, 5E9 zellen/Réhrchen) was thawed or HelLa cell

culture in suspension from about 10 1, were resuspended in 25 ml of nondenaturating
buffer [1% (w/v) Triton X-100, 50 mM Tris-Cl, pH 7.4, 300 mM NaCl, 5 mM EDTA,
0.02% (w/v) sodium azide]. Immediately before use 10 mM iodoacetamide, | mM PMSF
and 2 ug/ml L/P were added. Suspension was incubated on ice for 30 min and centrifuged
for 10 min at 1000 rpm. The supernatant was used for the following centrifugation steps:
6000xg for 10 min, 20000xg for 10 min, 100,000xg for 1 h. Pellet was resuspended in 1
ml nondenaturating buffer. Final pellets for IP: 20000%g and 100000xg were centrifuged
at 6000xg for 15 min (wash step) before use. Extract was pre-cleared for 60 min with IgG
cross-linked at 2 mg/ml to Ultralink Immobilized Protein G/A Plus beads (Pierce
Chemical Co.). Affinity-purified antibodies (Aosl, Uba2, ELKS) or control IgGs cross-
linked at 2 mg/ml to Ultralink Immobilized Protein G Plus beads were incubated with
extracts for 120 min at 4°C. Beads were washed three times in wash buffer [0.1% (w/v)
Triton X-100, 50 mM Tris-Cl, pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% (w/v) sodium
azide] and boiled in 2xSDS-Laemmli loading buffer. Proteins were separated by SDS-
PAGE: 5-20 % gradient gel. Then gels were incubated for 2 h in Coomassie solution and

destained over-night.
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3.4.11 His-SUMO pull down

293T cells were transfected with PolyFect reagent according to the procedure described
by QIAGEN, with either HA-ELKS and His-SUMO2, or pCruz empty vector and His-
SUMO?2 (control). 42 h after tranfection cells were washed once with 1xPBS and
harvested in lysis buffer containing 8 M Guanidinium-HCI, 100 mM Na,HPO4/NaH;POy,
10 mM Tris-HCI1 (pH 8.0), 0.05% Tween 20, 10 mM B-mercaptoethanol, 20 mM
imidazole, and 20 mM NEM. Cell lysates were sonicated and Hise-SUMO-2 conjugates
were enriched on Ni*" beads for 3 h at 4°C. Beads were successively washed at room
temperature with 10 column volumes of lysis buffer, then buffer A (8§ M urea, 100 mM
Na,HPO4/NaH,PO4, 10 mM Tris-HCI1 (pH 6.3), 0.2% Triton X-100, and 10 mM B-
mercaptoethanol), then buffer A lacking Triton X-100, then buffer A plus 0.2% Triton X-
100, and finally buffer A lacking Triton X-100. Conjugates were eluted at room
temperature with 2xSDS-Laemmli loading buffer. Samples were run on 6% gel and

subjected to immunoblot with ELKS antibody.

3.4.12 Mass spectrometry

First, the gel was stained for 2-3 h in Coomassie, and then the gel background was
destained overnight to visualize the proteins. Gel digestion was followed by protocol
adapted by of Shevchenko et al. (1996). Briefly, after the gel pieces were excised and
shrunk by dehydration in acetonitrile, which was then removed; they were dried in a
vacuum centrifuge. A volume of 10 mM DTT in 100 mM NH4HCO; sufficient to cover
the gel pieces was added, and the proteins were reduced for 1 h at 56 °C. After cooling to
RT, the DTT solution was replaced with roughly the same volume of 55 mM
iodoacetamide in 100 mM NH4HCOs. After 45 min incubation at ambient temperature in
the dark with occasional vortexing, the gel pieces were washed with 50-100 pl of 100
mM NH4HCO; for 10 min, dehydrated by addition of acetonitrile, swelled by
rehydratation in 100 mM NH4HCOs, and shrunk again by addition of the same volume of
acetonitrile. The liquid phase was removed, and the gel pieces were completely dried in a
vacuum centrifuge. The gel pieces were swollen in a digestion buffer containing 50 mM

NH4HCOs3, 5 mM CaCl,, and 12.5 ng/ul of trypsin (sequencing grade) in an ice cold bath.
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After 45 min, the supernatant was removed and replaced with 5-10 pl of the same buffer,
but without trypsin, to keep the gel pieces wet during enzymatic cleavage (37°C, over-
night). Peptides were extracted by one change of 20 mM NH4HCO; and three changes of
formic acid in 50% acetonitrile (20 min for each change) at RT and dried down. Samples
were re-dissolved in 5% formic acid and then desalted by Poros microcolumns for

MALDI Mass Spectrometry analysis.
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4 RESULTS

4.1 Partl: Characterisation of an Uba2 splice variant

4.1.1 Identification of Uba2 splice variant

As described below, our lab identified serendipitously an Uba2 splice variant in which 50
amino acids are missing (Figure 11). As this suggested the existence of distinct sets of

SUMO EI enzymes, it was my aim to characterise the splice variant.

Aosl
Cys173
SUMO 18-164 263-346 Y
9-147 149-204 345406 640
SUI\IO‘ Aost 18-164 263-346 Cysl7s
Uba2 -
9-147 149204 345-406  * 640

splice variant '
4165 3467

'I"i“.LNKQPN'PRKKLLVPCALDPPNCWC ASKPEVIVRLNVHKVT VI.TLQDL ™
. 50 aa misging part I

Figure 11. Schematic representation of homologous domains in SUMO-1 activating enzymes, Aosl/Uba2
and Aosl/Uba2 variant. Domain I includes a potential nucleotide-binding motif, domain III contains the
active site cysteine (173) residue which forms a thioester with the C-terminus of SUMO.

Ulrike Girtner, a technician in the group, noticed that one of the two cDNA‘s obtained
from the RZPD contained different length open reading frames for Uba2 (Figure 12a).
The ¢cDNAs corresponding to both open reading frames were further sequenced. The
shorter fragment encoded an Uba2 variant which lacked amino acids 416 to 467,
suggesting that the shorter form was a splice variant of Uba2. Both full length and splice
variant of Uba2 were subcloned into the bacterial expression vector pET28a (His-Uba2).

Once I took over the project, I also cloned both isoforms of Uba2 into mammalian
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expression vector pCruz A (HA-Uba2). HeLa cells were transfected with plasmids of
Uba2 full length and splice variant, and analysed by immunoblotting with anti HA
antibodies. Uba2 wild type and splice variant were migrating differently on SDS-PAGE
due to their difference in the size (Figure 12b). The same result was obtained by using the
bacterial expression plasmid (His-Uba2). After expression and purification of both Uba2
forms in bacteria (as described in Materials and Methods) the recombinant proteins of
Uba2 full length and Uba2 splice variant were subjected to 6% SDS-PAGE and stained
with Coomassie blue solution (Figure 12c). As expected the Uba2 splice variant migrated

faster then Uba2 full length protein.

Figure 12 a) Carried out by Ulrike Gértner: two PCR products containing two isoforms of Uba2, clone
A=Uba2 splice variant (sv), clone B=Uba2 full length (fl), b) Western blot showing transfected Uba2 full
length and splice variant in HeLa cells ¢) Recombinant proteins of Uba2 full length and splice variant were
run on 6% SDS PAGE and stained with Coomassie.

To confirm that the short form of Uba2 was due to alternative splicing, the cDNA
sequence was compared to the genomic sequence of Uba2. This revealed that one
complete exon (exon 13, which consists of 150 base pairs) was missing in the shorter

open reading frame (Figure 13).
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Figure 13. The human Uba2 gene consists of 17 exons. Exon 13(black underline) is missing in the Uba2
splice variant. Numbers indicated start and end of each exon and refer to genomic sequence (top) and open
reading frame (bottom) respectively.

4.1.2 Generation and characterisation of Uba2 polyclonal antibody in goat

For further characterization of expression and localization of Uba2 proteins, antibodies
were required. For this purpose, His-Uba2 full length recombinant protein was expressed
and purified (see Materials and Methods). After three times injection of a goat with 500
ng of purified His-Uba2 full length, 950 ml of blood was obtained and the antibodies
were affinity purified as described in detail in Materials and Methods. In brief, 2.1 mg of
His-Uba2 full length was coupled to 1.2 g CNBr beads. After incubation of the column
material with 50 ml of serum, elution with acetic acid was performed. 500 pl fractions
were collected and protein-containing fractions were concentrated to 1 ml. Antibodies

were mixed with one vol of 87 % glycerol and aliquotes were stored at -20°C.
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Using HeLa cell lysates I could show by western blotting that affinity purified Uba2
antibody recognized a single band at the molecular weight corresponding to 90 kDa
(Figure 14a). This is the expected size, because the 72 kDa protein Uba2 is known to
migrate aberrantly (Figure 12c¢). Uba2 antibody also worked well on cell immunostaining
of human skin fibroblast cells (Hs68). Uba2 protein was distributed throughout nuclei
(Figure 14b). This result was consistent with a previous study that showed that SUMO-1
enzyme resides in the nucleus (Azuma et al. 2001).

Affinity purified antibodies were further characterized by immunoprecipitation. For this,
500 pg of total HeLa cell extract was incubated with 10 ng alUba2 or unspecific 1gG’s.
The immunoprecipitates were analysed by immunoblot with anti-Uba2 antibodies and

showed specific pull down of Uba2 protein (Figure 14c).

FITC

<)

i3 SN

g0 Ubs2 Igl Ubs2

Figure 14. a) Western blot analysis with Uba2
antibody. Uba 2 antibody specifically recognized a
- +—Uba2 single band in HelLa cells extract. b) Hs68 cells
were stained with antibodies directed against Uba2
and visualized with FITC coupled secondary
antibody, c¢) Immunoprecipitation of Uba2 from
HeLa cell lysate and detection with Uba2
immunoblotting.
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Uba2 antibodies were tested in western blot, immunoprecipitation assays and cell

immunostaining. Results are summarized in Table 1.

Table 1 Working conditions of Uba2 antibodies

Uba?2 antibodies

yield 4.1 mg/ 50 ml of serum
concentration of glycerol stock 2.1 mg/ml
dilution for Western blot 1:6000
dilution for immunoprecipitation 1:100

dilution for immunofluorescence 1:100
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4.1.3 In vivo and in vitro analysis of the Uba2 splice variant

The Uba? splice variant is ubiquitously expressed

To determine the tissue distribution of the Uba2 splice variant, RNA from different

mouse organs was isolated, and RT-PCR was performed using specific oligonucleotides

(Figure 15).

\E ] B _3 & =3
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UbaZ fiull length
UbaZ splice variant

RT-PCR

Figure 15 RT-PCR analysis of tissue distribution for Uba2 full length and splice variant mRNA. RT-PCR
picture showed abundant expression of Uba2 full length and Uba2 splice variant in selected mouse organs.

RT-PCR of total RNA showed that both Uba2 full length and splice variant were detected
in all selected mouse organs with no apparent tissue specificity of expression, indicating
that the Uba2 splice variant is present in most organs. However, Uba2 splice variant was
expressed only at about 10 % of total Uba2 full length mRNA. Furthermore, in lung, the

Uba2 splice variant showed reduced expression compared to full length Uba2.

Subcellular localisation of Uba2 splice variant in HeLa

I then investigated, whether the Uba2 splice variant would have a different localization
compared to Uba2 full length protein. Transfection of HeLa cells with HA-Uba2 splice

variant showed predominantly nuclear distribution in these cells (Figure 16)

phase FITC DAPI
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Figure 16. Localisation of the Uba2 splice variant. HeLa cells were fixed with 2% PFA, permeabilized with
0,2% Triton X-100, stained with antibodies directed against Uba2, and visualized with FITC coupled
secondary antibody (middle picture). Picture on the left shows phase contrast and picture on the right shows
staining of DNA with DAPI.

This localisation was identical to that observed for full length Uba2 (Azuma et al. 2001
Azuma et al., 2001; Pichler et al., 2002 and Figure 14b). Consequently, the Uba2 splice
variant shows no obvious differences in localisation compared to Uba2 full length

protein.

Uba? splice variant forms a complex with Aosl

To gain insights into a potential difference between full length and variant Uba2, I first
tested if the Uba2 splice variant was still able to interact with Aos1 to form the SUMO E1
enzyme. Recombinant His-Aos1 and recombinant His-Uba2 (full length or splice variant)
were incubated in a 1:1 molar ratio on ice in TB buffer for 30 minutes. After incubation,
samples were applied to gel filtration on an analytical FPLC S200 column, and 0.5 ml
fractions were collected. 20 pul of each fraction was mixed with 2xSDS sample buffer and

analysed on 8% SDS-PAGE and stained with Coomassie blue.

a) b)
Uba2 full length + Aosl Uba2 splice variant + Aosl
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Figure 17. Coomassie staining of different fractions of Aosl-Uba2 full length (a) and Aosl-Uba2 splice
variant (b) analysed after S200 analytical gel filtration column.
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As shown by their co-elution, both Uba2 full length and Uba2 splice variant formed a
stable heterodimer with Aosl (Figure 17a, b). They also co-eluted on Mono Q (data not
shown), which supports the notion that these proteins are stably complexed with each
other. Therefore, no difference in Aosl binding could be observed between Uba2 full
length and Uba2 splice variant.

Engzymatic activity of variant Uba?2 protein

As mentioned earlier, the splice variant of Uba2 lacks amino acid 416-467 (green arrows
in Figure 18). In full length Uba2, this area is part of a stretch that connects the SUMO
binding region with an ubiquitin like domain. This domain has been implicated as an

Ubc9 binding site (Lois and Lima, 2005).

A051/Uba2-SUMO-1-ATP-Mg

467

Figure 18. Ribbon diagram of the Aosl1/Uba2-SUMO-1 complex. SUMO is colored yellow. Catalytic
domain and UbL domains are labeled. The active site cysteine is labeled and colored yellow. E1 with
deletion in Uba2 is indicated on left with the green arrows from 416-467 (From Lois and Lima, 2005).

SUMO-1 is recognized exclusively by residues emanating from Uba2, as no direct

interactions are observed between SUMO-1 and the Aosl subunit so far. According to the
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structure presented by Lois and Lima 2005 the deletion in the Uba2 variant protein would
alter the SUMO binding surface significantly and disrupt the Ubl domain. The question
whether SUMO conjugating activity is affected in the splice variant was addressed

through comparing the enzymatic activity of both proteins.

For the comparison of enzymatic activity of both proteins, His-tagged Aosl with
untagged Uba2 (full length) or Uba2 (splice variant) were co-expressed in the E. coli
strain BL21 DE3 and purified. Purified recombinant proteins were run on a 5-20 % gel

and stained with Coomassie blue (Figure 19 a).

a) b)
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Figure 19. FRET based sumoylation assay. a) Purified E1 enzymes. Coomassie staining of recombinant

Aos1/Uba2 full length and Aos1/Uba2 splice variant. b) . Principle of the FRET assay. When YFP-SUMO
and CFP-GAPtail are not conjugated, excitation of CFP at 430 nm results in strong emission at 485 nm.
Upon addition of the conjugating enzymes (Aosl/Uba2 and Ubc9) and ATP, YFP-SUMO is covalently
conjugated to CFP-GAPtail. This allows FRET to take place. As a consequence, emission at 485 nm is
reduced and emission at 527 nm increases.

Those purified components were used in a FRET based assay that allows kinetic analysis
of RanGAP1 sumoylation. The principle outline is shown in Figure 19b. Measurements
were carried out in 384 well plates, using a fluorescence microtiter plate reader
(Fluoroscan Ascent; Labsystems). Reactions were performed using equimolar amounts of
CFP-GAPtail and YFP-SUMO1 (200 nM each), Ubc9 (163 mM) and variable E1 enzyme
concentrations, ranging from 0.36 to 36.4 mM. FRET buffer, in which all proteins were

diluted, contained 0.05 % Tween 20 and 0.2 mg/ml ovalbumin to prevent nonspecific
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adsorption of the proteins. After 5 min preincubation at 30°C, reactions were started

automatically by addition of ATP (5 ul of a 5 mM solution, supplied by a sample

dispenser). At desired time points, samples were excitated at 430 nm, and fluorescence

emissions at 485 nm and 527 nm were recorded with an integration time of 20 ms. After

addition of ATP, the ratio of emissions (527 nm/485 nm) increased linear over time, until

it reached a stable plateau. The maximal value (0.6-0.7) is reached, when nearly 100% of

the substrates are conjugated (verification by immunoblotting, not shown). Linear rates

over the whole time of the experiment were observed with low enzyme concentrations.

Doubling the E1 enzyme concentration approximately doubles the reaction rate.
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Figure 20. SUMO E1 enzyme containing either full length or variant Uba2 were compared for enzymatic

activity using SUMOI or SUMO?2 in a FRET assay.
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Surprisingly, full length and variant protein were equally active in reactions involving
SUMOI1 (Figure 20, top panels). I next addressed the question whether there may be a
difference in activity when SUMO2 rather than SUMO1 was used as a substrate. Full
length Aos1/Uba2 is known to show no preference (Lois and Lima, 2005). As shown in
Figure 20, bottom panel, again, no difference could be observed. Taken together, these

findings demonstrate that amino acids 416 to 467 in Uba2 are dispensable for E1 activity.

4.1.4 Finding new binding partners for Uba2 full length and Uba2 splice variant

One possible difference between Uba2 wild type and Uba2 variant proteins could be the
proteins they interact with. Therefore I began to search for binding partners of human
Uba2 full length and Uba2 splice variant. To identify new interacting proteins, pull
downs experiments were performed. 20 g HeLa cells (commercially available) was
thawed and resuspended in 50 ml TB buffer supplemented with protease inhibitors and 1
mM DTT. Cells were homogenized in a dounce homogenizer by 30 passages and
centrifuged down at 10000 rpm for 15 min. Supernatant was ultracentrifuged at 100,000x
g for 1 h (sup 1) and was frozen at -70°C. The pellet was resuspended in two volumes of
TB containing protease inhibitors and 1 M NaCl, homogenized, ultracentrifuged at
100000xg for 1 h (pellet 1) and frozen at -70°C. The supernatant was dialyzed over night
in TB buffer, spun down at 100000xg for 1 h (sup 2) and frozen. Uba2 full length and
Uba2 splice variant were coupled to CNBr beads (see protocol in Material and Methods).
200 pl of beads with Uba2 wild type or Uba2 splice variant or empty beads as a control,
were placed in columns, washed once with TB plus 1 M NaCl, and once with TB. To
each column 7 ml of supernatant 1 was added and incubated for 2 h on the rotator in the
cold room. After incubation, beads were washed five times with TB and bound proteins
were eluted with increasing amount of salt: first with 600 pl of TB plus 200 mM NaCl,
second with 600 ul TB plus 500 mM NaCl and third with 600 ul TB plus 1 M NacCl. 30
ul of each fraction was loaded on a gradient gel (5-20%) and stained with Coomassie
Blue (Figure 21b). Bands marked from 1 to 10 were cut out and analysed by mass

spectroscopy. Sample preparation including trypsin digest (Materials and Methods) was
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carried out by myself. Mass spectrometry analysis was carried out by Dr. Marjaana

Nousiainen (group of Dr. Koérner, MPI in Martinsried).
I could not identify any binding partner(s) specific for either Uba2 splice variant or Uba2

full length protein. The results of mass spectrometry analysis are in appendix part.

Further experiments will be needed to determine if some of the identified proteins are real

Uba?2 interactors.
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Figure 21. a) Schematic representation of Uba2 pull down. HeLa cells were harvested, homogenized and
centrifuged. Supernatant was ultracentrifuged for 1h at 40000 rpm (sup 1), pellet was resuspended in
double volume of TB contained 1 M NaCl, homogenized and ultracentrifuged for 1h at 100,000xg (pellet
1). Supernatant was dialyzed against TB over night (sup 2). b) Coomassie stained gel showing three
elutions with increasing amount of NaCl for IgG, Uba2 fl and Uba2 sv. Bands numbered from 1 to 10 were

cut out and analysed by mass spectrometry analysis.
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As conclusion, here I could show that a variant Uba2 protein that lacks amino acids 416
to 467 compared to full length Uba2 is expressed in all mouse tissues analysed. The
splice isoform it localises similar to the full length protein — predominantly in the
nucleus, and based on pull down experiments it shows no striking differences in binding.
Surprisingly, it is fully active; although 50 amino acids are missing that seem to play an

important structural role.

RESULTS

4.2 PART 2: Identification of a novel SUMO target

Another part of my project consisted in the study of Aosl, one of the two subunits of the

SUMO E1 enzyme.

4.2.1 Affinity purification and characterisation of Aos1 polyclonal antibody

Generation of Aosl antibodies and purification of the third obtained blood from goat was
carried out by Dr. Andrea Pichler. This antibody was used for earlier studies. However, I
needed large quantities of Aosl antibody for my studies, and I affinity purified final
blood (boost 8) of Aosl serum (see Materials and Methods). Briefly, 2.0 mg of His-Aos1
full length was coupled to 1.1 g CNBr beads. Upon incubation of the column material
with 50 ml of serum, elution with acetic acid was performed. 500 pul fractions were
collected and protein-containing fractions were concentrated to 1 ml. Antibodies were
mixed with one vol of 87 % glycerol and aliquotes were stored at -20 °C.

HeLa cell lysates were used for characterisation of the Aosl antibodies. Aosl protein was
recognized specifically by anti-Aosl antibodies on immunoblot at the right molecular
weight corresponding to 39 kDa (Figure 22a).

Human skin fibroblast or HeLa cells were used for the characterisation and localisation of

Aosl in indirect immunofluorescence using the affinity purified antibodies. As published,
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the antibodies decorate predominantly the nucleus and gives faint staining in the
cytoplasm (Pichler et al., 2002). As shown in Figure 22¢ and d, Aosl is predominantly
localized in the nucleus, with a diffuse staining in the cytoplasm. Surprisingly, our
purified antibodies from the third bleed stain membrane like structures around the
nucleus (Figure 22c, d). However, affinity purified Aosl antibody from the final bleed
not always decorates membrane structure (Figure 22¢). Purified antibodies of Aosl were
further characterized by immunoprecipitation of cell lysate made with RIPA buffer
(Figure 22b). HeLa cell lysates were incubated with affinity purified Aosl antibody or
preimmune serum as a control. The immunoprecipitates were analysed by Western
blotting with anti-Aos1 antibody. Figure 22b shows that the produced antibodies are able

to immunoprecipitate Aosl.
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Figure 22. Characterisation of affinity purified Aosl polyclonal antibodies. a) Western blot analysis of
Aosl antibodies (terminal bleed). Aosl antibodies specifically recognized a single band in HeLa cells
extract. b) Immunoprecipitation of Aosl in HeLA cells lysed in RIPA buffer. c) Indirect
immunofluorescence with Aosl antibodies (third blood) was done with Hs68 cells. Picture on the left side
shows cells permeabilized with 0,2% Triton X-100, and picture on the right panel shows cells
permeabilized with 0,001% digitonin, d) HeLa cells were fixed with 2% PFA, permeabilized with 0.2%
Triton X-100 and stained with antibodies directed against Aosl (third blood) and visualized with FITC
coupled secondary antibodies, €) Hs68 cells were fixed with 2% PFA, permeabilized with 0.001% digitonin
and stained with antibodies directed against Aosl (final blood) and visualized with FITC coupled
secondary antibodies.

The working conditions of Aosl antibodies are summarized in Table 2. Aosl antibodies
work in immunoblot, in immunoprecipitation assays and also work well for cell
immunostaining. Antibodies derived from third and terminal blood are comparable in

Western and IP, but show some difference in IF.

Table 2 Working conditions of Aos1 antibodies (terminal bleed)

Aos1 antibodies

yield 2.6 mg/50 ml of serum
concentration of glycerol stock 1.3 mg/ml

dilution for Western blot 1:1000

dilution for immunoprecipitation 1:65

dilution for immunofluorescence 1:50 1:100

(third blood) (final blood)
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4.2.2 o Aosl antibodies decorate the nucleus and Golgi structures

To visualize the cytoplasmic localization of Aosl a bit further, indirect
immunofluorescence was performed using a specific marker for Golgi structure. Using
confocal microscope and double immunofluorescence labeling with anti-GM130
antibodies (a cis-Golgi matrix protein marker) and anti-Aos1 (third bleed), I could detect
costaining of Aosl with Golgi in Hs68 cells (Figure 23). The same results were also

obtained using HeLa cells (data not shown).

Ant GM130 Ant Aosl merge
Figure 23. o Aosl antibodies decorate the Golgi apparatus. Hs68 cells were fixed with 2% PFA,

permeabilized with 0.001% digitonin, stained with antibodies directed against Aos1 (third blood), GM130
and finally visualized with FITC or Cy3™ coupled secondary antibodies

4.2.3 A small fraction of Aosl and Uba2 are present in unsoluble pellet fractions

To address the question whether the Golgi staining observed with one of the two affinity
purified antibodies was due to an artifact or indeed reflected some enrichment of Aosl on
membranes, | carried out cell fractionation. Here, I noticed that a small fraction of both

Aosl and Uba2 could be found in insoluble fractions as well. Briefly, HeLa cells were
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homogenized in buffer A (5 mM HEPES-KOH (pH 7.3); 10mM KOAc, 2mM Mg
[OAc],, ImM DTT). The nuclei and cell debris were removed from the homogenate by
centrifugation at 900 rpm for 10 min at 4 °C. Cell lysates were then fractionated by a
series of differential centrifugation steps designed to separate organelles and particles on
the basis of size, density, and sedimentation properties (Table 3 and Figure 24). Aosl and
Uba2 were predominantly located in the cyto-soluble fraction (100,000%g), but they were
also enriched in some of the unsoluble membrane fractions like the 3000xg pellet, which
contains amongst others plasma membrane fractions, the 6000xg pellet which is enriched
in lysosomes, peroxisomes and intact Golgi, and the 100,000xg pellet, containing
vesicles, plasma membrane and endosomes. As a control for the purity of the cellular
fractions, proteins with a well-known subcellular distribution were also tested on the
same western blot. Figure 24 shows that cytoplasmic proteins like RanGAP1 and Ubc9

were only present in the cyto-soluble fractions, as expected.

RCF (GAv)TIME CONTENT*
1,000g x 10 min nuclei, heavy mitochondria, plasma
membrane sheets
3,000g x 10 min heavy mitochondria, plasma membrane
fragments
6,000g x 10 min mitochondria, lysosomes, peroxisomes,
intact Golgi
10,000g x 10 min mitochondria, lysosomes, peroxisomes,
Golgi membranes
20,000g x 10 min lysosomes, peroxisomes, Golgi
membranes, large and dense vesicles
(e.g., rough ER)
100,000g % 10 min all vesicles from ER, plasma membrane,
Golgi, endosomes etc.

Table 3. Definition of differential centrifugation pellets. * In practice, the pellets may show more cross-
contamination of particles than suggested. Plasma membrane fragments may be of a variety of sizes that
sediment at all speeds. The majority of mitochondria should be in 3,000xg and 6,000xg pellets, the
majority of lysosomes and peroxisomes in 10,000xg pellet. (From Deltry and Rickwood, 1992).
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Figure 24. HeLa cells were harvested and subcellular fractions were analysed by western blot analysis
using antibodies against: Aosl, Uba2, RanGAP1 and Ubc9. Subcellular fractions (Table 3) were separated
by SDS-PAGE, blotted and stained with anti-Aosl, anti-Uba2, anti-RanGAP1 or anti-Ubc9.

To obtain information about association and complex formation between Aosl and Uba2,
proteins from the cytosolic fraction were separated by gel filtration column. Briefly,
HeLa cells in suspension were harvested, washed with PBS and resuspended in 2
volumes of TB buffer supplemented with protease inhibitors. Cells were resuspended,
treated with 0.001% digitonin for 5 min and centrifuged for 1 h at 100,000xg. Proteins
from the cytosol were applied and separated on an FPLC S200 analytical column (Figure
25a). Immunoblotting with anti Uba2 and anti Aosl antibodies of individual fractions

showed that both proteins co-migrated at the expected size (Figure 25b).
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Figure 25. Aosl and Uba2 run as a complex in HelLa cytosol. a) Schematic representation of the
experiment, b) Western blot with a-Aosl and a-Uba2 antibodies of the corresponding fractions.
This finding is consistent with recent published work by others (Azuma et al., 2001), and

demonstrates that Aos1 and Uba2 exists predominantly as a herodimeric stable complex.

4.2.4 Aos1/Uba2 is present in Golgi fraction

Based on the cell fractionation experiment and immunofluorescence, which showed that a
small amount of Aosl and Uba2 were present in pellet fractions that could correspond to
Golgi membranes or endoplasmatic reticulum, Golgi fraction isolation from cultured cells
by flotation through a discontinuous sucrose gradient was performed. Briefly, HeLa cells
were pelleted and resuspended in 3 ml of homogenization medium containing 0.25 M
sucrose, 10 mM Tris, pH 7.4, and homogenized in a Dounce homogenizer. 1.4 M
homogenate was made by adding 2 vol of 2.0 M sucrose gradient solution. The final
gradient was constructed by overlaying the 3 ml of 1.6 M sucrose, next the 3 ml of
homogenate, and then the sample was overlaid with 3 ml of 1.2 M sucrose gradient
solution and 3 ml of 0.8 sucrose gradient solution. Samples were centrifuged for 2 h in an
ultracentrifuge at 110,000xg, 4°C. During centrifugation, the Golgi membranes, which
have a much lower density than those of the other membrane particles (with the exception
of the trans-Golgi network and possibly the plasma membrane), float upwards to band at

the 1.2 M/0.8 M sucrose interface (Figure 26a). Fraction corresponding to Golgi was
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collected and loaded on 5-20 % gel and analysed by western blot with antibodies against
Aosl, Uba2, Ubc9 and GM130 (Golgi marker); (Figure 26b). In addition, all of the
fractions were loaded on a gradient gel and subjected to immunoblot with anti-Aosl
antibody. As it shows in Figure 26, indeed, Aos] was enriched at the Golgi fraction. The
enrichment of Aosl at the Golgit was confirmed using isolated Golgi fraction from rat

liver, kindly obtained from Dr. F. Barr (data not shown).
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Figure 26. a) [llustration of the purification procedure used to isolate the Golgi fraction from HeLa cells, b)
Western blot showing Aosl and Uba2 proteins were detected in the Golgi fraction. Golgi fraction was
analysed by western blots using antibodies directed against: Uba2, Aosl, Ubc9 and GM130, c) Different
fractions (1-5) were analysed by western blots using antibodies against Aos1.

4.2.5 Identification of a new binding partner (ELKS) for Aosl

So far I could clearly demostrate that Aos1/Uba2 is not only a soluble heterodimer, but is
associated with other cellular structures, possibly with the Golgi. This raised the question
whether additional binding partner for Aosl/Uba2 could be identified. As it was shown
earlier, both anti Aosl and anti Uba2 antibodies worked nicely in immunoprecipitation
and are thus a good tool for the identification of such proteins. Immunoprecipitation
under nondenaturating conditions was performed (see Materials and Methods). In brief,
10 1 HeLa suspension cells were harvested by centrifugation, washed 1 time in ice cold

PBS, and resuspend in nondenaturating buffer [1% (w/v) Triton X-100, 50 mM Tris-Cl,
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pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% (w/v) sodium azide]. Suspension was
incubated on ice for 30 min and centrifuged for 10 min at 1000 rpm. Soluble lysate was
generated by centrifugation at 6000xg for 10 min, then at 20000xg for 10 min, and used
for immunoprecipitation. Affinity-purified antibodies or control IgGs cross-linked at 2
mg/ml to Ultralink Immobilized Protein G Plus beads were incubated with extracts for
120 min at 4°C. Beads were washed four times in nondenaturating buffer and boiled in
2xSDS-Laemmli loading buffer. Samples were run on a gradient gel (5-20%) and stained
with Coomassie blue (Figure 27). Bands were cut out and were analysed by mass
spectrometry to identify the proteins. Samples preparation including trypsin digest was
carried out by me, mass spectrometry analysis was carried out by Dr. Marjaana

Nousiainen (group of Dr. Kérner, MPI in Martinsried).
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Figure 27. Identification of ELKS as a new binding partner for Aosl. Coomassie blue stained gel, showes
immunoprecipitation from HeLa cell extract under nondenaturating conditions. First lane: IgG-control,
second lane: IP-Aosl, third lane: IP-Uba2.

Several bands which were distinct compared to the control lane were cut out and
analysed. A 130 kDa band which was found in the anti Aosl immunoprecipitation
showed high homology to the sequence of a protein called ELKS. These experiments
showed that ELKS specifically associates with the Aosl subunit, but not with Uba2. It is

however possible that all three proteins form a complex under physiological buffer
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conditions. Aosl and Uba2 co-fractionated in differential centrifugation, and in gel

filtration, but 1 % Triton disrupts also the association of recombinant Aos1 and Uba2.

4.2.6 Published functions of ELKS

ELKS was originally identified as a gene with its 5’-terminus fused to the RET tyrosine
kinase oncogene in a papillary thyroid carcinoma (Nakata et al., 1999). The name ELKS
is derived from the relative abundance of its constitutive amino acids: glutamic acid (E),
leucine (L), lysine (K), and serine (S). Secondary structure prediction of the ELKS
sequence indicates coiled-coil motifs throughout the protein and a leucine zipper at the C
terminus (Figure 28b). The protein sequence of ELKS is hydrophilic, and the majority
(except the first 143 residues of the N terminus, and a short segment located between
residues 993 and 1060) is predicted to be o-helical containing heptad repeats

characteristic of coiled-coil domains (Figure 28a).

a) b)

Figure 28. Sequence of ELKS protein. a) Prediction of the coiled-coil regions of ELKS (based on “Coils™),
b) Schematic diagram of the secondary structure prediction for ELKS using PAIRWISE residue
correlations. Boxes indicate the predicted coiled-coil domains, including the leucine zipper (LZ) motif
(From Sigala et al., 2004).

ELKS involvement in nuclear factor kappa B (NFkB) signaling

ELKS was also identified as an essential regulatory subunit of the IKK complex (Ducut
Sigala et al., 2004); (Figure 29). Silencing ELKS expression by RNA interference
blocked induced expression of NF«B target genes, including the NFxB inhibitor IkBa,
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proinflammatory genes such as cyclo-oxygenase 2 and interleukin (IL)-8. These cells
were also not protected from apoptosis in response to cytokines. ELKS functions by
recruiting IkBa to the IKK complex and thus serves a regulatory function for IKK
activation. ELKS, as it was suggested, may serve a regulatory function in the

NFxB-activation (Ducut Sigala et al., 2004).
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Figure 29. Schematic illustration on NFkB activation. Induction with TNFa causes IKK complexes to
phosphorylate IkBo, which leads to its degradation and allows NFxB dimers to enter the nucleus, where
they bind to cognate DNA binding sites and deactivate transcription of genes including IkBa. IkBa can
then either translocate to the nucleus and remove the NFkB proteins bound to DNA or translocate to the
cytoplasm to prevent further activation. At the same time new p50 is generated by processing of p105.
ELKS is believed to function by recruiting to IKK complex (adapted from Verma IM 2005).

The importance of ELKS in vesicular transport

ELKS has also been identified as a Rab6-interacting protein 2 (Monier et al., 2002).
Monier et al., reported two novel proteins, Rab6IP2A and Rab6IP2B (ELKS) that
specifically interact with GTP-bound forms of Rab6A and A’. ELKS, which is a cytosolic
protein, is recruited to Golgi membranes in a GTP-dependent manner and is likely to

function in endosomes to Golgi transport.
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ELKS appears to be involved in intracellular membrane traffic in several tissues (Monier
et al., 2002; Wang et al., 2002) and notably, ELKS is a component of active zones in the
brain that binds RIMs (presynaptic active zone proteins that regulates neurotransmitter
release), (Wang et al., 2002; Deguchi-Tawarada et al., 2004). These data suggest that
ELKS have at least two principal functions, one that is ubiquitously executed in the
cytosol and one that is synapse-specific and associated with the active zone (Wang et al.,
2002).

Very recently, another study demonstrated that ELKS is involved in the regulation of
insulin exocytosis (Imaizumi et al., 2005). ELKS was expressed in rat pancreatic islets
and in an insulin-producing clonal cell line, MING6 B cells, where it colocalized with both
insulin granules and syntaxin 1. The data obtained indicated that ELKS regulated insulin

exocytosis.

4.2.7 Generation of recombinant ELKS

Purification of recombinant ELKS (full length and small fragments) for antibody

generation and in vitro studies

A GFP-ELKS construct containing the full length open reading frame could be obtained
from Dr. S. Monier (Institute Curie, Paris). To generate recombinant full length ELKS
protein, the open reading frame of ELKS sequence was amplified by PCR and cloned into
three different bacterial expression vectors encoding different affinity-purification tags:
pGEX-4T-1 (EcoRI, Notl sites), pASK-IBA43 (Sacll, Sall sites) and pET28 a (EcoRI,
Notl sites), (Figure 30a, b). Whereas GST-ELKS was insoluble and His-ELKS-strep was
highly degraded, His-ELKS could be purified to satisfactory levels.
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Figure 30. Expression of full length ELKS. a) ELKS was cloned into the bacterial expression pASK-IBA
43 system and the protein was expressed and purified (see Materials and Methods). Supernatants of E. coli
cell lysates from 0-3h IPTG induced cultures were analysed by SDS-PAGE and immunoblot against His
antibodies. Specific bands are indicated by arrows. b) ELKS full length was cloned into the bacterial
expression vector (pET28a) and the protein was expressed and purified (see Materials and Methods).
Picture showed Coomassie staining of three harvested fractions of His-ELKS after S200 gel filtration
column.

In addition, seven short fragments were generated as GST fusion proteins: (Fragment 1,
contained 1-888 aa; Fragment 2, residues 889-1800; Fragment 3, residues 1801-2640;
Fragment 4, residues 2641-3361; Fragment 1, 1P residues 1-573; Fragment 1+ Fragment
2, residues 1-1800 and Fragmentl, 3P, residues 1-1113) (Figure 31a, Table 4).

These fragments were also cloned into the mammalian expression vector pCruz and
tested for expression after transient transfection. Figure 31b shows that fragments one,
two, and three were highly expressed in HeLa cells while fragment four were expressed

at lower level.
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ELKS constructs amino acids solubility
ELKS full length in pGEX- 1-1101 -
4T-1

ELKS full length in pASK- 1-1101 -
IBA43

ELKS full length in pASK- 1-1101 -
IBA45

ELKS full length in pET28a 1-1101 +

Fragment 1 in pGEX-4T-1 1-290 -

Fragment 1,1P in pGEX-4T-1 1-192 +

Fragment 1,3P in pGEX-4T-1 1-372 +

Frag.1+Frag.2 in pGEX-4T-1 1-600 +

Fragment 2 in pGEX-4T-1 290-600 +

Fragment 3 in pGEX-4T-1 600-880 +

Fragment 4 in pGEX-4T-1 880-1101 +

Table 4. Generation of ELKS expression constructs.
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Figure 31. Expression of ELKS deletion fragments. a) Selected recombinant ELKS fragments separated on
a 5-20% (w/v) SDS gel and stained by Coomassie blue. b) Expression of HA-ELKS-fragments in HeLa
cells. ELKS fragments were cloned into the mammalian pCruz A expression vector and were transfected in
HeLa cells for 48 hours (as described in Materials and Methods). Cells were harvested in 2xSDS Laemmli
loading buffer and subjected to anti HA western blot.
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4.2.8 Generation and characterisation of ELKS polyclonal antibodies

To find the connection between ELKS and SUMO EIl enzyme, it was necessary to
generate antibodies against ELKS. For the production of polyclonal antibodies against
ELKS, two recombinant GST-tagged ELKS fusion proteins were used (Frag.1+Frag.2
and Fragment 4, see table 4; Figure 32). For the generation of polyclonal antibodies, each
of the recombinant fusion proteins were used to immunize a rabbit (see Material and
Methods) and the resulting immune sera, a-N-terminus and o-C-terminus antibodies,

were then affinity purified.

1 IMYGEAREVCE VEPSSQSPCR SPRLPRSPEL CHRETNSTGG SECNEVECLE

£l CRTLEMENT( SIMAAYATSC DMYLEDHENY CAETDKSTMT LOISCCRLIV
101  GVEMTAMBSS PNIASSGVAS DTIAFGEHHL PPVSMASTVE HSLROARDHNT
151  IMDLOTQLEE VLREMDLLEK DVEVEESKLS SSMMNSIKTFU SPELHFERAL
201  FEDEASKITI UEEQVEVVQE ENQEMQMTIQ ALQDELRIQR DINQLFQUDS
Z61  SSRTGEPCVA ELTEENFQRL HAEHERQAKE LFLLEKILEE MELRIETOED
301 TLHAFDESIK ELLEMLOSEG LEAFATEEDH ERTPRLAELE MEVEHLESLL N-terminis ﬁ‘agment
361 EQREFENIML DEEMHRRFEN APDSAFTHAL QTVIEMFDSE ISSMELGLED
401  LEEETQMIES NGALSSEERE EEMEQMEVVE SHEFFMEMEY EQLEEELSSH
451 DAGEELFER AAGLOSEIG) VEQELSEKDT ELLALQTFLE TLTNQFSDEH
501 QHIEVLEESL TAFEQPAATL QTEVDALELE LEEFETMLNE ETHQIQDMAE
551 EFGTOAGETH DLFDMIDVEE FEVHVLOKET ENLOEQLEDE ERIMSSLEER
601  VESLQADTTN TDTALTTLEE ALADKERTIE FLKEQRDRDE REMDEEIDTY
651  KKDLKDLEEK VSLLOGDLSE FEASLLDIKE HASSLASSGL KKDSRLKTLE
701  TALEQKKEEC LEMESQLKKA HEATLEARAS PEMSDRTQQL ERELSRYKDE
751 SSKAQTEVDR LLETLKEVEN EKNDEDEKIA ELESLTSROY KDQNKEVANL
801  KHKEQUEKKE SROMLEERRR REDSLSDSSQ QLODSLEEED DRIEELEERAL
851 BESWITAER EMVLAQEESA RTNAEKQVEE LLMAMEEVE(Q ELESMEAFLS
501  STAQSLAEKE THLTNLEAEE FFHLEEVLEM EQEALLAATS EEDANTALLE
951 LSSSFRKIQE EVAALFRERD PLVQULEQQT (NRMFLMADN YVEDDHFRSSE -ferTinl frag

1001 SNQTMHEPSP DOTTQPLLEL DUNRSKIKLY TSHLTALCHD RDPLILEGLT C-t s mer

1051  PPASYNADGE QAAWENELQQ MTQEQLOMEL ERVEGDMAEL QEFANTILOQ

1101  IADHCFDILE QVVNALEESS

Figure 32. Protein sequence of human ELKS. N-terminal antibodies were raised against sequence of first
600 amino acids, and C- terminal antibodies against last 221 amino acids.

To evaluate the specificity of the purified antibodies directed against ELKS, the antiseras
were examined in western blots of HeLa cell extracts containing 10 ng of recombinant
full-length ELKS. Both antiseras selectively recognized the recombinant ELKS in
Western blots and endogenous ELKS present in the HeLa cell extracts (Figure 33a).
Purified antibodies of ELKS N- and C-terminus were further characterized by
immunoprecipitation under nondenaturating conditions (Figure 33b). Both of the

antibodies work well in immunoprecipitation
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Figure 33. Characterization of ELKS antibodies. a) ELKS (N- and C- terminus) antibodies specifically
recognized a single band in HeLa cells extract. (-) 10x10* HeLA cells or (+)10x10* HeLa cell + 10 ng of
recombinant full length ELKS were used for testing the ELKS antibodies on western blot. b)
Immunoprecipitation using ELKS N- and C-terminal antibodies in HeLA cells lysate under
nondenaturating conditions.

ELKS antibodies were tested in western blot, immunoprecipitation assays and cell

immunostaining (as shown below). Results are summarized in Table 5.
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Table 5 Working conditions of ELKS antibodies
ELKS antibodies

ELKS N-terminal ELKS C-terminal

yield 1 mg/ 15 ml of 2.49 mg/ 15 ml of
serum serum
concentration of glycerol stock 0.5 mg/ml 1.47 mg/ml
dilution for Western blot 1:1000 1:6000
dilution for immunoprecipitation 1:50 1:100
dilution for immunofluorescence 1:100 1:300

4.2.9 Conformation of ELKS-Aos1 interaction

I originally identified ELKS by mass spectrometry in immunoprecipitation experiment
performed under nondenaturating conditions, with the lysis buffer containing Triton X-
100 (see Material and Methods).To confirm these results, whether Aosl and ELKS can
bind to each other co-immunoprecipitation assays in HeLa cell extracts from the same
buffer were performed using my own ELKS antibodies (Figure 34). Affinity-purified
antibodies or control IgGs cross-linked at 2 mg/ml to Ultralink Immobilized Protein G
Plus beads (for Aosl) or Protein A (for ELKS, C-terminal antibodies) were incubated
with HeLa cells extracts for 120 min at 4°C. Beads were washed four times in
nondenaturating buffer and boiled in 2xSDS-Laemmli loading buffer. Samples were run
on a gradient gel (5-20%), and the immunoprecipitates were analyzed by immunoblotting

against Aosl or ELKS.
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Figure 34. Co-immunoprecipitation of Aosl and ELKS in HeLa cell extracts. a) using Aosl antibodies
ELKS protein was coimmunoprecipitated, while in b) Aosl was coimmunoprecipitated using ELKS
antibodies.

Immunoprecipitation of endogenous Aosl demonstrated that Aosl strongly interacts with
ELKS (Figure 34a) and the other way around, in ELKS immunoprecipitation Aosl was
pulled down (Figure 34b). These results suggest that Aosl is able to interact with ELKS

in vivo and also that this interaction is specific.

ELKS does not form a stable complex with Aosl in cytosol

To characterise the cellular distribution of ELKS, differential centrifugation was
performed (see Figure 24 and Table 3). Here, I noticed that ELKS could be found in
insoluble fractions (Figure 35a), especially enriched in 22000xg pellet as well as Aosl
(Figure 35a and see Figure 24). Additionally, a fraction of ELKS could be detected in
cytosol, which was in line with previous study (Monier et al., 2002).

To further determine whether Aosl, Uba2 and ELKS could form a complex, HeLa cell
cytosol was run on a S200 gel filtration column. HeLa cells were harvested, washed one
time in cold PBS and resuspend in hypotonic swelling buffer. Cells were lysed by
homogenization and centrifuged to remove the nuclei. Lysate was ultracentrifuged for 1 h
at 100,000xg and supernatant was applied on S200 analytical column. Fractions were
harvested and run on a gradient gel and finally blotted against Aosl, Uba2, or ELKS
(Figure 35b).
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a) Differential centrifugation b) 8200 gel filtration column
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Figure 35. Differential centrifugation. a) HeLa cells were harvested and subcellular fractions were analysed
by western blot analysis using antibodies against: Aosland ELKS. Subcellular fractions (Table 3) were
separated by SDS-PAGE, blotted and stained with anti-Aosl or anti-ELKS. b) Profile of Aosl, Uba2 and
ELKS after Sepadex 200 analytical run. Cytosol fraction of HeLa cells in hyptonic swelling buffer was
injected onto column and these fractions were analysed by western blot against Aosl, Uba2 and ELKS
antibodies was performed.

As it is shown in Figure 35b I could not detect significant association between
ELKS/Aos1-Uba2. Therefore, Aosl, Uba2 and ELKS proteins do not form a stable

complex in HeLa cytosol under physiological salt conditions.

4.2.10 Subcellular localisation of ELKS

Immunofluorescence was used next to gain further insights into ELKS localisation. As
shown in Figure 36 ELKS localised exclusively in the cytoplasm to discrete punctuate
structure and this localisation was in line with previous studies (Monier et al., 2002;

Ducut Sigala et al., 2004; Imaizumi et al., 2005).
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ELKS CHerminal anfibodies

ELKS N-terminad antibodies

Figure 36. Subcellular localisation of ELKS using confocal microscope. Hs68 cells were stained for
endogenous ELKS, with C-terminal or N-terminal antibodies, (secondary antibody Cy3™) and Hoechst.

ELKS colocalises with late endosomes

To gain insights into the nature of the punctate structures stained by anti-ELKS
antibodies, co-staining with different vesicle specific antibodies, labeling early
endosomes (EEAT1), clathrin and late endosomes (anti-LAMP-1) was performed (Figure

37).
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Figure 37. Subcellular localisation of ELKS using confocal microscopy. The localization of endogenous
ELKS protein was analysed in Hs68 cells. Hs68 cells were fixed with 2% PFA, permeabilized with 0.2%
Triton X-100, and stained with antibodies directed against early endosomes (EEAL), clathrin, late
endosomes (LAMP1), and finally visualized with FITC or Cy3™ coupled secondary antibodies. DNA was
stained with Hoechst.

The results shown in Figure 37 strongly suggest that ELKS colocalises with late
endosomes (LAMP1) but not with early endosomes (EEAT1), nor clathrin. The question
that remaind to be addressed is, if Aosl also colocalises with late endosomes (work in

progress for finding the best conditions for immunofluorescence).

4.2.11 Recombinant of ELKS and Aos1 do not bind

Co-immunoprecipitation experiments using cell lysate do not exclude the possibility that
additional cellular factors may be involved in the binding. To study whether the
interaction between the Aosl and ELKS is direct, pull down assays using all purified
deletion fragments or full length ELKS and Aosl were performed (data not shown).
However, no interaction between Aosl and ELKS was observed. While this could be due
to improper folding or lack of a eukaryotic posttranslational modification, an alternative

interpretation is that a bridging factor is required. One candidate is Rabé.

4.2.12 Rab6 is not the binding factor between ELKS and Aosl

Rab6 GTPases regulate intracellular transport at the level of the Golgi complex (Goud et
al., 1990). Rab6 has been described as a binding partner for ELKS based on a yeast two-
hybrid interaction and in vivo colocalisation (Monier et al., 2002). Direct interaction
between these two proteins had however not been shown so far.

A Rab6 bacterial expression constructs were obtained from Dr. S. Monier (Institute
Curie, Paris). I expressed and purified them (Figure 38a), and test for direct interaction
between ELKS and Rab6. Pull down experiments using glutathione-S transferase (GST)
fusion proteins with Rab6A, Rab6A’ and Rab6B coupled to glutathione-Sepharose 4B
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were performed (Figure 38a). ELKS was incubated in the presence of the GST-Rab6
fusion protein loaded with GTPyS. ELKS was found to bind directly all three GST-Rab6

isoforms in their GTP conformation (Figure 38 b). As a control, GST alone was used,

which did not bind ELKS.

a)

S I
g 2

Figure 38. ELKS binds directly to Rab6. a) Recombinant Rab6 proteins (Rab6A, Rab6A’, RabB) separated

on a 5-20% (w/v) SDS gel and stained by Coomassie blue, b) Ponceau S staining showed direct interaction
between Rab6A’ and ELKS (for Rab6A and B data not shown).

Since ELKS binds directly to the GTP bound form of Rab6, one could speculate that
Rab6 mediates the interaction between ELKS and Aosl. GST pull down experiments
using recombinant GST-Rab6A’, GST alone, His-Aosl and His-ELKS were performed
(Figure 39). Unfortunately, specific association between ELKS, Aosl and Rab6 could not
be detected, suggesting that Rab6 is not a bridging factor between Aosl and ELKS.
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Figure 39. ELKS does not associate directly to Aosl and Rab6A’ in vitro. The fusion protein GST-Rab6A’,

or the GST protein alone were coupled to Sepharose 4B glutathione beads, loaded with GTPyS and
incubated in the presence of full length His-ELKS and His-Aosl. After SDS-PAGE and blotting, the
nitrocellulose membrane was cut and incubated with anti-ELKS antibody, or with anti-GST or anti-Aos1.

4.2.13 ELKS does not interact directly with SUMO in vitro

As Aosl is part of a SUMO E1 enzyme, I next tested if SUMO could be a bridging factor
between Aosl and ELKS. For this, 1pg purified SUMO1 or SUMO2 proteins were mixed
on ice with 1ug of His-ELKS in TB containing protease inhibitors, and then bound to
Ni** beads. The beads were washed five times in TB and eluated with 2xSDS sample
buffer. Samples were subjected to 5-20% SDS gel and analyzed by immunoblotting with
SUMO1, SUMO?2, or ELKS antibodies. As figure 40 shows, ELKS does not interaction
with SUMO-1 or SUMO-2, at least in vitro. It is therefore unlikely that SUMO is the
bridging factor between ELKS and Aosl.

WB
ELES —» . — . -
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Figure 40. ELKS does not associate with SUMO1 and SUMO2. The fusion protein of SUMO1 or SUMO2
were incubated in the presence of His-ELKS full length. After SDS-PAGE and blotting, the nitrocellulose
membrane was cut it and incubated with either anti-ELKS antibodies, anti-SUMO1 or with anti-SUMO2
antibodies.
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4.2.14 Identification of binding partner candidates for Aosl and ELKS

To identify protein/s which could have served as bridging factors between Aosl and
ELKS, large scale immunoprecipitation with HeLa cells was performed. In brief, cell
pellet from 9 L HeLa suspension cells was washed 1 time in ice cold PBS, pellet was
resuspend in nondenaturating buffer containingl% (w/v) Triton X-100 (see Material and
Methods) and lysate was generated for immunoprecipitation. After crosslinkage of
affinity purified antibodies anti Aosl and anti ELKS or control IgG to ultralink
immobilized protein G or protein A, respectively, HeLa cell extracts were incubated with
these beads for 120 min at 4°C. Beads were washed five times in nondenaturating buffer
and boiled in 2xSDS-Laemmli loading buffer. Samples were run on a gradient gel (5-
20%) and stained with Silver staining (Figure 41). All bands that are marked with stars
were cut out and were analysed by mass spectroscopy. Samples preparation including
trypsin digest was carried out by me, mass spectrometry analysis was carried out by Dr.

Marjaana Nousiainen (group of Dr. Koérner, MPI in Martinsried).

IgG «-Aosl IgG o-ELKS

—— RanBP2

ELKS —

ELKS
Sec2dA r
¢ — Sec23B
Aosl
B
aﬁf“.’.pr.

Figure 41. Silver stained gel showing o Aosl and oo ELKS immunoprecipitation. Aosl and ELKS were
immunoprecipitated from HeLa cells extract with anti-Aosl and anti-ELKS antibody. The precipitates were
fractionated by 5-20% SDS-PAGE and stained with silver staining. The bands marked with stars were cut
out and analysed by mass spectrometry. White stars showed bands common for Aosl and ELKS, and grey
and black stars illustrate the bands characteristic for Aos1 and ELKS respectively.
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Interestingly, Sec24A/Sec23B proteins were found to bind specifically to both Aosl and
ELKS. The Sec24A/Sec23B proteins are important in vesicle formation and they are
involved in the ER to Golgi transport pathway. The established route for secretory
proteins from the ER to the Golgi is via COPII coated vesicles (Bednarek et al., 1996;
Schekman and Orci, 1996). Formation of COPII vesicles requires the ordered assembly of
the coat built from the cytosolic components Sarl, Sec23-Sec24 and Secl13-Sec31
(Barlowe et al., 1994; Antonny et al., 2001).

Among other interesting proteins which were analyzed by mass spectrometry in the Aosl
immunoprecipitation was also a putative NFkB activating protein (Figure 41), and in the
ELKS immunoprecipitation was RanBP2, a nucleoporin with SUMO E3 ligase activity
(Pichler et al., 2002).

In addition to the silver gel, 5 pl of each samples were run on a 5-20% gel and
immunoblotting was performed with specific antibodies against Aosl, Uba2, Ubc9,
ELKS and RanBP2 (Figure 42a, b). RanBP2 was identified by mass spectrometry from
the anti-ELKS immunoprecipitation. To test whether it was also present in the anti-Aos1
immunoprecipitation, immunoblot with RanBP2 was carried out. Indeed, RanBP2 was
present in this immunoprecipitation, even much stronger (Figure 42a). As expected from
known stable interaction of RanBP2 with Ubc9 (Pichler et al., 2004), Ubc9 was also
found in the anti-Aos1 immunoprecipitation (Figure 42a).

As relative intensities of RanBP2, Ubc9 and Uba2 varied significantly between both
immunoprecipitations this indicated that only a subpopulation of ELKS is in a complex

with Aosl (Figure 42a, b).
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Figure 42. Immunoprecipitation of Aosl and ELKS. Aos1 and ELKS were immunoprecipitated from HeLa
cells using a) anti-Aos1 antibody, b) anti-ELKS antibody. The precipitates were subjected to SDS-PAGE
(5-20%) and detected with specific antibodies against: Ubc9, Aosl, Uba2, ELKS, RanBP2.

4.2.15 ELKS interacts with RanBP2 in interphase cell extract

To gain further evidence for RanBP2/ELKS interaction, nocodazole extracts were
included, because a large pool of soluble RanBP2 is available in the extracts.
Surprisingly, however, a small amount of RanBP2 co-precipitated only from interphase

extracts (Figure 43).
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Figure 43. ELKS interacts with RanBP2 in the interphase extract. o« RanBP2 immunoprecipitates from
cycling cells or nocodazole extract were analyzed for the presence of ELKS by immunoblotting. IgG was
from the respective preimmune sera and served as specificity control. Experiment was performed by
Annette Flotho and membrane was obtained from her and probed with anti-ELKS antibodies.

As will be shown below (Figure 52) the weak interaction detected here could indeed be

physiologically meaningful.

4.2.16 ELKS does not interact directly with BP2AFG in vitro

As we had a small fragment of 358 kDa protein RanBP2 available in the lab, I could test
whether it bound directly to ELKS. This fragment is the SUMO E3 ligase domain
described previously (Pichler et al., 2002), consists of two internal repeats (IR1 and IR2)
separated by the 25-residue M domain, and N- and C-terminal flanking regions. BP2AFG
contains residues from 2553 to 2838 aa. Recombinant GST or GST-BP2AFG proteins
were mixed on ice for 1 h with His-ELKS and His-Aosl in nondenaturating buffer
containing protease inhibitors. The mixture was incubated with 20 pl of Glutathion
Sepharose 4B beads for 90 min at 4°C. After washing five times with nondenaturating
buffer, proteins associated with the beads were separated on 5-20% SDS-PAGE, and
analysed by immunoblotting with anti-ELKS, anti-Aos1 and anti-GST antibodies (Figure
44). ELKS was unable to interact directly with BP2AFG fragment of RanBP2.
Altogether, this suggests that RanBP2 (at least the fragment used in this experiment) is
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not the bridging factor between Aosl and ELKS. It will be important to repeat the

experiment in the presence of Ubc9.
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Figure 44. Fragment BP2AFG of RanBP2 does not interact directly with ELKS in vitro. Recombinant His-
ELKS, His-Aos1, GST-BP2AFG and GST were subjected to GST pull down assay. Samples were analysed
by immunoblotting with the indicated antibodies.

4.2.17 ELKS does not inhibit sumoylation

ELKS does not inhibit formation of thioester between E1 and SUMO

Even though a stable direct interaction between Aosl and ELKS could not be observed,
this did not exclude the possibility of a transient interaction. I therefore wondered
whether ELKS could affect SUMO activation. In the initial step, SUMO-activating
enzyme (Aosl/Uba2) utilizes ATP to adenylate the SUMO C-terminus, which is then
transferred to a conserved Cys residue in the catalytic subunit of the E1 (Uba2), yielding
SUMO-EI1 thioester, AMP and pyrophosphate.

I first tested the possibility that ELKS affects the thioester formation between SUMO and
Uba2. E1-SUMOI thioester formation was induced in the presence of E1, SUMOI and
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ATP, with or without a molar excess of ELKS at 30°C. Reaction was stopped at indicated
time points with a nonreducing buffer (-DTT) or with a reducing buffer (+DTT). Samples
were separated on a 6% SDS gel and analyzed by immunoblotting with o Uba2 antibody
(Figure 45).

-DTT +DTT
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Figure 45. Uba2-SUMOL thioester formation in the presence or absence of ELKS.

As shown in Figure 45, SUMO-E1 thioesters were formed very efficiently with or
without ELKS, indicating that ELKS does not affect SUMO activation.

ELKS does not inhibit RanGAPI sumoylation

To address the question whether ELKS inhibits a later step, i.e. transfer of SUMO from
the E1 to Ubc9 or transfer of SUMO from Ubc9 to a target protein, a Fluorescence
Resonance Energy Transfer (FRET) based sumoylation assay (described in Material and
Methods) was performed. Briefly, 20 ul reaction mixes without ATP were set up in 384
well plates. They included YFP-SUMOI1 or YFP-SUMO2, CFP-GAPtail, Aosl/Uba2,
Ubc9, and increasing concentrations of ELKS (from 0.012-10 pmol). FRET buffer, in
which all proteins were diluted, contained Tween20 and ovalbumin to prevent
nonspecific adsorption of the proteins. The reaction was started by addition of ATP
(ImM) and was monitored over 30 min (Figure 46b; a)). As expected, linear rates over
the whole time of the experiment were observed with low enzyme concentrations. Even

increasing the ELKS concentration in the reaction did not change the reaction speed,
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indicating that ELKS does not have any influence on the basic SUMOylation machinery.
The FRET assay was also performed using SUMO1 and SUMO?2 as a substrate, but again

no difference was observed (Figure 46a&b).
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Figure 46. Effect of ELKS on RanGAP1 SUMO conjugation. The FRET based assay included YFP-
SUMOI1(a) or YFP-SUMO?2 (b) , CFP-GAPtail, Aos1/Uba2, Ubc9, and increasing concentrations of ELKS
(1x-10x). The reaction was started by addition of ATP and was monitored over 30 min.
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4.2.18 ELKS is SUMO modified on 3 distinct lysine residues

The immunoprecipitation experiment clearly showed that ELKS is a binding partner for
Aosl (SUMO EI1 activating enzyme). Moreover, a small amount of the SUMO E3 ligase
RanBP2 was found to co-precipitate. One explanation for these interactions could be that
ELKS is a novel SUMO substrate. I first checked whether ELKS sequence contains
possible acceptor lysines for sumoylation, which would be part of the SUMO consensus
motif (OKXE), in which @ is a large hydrophobic residue and K is the lysine to which
SUMO is added (Rodriguez et al., 2001). As shown in figure 47 eight lysines are part of

predicted SUMO consensus sequences.
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Figure 47. Protein sequence of ELKS with marked SUMO concensus sites calculated by the SUMO
prediction program (http://www.abgent.com/doc/sumoplot).

ELKS is sumoylated in vivo

Is ELKS a SUMO substrate? His-SUMO pull down was performed to determine if ELKS
is SUMO modified in vivo. 293T cells were transfected with either HA-ELKS and His-
SUMO?2 or pCruz empty vector, and His-SUMO2 (control). 42 h after transfection cells
were harvested. SUMO conjugates were enriched under denaturing conditions according
to protocol (see Material and Methods). Samples were run on a 6% gel and subjected to

immunoblotting with ELKS antibodies. Indeed a band corresponding to covalently



Results 99

modified ELKS with the 12 kDa small ubiquitin like modifier (SUMO), was enriched
specifically in bound fraction (Figure 48). Some unmodified ELKS was also detected in
the bound fraction. This could be due either to some unspecific binding, or due to residual

activity of SUMO isopeptidases in the experiment.
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Figure 48. ELKS is sumoylated in vivo. a) His-SUMO-2 conjugates were purified on Ni*'-agarose,
separated by SDS-PAGE, transferred to a membrane, and probed with antibody to detect ELKS. Some
unspecific binding of ELKS occurs (see line third from the left), b) The SUMO conjugation pathway. After
SUMO is proteolytically processed by C-terminal hydrolases, it serves as the substrate for an isopeptide
bond formation between the free carboxyl group of the C-terminal glycine in SUMO and the g-amino group
of a lysine (K) in the acceptor protein. The catalytic reaction is mediated by the E1 activating enzyme:
Aos1/Uba2, the E2 conjugating enzyme Ubc9, and an E3 ligase, which confers the substrate specificity.
The cleavage of the isopeptide bond is mediated by isopeptidases.

Sumoylation of endogenous ELKS

To test whether endogenous ELKS is sumoylated as well, stable HeLa cell lines
expressing HiscSUMO-1 or HisgSUMO-2 (kindly provided by Prof. Dr. Ronald Hay)
were used. HelLa, HeLa Sumol or HeLa Sumo2 cells were lysed in denaturating
conditions and sumoylated proteins were purified on Ni*" beads according to protocol
(see Material and Methods). Western blot analysis of purified substrates with ELKS
antibodies showed that endogenous ELKS is indeed conjugated to SUMO-2 (Figure 49).
The extremely low level of sumoylated endogenous ELKS is not unusual, as this has been

observed for many SUMO targets.
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Figure 49. Ni**-pull down under denaturating conditions from wild type HeLa cells or HeLa cells stably
expressing His-SUMOI1 or His-SUMO2. Immunoblotting was done with ELKS antibody.

Small deletions fragments of ELKS are modified in vitro by SUMO

Analysis of the ELKS sequence revealed eight putative SUMO acceptor sites (Figure 47).
To determine whether these sites in ELKS are the actual sites of modification, I decided
to analyse sumoylation of small deletion fragments of ELKS (see figure 31, Table4).
GST-fragments of ELKS were tested in an in vitro SUMO conjugation system, consisting
of purified proteins (Pichler et al., 2002). Incubation of recombinant GST-ELKS
fragments with SUMOI, the El activating enzyme Aosl/Uba2, the E2 conjugating
enzyme Ubc9 and ATP resulted in significant SUMO conjugation of ELKS-fragment
four (2641-3361 aa) (Figure 50a). Most SUMO targets require E3 ligases for efficient
modification. In light of my finding that a small fraction of RanBP2 coprecipitated with
ELKS, I included the minimal catalytic domain of RanBP2 (IR1+M) in one reaction.
Addition of IR1+M (domain of RanBP2, SUMO E3 ligase) led to multiple conjugation of
SUMOIL to all ELKS deletion fragments (Figure 50b).
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Figure 50. IR1+M stimulate SUMO conjugation to ELKS in vitro. a) Purified GST- tagged ELKS-F4 was
subjected to in vitro SUMO1 modification in the presence of purified El1 enzyme (Aosl/Uba2
heterodimer), E2 enzyme (Ubc9), SUMOI1 and ATP. b) Four GST-ELKS fragments were subjected to in
vitro SUMOL1 shift with addition of IR1+M for 30 min at 30 °C. Samples were analysed by immunoblot
with GST antibody.

Of all fragments, fragment 4 was the most efficiently modified. I performed large scale in
vitro SUMO conjugation to identify the conjugation site by mass spectroscopy. Mass
spectrometry analysis was carried by Dr. Marjaana Nousiainen (group of Dr. Roman
Korner). The result obtained by mass spectrometry showed that lysine at position K889

was the site of SUMO attachment.
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Sumoylation of full length ELKS in vitro

To examine if lysine 889 was also modified by SUMO in full length ELKS, the mutation
of lysine 889 to arginine was introduced in the full length ELKS protein. WT and mutant
ELKS were tested for modification in in vitro shift. Unfortunately, immunoblot analysis
indicated the same pattern of modification in the mutant and in the wild type ELKS
protein (Figure 51b). Lysine K889 was therefore not SUMO modified in full length
ELKS. Using fragments for the identification of the acceptor site was thus misleading.
The lysine identified in fragment four was strongly preferred by SUMO probably because
this lysine residue was highly exposed within the fragment. However, creating the
mutation in a full length protein did not abolish modification by SUMO, indicating that
lysine K889R might be hidden in the context of the full length protein.
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Figure 51. Lysine K889 is not the SUMO acceptor site in ELKS. a) SUMO consensues site marked in the
sequence of ELKS fragment 4. b) Western blot showed SUMO shift of ELKS K889R mutant and ELKS
full length.
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Therefore, sumoylation had to be studied again in the context of full length protein. To
determine whether sumoylaton of full length ELKS protein is specifically enhanced with
RanBP2 or one of the members of the PIAS family of SUMO E3 ligases, SUMOI
modification assays were performed using these proteins. Reactions were incubated at
30°C and were stopped by addition of 2xLaemmli-buffer. This assay demonstrated that in
the absence of E3 ligase, ELKS full length protein is not sumoylated in vitro (Figure
51a). However, with the notable exception of RanGAP1, SUMO modification with only
Aos1/Uba2 and Ubc9 is rather inefficient, and additional components are usually required
to accelerate the conjugation reaction. I was therefore interested in testing the different
SUMO E3 ligase for ELKS sumoylation. Different PIAS family members as well as
small fragments of RanBP2 (IR1+M and BP2AFG) (Figure 51a, b, c) were tested for E3
activity on ELKS in the in vitro SUMOylation assay.
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Figure 52. PIASxa and RanBP2 stimulate SUMO conjugation to ELKS in vitro. a) Purified His- tagged
ELKS was subjected to in vitro SUMOI1 modification in the presence of purified E1 enzyme (Aos1/Uba2
heterodimer), E2 enzyme (Ubc9), SUMOI1 and a) GST-PIASxa, b) or with increasing amounts GST-
IR1+M, or c) GST-BP2AFG. Reactions were incubated for 30 min and proteins were detected by anti-
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ELKS immunoblot analysis. d) Schematic representation of the conjugation pathway leading to SUMO
modification of ELKS. PIASxa or RanBP2 act as an E3 ligase for the sumoylation of ELKS.

Significant ELKS modification was observed with PIASxa, IR1+M domain and BP2AFG
fragment. Small fragments of RanBP2 stimulated SUMOylation of ELKS more strongly
compared to PIASxa (compare Figures 51a and b). All other PIAS family members
(PIASy, PIAS xf3, PIAS1, PIAS3) were tested in the in vitro SUMO shift assay, but they
did not show any specificity for sumoylation of ELKS (data not shown).

ELKS contains 3 SUMO acceptor lysines

To identify the SUMO acceptor sites in full length ELKS, recombinant protein was
modified at large scale. Standard in vitro modification assays using the recombinant
enzymes were performed in the presence of Aos1/Uba2, Ubc9, SUMO-1, His-ELKS and
IR+M. These reactions, in the presence of ATP, were incubated at 30°C for 60 min and
terminated by addition of 2% sample buffer. Samples were separated on 6% gel and
stained with Coomassie blue (Figure 52) and analysed by mass spectrometer (analysis

was carried out by Dr. Marjaana Nousiainen, MPI, Martinsried)
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Figure 53. Coomassie blue stained gel of in vitro SUMOylated ELKS.
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Mass spectrometry analysis could identify three peptides containing one lysine each

bound covalently to SUMO. Figure 54 shows a distribution of the modified lysines on the

ELKS sequence.
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Figure 54. Identification of K10, K444 and K472 of ELKS as the acceptor sites for sumoylation. Protein

sequence of ELKS with marked SUMO consensus sites found by mass spectroscopy.

Figure 54 shows that two of the SUMO modification sites (lysine 444 and lysine 472) are

within the SUMO consensus sequence. One of the identified sites (K10) was not within a

predicted consensus sequence

To determine whether SUMO conjugation sites identified in vitro by mass spectrometry

are indeed the predominant sites of modification, the lysines at positions 10, 444 and 472,

individually (K10R, K444R and K472R) or together (K444R/K472R), were mutated. The

effects of these mutations on the sumoylation of ELKS wild type or mutant were

examined in standard in vitro modification assays (Figure 55). This experiment revealed
that the lysines at positions 444 and 472 are required for the SUMO modification of
ELKS in vitro.
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Figure 55. Identification of K444 and K472 of ELKS as the acceptor sites for sumoylation. 500 ng of His
ELKS wt or ELKS mutants (K444R, K472R or K444,472R), 150 ng Aosl/Uba2, 150 ng Ubc9, 500 ng
SUMOI, 30 ng IR1+M and ATP were applied in an in vitro shift assay. After incubation for 30 min at
30°C samples were analysed by immunoblotting with anti-ELKS.

4.2.19 ELKS sumoylation decreases its NFxB stimulating activity

SUMO-modification has been found to antagonize the activation of several transcription
factors (Miiller et al., 2000; Sachdev et al., 2001; Ross et al., 2002; Chun et al., 2003).
Recent studies have proposed that ELKS functions by recruiting IkBa to the IKK
complex and mediates an essential step in IKK activation (Ducut Sigala et al., 2004). To
test whether sumoyloation of ELKS plays any active role in the regulation of TNF-a
stimulated NFxB signaling, wild type ELKS and different ELKS-SUMO-mutated
constructs were tested in reporter assays.

The Luciferase Reporter Vector fused to NF-kB binding site contain the cDNA encoding
luciferase (luc+) cloned from the North American firefly (Photinus pyralis) and a vector
backbone that has been designed to provide enhanced reporter gene expression. When the

reporter vector is expressed in transfected cells, upon activation (NFxB), light is
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produced by converting the chemical energy of luciferin oxidation through an electron
transition, forming the product molecule oxyluciferin. Firefly luciferase, a monomeric
61kDa protein, catalyzes luciferin oxidation using ATP and Mg”" as a cosubstrate. The
enzymatic turnover results in increased light intensity that is nearly constant for at least 1
minute, and this light is measured using a luminometer.

HeLa cell transfection assays were carried out in twelve-well plates at 80% confluence
with Polyfectamine according to the manufacturer’s instructions. Cells were transfected
with both 3X«B luciferase reporter construct, and either with HA tagged wild type ELKS
or mutants of the SUMO sites. Additionally, since TNFa is a well known activator of the
NF«xB pathway and it was shown recently that ELKS mediates an essential step in its
activation, Hela cells were treated after 48 hours transfection with TNFa (20 ng/ml) for 4
hours prior to lysis. To assess the transfection efficiency, transfections were always done
with a constant amount of a Renilla expression plasmid (kindly provided by Dr. Markus
Moser, MPI Martinsried, Germany). Luciferase and Renilla activities were measured
using a luminometer 48 hours post transfection (Figure 56b). To verify that the
expression level of each mutants was the same, each sample was subjected to western
blot with HA antibodies after cell lysis (Figure 56c).

As shown in figure 56b expression of ELKS wild type or mutant in the absence of TNFa
led to no differences in the NFkB dependent luciferase activity. In contrast, after TNFa
stimulation of transfected HeLa cells, mutation of two single sumoylation sites in ELKS
(K444R and K472R) reduces NFkB activity. Interestingly, ELKS (K444/472R) showed
more prominently decreased NFxB-dependent luciferase reporter gene activation
compared to wild type. Wild-type ELKS increased reporter gene activation by a factor of
up to 1250, whereas mutant ELKS (K444/472R) increaased the level of reporter gene
expression only by a factor of approximately 850, indicating a almost half-fold increase
of luciferase activity compared to WT (Figure 55b). Mutation of the sumoylation site at
position 10, 444 or 472 alone had no effect on ELKS stimulating activity of

NF«kB dependent transcription.
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Figure 57. NFxB-dependent 3XkB luciferase reporter activity. a) Schematic representation of wild-type
ELKS and mutant ELKS proteins containing mutations in the sumoylation sites, individually (K10R,
K444R, K472R) or in combination (K444R/K472R). b) Activation of 3XkB luciferase reporter construct.
HeL A cells were transiently transfected with expression plasmids encoding wild type ELKS and mutated
ELKS proteins, Renilla plasmid and 3X«B luciferase reporter construct in the absence or presence of TNF-
o (20 ng/ml; 4 hours) Relative activity (RLU) was calculated by dividing the luciferase activity from the
Renilla activity. Bars represent the mean + SEM of three independent experiments carried in triplicate. All
statistical significances were analysed by Student’s ¢ test, **P< 0.01 and *P< 0.05 ¢) HA western blot
showed the same expression level of the ELKS constructs.
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5 APPENDIX

Uba2 full length
band1) FilaminA, Splice isoform 6 of 075369 FilaminB, Splice isoform DPII of P15924 Desmoplacin,

Spectrin alpha chain, brain hypothetical protein KIAA0023

band3) Splice isoform 2 of P06753 Tropomyosin alpha 3 chain, Splice isoform 1 of P07226 Tropomyosin
alpha 4 chain, 14-3-3 protein,Cell division control protein 2, Guanine nucleotide-binding protein beta
subunit-like protein 12.3, Actin, Cell division protein , Splice isoform Long of P25786 Proteasome subunit
alpha type 1, F-actin capping protein beta, Splice isoform 1 of Q12920 Proteasome activator complex
subunit 3, Glucosamine-6-phosphate isomarose, CCR4-NOT transcription complex subunit 7 isoform ,
Down syndrome critical region, Complement component 1, Q subcomponent binding protein, Chloride
intracellular channel, , Purine nucleoside phosphorylase, Microtubule-associated protein RP/EB family

member 1

band5) Phosphoglycerete kinase 1, Actin cytoplasmic 2, Argininosuccinate synthase, Actin-like protein 2,
Septin 2, SET protein, Creatine kinase B chain, Aspartate aminotransferase 1, MNUDC protein (Nuclear
distribution gene C), Adenosylhomocysteinase, Squamous cell carcinoma antigen 1, Ribonucleoside-
diphosphate reductase M2 chain, Citrate synthase precursor isoform o, Multifunctional protein ADE2

includes:phosphoribosylaminoimidazole-succinocarboxamide , Casein kinase I, epsilon isoform

band7) RuvB-like 1, Splice isoform I of Q14141 Septin 6, Tubulin alpha-1 chain, Histone acetyltransferase
type B subunit 2, Glutathione reductase, mitochondrial precursor, Serine/threonine protein kinase MASK,
Actin, cytoplasmic 2, Actin, gamma-enteric smooth muscle, S-adenosylmethionine synthetase gamma,
Probable ATP-dependent RNA helicase, UDP-glucose pyrophosphorylase 2, Splice isoform Rpnl0A of
P55036 26S proteasome non-ATPase regulatory subunit 4, Serine/threonine protein phosphatase 2A, 55
KDA regulatory subunit B, alpha isoform, subunit B, alpha, Splice isoform 2 of P30566 Adenylosuccinate
lyase, Histidyl-tRNA synthetase, Dynein light intermediate chain 2, cytosolic

band9) T-complex protein 1, theta subunit, Pyruvate kinase, M2 isozyme, Tyrosyl-tRNA synthetase, T-
complex protein 1, zeta subunit, T-complex protein 1, epsilon subunit, Tubulin beta-5 chain, Actin,
cytoplasmic 1, asparagine synthetase, Actin alpha 1 skeletal muscle protein, Similar to tubulin alpha 2,
similar to UV excision repair protein RAD23 homolog B (HHR23B), T-complex protein 1, alpha subunit,
(XP-C repair complementing complex 58 kDa protein) (P58)

Uba2 splice variant

band2) FilaminA, Splice isoform 1 of 075369 FilaminB, Spectrin alpha chain, Splice isoform DPII of

P15924 Desmoplacin, Beta-spectrin 2 isoform, Dynein heavy chain
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band 4) Splice isoform 2 of P06753 Tropomyosin alpha 3 chain, Splice isoform 1 of P07226 Tropomyosin
alpha 4 chain, 14-3-3 protein, F-actin capping protein beta subunit, Cell division control protein 2 homolog,
Glucosamine-6-phosphate isomerase, Actin, cytoplasmic 2, CCR4-NOT transcription complex, subunit 7,
Splice isoform Short of P25786 Proteasome subunit alpha type 1, Ta2,4-dienoyl-CoA reductase,

mitochondrial precursor, Guanine nucleotide-binding protein beta subunit-like protein 12.3

band6) Actin, cytoplasmic 2, Phosphoglycerete kinase 1, Septin 2, Argininosuccinate synthase, aspartate
aminotransferase, Tactin-like protein 2, TaxTemplate acyivating factor-1 alpha, Ubiquitous tropomodulin,
Citrate synthase, mitochondrial precursor, Multifunctional protein ADE2 [includes: Phosphoribo-
sylaminoimidazole  succino-carboxamide  synthase @ (EC  6.3.2.6) (SAICAR  synthetase);
Phosphoribosylaminoimidazole carboxylase (EC 4.1.1.21) (AIR carboxylase) (AIRC)], Adhesion

regulating molecule 1 precursor

band8) RuvB-like 1, Tubulin beta-2 chain, Tubulin alpha-6 chain, Splice isoform I of Q14141 Septin 6,
Chromatin assembly factor 1 subunit C, Serine hydroxymethyltransferase, mitochondrial precursor,
Coronin 1C, Uridine 5'-monophosphate synthase (UMP synthase), Splice isoform 1 of P30566
Adenylosuccinate lyase, Serine/threonine protein phosphatase 2A, 55 KDA regulatory, subunit B, alpha
isoform, Histidyl-tRNA synthetase, Actin, cytoplasmic 2, P68 TRK-T3 oncoprotein, Actin, gamma-enteric

smooth muscle, Phosphoglycerate kinase 1

band10) T-complex protein 1, theta subunit, Pyruvate kinase, M2 isozyme, Tyrosyl-tRNA synthetase, T-
complex protein 1, alpha subunit, T-complex protein 1, epsilon subunit, asparagine synthetase, T-complex
protein 1, zeta subunit, T-complex protein ldelta subunit, T-complex protein leta subunit, DnaJ homolog
subfamily C member 7, L plastin, Protein disulfide isomerase precursor, Ubiquitin carboxyl-terminal
hydrolase 14, Elongation factor 2, Dynein light chain-A, UV excision repair protein RAD23 homolog B,
Stress-induced-phosphoprotein 1, Tubulin alpha-8 chain



Discussion 112

6 DISCUSSION

The long-term goal of my research presented in this thesis was to understand the role of
SUMO EI enzyme Aosl/Uba2. This work resulted in the characterisation of an Uba2
splice variant, and the identification and characterisation of ELKS as a novel SUMO

target.

6.1 Characterisation of variant Uba2

In contrast to ubiquitin E1, the SUMO EI1 enzyme consists of two subunits, Aosl and
Uba2 (Dohmen et al., 1995). In my work, I characterised a new splice variant of Uba2
which lacks one exon encoding 50 amino acids. To address the question whether the
splice variant of Uba2 was expressed at all, since one exon was missing, RT-PCR of total
RNA was performed. As it is demonstrated in Figure 15, RT-PCR of total RNA showed
presence of the Uba2 splice variant in all selected mouse organs without any tissue
specificity in comparison to Uba2 wild type. I could demonstrate that this splice variant is
predominantly enriched in the nucleus consistent with the localisation of the full length
Uba2 (Azuma et al., 2001). Next, I asked whether variant Uba2 is still able to stably
interact with Aosl and form an active SUMO E1 enzyme. In gel filtration experiments
the recombinant Uba2 splice variant comigrates with recombinant Aosl, indicating stable
interaction between both proteins (Figure 16). Thioester bond formation as well as
modification assays revealed that the E1 enzyme formed between variant Uba2 and Aosl
was as active as its full length counter part. This result was surprising, since recently
published structure of SUMO El enzyme (Lois and Lima, 2005, and Figure 58),
suggested that missing residues in Uba2 splice variant could alter " the SUMO binding
region significantly and 2 disturb the Ubl domain. It will be very interesting to gain
structural information on variant Uba2, as novel insights on the catalytic mechanism

could be gained from this.
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Figure 58. Ribbon diagram of the Aosl/Uba2-SUMO-1 complex. SUMO is colored yellow. Catalytic
domain and UbL domains are labeled. The active site cysteine is labeled and colored yellow. E1 with
deletion in Uba2 is indicated on left with the black arrows from 416-467 (From Lois and Lima, 2005).

6.2 Identification of a novel SUMO target

6.2.1 Identification of a new Aosl binding partner

Originally, the SUMO EI was described as a nuclear protein (Dohmen et al., 1995;
Johnson et al., 1997; Azuma et al., 2001). Our lab extended these findings by
demonstrating that both the SUMO E1 and the SUMO E2 enzyme are enriched in the
nucleus but also faintly distributed in the cytoplasm (Pichler et al., 2002). Using
immunofluorescence (Figure 25) and subcellular fractionation (Figure 23), I could show
that a small fraction of the E1 subunit, Aosl is enriched at the Golgi apparatus. This led
to the idea that there are several interaction partners possible for Aosl and Uba2. In this

work, immunoprecipitation experiments with anti Aosl and anti Uba2 antibodies,
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followed by subsequent mass spectrometry analysis, identified ELKS (epsilon) as a
specific and strong binding partner to Aosl. In my further study I focused on the

functional meaning for this interaction.

6.2.2 ELKS is a protein implicated in NFxB signaling and vesicle transport

The first ELKS family member was originally discovered by Nakata et al., 1999 as a
protein fused to the RET (receptor tyrosine kinase) protein. The deduced polypeptide
sequence is rich in glutamic acid (£; 13.5% of total residues), leucine (L; 11.7%), lysine
(K; 10.7%), and serine (S; 9.3%). As these four amino acids occupy 45.1% of the total
residues, the novel gene was named ELKS. The ELKS gene spans more than 500 kb of
genomic DNA (Yokota et al., 2000) and is ubiquitously expressed. The secondary
structure of the ELKS protein sequence is predicted to contain alpha-helical domains with
short beta-turns or beta-sheets in the central region. The presence of heptad repeats in the
helical domain regions suggests that the ELKS protein has a coiled-coil structure, because
coiled-coil regions are generally alpha-helical with heptad periodicity. Furthermore,
analysis of the ELKS protein sequence indicated dimer formation (Nakata et al., 1999).
So far, four ELKS splice variants are described in the literature, ELKS-f, -y, -0 and -¢,
with the prototype isoform being renamed to ELKS-a (Figure 59) (Nakata et al., 2002).
ELKS-B, -y, -0, and -& consist of 992-, 720-, 1088-, and 1116-aa residues, respectively
(Figs. 59 and 60).
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Figure 59. Schematic illustration of ELKS cDNA structures. Hatching denotes novel exons. A translation
initiation codon (ATG) is present in exon 2, and translation stop codons (TAG or TGA) are found in exon
17 or exon 19. An arrow indicates the breakpoint for fusion of ELKS to RET in a papillary thyroid
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each diagram denote coiled-coil domains; shading indicates differences from those of ELKSoa (From
Nakata et al., 2002).
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Figure 60. Amino-acid sequences of the five ELKS isoforms deduced from cDNAs. Predicted coiled-coil
structures (only those that showed probabilities greater than 0.5 as predicted by MultiCoil) are indicated by

lines under the respective amino acid sequences (Modified from Nakata et al., 2002).



Discussion 117

A number of proteins highly homologous to the ELKS proteins were identified in rat,
named CAZ-associated structural protein, CAST (CAST1, CAST2a and CAST2p;
Deguchi-Twarada et al., 2004; Ohtsuka et al., 2002) and ERC (ERCla, ERClb and
ERC2; Wang et al., 2002). Another research group discovered two related mouse proteins
that interact specifically with a small GTPase protein, Rab6, and therefore the proteins
were named Rab6IP2A and Rab6IP2B (Monier et al., 2002). Sequence alignment has
revealed that ELKS, CAST, ERC and Rab6IP2 are orthologous members of the same
protein family in human, rat and mouse. Their expression profiles in different organs
differ with different isoforms, ELKS-a, CAST2a, Rab6IP2A, ERC1b and ERC2 are
expressed only in the brain, while ELKS-g, Rab6IP2B and ERCla are expressed
ubiquitously outside of the brain (Nakata et al., 2002; Deguchi-Twarada et al., 2004).

ELKS belongs to the class of cytosolic Rab partners and effectors that can be recruited on
membranes in a GTP-dependent manner, and it was suggested that ELKS plays an
essential role in membrane traffic in a Rab6-dependent manner (Monier et al., 2002;
Wang et al., 2002). Additionally, ELKS was recently identified to function in insulin
exocytosis, where the authors explored the localisation and function of ELKS in
pancreatic B cells (Imaizumi et al 2005). This study proposed that ELKS may have a
potential role in the translocation of insulin granules to a specialized exocytotic site, thus
ELKS is a possible candidate for definition of the fusion site of insulin exocytosis. For
further investigation it would be interesting to know if the exocytosis function of ELKS is

restricted to pancreas only or whether this is a general function for ELKS.

6.3 Identification of additional ELKS and Aosl binding partners suggest possible

functions in vesicle transport and NFxB signaling

Albeit ELKS and Aosl clearly interact in vivo, bacterially expressed recombinant
proteins do not interact directly. This could be due to the absence of eukaryotic
modifications, or missing binding partners that were present in the immunoprecipitation.
Therefore, I went on to search for new binding partners for Aosl and ELKS.

Immunoprecipitation experiments and subsequent mass spectrometry analysis showed
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several interaction candidates of Aosl and ELKS (Figure 41). Among them were RanBP2
(a SUMO E3 ligase), a putative NFxB activating protein and protein transport
Sec24A/Sec23B. Additionaly, in the same immunoprecipitation experiment (Figure 42)
small amount of Ubc9 was found. As it was described above, ELKS has been implicated
in different events such as vesicle transport or NF«B signaling. Therefore, finding these
interactors is consistent with a role of ELKS in both processes. I particular, the finding of
the Sec proteins (Sec24A/Sec23B) are very interesting for this study, since these proteins
are involved in the transport from the ER to Golgi by promoting interaction of cargo with
the coat complex II (COPII) budding machinery. Vesicles coated by the COPII coat
mediate the export of newly synthesized proteins from the ER, whereas COPI-coated
vesicles are involved at later stages of intracellular transport (Schekman et al., 1996). In
mammalian cells, a relay between the two coats takes place at the level of ER-Golgi
intermediate compartment, a dynamic compartment at the crossroads between the ER and
the Golgi (Lippincott-Schwartz et al., 2000). Protein passengers like Sec23/24 deposited
in the ER may remain there or be shuttled to the Golgi apparatus to be presented with
further transportation options. Recent work has further addressed that ELKS which is a
membrane protein, can be recruited on Golgi membranes (Monier et al., 2003). Based on
this, one could imagine that ELKS could form a complex with Sec23/24 heterodimer and
SUMO E1 enzyme, which then can regulate ELKS function in transport of cargo through
the secretory pathway. This hypothesis will need to be tested, first by showing that
ELKS, SUMO E1 and Sec24A/Sec23B indeed can indeed form a trimeric complex.

6.4 ELKS is a new SUMO substrate

The presence of Ubc9 and the RanBP2 E3 ligase in ELKS immunoprecipitation
suggested the possibility that ELKS is a SUMO target. To prove this hypothesis I first
investigated ELKS sumoylation in vivo (Figure 48) and in vitro (Figure 51) and could
indeed describe ELKS as a new SUMO substrate. Using mass spectrometry analysis three
consensus sumoylation sites in ELKS at lysines K10, K444, K472 were identified. |
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investigated single and double mutants in our in vifro sumoylations assay, which
demonstrated that the single mutants K10R, K444R and K472R could still be modified.
Importantly, the double mutant (K444/472) is completely deficient for sumoylation.
These data indicate that ELKS can be sumoylated predominantly at two sites, lysine 444
and lysine 472. Interestingly, the SUMO conjugating site in the middle of coiled coil
region (LK***EE) is missing in other ELKS family members (ELKS-a, -B, -y, and -8).
Therefore it will be important to investigate, if these members are also sumoylated and

what are the respective consequences on their biological function.

6.5 SUMO does not change ELKS localisation and Rab6 interaction

Even though sumoylation is now an established posttranslational modification for a large
number of proteins, the functional consequences of SUMO conjugation in most cases
remain unclear. It was therefore important to characterise the effect of SUMO
modification on the function of ELKS. It was reported that ELKS is involved in vesicle
transport (Monier et al., 2002). ELKS can be recruited to Golgi membranes by the
GTPase Rab6. In this work two experiments were performed to gain insight on the
consequences of ELKS sumoylation.

In a number of cases, SUMO conjugation leads to changes in subcellular localisation of
the modified protein. To test this possibility, I compared the localisation of ELKS wild
type versus the sumoylation deficient double mutant ELKS K444/472R by expression of
both proteins in HeLa cells and subsequent immunofluorescence (data not shown).
Additionally, to test if sumoylation of ELKS interferes with its binding to Rab6 a pull
down experiment using recombinant Rab6 and full length ELKS versus sumoylated
ELKS was performed. This study shows that SUMO modification does not correlate with
changes in the localisation of ELKS or interaction with Rab6 GTPase.
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6.6 ELKS negatively regulates the NFxB signaling pathway

NF«kB is a transcription factor involved in important biological processes including
inflammation and apoptosis (Karin et al., 2002; Yamamoto et al., 2001). Many
extracellular stimuli induce NFkB activation. The physiological roles of NFkB are both
cell type and stimulus dependent (Karin et al., 2002; Yamamoto Y et al., 2001). Previous
investigations have shown that activation of NFkB by extracellular stimuli such as TNFo
is predominantly mediated by a distinctive signaling pathway, were IxB kinase (IKK)
phosphorylates IkBoa and thereby induces its degradation. Activated NFkB is
translocated into the nucleus and binds to the promoter regions of its target genes (Karin
et al.,, 2002). The large 700- to 900-kDa IKK complex is the centerpiece of NFxB
pathway. This complex consists of the kinase subunits IKK1 and IKK2, which are found
in association with the regulatory subunit IKKy/NEMO (Karin et al., 2002). The function
of IKK2 as an essential subunit of IKK complex (Schmidt-Supprian et al., 2000; Makris
et al., 2000) for classical NF«kB activation is well established. In contrast, IKK1 mediates
transcription of the p52/relB target genes with an “alternative pathway” by regulating
processing of pl00 into p52 in response to stimuli such as lymphotoxin, CD40, and
BAFF (Dejardin et al., 2002; Senftleben et al., 2001). In addition, IKK1 regulates the
expression of some NFkB target genes by phosphorylating histone H3 on Ser-10
(Yamamoto et al., 2003; Anest et al., 2003). Furthermore, IKK1 plays a critical role in the
differentiation of epidermis independent of its kinase activity and NFxB signaling
pathway (Li et al., 1999; Hu et al., 2001).

ELKS was identified recently by gel filtration analysis and tandem mass spectrometry as
a protein that copurified with an IKK complex that was immunoprecipitated with IKK2
antibodies from HeLa cells treated with TNFa (Ducut Sigala et al., 2004). ELKS seems
to be essential for IKK activity and NFxB activation as ELKS silencing causes a loss and
delay of IxBa phosphorylation and degradation in response to TNFa and IL-1 (Ducut
Sigala et al., 2004). Therefore, I was interested to investigate if ELKS sumoylation plays

arole in this process.
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Interestingly, I found that abolishing either one of two specific sumoylation sites in
ELKS (K444R and K472R) reduces NFkB activity in TNF-a treated HeLa cells, while
deletion of both sumoylation sites in ELKS (K444/472R) reduces this effect even more
prominently. The third point mutation, which is not required for sumoylation (K10R)
behaved like wild type. NF-kB activity was not completely abolished in the presence of
the K444/472R mutant; however residual activity was likely due to wild type ELKS that
was present in the cells (Figure 61). In summary, my results strongly suggest that
sumoylation of ELKS plays an essential role for NFkB activity. While the molecular
events that are regulated by sumoylation remain to be revealed, at least two possibilities
can be envisioned: either sumoylation of ELKS is required for recruitment of IkBa to the
IKK complex, or sumoylation of ELKS is essential for direct binding to IKK2. Since
NF«kB activation targets and induces gene expression it will be interesting to find out
under which physiological circumstances the sumoylation of ELKS occurs and finally
which genes specifically are targeted.

It would also be interesting to see if the localisation of ELKS, Aosl or Uba2 is changed
after stimuli with TNFa and if the change in localization has any influence for NFxB

signaling pathway.

Ulhiguitinaiion
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Figure 61. A potential role for ELKS upon NF«B activation, (a) ELKS associates with IKK complex upon
TNFa stimuli and recruit IxkBa to the IKK complex leading to phosphorylation and degradation of IkBa
and release of p5S0 and p65 for accumulation in the nucleus, (b) Sumoylation of ELKS at lysine 444 and
472 prevents association of ELKS to IkBa and further phosphorylation and degradation of IxBa.

6.7 RanBP2-an E3 ligase for ELKS?

E3 ligases are considered to be responsible for the substrate specificity. Three different
types of SUMO E3 ligases have been discovered recently, members of the PIAS family,
RanBP2/Nup358 and Pc2 (see Introduction). For my study it was interesting to define an
E3 ligase for ELKS sumoylation.

Based on immunoprecipitation and in vitro activity, RanBP2 seems to serve as an E3
ligase for ELKS. This does however not exclude that other ligases such as PIAS may
have a role in enhancing ELKS sumoylation. At least in vitro, PIASxa also can enhance
ELKS sumoylation (Figure 52a).

Considering the fact that RanBP2 is a core component of the cytoplasmic filaments of
nuclear pore complexes (Wu et al., 1995), this raised the question, whether ELKS could
be translocated through the nuclear pore complex. However, according to
immunofluorescence experiments (Figure 36) and data in the literature, ELKS is localised
exclusively in the cytoplasm. To determine if ELKS could shuttle between cytoplasm and
nucleus, immunofluorecence experiments were carried out by overexpressing ELKS in
HeLa cells and treatment with leptomycin B (data not shown). Leptomycin B specifically
inhibits the CRM1/exportinl nuclear export pathway. Leptomycin B treatment did not
lead to accumulation of ELKS in the nucleus indicating that ELKS is indeed restricted to
the cytoplasm. RanBP2 is a very elongated protein, reaching up to 100 nm into the
cytoplasm from nuclear pore complex (Delphin et al., 1997). Its E3 ligase domain, which
resides at the C-terminal part of the protein, is at the NPC-distal site (Bernad et al., 2004).
Consequently, cytoplasmic proteins could well have easy access to RanBP2’s E3 ligase
domain.

An attractive hypothesis would also be that ELKS is sumoylated predominantly in

mitosis, when nuclear pore complex disassemble and RanBP2 is diffusely distributed
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throughout the cell. This could be addressed by an analysis of ELKS sumoylation in cell

cycle synchronized HeLa cells.
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