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ABSTRACT

Investigation of the stress-induced nuclear localisation of
Retinoblastoma Binding Protein 6 (RBBP6) and its role in ubiquitination of

Y-Box Binding Protein-1 (YB-1)

T. G Mahomedy, MSc Biotechnology thesis, Department of Biotechnology, Faculty of

Natural Sciences, University of the Western Cape

Retinoblastoma Binding Protein 6 (RBBP6) is a 200 kDa RING finger-containing human
protein known to serve as an E3-ubiquitin ligase, and to-play a role in ubiquitination and
suppression of the tumour suppressor p53. It also regulates the stability of mRNA

transcripts by modulating 3’-polyadenylation.

The human RBBP6 gene codes for four protein products, denoted isoforms 1-4. Isoform
1 is 1792 amino acids in length and corresponds to the full-length protein, including the
ubiquitin-like DWNN domain found at the N-terminus. In contrast, isoform 3 contains
only 118 residues and consists predominantly of the DWNN domain, followed by a 37-
residue C-terminal tail, of which the final 17 residues are not found in any of the other
isoforms. At the C-terminus of the DWNN domain is a di-glycine (Gly-Gly) motif found
in the equivalent position to that in ubiquitin, raising the possibility that it may play a role
in the covalent attachment of the DWNN domain to other proteins, in a process

analogous to ubiquitination.



RBBP6 has previously been characterized as a nuclear protein, localizing in punctate
bodies known as nuclear speckles. However, previous investigations in our laboratory
have suggested that isoform 3 is predominantly cytoplasmic, but accumulates in nuclear

speckles following stress.

Y-Box Binding Protein-1 (YB-1) is an oncogenic transcription factor known to play an
aggravating role in a number of cancers and identified as a potential target for
therapeutic intervention. RBBP6 has been shown to interact with YB-1 in vivo, causing
its ubiquitination and consequent degradation in the proteasome. In vitro studies have
shown that the R3 fragment of RBBP6, which-consists of the DWNN, zinc finger and
RING finger domains, is able to. poly-ubiquitinate YB-1 using UbcH1 as ubiquitin-
conjugating (E2) enzyme. UbcH1 is an unusual E2 enzyme in that it contains an
ubiquitin-associated domain (UBA), which is known to bind to ubiquitin, in addition to the
catalytic domain. This has led.to.the hypothesis that an interaction between the UBA of
UbcH1 and the DWNN domain, of RBBP6 promotes the ubiquitination activity of RBBP6

in combination with UbcH1.

This study focused on two questions of interest: first, does the DWNN domain of RBBP6
interact with the UBA domain of UbcH1 in vitro? In order to do test this hypothesis, both
domains were expressed in bacteria as fusions with glutathione S-transferase (GST)
and GST pull-down assays were used to investigate the interaction. Surprisingly, no
interaction was found between the DWNN domain and the UBA, but a clear interaction

was observed between the zinc finger of RBBP6 and the UBA.



The second question investigated was whether the Gly-Gly motif at the C-terminus of
the DWNN domain plays a role in the localisation of isoform 3. Three mammalian
expression constructs were generated and their localisations investigated using
immunofluorescence microscopy. Detection was carried out using haemagglutinin (HA)
immuno-tags attached to the N-termini of the exogenous proteins. The constructs were
HA-DWNN13, which corresponds to wild-type isoform 3; HA-DWNN-PI, a truncation of
the C-terminus immediately before the Gly-Gly motif, and HA-DWNN13-AA, a

replacement of the C-terminal Gly-Gly with Ala-Ala, leaving the rest of isoform 3 intact.

Our results show that HA-tagged isoform 3 (HA-DWNN13), like the endogenous isoform
3, is predominantly cytoplasmic in.resting cells butis also present in speckle-like bodies
within the nucleus. Co-localisation studies with SC35, a splicing factor commonly used
as a marker for nuclear speckles, confirmed that these speckle-like bodies are indeed
nuclear speckles, also known.as.splicing speckles. -Replacement of the di-glycine motif
with di-alanine had no observable effect on;the localisation of isoform 3, which suggests
that the di-glycine motif does not play a functional role in the localisation of the protein.
However removal of the GG motif and the rest of the C-terminus of isoform 3 (HA-
DWNN-PI) produced a very different phenotype, in which the protein was distributed
uniformly across the cytoplasm and the nucleus, with no sign of speckling in the
nucleus. This suggests that the C-terminal tail plays a role in the localisation of isoform

3, in particular by causing it to be exported from the nucleus.

Keywords: RBBP6, YB-1, ubiquitination, heat shock response, nuclear speckles.
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CHAPTER 1 : LITERATURE REVIEW

1.1 Introduction

Retinoblastoma Binding Protein 6 is a 200 kDa human protein that was originally
identified as interacting with the tumour suppressor pRb (Sakai et al., 1995, Saijo et al.,
1995) and was subsequently shown to bind p53, another tumour suppressor, as well
(Simons et al, 1997). The single gene coding for RBBP6 is found in all eukaryotes but
not in prokaryotes (Pugh et al., 2006). RBBP6 has been shown to be essential in mice,

yeast, worms and flies (Mather et al., 2005, Huang et al., 2013).

The presence of a RING finger domain.and.-the N-terminal ubiquitin-like DWNN domain
suggested a role in ubiquitination. A knock-out mouse study conducted by Li et al.
(2007) showed that RBBP6 cooperates with MDM2 in suppressing p53, making it a
potential promoter of cancer. However,,their. study. also suggests that RBBP6 may play
an equally important role in keeping:the activity of p53 in check during development (Li

et al., 2007).

Through its ubiquitination activity, RBBP6 has also been linked to suppression of the
highly tumourigenic Y-Box Binding protein-1, thereby making it anti-tumorigenic, as well
promotion of DNA damage though suppression of zBTN38 (Chibi et al., 2008, Miotto et
al., 2014). In addition to its role in ubiquitination, RBBP6 has what appears to be an
independent set of functions related to mRNA processing: it forms part of the 3’-end

polyadenylation complex in both yeast and human and plays a role in selection of 3’-



polyadenylation sites, leading to regulation of the expression of 4000 human genes (Vo
et al., 2001, Di Giammartino et al., 2014). It interacts with elements of the spliceosome
and contains an arginine-serine-rich domain (RS domain) similar to those found in
splicing factors and other splicing associated proteins (Simons et al., 1997). More
recently it has been shown to play a role in 3’-end processing of mRNA transcripts,
positively regulating the expression of up to 4000 genes by influencing the choice of

polyadenylation site (Di Giammartino et al., 2014).

The single RBBP6 gene is expressed in a number of isoforms, including the full-length
protein (isoform 1) and a smaller_isoform (isoform.3) consisting essentially of the N-
terminal DWNN domain followed by a 40-amino.acid-tail. Recent reports suggest that
isoform 3 may regulate the activity of isoform 1 by competing for binding to the 3’-end
cleavage machinery (Di Giammartino et al., 2014). Meanwhile, unpublished reports from
our laboratory suggest that whereas isoform ,1,is localized to punctate bodies in the
nucleus called nuclear speckles, isoform 3 is-predominantly localized in the cytoplasm

and translocates to the nucleus following stress.

If true, this may provide a mechanism whereby 3’-end processing can respond to cell
stress. The DWNN domain adopts a structure similar to the protein modifier ubiquitin.
An intriguing feature of the DWNN domain is the C-terminal Gly-Gly motif found in
vertebrate orthologues at the same position as the same motif in ubiquitin, which raises
the possibility that the DWNN domain may become covalently attached to other proteins

and therefore play the role of an ubiquitin-like modifier.



Further unpublished results from our laboratory suggest that the DWNN domain is
required for efficient poly-ubiquitination of YB-1 by RBBPG6, acting in conjunction with
the E2 enzyme UbcH1. UbcH1 is an unusual E2 enzyme in that it contains a domain
known to associate with ubiquitin (a so-called ubiquitin associated domain, or UBA) at
its C-terminus, which led us to hypothesize that the UBA may interact directly with the

DWNN domain of RBBP6, thereby facilitating the ubiquitination activity of RBBPG6.

It is clear from the above that RBBP6 is an important protein which may shed light on
the regulation of many cellular processes. Of particular interest is the relative
localisation of isoforms 1 and 3 within-the cell, since that will affect the ability of the two
isoforms to compete with each other for binding to the 3’-end processing machinery.
Also of interest is whether the Gly-Gly motif plays any role in the localisation of

isoform 3.

1.2 Retinoblastoma Binding Protein 6 ;protein family

RBBP6 is a large multi-domain protein that is implicated in a range of biological
processes including ubiquitination, transcription and mRNA processing. The RBBP6
protein family exists in eukaryotic organisms and not in prokaryotes and there are three
known splice variants. The mouse protein is known as p53-associated cellular protein-
testes derived (PACT) or P2P-R (Witte and Scott, 1997), fruit fly (SNAMA) (Mather et
al., 2005), worm (RBPL-1) (Huang et al., 2013) and in humans as RBBP6. RBBP6 was
originally cloned and characterized by Simons et al. (1997) by using purified wild type

p53 as a probe on mouse testes expression library. cDNA encoding a nuclear protein



was isolated and designated as PACT. Using the same assay, Rb was used as a probe
and was found to interact with RBBPG6 therefore shown to interact with tumor
suppressor proteins p53 and Rb (Simons et al., 1997). The RBBP6 encoding gene is
situated on chromosome 16p12.2 and codes for proteins of 1792, 1758, 118 and 952
amino acids (Pugh et al., 2006) respectively, known as isoforms 1-4. Isoforms 2 and 4
have not been the subject of much study and therefore the focus of this review will be

on isoforms 1 and 3.

All RBBP6 proteins in both vertebrates and invertebrates share a common N-terminal
end composed of: DWNN domain, zinc knuckle-domain and RING finger, see Figure 1.1
(Mather et al., 2005, Pugh et al., 2006). Vertebrate RBBP6 also contains a number of
other domains which are found at the C-terminus end and include the SR domain,
Retinoblastoma binding (Rb) 'domain, nuclear localisation signal domain and p53

binding domain (Pugh et al., 2006).

The additional sequences which are only found in vertebrates are likely to confer higher
levels of regulation acquired by organisms during the course of evolution, as well as
additional functions, possibly. For example, the p53 and pRb-binding domains found in
the C-terminus are likely to have been added relatively late in evolutionary history, due

to the need to oppose tumourgenicity in multi-cellular organisms.
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Figure 1.1: Domain organisation of RBBP6 orthologues in various eukaryotic
organisms. The RING finger domain, DWNN and zinc knuckle domains are well
conserved in both vertebrates and invertebrates. In humans and mice RBBP6 has an
additional C-terminal extension which includes the Rb binding domain as well as the
p53 binding domain. Adapted from (Pugh et al., 2006).



On the other hand, the ubiquitination activity of the protein is likely to centre on the
RING finger domain, and possibly the ubiquitin-like DWNN domain, which are found in
the N-terminal part of the protein, which is present in all eukaryotes and makes up the
entire protein in lower organisms (denoted R3 in this study). Similarly, the fact that the
yeast form of the protein, Mpe1, which contains only the equivalent of R3 in vertebrates
(see Figure 1.1), is sufficient for 3’-end cleavage (Vo et al., 2001), suggests that the
polyadenylation activity may be contained entirely in the N-terminus of the human

protein.

The DWNN domain

The structure of the DWNN domain found at the N-terminus of all RBBP6 isoforms is
most similar to that of ubiquitin, raising questions as to whether it can perform a similar
function (Pugh et al., 2006). This hypothesis is supported by the fact that the DWNN
domain contains a Gly-Gly motif at the same, position as found in ubiquitin and other
ubiquitin-like modifiers, in which it serves as-the point of attachment to the substrate

protein (Pugh et al., 2006)

As well as forming part of the full-length RBBP6 structure, the DWNN domain is also
independently expressed along with a 40-residue C-terminal tail, making up isoform 3.
In human cancers, DWNN is down-regulated while the larger isoforms tend to be up-
regulated (Mbita et al., 2012). The function of the DWNN domain is still poorly

understood but in 2014 a study by Di Giammartino and co-workers revealed that DWNN



inhibited pre-mRNA 3’ cleavage by competing with full-length RBBP6 for binding to the

MRNA polyadenylation core machinery (Di Giammartino et al., 2014).

The zinc finger domain

The zinc finger is a small protein domain that was first discovered in 1983 in Xenopus
transcription factor IIIA (TFIlIIA) and they are highly abundant in higher eukaryotes
(Gamsjaeger et al., 2007). They are present among proteins that perform a broad range
of functions in various cellular processes such as replication and repair, transcription
and translation, metabolism and signaling, cell proliferation and apoptosis (Sri Krishna
et al., 2003). The zinc finger is the second conserved domain of RBBP6. Zinc fingers
are structurally diverse and fall into eight fold groups, which are defined based on the

structural properties in the vicinity of the zinc-binding site.

RBBP6 zinc finger is CCHC (Cys-Cys-His-Cys motif) types which are known to bind
both DNA and RNA. An example is the: trypanosome poly-zinc finger pre-mRNA
processing protein which binds both DNA and RNA (Mérking et al., 2004). CCHC zinc
finger types are also known to be involved in protein-protein interactions (Matthews et
al., 2000). Finally zinc fingers have recently been shown to have the ability to bind
ubiquitin. A 2009 study by Cordier and co-workers revealed that the zinc finger of NF-xB
essential modulator is a regulatory protein (NEMO) an essential protein NF-xB signaling
is a ubiquitin binding domain (Cordier et al., 2009). The study showed furthermore that
the zinc finger residues involved in ubiquitin binding are functionally important and

required for NF-kB signaling response.



The RING finger domain

The RING domain is the third conserved domain of the RBBP6 protein family and is a
characteristic feature of E3 ubiquitin ligases. E3 ligases form part of the ubiquitination
proteasome pathway and they confer specificity by recognizing target substrates by
mediating the transfer of ubiquitin from an E2 ubiquitin-conjugating enzyme to the
substrate (Deshaies and Joazeiro, 2009). RING fingers are small domains that fold

independently with the help of two Zn®* ions (Krishna et al., 2003).

RBBP6 RING finger is classified as a U-box due the conserved pattern of hydrophobic
residues (Chibi et al., 2008). The U-box is-a domain.that comprises of ~70 amino acids
and has the same structure as RING fingers.but without the need to bind zinc ions and
is present in proteins ranging from yeast to man (Hatakeyama et al, 2001). U-Box
proteins mediate poly-ubiquitination in the presence of E1 and E2 and in the absence

an E3 (Cyr et al., 2002).

Functions of RBBP6

RBBP6 is a large multi-domain containing protein with known multiple functions.
Perhaps the most well documented function is the role in maintenance of protein
stability through the ubiquitin proteasome pathway. The key enzymatic function seems
to lie on the RING finger and possibly the DWNN domain. The RING finger of RBBP6
has been shown to be directly implicated in the regulation of YB-1 through the ubiquitin
proteasome system (UPP). Using a yeast two-hybrid library screen, RBBP6 RING was

shown to interact with YB-1 and further ubiquitinate it leading to its destruction in the



proteasome (Chibi et al., 2008). The presence of the RING finger domain led Li et al.
(2007) to speculate that RBBP6 may potentially play a role of scaffolding by facilitating
the interaction between p53 and Hdm2 since it does not ubiquitinate p53 on its own.
The study further revealed that PACT is an essential gene for survival and that its
disruption led to embryonic death before day 7.5 (E7.5) and widespread apoptosis.
Furthermore, they showed that introduction of a p53 null mutation in Pact” mice partially
rescued the lethality (Li et al., 2007). The results suggest that PACT negatively

regulates p53.

In 2005 a study conducted by Mather and co-workers showed that SNAMA controls
nucleic acid metabolism and apoptosis. (Mather.et al., 2005). The study showed that
deletion of SNAMA resulted in/ abnormal occurrence of apoptosis during
embryogenesis. The worm homolog (RBPL-1) was also 'shown to be indispensable to
worm development. Silencing -of  RBPL-1 gene resulted in embryonic lethality and
defects in germ cell proliferation as well as jintestine development (Huang et al., 2013a).

Taken together RBBP6 homologs play a vital role in the development of organisms.

Finally, RBBP6 has been has been shown to play a role in the regulation of zBTB38
protein and prevention of DNA damage. A study by Miotto and co-workers showed that
cells lacking RBBP6 have higher levels of zBTB38 (Miotto et al., 2014). High levels of
zBTB38 were sufficient to induce DNA damage and its depletion was sufficient to
prevent DNA damage in the absence of RBBP6. The data showed a direct involvement

of RBBP6 in the regulation of zBTB38 through the ubiquitin proteasome pathway.



Interestingly, cells lacking RBBP6 were shown to have spontaneous DNA damage and
that the effect was reversible by the simultaneous deletion of zBTB38 (Miotto et al.,

2014).

1.3 Y-Box Binding protein-1

One of the reported functions of RBBP6 is the ubiquitination of YB-1 through its RING
finger and marking it for destruction through the 26S proteasome (Chibi et al., 2008). Y-
box binding protein 1 (YB-1), also known as DNA binding protein B (dbpB) (Sorokin et
al., 2005), is an oncogenic transcription and translational factor that belongs to a
superfamily of cold-shock domain proteins (Wolffe; 1994). YB-1 is made up of three
domains the N-terminal or (A/P) domain which is rich in alanine and proline and thought

to function as a transcriptional regulation domain (Eliseeva et al., 2011).

The middle portion of YB-1, termed the nucleic acid binding domain or cold shock
domain (CSD), has been highly conserved throughout evolution. Lastly the C-terminal
region contains alternating positively and negatively charged regions which have been
implicated in protein-protein interactions, see Figure 1.2 (Izumi et al., 2001). The C-
terminal domain contains alternating regions of acidic and basic amino acids (Izumi et

al., 2001).

C-terminal domain

A/P domain CSD
51 129 4 +++= == =444 ===-dttt=-==-fttt----329

N RNP-1 | RNP-2 C

Figure 1.2 Domain organisation of YB-1 (Eliseeva et al., 2011)
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YB-1 is involved in a number of cellular processes in the cytoplasm and nucleus
(Eliseeva et al., 2011). YB-1 is involved in all DNA and mRNA-dependent processes
which include DNA replication and repair, transcription, pre-mRNA splicing and mRNA
translation (Matsumoto and Wolffe, 1998, Kohno et al., 2003, Silveira et al., 2011). YB-
1’s multiple functions are not limited to regulation of DNA and RNA processes but also

the regulation of expression of the multi-drug resistance (MDR1) gene.

The MDR1 gene is overexpressed in cancer cells that are resistant to many
chemotherapeutic agents. DNA damaging agents such as UV irradiation and cisplatin
cause YB-1 to induce the expression-of MDR1 through increased binding to a Y-Box
element within the MDR1 promoter (Asakuno et al., 1994, Ohga et al., 1998). YB-1 is a
predominately cytoplasmic protein which translocates to the nucleus in response to
genotoxic stress (Koike et al., 1997). Mechanisms of nuclear translocation of YB-1 have

sparked great interest in the scientific. community:

It has been reported that phosphorylation of YB-1 by Akt is required for nuclear
translocation (Sutherland et al., 2005). A study conducted by Zhang et al. (2003)
showed for the first time that p53 was required for nuclear localisation of YB-1. In their
study they showed that genotoxic stress induced the nuclear translocation of YB-1 but
only in cells containing wild-type p53 (Zhang et al., 2003). YB-1 interacted with p53
through its C-terminus between the amino-acid residues 363-376 (Okamoto et al.,
2000). The study clearly showed the requirement of functional p53 for the translocation

of YB-1 into the nucleus.
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In addition, the study speculated the correlation nuclear YB-1 with drug resistance and
poor prognosis in some tumor types since p53 causes YB-1 to translocate to the
nucleus, which is associated increased drug resistance through activation of MDR1
(Zhang et al., 2003). This effect would make cells more resistant to resistant apoptosis
through inhibition of p53 activity and aid in the development of drug-resistant clones

consequently promoting the survival of some tumor cells (Zhang et al., 2003).

A 2010 study conducted by Basaki and co-workers revealed that YB-1 promotes cell
cycle progression through the CDC6-depependent pathway in human cancer cells
(Basaki et al., 2010). They showed that depletion of YB-1 caused a marked suppression
of cell proliferation and expression.of the cell cycle related gene CDC6 in cancer cells.
Consequently, it was concluded that YB-1 is a potent biomarker for tumour growth and

cell cycle in its close association with CDC6 in cancer cells (Basaki et al., 2010).

Several lines of evidence have painted that;YB-1 is closely involved in tumour growth as
well as malignant progression of cancer (Braithwaite et al., 2006). In addition, nuclear
YB-1 is associated with poor prognosis in several types of human cancers including
breast (To et al., 2011), prostate (Giménez-Bonafé et al., 2004), lung (Shibahara et al.,
2001) and colon (Law et al., 2010) cancer. Nuclear expression of YB-1 is linked with
poor survival in breast cancer patients; a study conducted by Lee et al. (2008) showed
that YB-1 might be a target for therapeutic intervention. They showed that targeting YB-
1 in human epidermal growth factor receptor (her-2) overexpressing breast cancer cells

induced apoptosis through the mTOR/STAT3 pathway, thereby suppressing tumor

12



growth in mice. They confirmed this by inhibiting YB-1 with siRNAs both in vitro and in
vivo. Out of seven breast cancer cell lines, six were suppressed in growth (Lee et al.,

2008).

14 RBBP6 and its involvement in cancer

The interaction of RBBP6 with the tumor suppressor protein p53 has ignited great
interest in evaluating it as a potential cancer biomarker. p53, a tumour suppressor
commonly referred to as the “guardian of the genome” is mutated more than 50% of
human cancers (Hollstein et al.,, 1991). In a quest to understand the correlation
between mutant p53 and RBBP6 incolon cancer, Chen et al. (2013) used
immunohistochemistry, western blot and real time PCR on cancerous and non-

cancerous colon tissue samples (Chen et al., 2013).

They observed that RBBP6 was. over-expressed in;,colon tumorous tissues and that
there was a correlation of overexpressed RBBP6 and mutant p53 in colon cancer (Chen
et al., 2013). In addition, the study showed that patients with tumours which had an
accumulation of mutant p53 and overexpressed RBBP6, relapsed and died shortly after
surgery. The study revealed that both RBBP6 and mutant p53 could be helpful in

predicting cancer prognosis (Chen et al., 2013).

In a 2010 study employing Complementary DNA Microarray Analysis, Yoshitake and co-
workers revealed that PP-RP was overexpressed in oesophageal cancer cells as

compared to non-cancerous cells (Yoshitake et al., 2004). They concluded that PP-RP
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could be an ideal target for diagnosis and immunotherapy for patients with oesophageal
cancer (Yoshitake et al., 2004). RBBP6 is also overexpressed in gastric cancer cells. In
a proteomic based approach study conducted by Morisaki et al. (2014) on gastric stem
cells in an attempt to identify novel biomarkers which could be used to diagnose gastric
cancer. The study used CSC-like SP cells, OCUM-12/SP cells, OCUM-2MD3/SP cells,

and their parent OCUM-12 cells and OCUM-2MD.

After immunohistochemical analysis of 300 gastric cancers, RBBP6 and eight other
proteins were overexpressed as compared to the parent OCUM-12 cells. The study
concluded that out of the eight identified potential-biomarkers of gastric cancer, RBBP6
was a promising prognostic marker and.a therapeutic target for gastric cancer (Morisaki
et al., 2014). RBBP6 overexpression in a number of cancers makes it a promising target

for therapeutic intervention.

1.5 Ubiquitin proteasome pathway

The ubiquitination pathway (UPP) is an evolutionary conserved mechanism known to
play a major role in the destruction of damaged, oxidised and misfolded proteins (Wang
and Maldonado, 2006, Bogyo et al., 1998). To date YB-1 and zBTB38 have been
identified as substrates for RBBP6 ubiquitination (Chibi et al., 2008, Miotto et al., 2014).
Apart from protein destruction, UPP is known to play a role in DNA repair, regulation of
the cell cycle, propagation of transmembrane signaling, protein-protein interactions,

apoptosis and many others (Metzger et al., 2012).
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Figure 1.3 Diagrammatic representation of the ubiquitin proteasome pathway (A)
ubiquitination is carried out by a cascade of three enzymes. E1 activates Ub at its C-terminus.
Activated E1 is transferred from E1 to E2 and the E3 catalyses the transfer of the activated Ub
from E2 to the substrate. (B) Different outcomes of modification of a substrate with Ub (Molfetta

etal., 2010).
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The central element to this mechanism is the covalent attachment of ubiquitin (Ub) to
targeted substrates in an adenosine triphosphate (ATP) dependent manner (Wang and
Maldonado, 2006). Ubiquitin is a highly conserved 76 amino acid residue protein that is
found in all eukaryotes. The molecule has seven (7) internal lysine residues: K6, K11,
K27, K33, K48 and K63) onto which various poly-ubiquitin chains can be attached

(Walczak et al., 2012). The UPP is diagrammatically represented in Figure 1.3.

Attachment of a single ubiquitin to a substrate is called mono-ubiquitination, whereas
attachment of a single ubiquitin to more than one site is known as multiple mono-
ubiquitination (Deshaies and Joazeiro, 2009, Dikic and Robertson, 2012). Poly-
ubiquitination results through the.attachment of a chain of four or more ubiquitin

molecules to a single lysine residue on the substrate (Tenno et al., 2004).

Proteins modified by K-48 poly-ubiquitination chains are targeted by the proteasome for
proteolytic digestion (Pickart,:2001,:Chung:et al.; 200%1).. On the other hand, proteins
modified with K-63 poly-ubiquitin chains are implicated with non-proteolytic signaling
(Deshaies and Joazeiro, 2009). Attachment of a ubiquitin molecule onto a substrate is
catalyzed by a set of three enzymes namely ubiquitin activating enzyme (E1), ubiquitin

conjugating enzyme (E2) and ubiquitin ligating enzyme (E3).

1.5.1 Ubiquitin-like proteins

Since the discovery of ubiquitin in 1970 several other proteins which share sequence

and structural similarities have since been discovered. This family of proteins are
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classified as ubiquitin-like proteins (UBL) or ubiquitin-like modifiers (ULM) (Kerscher et
al.,, 2006). These proteins are covalently attached to substrates in an enzymatic
cascade similar to that of ubiquitin with the contrast of not targeting substrates for
degradation in the proteasome. Rather, modification of substrates with UBL proteins
destines substrates for cellular processes such as nuclear transport, translation,

autophagy and anti-viral pathways (van der Veen and Ploegh, 2012).

Included in this family are Neural Precursor Cell-expressed Developmentally Down-
regulated 8 (NEDDS8), small ubiquitin-related modifier 1 (SUMO-1), Apg8 and Apg12,
amongst others (Herrmann et al., 2007). NEDDS8; the most similar to ubiquitin, sharing
80% sequence similarity, was discovered in.a set.of genes that were found to be down-
regulated in neural precursor cells during the development of the murine brain (Kumar

et al., 1993).

An enzymatic cascade catalyses the;addition: of NEDD8 to substrates in a process
called Neddylation (Dye and Schulman, 2007). A similar process of conjugation takes
place with SUMO-1, which is termed SUMOylation (Park-Sarge and Sarge, 2005). UBL
proteins all have a 3D structure similar to ubiquitin including a C-terminal di-glycine
motif (Herrmann et al., 2007). In addition to the ubiquitin-like DWNN domain, RBBP6
isoform 3 contains a di-glycine motif at an equivalent position to that fund in ubiquitin,

suggesting that isoform 3 might play a similar role as UBL (Pugh et al., 2006).
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1.5.2 The ubiquitin activating enzyme (E1)

The initial step of ubiquitination conjugation is carried out by the E1, which activates
ubiquitin by forming a high-energy thiol-ester bond between E1 and the backbone
carboxylic group of Gly76 (Pickart, 2001). To date, only two human ubiquitin activating
enzymes have been identified as compared to an array of E2s and E3s (Jin et al.,
2007). This enzyme of 110 kDa in size uses ATP to activate ubiquitin, creating a Ub
thiolester intermediate. This highly reactive form of ubiquitin is transferred to catalytic
cysteine on the E2, forming a thiol-ester bond between ubiquitin C-terminal carboxylate

group and the g-amino group of the substrate lysine residue (Haas and Rose, 1982).

1.5.3 Ubiquitin conjugating enzyme (E2)

While there are only two known E1 enzymes, about 40 E2s are encoded by the human
genome (Sheng et al.,, 2012). All E2s are characterized by the presence of the
conserved ubiquitin-conjugating catalytic:domain (UBC), which is 15-200 amino acids in
length (Burroughs et al., 2008). The aforementioned domain consists of a highly
conserved active-site motif containing the Cys residue that forms a thiol ester with
ubiquitin (Haldeman et al., 1997). There are three known classes of E2 enzymes: Class
1 members are the simplest and comprise of only the catalytic domain. Class I
members have C-terminal extensions or a “tail”, whereas class |ll E2 members have

additional N-terminal sequences.
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1.5.4 Ubiquitin conjugating enzyme 1

Human conjugating enzyme 1 (UbcH1), which is also known as E2-25K and Huntington
Interacting Protein 2, is a class |l E2 enzyme that is broadly expressed in mammalian
tissues (Middleton and Day, 2015). UbcH1 is up-regulated in Alzheimer’s disease and
interacts with huntingtin, the key protein mutated in Huntington’s disease (Kalchman et
al., 1996). UbcH1 is a 25 kDa protein that has the ability to synthesize K48-linked
chains on mono-ubiquitinated substrates in vitro in the absence of an E3 (Chen and

Pickart, 1990).

Additional features include: unusual discrimination-against noncognate E1 enzymes,
resistance of the active-site Cys residue to alkalyation and the high synthesis of K48-
linked poly-ubiquitin chains (Haldeman et al., 1997). Among all known E2 enzymes,
UbcH1 contains a unique C-terminal-ubiquitin-associated.-domain (UBA) in addition to

the conserved ubiquitin conjugating domain found in all E2s:(Chen and Pickart, 1990).

The UBA of UbcH1 is an integral part of the ubiquitin-binding surface and contains a
highly conserved MGF loop (Met172, Gly173, and Phe174) which is present in most
UBA domains and a primary contact surface for ubiquitin in most UBA domains (Wilson
et al., 2009). Other UBA-containing proteins include HHR23A (the human homolog of
yeast RDA23), which is involved in DNA repair, and p62, a protein that carries diverse
cellular functions including NF-xB signaling and transcriptional activation (Watkins et al.,
1993). The UBA is composed of three helices which are stabilized by a hydrophobic

core (Chang et al., 2006). Initial studies conducted by Haldeman and co-workers using
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truncated versions of E2-25K (residues 1-151 and residues 1-153 respectively) and
chimeric E2 in which residues 154-200 of E2-25K were fused to yeast UBC4, suggested
that the UBA was necessary for the enzyme’s synthesis of K48-linked chains but not for

the normal ligase activity (Haldeman et al., 1997).

This is supported by the fact that chimeric E2-25K was unable to generate poly-ubiquitin
chain synthesis. The results suggested that the UBA is required for the formation of K-
48 linked poly-ubiquitin chains (Haldeman et al., 1997). However the solution structure
subsequently revealed that residues 151 and 153 are located within the a-helix,
suggesting that the inability to synthesize poly-ubiquitin chains may have been the

result of protein unfolding and rather from the truncation (Wilson et al., 2011).

1.5.5 Ubiquitin protein ligases (E3)

While there are limited E2s, there lare more than 1000 E3s in the cell (Lecker et al.,
2006). The role of the E3 is to confer specificity to. ubiquitination by recognizing target
substrates and mediating the transfer of ubiquitin from an E2 to a substrate. Substrates
may however be targeted by more than one E3 (Deshaies and Joazeiro, 2009, Metzger
et al., 2012).There are two types of E3 ligases in eukaryotes that play functionally
distinct roles. HECT-type E3s, which contain a homologous to E6AP carboxy terminus
(HECT) domain or RING-type E3s, which contain a really interesting new gene (RING)
domain (Deshaies and Joazeiro, 2009). Among the E3 ligases, the RING domain
constitutes the largest number and they are composed of a single subunit or multi-

subunit complex (Cyr et al., 2002, Stegmuller and Bonni, 2010).
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1.5.6 The HECT domain E3 ligases

HECT domain E3 ligases play roles in protein signaling pathways involved in the
regulation of cell growth and proliferation (Sheng et al., 2012). They also play a role in
protein trafficking and immune responses. There are approximately 30 HECT domain
E3s in mammals and all members share a conserved HECT domain, which is roughly
350 residues (Cyr et al., 2002). The HECT domain is located at the C-terminus of E3
ligases while the N-terminus is comprised of diverse domains that mediate substrate
targeting (Metzger et al, 2012). Both RING domain and HECT domain E3 ligase confer
substrate specificity but they execute this role in different ways. HECT domain E3
ligases directly transfer ubiquitin-to the substrate. Therefore the E3 directly catalyze the

attachment of ubiquitin to the substrate (Dikic and Robertson, 2012).

1.5.7 RING domain E3 ligases

The mammalian genome encodes for ‘more ‘than 600 RING domain E3 ligases
(Deshaies and Joazeiro, 2009). Some well-known RING domain E3 ligases are C-
terminus of Hsc70-iteracting protein (CHIP) and Murine Double Minute 2 (MDM2)
(Kappo et al., 2012). Members of the RING domain family have a RING finger that
coordinates two zinc ions with the aid of four pairs of conserved cysteine or histidine
residues in a cross-braced arrangement (Kappo et al., 2012) to create a platform for
binding of E2s (Metzger et al., 2014). The conserved cysteine and histidine residues are
buried within the domains core where they help maintain the overall structure through

binding of two zinc ions. The zinc ions are catalytically inert hence the RING domain
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does not form a catalytic intermediate with ubiquitin. Rather, the RING finger serves as

scaffold that brings E2 and the substrate together (Dikic and Robertson, 2012).

1.6 RBBP6 and its role in mRNA processing

One of the most established functions of RBBP6 is mRNA processing (Di Giammartino
et al., 2014). In eukaryotic cells, almost all mRNA is produced through a two-step
process: 3’-end cleavage and polyadenylation which are both essential steps for the
synthesis of functional mRNAs (Elkon et al., 2013). In a sequential process, RNA
polymerase |l catalyses the cleavage of primary mRNA transcript followed by the
addition of a stretch of 200-300.nucleotides which-are added at the 3’ upstream of the
cleavage product (Nevins and Darnell, 1978). The processing and regulation of
polyadenylation requires a set of multiple factors which are well conserved across

eukaryotic species (Lee and Moore;-2014).

The core 3’-end processing machinery ‘is'a multisubunit complex constituting of four
multisubunit complexes: cleavage/polyadenylation specificity factor (CPSF), cleavage
stimulatory factor (CstF), Cleavage factor | (CFl) and CFIl. Mpe1 or YKLO059c, a
Saccharomyces cerevisiae protein crucial for cell viability, contains an evolutionary
conserved ftripartite structure found in all RBBP6 orthologues: N-terminal ubiquitin-like
domain, zinc knuckle and RING finger (R3) (Vo et al., 2001). A study conducted by Vo
et al. (2001) revealed that Mpe1 is a component of the 3’-end processing machinery.
The study utilized mpe1-1, a mutant of Mpe1 and immumoneutralized extracts of Mpe1,

which were found to be defective in 3’-end processing. A later study conducted by Lee
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and Moore. (2014) revealed interesting facts on the role of Mpe1 in mRNA processing.
Using deletion techniques and examining the role of each highly conserved domain on
the efficiency of 3’-end processing of mMRNA precursor their findings revealed that not
only are all domains of Mpe1 necessary for 3’-end processing but that ubiquitination had
a direct impact on polyadenylation (Lee and Moore, 2014). Addition of inhibitors that
prevented ubiquitin-mediated interactions blocked mRNA cleavage, demonstrating, for

the first time, a direct role for ubiquitination on mRNA processing.

Using an Mpe1 mutant mpe1-1, it was observed that the mutation abolished the
interaction of ubiquitinated substrates-with-Pap1-(Lee and Moore, 2014). Pap1 is a
polymerase component of the cleavage and.polyadenylation factor (CPF) complex and
plays a role in polyadenylation-dependent pre-mRNA 3’ end formation. RBBP6, the
human orthologue of Mpe1, also contains the same evolutionarily-conserved tripartite
structure as Mpe1. In addition to the conserved. tripartite domains, RBBP6 also has a

stretch of C-terminal domainswhich.include an SR-domain (Simons et al., 1997).

A study conducted by Di Giammartino et al. (2014) revealed the direct involvement of
RBBP6 in regulating the human polyadenylation machinery. Analysis of nuclear extracts
following RBBP6 knock down showed that they were defective in 3’-end cleavage and
that the activity could be rescued by the addition of recombinant RBBP6 N-terminal
derivative (DWNN, zinc knuckle and RING finger). Furthermore the study showed that
RBBP6 isoform 3 negatively regulated 3’-end processing by competing with RBBP6 for

binding to the core machinery. Isoform 3 also outcompeted RBBP6-N by binding to
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CstF64 therefore implicating both RBBP6 isoform 1 and 3 as novel regulators of 3’-end
processing. CstF64 forms part of the mammalian cleavage stimulation factor the 64 kDa
subunit of the Cleavage Stimulation factor (Di Giammartino et al., 2014). There are also
other facts that strongly suggest the involvement of RBBP6 in mRNA splicing. RBBP6
contains an SR domain of which SR proteins are reported to play a role in the regulation
of mMRNA splicing (Caceres et al., 1997). Furthermore, the SR domain has been
observed to precipitate from nuclear extracts with MgCl,, suggesting an interaction with

other SR-related proteins.

Simons et al. (1997) have supported this fact-as _they demonstrated that RBBP6
interacts with Sm small nuclear ribonucleoproteins (snRNPs) antigens which form part
of the spliceosome (Simons et al., 1997). RBBP6 is not classified as an SR-related
protein due to the absence of an RNA binding motif nevertheless, Lee and Moore.
(2014) demonstrated that both the zinc knuckle and the RING finger bind RNA (Lee and
Moore, 2014). These features along with: speckle |localisation suggest a strong of

involvement of RBBP6 in mRNA processing (Simons et al., 1997).

1.7  Cellular response to stress
1.7.1 Introduction

Changes in the environment away from optimal conditions can threaten the viability of
cells, requiring them to take action. For example, when the temperature is raised by as
little as 5 °C above the optimal 37 °C the stability of many of the proteins making up the

cell will be reduced, leading to unfolding and aggregation (Benjamin and McMillan,
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1998). The cell responds by initiating the heat shock response which includes, among
many other processes, up-regulation of chaperones and other heat shock proteins
which help proteins to refold and eliminate irretrievably aggregated proteins from the
cell (Kim et al., 2013). Similarly, when the cell is subjected to ionizing radiation from
artificial sources such, as X-rays for medical treatments, can induce a variety of lesions
on DNA which leads to the expression of non-functional proteins. The cell responds by
initiating the DNA damage response that includes DNA repair pathways, which are

discussed in detail in the sections following.

1.7.2 Cellular response to heat shock
1.7.21 The heat shock response

The heat response was first identified in Drosophila melanogaster, the fruit fly, after
exposure to heat showed puffing on salivary gland chromosomes (Lindquist, 1986). It
was later discovered that the ‘heat-induced puffing was ‘due to the increased synthesis
of proteins with molecular masses 70 and 26 kDa (Jaattela, 1999) which are now known
as heat shock proteins. This study sparked great interest and has since has been

studied from prokaryotes to eukaryotes (Lindquist, 1986).

Furthermore the cellular response to stress has proved to be an invaluable tool for
investigating the mechanisms and dynamics of inducible gene expression in eukaryotes
(Lindquist, 1986). The cellular stress response is triggered by a number of diverse
adverse environmental and physiological conditions, including heat shock, exposure to

non-native amino acid analogs, heavy metals, oxidative stress, anti-inflammatory drugs,
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and arachidonic acid (Lindquist, 1986, Morimoto and Santoro, 1998, Causton et al.,
2001). As a consequence protein homeostasis is challenged which results in an
increased flux of non-native proteins which are more prone to misfolding and
aggregation (Parsell and Lindquist, 1994). Cell stress affects the function of
macromolecules, perhaps the most sensitive of which are proteins. In eukaryotic cells,
proteins are synthesized in the cytosol before they are sorted to their various locations

(Hazkani-Covo et al., 2004).

It is crucial that proteins are located in their correct subcellular localizations to execute
their functions correctly (Nathan_et-al., 1997).-Furthermore, proteins need to be
conformationally flexible to perform _their. functions in the cell. Perturbations in
temperature can lead to entangling, denaturation and aggregation which may abolish
the proper function of proteins (Richter et al.,, 2010). Cellular responses to
environmental cues require the appropriate coordination of signaling events. The heat
shock response is triggered by changes in temperature of just a few degrees. In fact this
is just as true for organisms that are adapted to living at very high temperatures (Richter

et al., 2010).

Exposure to elevated temperatures leads to an accumulation of misfolded and
aggregated proteins. Mechanisms to protect the cell against insults such as these
involve the rapid induction of heat shock proteins (Hsp’s) (Kim et al., 2013). Cell survival
may be favoured if the damage is contained and reversible. On the other hand,

irreparably damaged proteins trigger apoptotic pathways permitting cell death (Gonda et
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al., 2012). The cellular response to stress provides an example of how a dynamic
interplay of signaling activities can determine the fate of the cell and ultimately the
organism. This dynamic signaling event is a highly conserved cellular defense

mechanism characterized by the elevated synthesis of Hsp’s.

1.7.2.2 Heat shock proteins

Although Heat shock proteins (Hsp’s) were first identified in relation to heat shock, it is
now known that Hsp’s are induced by a variety of stresses including wound healing,
exposure to cold or biotic stresses. Since many stresses other than heat induce the
expression of Hsp genes, the term “heat shock protein”.is thus a misnomer (Park and
Seo, 2015). Hsp’s, which are also known as molecular chaperones, are involved in the
protein quality control system. They achieve this by ensuring that unfolded proteins are
folded and that damaged proteins —are -degraded-—through degradation pathways
including UPP, endoplasmic reticulum-associated degradation and chaperone mediated

autophagy (Bozaykut et al., 2014).

Apart from being involved in the protein quality system, Hsp’s are also involved in cell
cycle progression and replication, (Kregel, 2002, Chowdary et al., 2004). Furthermore, a
wide range of tumours have been shown to express atypical levels of one or more
Hsp’s, suggesting that they play a role in regulation of tumourigenicity (Ciocca and
Calderwood, 2005). This observation has led to the suggestions that Hsp’s could be

used as biomarkers for cancer (Ciocca and Calderwood, 2005).
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Hsp’s are generally classified into six subfamilies based on their molecular weights in
kilodaltons: Hsp100 (>100 kDa), Hsp90 (81-99 kDa), Hsp70 (65-80 kDa), Hsp60 (55-64
kDa), Hsp40 (35-54 kDa) and small heat shock proteins (< 34 kDa) (Lindquist and
Craig, 1988). Each gene family includes members which are inducibly regulated in
response to stress, as well as some which are constitutively expressed or are targeted
to different compartments within the cell to execute their variable functions (Jolly and
Morimoto, 2000). Whilst the vast majority of hsp’s are located in the cytoplasm they are
also located in other organelles such as the mitochondria, endoplasmic reticulum and

nucleus (Jolly and Morimoto, 2000).

Hsp 2100

The Hsp100 protein family is widely expressed from bacteria to mammals. They are
characterised by an N-terminal domain that is responsible for substrate binding, two
AAA nucleotide-binding domains. for-the. 19S regulator of the 26S proteasome, a wing
domain and a small C-terminal domain; (Bozaykut et al,; 2014). This family is highly
inducible and known for its cytoprotective functions (Benjamin and McMillan, 1998).
Members of this family maintain proteostasis in cells (Bakthisaran et al., 2015). Under
severe thermal stress conditions, Hsp100 proteins maintain the functional integrity of
key polypeptides by enabling resolubilization of non-functional protein aggregates (Jolly
and Morimoto, 2000, Park and Seo, 2015). Furthermore, they also help degrade
irreversibly damaged polypeptides. These activities are aided by interacting with Hsp70

(Bozaykut et al., 2014).
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Hsp90

The Hsp90 family is highly abundant and expressed in a range of organisms from
prokaryotes to eukaryotes. This family is known to play a role in DNA replication, DNA
recombination, DNA repair, RNA processing and RNA transcription (Dezwaan and
Freeman, 2008). Hsp90s are located both in the cytoplasm and endoplasmic reticulum
(Jee, 2016). They are also known to bind steroid receptors, protein kinases,
intermediate filaments as well as actin microfilaments in a specific manner (Jee, 2016,
Kim et al., 2013, Mosser and Morimoto, 2004). This family is characterized by an N-
terminal domain that contains an ATP and co-chaperone binding site as well as a drug
binding site that binds natural compounds such as.geldanamycin and radicicol. In the
middle of the protein is a domain which is responsible for binding to co-chaperone and

client proteins.

Finally a C-terminal domain contains a dimerization motif, a second drug binding site
and a conserved MEEVD pentapeptide at the very C-terminus, which is recognized by
the co-chaperone HSP70/HSP90 (Jackson, 2013, Scheufler et al., 2000). The activities
of the Hsp90 system are regulated by ATP binding and hydrolysis. Hsp90 are involved
in the folding of newly synthesized proteins. In a heat shock response, Hsp90
specializes in capturing and holding client proteins in intermediate conformations until
they can be transferred to the Hsp70/Hsp40 system which promotes their folding
(Mosser and Morimoto, 2004). In contrast Hsp70, proteins have the ability to hold both
unfolded polypeptides and refold protein substrates to their native state (Mosser and

Morimoto, 2004).
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Hsp 70

The Hsp70 family is the most studied Hsp’s and contains members that are both
constitutively expressed as well as stress inducible (Bettencourt et al., 2008). Different
members of the family are localized to different parts of the cell. Hsp70 and Hsp90 are
localised within the cytoplasm whereas glucose regulated protein (GRP) 78 (a
homologue of hsp70) is localised in the mitochondria (Jee, 2016). Hsp70 is probably the
most studied member in this family. There are several Hsp70 family members in
humans which include constitutively expressed heat shock cognate protein Hsc70
(Hsp73), mitochondrial Hsp75 (mtHsp75), highly stress inducible Hsp70 (which is also
known as Hsp72 or Hsp70i) and Grp78 (BiP) localised in the mitochondria (Tavaria et

al., 1996, Jaattela, 1999).

Family members share a common structure which includes a 45 kDa nucleotide-binding
domain, which acts as an ATPase domain, a,15 kDa substrate-binding domain (SBD)
and a C-terminal lid region which covers the SBD (Yu etal., 2015). When proteins are
damaged beyond repair, they are targeted for degradation by binding to carboxy
terminus of Hsp70-interacting protein (CHIP) by attaching a chain of poly-ubiquitin to the

substrate, thereby targeting it for proteasomal degradation (Jiang et al., 2001).

Hsp 60
The Hsp60 protein family is widely expressed from prokaryotes to eukaryotes
(Kaufmann, 1990). They are especially found in abundance in prokarytotes, chloroplasts

and mitochondria (Cabiscol et al., 2002). Hsp60 is constitutively expressed in the
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nucleus and targeted to the mitochondria (Kaufmann, 1990). In the mitochondria, Hsp60
forms a complex with Hsp10 and functions in folding misfolded protein intermediates
(Richardson et al., 1998). Hsp60 is reported to have both pro-death and pro-survival
functions which are both controversial (Chandra et al., 2007). Anti-apoptotic function of
Hsp60 in evident by its overexpression in several cancers—notably cervical cancer
(Castle et al.,, 2005), Hodgkin lymphoma (Hsu and Hsu, 1998), colorectal cancer
(Cappello et al., 2005) and prostate cancer (Cornford et al., 2000)—which is linked to
good patient outcome. In contrast, loss of Hsp60 expression is associated with the risk
of developing an infiltrating recurrent bladder cancer (Lebret et al., 2003). Consistent
with the role of Hsp60 in pro-survival functions,-Hsp60-helps improve the vulnerability of
pro-caspase-3 to proteolytic maturation—a very important event in apoptosis (Gruber et

al., 2010).

Hsp40

The Hsp40 or DNAJ family comprises more than fifty members identified in humans
(Qiu et al., 2006). They are characterized by the presence of a conserved J domain
which binds to the N-terminal ATPase domain of Hsp70 and the adjacent linker region.
Hsp40 is a co-chaperone of the Hsp70 system which increases the affinity of binding to
substrate proteins (Kampinga and Craig, 2010). The family is divided into three
subfamilies based on their homology to the DNAJ protein from E. coli (Kampinga et al.,
2009). Class | and Il members function as chaperones that independently recruit Hsp70
to non-native substrates while class Ill members are diverse and they also combine the

J domain with a variety of other functionalities (Kim et al., 2013). Hsp40 family proteins
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have diverse functions, for example, Hsp40 functions in cell physiology (Hartl and
Hayer-Hartl, 2002) whereas Hsp42 functions in the suppression of the aggregation of

nonnative proteins (Tiwari et al., 2015).

Hsp 10-30

This family is also classified as the small heat shock proteins (sHps) which are found in
all kingdoms. They are characterized by a conserved B-sandwich a-crystallin domain,
which is flanked by variable N- and C-terminal sequences (Kriehuber et al., 2010,
Chowdary et al., 2004, Bakthisaran et al., 2015). There are a total of eleven known
sHsp’s in the human genome (Kampinga et al., 2009). Like other Hsp’s, sHsp’s also
function as molecular chaperones by.preventing undesired protein interactions and

assisting in refolding of denatured proteins (Park and Seo, 2015).

It is reported that sHsp’s play.an.important role-in.muscle development and function. A
critical aspect in muscle differentiation iis jgeneration of ymultinucleated muscle fibers
through fusion of mono-nucleated myoblasts to which sHsp’s are reported to play a
direct role (Dubinska-Magiera et al., 2014). For example, in vivo studies show that
HSPB5 mRNA is expressed early in myotomes or muscle differentiation (Benjamin et
al., 1997). In addition, sHsp’s in vertebrates maintain the clarity of the eye lens and
aberrations in humans are linked to myopathies and neuropathies (Haslbeck and

Vierling, 2015).
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1.7.2.3 Regulation of the heat shock response (HSR)

The HSR is transcriptionally regulated by a family of heat shock transcription factors
(HFs), which are activated by elevated temperatures (Cates et al., 2011, Akerfelt et al.,
2010). The key role of HSFs is to bind onto heat shock elements (HSE) which lie
upstream of Hsp genes, driving increased expression of Hsp’s and thereby conferring
tolerance to thermal stress (Chowdary et al., 2004). The mammalian genome encodes

three HSF homologues: HSF1, HSF2 and HSF4 (Wu, 1995).

It is speculated that HSF1 is the key player in the mammalian HSR. This is supported
by the fact that a mouse HSF1 knockout is unable tc induce the expression of hsp70 in
response to thermal stress whereas HSF2 mouse knock out fibroblasts are (McMillan et
al., 1998). In addition, mouse HSF1 knockout fibroblasts have defective development
and growth (McMillan et al., 1998);-which suggests that HSF1 also plays a key role in
development. HSF2 is 35.2% identical to! HSF1, and: is activated by erythroid

differentiation, embryogenesis'and spermatogenesis (Morimoto, 1998).

HSF2 depends strictly on HSF1 for its stress-related functions and is recruited to hsp
promoters only in the presence of HSF1. The cooperation between HSF1 and HSF2
require an intact HSF1 DNA binding domain (Akerfelt et al., 2010). HSF3 has only been
characterized in avian cells and is induced by high temperatures therefore both HSF1

and HSF3 are responsible for heat-induced Hsp expression (McMillan et al., 1998).
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Figure 1.4 Regulation of the heat shock response. HSF1 is maintained as an inert
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to bind to Hsp90 destabilizes the monomeric state of HSF1 to homo-trimers, which

translocate to the nucleus. Overexpression of HSBP1 negatively regulates HSF1 DNA

binding activity (Pockley, 2001).
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Finally HSF4 is a novel family member that is yet to be characterized (Cotto et al., 1997,
McMillan et al., 1998). The regulation of the HSR by HSF1 is diagrammatically
illustrated in Figure 1.4. Under normal conditions, HSF1 is maintained as an inert

monomer forming part of a multi-chaperone complex (Wu, 1995).

This complex, which includes Hsp70 and Hsp90, ensures that HSF1 is maintained in an
inactive state by binding to its activation domain, thereby inhibiting activation. Stressful
conditions such as heat shock lead to the accumulation of unfolded proteins which
compete with HSF1 to bind Hsp90 (Shamovsky and Nudler, 2008). This destabilizes the
complex, thereby causing a transition-of HSFE1-from.an inert monomer to a homo-trimer
(HSF3) which translocates to the nucleus to bind DNA (Fulda et al., 2010). Once normal
conditions are restored the HSF homo-trimer loses its activity and returns to its inert
monomeric state. This attenuation is'a result of over-expression of heat shock factor
binding protein 1 (HSBP1) during, stress, which.binds to Hsp70 thereby negatively

affecting HSF1 DNA binding activity:(Satyal et-al., 1998).

1.7.3 The cellular response to DNA damage
1.7.3.1 DNA damage and causes

DNA is the main genetic material in living organisms which contains all the genetic
information required for the growth, development and reproduction of the organism
(Jun, 2010). DNA is very stable and this is vital as it guarantees the maintaining and
passing down of vital characters from one generation to the other (Wei-Feng et al.,

2006). Damage to DNA can change or eliminate fundamental processes such as DNA
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replication or transcription (Dexheimer, 2013). DNA damage may arise from either
endogenous or exogenous factors, nevertheless the majority of DNA modifications are
from an endogenous origin (De Bont and Van Larebeke, 2004). Spontaneous hydrolysis

is one simple examples of endogenous DNA damage.

Formation of these lesions is estimated to occur at a rate of 100-500 times per cell per
day which results from the formation of uracil from cytosine (Krokan et al., 2002).
Endogenous cellular metabolism results in the accumulation of reactive molecules,
which are known as reactive oxygen species. The most important of these molecules
are O, hydrogen peroxide (H2O2)-and nitric_oxide (NO), which may cause DNA
modification such as base modification, single or double-strand breakage and DNA-

protein cross links (De Bont and Van Larebeke, 2004).

DNA damage can also be caused by-ionizing radiation which can originate from both
natural sources such as gamma  radiation ~and artificial sources such as medical
treatments involving X-rays (Ward, 1988). In addition to physical insults, DNA damage
can also be caused by chemical agents such as the anticancer drugs methyl
methanesulfonate and temozolomide. These drugs induce alkylation of the DNA bases

and consequently induce DNA damage (Wogan et al., 2004).

1.7.3.2 DNA damage response pathway

Cells have evolved highly coordinated pathways to circumvent genotoxic stress, which

are known as the DNA damage response (DDR). This response relies on the ability of
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an organism to sense problems in its DNA and address these by arresting cell cycle
progression and activation of DNA repair mechanisms (Giglia-Mari et al., 2011).
Alternatively cells with irreparable genomes can be eliminated through apoptosis
(Bernstein et al. 2002). The DDR pathway is a signal transduction pathway consisting of
sensors, transducers and effectors. The identities of sensors are not yet known but they
recognize lesions following DNA damage (Zhou and Elledge, 2000). Transducers
coordinate the initiation of amplification and activation of checkpoints through
phosphorylation. The central components of the signal transduction response are two
related and conserved proteins kinases: ataxia-telangiectasia mutated (ATM) and ataxia
telangiectasia and Rad 23 related (ATR) (Zhou-and Elledge, 2000). DNA double strand
breaks activate ATMs and ATR is activated by single stranded DNA regions exposed to
UV or DNA replication fork stalling (Abraham, 2001). Effectors are protein kinases that

execute a specific cellular response (Bartek and Lukas, 2003).

1.7.3.3 DNA repair mechanisms

Given that DNA is frequently challenged with insults at a frequency of about 10*-10°
impacts per cell per day, cells have developed multiple repair mechanisms wherein
each corrects a different subset lesion to counter damage (Pan et al., 2016). The
mammalian cell utilizes five major repair mechanisms: base excision repair (BER),
mismatch repair (MMR), nucleotide excision repair (NER), and double-strand break
repair, which includes both homologous recombination (HR) and non-homologous end

joining (NHEJ) of which two are discussed below (Dexheimer, 2013).
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Base excision repair

Base excision repair (BER) is the predominant mechanism responsible for the repair of
damaged bases (Zharkov, 2008). Bases with small chemical alterations that do not
distort the DNA double-helix structure are substrates for BER (Almeida and Sobol,
2007). The pathway is initiated by a lesion-specific DNA glycosylases that remove a
damaged base by cleaving the N-glycosidic bond linking the base and its corresponding
dexoyribose, leading to the production of an abasic site or AP site (Jacobs and Schar,
2012). An AP site specific endonuclease catalyses the incision of the AP site, the
resultant gap is filled-in by a BER specific DNA polymerase and finally sealed by a

XRCC1/ligase lll complex (Giglia-Mari-et al., 2011).

Nucleotide excision repair (NER)

In contrast to BER, the nucleotide excision repair (NER) pathway catalyses the removal
of small base lesions that are derived from oxidation'andcan cause distortion of DNA
helix structure (Hoeijmakers, 1993). This pathway is more complex than BER as it
requires around 30 different proteins for the removal of damaged nucleotides (Tornaletti
and Hanawalt, 1999). The NER system is divided into two distinct mechanisms, namely:
global genome NER (GG-NER) and transcription-coupled NER (TC-NER) (Dexheimer,

2013).

The GG-NER mechanism is responsible for the elimination of lesions throughout the
genome while TC-NER mechanism is responsible for the repair of lesions located on
the coding strand of actively transcribing genes (Sugasawa et al., 1998). An

excinuclease catalyses the formation of dual incisions on the damaged DNA strand to
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remove an oligodeoxynucleotide-containing lesion, which are later ligated by a DNA
polymerase. Defects of NER repair mechanism causes several human genetic
disorders including xeroderma pigmentosum, Cockayne syndrome and
trichothiodystrophy, which are all characterized by extreme sensitivity to the sun

(Cleaver et al., 2009). This renders the pathway of biological importance.

1.8 Nuclear speckles

The mammalian cell nucleus is a highly dynamic environment characterized by the
presence of defined structural units (Spector. and Lamond, 2011). These defined
structures or compartments create distinct environments within the nuclear landscape
(Dundr and Misteli, 2010). There are a number of known proteinaceous nuclear bodies
of varying sizes, including nuclear speckles, Cajal bodies, paraspeckles, polycomb
bodies and promyelocytic leukemia bodies, as illustrated in Figure 1.5 (Dundr and

Misteli, 2010, Spector and Lamond, 2011).

Nuclear speckles are amongst the most studied of nuclear bodies. They are located in
the interchromatin region of the nucleoplasm, which accounts for the alternative name
interchromatin granule clusters (ICGs) (Thiry, 1995). They are also referred to as SC35
domains or splicing speckles and are enriched with factors that are involved in pre-
MRNA processing and RNA transport (Lamond and Spector, 2003). When observed
under a fluorescence microscope, they appear as irregular beaded and immobile
structures that vary in size that ranges from 2-3 uym. A typical nucleus at interphase
contains 20-50 nuclear speckles (Thiry, 1995).
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Figure 1.5 A fluorescence image depicting the internal compartmentalization of the
mammalian cell nucleus. The nucleus is a very dynamic environment characterized by
the presence of bodies such as nuclear speckles, Cajal bodies, and polycomb bodies
(Mao et al., 2011)

A number of studies have shown beyond doubt that there is no single signal that targets
proteins to nuclear speckles. A study conducted in 2001 by Eilbracht and Schmidt-

Zachmann identified the sequence element that directs SF3b'°

, a spliceosomal protein,
into speckles. They found it to be on the nuclear localisation signal which is rich in
lysines (K) and arginines (R) (KRKRR, amino acids 196-200) and a molecular segment

with multiple threonine-proline repeats (amino acids 208-513).

They also found that the amino acids 208-440 were required for correct subcellular

localisation of SF3b"'*° (Eilbracht and Schmidt-Zachmann, 2001). In contrast, a study
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conducted by Salichs and co-workers revealed that a repeat of six histidine (His)
residues was sufficient to direct heterologous proteins to nuclear speckles. They
confirmed this by the generation of green fluorescent protein (GFP) fusion proteins with
5, 6, 7, 8 or 9 His repeats, which were analysed for subcellular localisation (Salichs et

al., 2009).

They found that a positive relationship existed between the accumulation in speckles
and the length of the His-tract (Salichs et al., 2009). Interestingly, GFP fusion proteins
with polyproline or glutamine tracts, which are commonly found in transcription factors,
showed no localisation into speckles:~However-a-threonine-proline repeat in SF3b'*°
(amino acids 208-513) has been..shown to 'be.involved in targeting the protein into

speckles (Eilbracht and Schmidt-Zachmann, 2001). Indeed, nuclear speckles are

dynamic and much remains to be discovered.

1.8.1 Composition of speckles

Nuclear speckles are a home for many pre-mRNA splicing factors, including
spliceosomal small nuclear ribonucleoproteins (snRNPS), SR family proteins, as well as
many other non-snRNP factor proteins which are yet to be characterized (reviewed in
(Spector and Lamond, 2011)). Members of the SR family include SC35, ASF/SF2 and
SRp20 (Kim et al., 2011). SR proteins are important splicing regulators which regulate
alternative as well as constitutive splicing (Caceres et al., 1997). They shuttle
continuously between the nucleus and the cytoplasm, suggesting that the role of SR

proteins may not be limited to nuclear pre-mRNA splicing but may also include unknown
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cytoplasmic functions (Sanford et al., 2004). They are characterized by the presence of
one or more RNA-recognition motifs (RRM) as well as a serine-arginine-rich dipeptide
RS domain. In addition, there is a class of splicing factors called the SR-related
proteins, which, unlike SR proteins, lack any RRM. Instead, SR-related proteins may

contain other domains such as a DExD/H box or zinc finger.

A study using enriched IGCs from mouse liver revealed that a total of 146 known
proteins were resident in speckles, in addition to a number of uncharacterized proteins
(Mintz et al., 1999). Other RNA molecules such as uridine-rich small nuclear RNAs
(UsnRNAs), 7SK RNA, metastasis-associated -lung adenocarcinoma transcript 1
(MALATI1) and long noncoding RNA (IncRNA) have also been reported to be localised
into speckles (see review (Spector and Lamond, 2011)). In an attempt to understand the
role of splicing factors in the organization of nuclear speckles, Tripathi et al. (2012)
showed that SRSF1 regulates the -assembly of pre-mRNA processing factors in nuclear

speckles.

An experiment conducted on Hela cells depleted of splicing factors in comparison to
small interfering treated RNA targetting SRSF1 had mislocalization of several of the
nuclear speckle components. In particular, SRF1-depletion caused a mislocalization of
speckle nuclear proteins but not MALATI1. MALATI1 amongst all IncRNA is the most
abundant and interacts with several splicing factors including SR proteins. The authors

concluded that SRSF1, along with MALATI1, could influence the recruitment of splicing
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factors into speckles (Tripathi et al., 2012). The mechanism of how speckles are formed

and maintained within the cell is still poorly understood.

1.8.2 Dynamics of nuclear speckles

Nuclear speckles are very dynamic structures. This is supported by the fact that size,
shape as well as number of speckles vary between cell types (Spector and Lamond,
2011). Nuclear speckles have since been speculated to be storage and assembly areas
for pre-mRNA splicing machinery including spliceosome subunits, therefore play a
crucial role in alternative splicing (Kim et al., 2011). Alternative splicing of mRNA
provides an important means of genetic control-and-is-a-crucial step in the expression of
most genes (Chen and Manley, 2009). Studies have shown that inhibition of
transcriptional and/ or splicing activity causes an accumulation of splicing factors into

speckles (Reddy et al., 2012).

In addition, speckles were observed to be larger in size when using microscopic
techniques (Melcak et al., 2000). Fluorescence microscopy with photobleaching has
revealed that the rate of exchange of speckle components is very rapid (Phair and
Misteli, 2000). Studies conducted on the splicing factor SF2/ASF revealed that it had a
mean residence time in speckles of no more than ~50 seconds which suggests that
exchange rate of speckle components is a very rapid one (Lamond and Sleeman,
2003). In addition, the dynamic events of speckles are said to be dependent in the

activities of RNA polymerase |l transcription (Misteli and Spector, 1999). Although,
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dynamics and regulation of nuclear speckles are not well understood, studies are

shedding light on this phenomenon.

1.9 Nuclear stress granules

Nuclear stress granules (nSG) were originally described as sub-nuclear structures
where HSF1 became concentrated following heat shock. HSF1 is a transcription factor
and is the classical inducer of heat shock genes (Sarge et al., 1993). Exposure to
elevated temperatures, heavy metals and amino acid analogues cause a rapid
translocation of HSF1 to the nucleus, forming large, irregularly shaped bright staining
granules (Cotto et al., 1997). HSF1 granules vary between 0.3 and 3 um and appear as
single globular granules or grape-like clusters of smaller globular structures (Sandqvist

and Sistonen, 2004).

nSG are discrete bodies as they'do not co-localize with; other sub-nuclear bodies such
as coiled bodies, SC35-containing speckles, kinetochores and PML bodies. HSF1 was
the first component to be found in nSG but it has been proven that HSF2, which was
previously considered refractory to stress stimuli, co-localises together with HSF1 in
response to heat shock (Alastalo et al., 2003). HSF1 granules are remarkable structures
that can be detected within 30 s of heat shock using live cell imaging (Jolly et al., 1999).

Once the stress has passed, HSF1 granules gradually disappear.
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1.9.1 SG formation

SG are phase dense entities that appear in the nucleus when cells encounter stressful
conditions, including oxidative stress, exposure to heavy metals, thermal shock and
UVC irradiation. SG are assembled in response to the stress-induced phosphorylation
of the eukaryotic initiation factor (elF)2a, the central trigger of the integrated stress
response (ISR) (Kedersha et al., 2013). The key features of ISR are polysome
disassembly, translational arrest and SG assembly (Kedersha et al., 2000). These key
features enable the cell to reprogram its translational repertoire through a process

known as mRNA triage.

Several environmental insults 'activate one or more stress-sensing serine/threonine
kinases that phosphorylate serine residue 51 of (elF)2a. Phosphorylation of (elF)2a
inhibits the formation of the tRNAM/GTP ternary complex that is required for
translational initiation (Kedersha ‘et al., 1999). In the absence of the ternary complex,
formation of the 48S pre-initiation. complex-that normally'assembles on the 5-ends of
capped mRNAs is disrupted, thereby producing a translationally stalled 48S complex
that is unable to recruit the 60S ribosomal unit (Kedersha et al., 2002, Anderson and

Kedersha, 2002).

The accumulation of stalled complexes is believed to result in the formation of SGs. It
has also been reported that SG assembly could happen in the absence of the
phosphorylation of (elF)2a (Moutaoufik et al., 2014). Inhibition of translational rates by

targeting the activity of (elF)2a with either hippuristanol or pateamine is sufficient to
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induce SG formation (Dang et al., 2006). Furthermore, it has been reported that over-
expression of RNA-binding proteins (RBPs) such as SDC6 induce the formation of SG-
like granules without translational repression (Kruger et al., 2013). Therefore, like
nuclear speckles, the formation and decay of SGs is a matter which requires further

investigation.

1.9.2 Function of SGs

SG formation has variable consequences for the cell. During stress, the accumulation
of unfolded proteins can results in stalling of translation. This is followed by rapid
sequestration of mMRNA transcripts-and their associated-proteins into SGs (Buchan and
Parker, 2009). This allows cells'to direct their energy into translating mRNA that encode
proteins that refold denatured proteins (Buchan and Parker, 2009). SGs are
disassembled when the stress passes, releasing the. mRNA transcripts so that

translation can resume as normal(Waris et al., 2014).

This is supported by the study pioneered by Nover et al. (1989), which identified mRNA
as a component of plant heat shock granules. Heat shocked granule mRNAs were
found to encode constitutively expressed heat shock proteins but not newly synthesized
heat shock proteins (Nover et al., 1989). Hence a proposition was made that plant heat
shock granules served as storage repository for untranslated mRNAs (Nover et al.,
1989). SGs have also been reported to prime T cells for rapid cytokine translation and
secretion upon T cell receptor stimulation. The function of SG is not clearly understood

but ongoing research is shedding light.
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1.10 Aims and objectives of this study

Retinoblastoma Binding Protein 6 (RBBP6) is a multifunctional protein with a well-
established role in mMRNA processing. In this thesis we set out to investigate the role of
RBBP6 in ubiquitination of YB-1, the cellular localisation of RBBP6 as well as its
potential for auto-ubiquitination. Based on the structures of other E3 ubiquitin ligases
such as Parkin, we hypothesized that the DWNN domain of RBBP6 may inhibit the
ubiquitination activity of the RING finger domain by binding to it and occluding its active
site. Hence we decided to investigate whether an interaction exists between the DWNN

domain and the RING finger in vitro.

Unpublished data from our laboratory suggest that RBBP6 catalyses ubiquitination of Y-
Box Binding Protein1 (YB-1), using UbcH1 as E2. This data led to the suggestion that
the ubiquitin-like DWNN domain-may-interact specifically-with the ubiquitin-associated
(UBA) domain found at the C-terminus of UbcH1. In order to test this, UBA and the
DWNN domain were expressed in bacteria. and used 'in' vitro assays to investigate a
possible interaction. RBBP6 has been identified as a component of the human mRNA
splicing machinery. A model has recently been proposed whereby the DWNN domains
of isoforms 1 and 3 compete with each other for binding to CstF-64, a central
component of the 3’-end processing complex. The question arises as to where in the
cell this interaction takes place. Full-length RBBP6 has been reported to localise in the
nucleus and more precisely in nuclear speckles, however very little is known of the

localisation of isoform 3.
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Unpublished data generated in our laboratory suggest that endogenous isoform 3 is
predominantly cytoplasmic, but accumulates in nuclear speckle-like bodies following a
number of stresses. One of the aims of this work was to investigate the cellular
localisation of HA-tagged forms of isoforms 1 and 3 transfected into mammalian cells,
using immunofluorescence microscopy. Of particular interest is the GG motif found at
the C-terminus of the DWNN domain in both isoforms 1 and 3; a further aim was to

investigate whether the GG motif played a role in the localisation of isoforms 1 and 3.

48



CHAPTER 2 : MATERIALS AND METHODS

Lists of reagents and buffers used can be found in Appendix |

Table 2.1: List of primary antibodies used for this thesis

Antibody Species | Dilution | Dilution for | Company Catalog
for IHC immunoblot no.
a-HA Mouse 1:100 1:1000 Santa Cruz Sc-7392
a-FLAG Mouse 1:200 1:2000 GenScript A00187-
100
a-SC35 Mouse 1:1000 NA Abcam Ab11826
a-HA Goat 1:500 NA Abcam Ab9134
a-His Mouse NA 1:1000 GenScript A00186S
a-DWNN Mouse NA 1:500 Bellstedt lab N/A
a-Ring Finger | Rabbit NA 1:1000 Bellstedt lab N/A
a-zinc finger | Rabbit NA 1:1000 Bellstedt lab N/A
a-YB-1 Rabbit NA 1:1000 Bellstedt lab N/A
Table 2.2: List of secondary antibodies used for this thesis
Conjugate Species | Target Dilution Company Catalog
species no.
Horseradish Goat Mouse 1:1000 Santa Cruz Sc-2005
peroxidase
Horseradish Donkey | Rabbit 1:3500 Abcam Ab16284
peroxidase
AlexaFluor488 | Donkey | Goat 1:1000 Jackson 705-545-
Immuno 003
Research
Laboratories
Cy3 Donkey | Mouse 1:1000 Jackson 715-165-
Immuno 150
Research
Laboratories
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2.1 Description of non-commercial antibodies

A mouse mono-clonal antibody was raised against the DWNN domain, residues 1-81 of
RBBP6, recombinantly-expressed in Escherichia coli, at the European Molecular
Biology Laboratory, Monterotondo-Scalo, Italy. Rabbit polyclonal antibodies were raised
against residues 1-81 of RBBP6 (a-DWNN), residues 248-335 of RBBP6 (a-RING),
residues 80-197 of RBBP6 (a-zinc finger) and against full-length human YB-1, all
recombinantly-expressed in E. coli, in the laboratory of Prof D. Bellstedt (Biochemistry
Department, University of Stellenbosch, Stellenbosch, South Africa) using the naked

bacteria method (Bellstedt et al., 1987).

2.2 Bacterial strains and genotype composition

E. coli strain BL21 Codon-Plus (DE3)-RIPL: F— ompT hsdS(rB— mB-) dcm+ Tetr gal
AN(DE3) endA Hte [argU proL Camr] [argU-ileY leuW Strep/Specr] was used to express
recombinant proteins. These cells contain extra copies of rare E. coli argU, ileY, LeuW
and proL tRNA genes which corrects for codon bias, thereby dramatically improving

expression sequences from other organisms.

E. coli strain XL10-Gold: endA1 ginV44 recA1 thi-1 gyrA96 relA1 lac Hte A(mcrA)183
A(mcrCB-hsdSMR-mrr)173 tet"F'[proAB lacl®ZAM15 Tn10(Tet® Amy CmR)] was used to
produce plasmid DNA. Mutations in endA1 inactivate intracellular endonucleases that
degrade plasmid DNA, and in recA1, eliminate homologous recombination, thereby
reducing the chance of deletions and plasmid multimerisation which makes this stain

suitable for high quality plasmid DNA production.
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2.3 Plasmid vectors
2.3.1 pGEX-6P-2

pGEX-6P-2 (see Figure 2.1) is a bacterial expression vector with a size of 4.9 Kb which
expresses the target protein as a fusion to the C-terminus of Glutathione-S-transferase
(GST) from Schistosoma japonica. GST aids in purification of recombinant proteins from
E. coli native proteins and increases the solubility of the fusion protein. A recognition
sequence for 3C protease from human rhinovirus located between GST and the MCC
facilitates post-translation removal of GST from the fusion protein. The vector
incorporates an IPTG-inducible tac promoter to drive high levels of expression. The

vector confers ampicillin resistance to-transformed-bacterial cells.

2.3.2 pCMV-UWC

pCMV-UWC (see Figure 2.2) is a modified form of the pCMV-HA mammalian
expression plasmid created by replacing the multiple cloning cassette (MCC) with that
from pEGFP-C1. It was generated to facilitate sub-cloning of large inserts such as
RBBP6 (5.4 kbp), which would have been difficult using PCR amplification. It was
created by  Genscript Inc. by insertion of the  sequence: 5-
TCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTGCAGTCGACGGTACCGCGG
GCCCGGGA-3' between the sequences 5-CCAGATTACGCTCTT-3' and 5'-
GGGATCCAGACATGA-3' in pCMV-HA. It enables expression of the target gene in
mammalian cells with an N-terminal HA epitope tag for immunodetection using anti-HA

antibodies. The vector contains an ampicillin resistance gene for bacterial selection.
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2.3.3 pcDNA3

pcDNA3 (see Figure 2.3) is a mammalian expression vector with a size of 5.4 Kb. The
vector drives expression of mammalian proteins under a CMV promoter and T7
promoter for bacterial selection. In addition, pcDNA3 contains a neomycin gene that
aids in selection of transformed mammalian cells using the antibiotic Geneticin®

(G418).

2.4 Preparation of competent E. coli cells for transformation

Bacterial strains were streaked onto LB agar plates and allowed to grow for 18 hours. A
single colony was picked andiinoculated into TYM broth-and allowed to grow overnight.
The cell culture was then scaled up to 400 ml using fresh TYM broth. This was allowed
to grow until an optical density OD600 was in the range 0.4-0.6 at 37 °C with shaking.
Cells were rapidly chilled in ice water and the transferred into 500 ml polyproplylene
tubes and centrifuged at 6000 g for 10 minutes at 4 °C. Supernatants were discarded
and pellets were re-suspended in 100 ml of chilled Tfb1 and allowed to incubate on ice
for 30 minutes. Cells were recovered by centrifugation at 6000 g for 8 minutes.
Resultant pellets were gently re-suspended in 15 ml of Tfb2. 150 ul suspensions were

aliquoted and immediately placed in a -80 °C freezer.

2.5 Bacterial transformations with plasmid DNA

Transformations were carried out using the bacterial strains described in Section 2.2.
Generally, 50 ul of the competent E. coli cells were transformed with 25-50 ng of DNA.

Firstly, the cells were allowed to thaw on ice and then allowed to incubate with DNA for

52



at least 15 minutes. Thereafter the cells were heat shocked at 42 °C for 90 seconds,
followed by incubation on ice for 2 minutes. Pre-warmed LB was added and
transformed cells were incubated with shaking at 37 °C for an hour and then plated onto

LB agar plates with appropriate antibiotics.

2.6 Manipulation of plasmid DNA: cloning
2.6.1 PCR amplification of gene fragments

Gene fragments suitable for cloning were amplified by Polymerase Chain Reaction
(PCR), incorporating restriction enzyme-—sites. and stop codons, as appropriate.
Generally, the PCR reaction consisted of 50 ng of template DNA, 50 ng of each primer,
1 U of Taq DNA polymerase and 200 uM of dNTPs in a total volume of 25 pl. Below is a
table that shows all primer sequences used for the creation of various constructs for this

project.

The PCR reaction was allowed to proceed under the following general parameters:
Initial denaturation 96 °C for 4 minutes

Denaturation 94 °C for 1 minute

Annealing 60 °C for 1 minute 30 cycles

Elongation 72 °C for 2 minutes

Final elongation 72 °C for 10 minutes
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Figure 2.1: Restriction map of pGEX-6P-2 including the multiple cloning cassette.
(A) The pGEX-6P-2 vector is a bacterial expression vector that drives the expression of
recombinant proteins under a tac promoter. (B) The MCC facilitates the cloning of target DNA
and is followed by a 3C protease site, which facilitates cleavage with 3C protease.
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Figure 2.2: Restriction map of pCMV-UWC including the multiple cloning cassette.
(A) pCMV-UWC is a mammalian expression vector that expresses a protein under the control of
the CMV promoter. (B) The MCS facilitates cloning of a target and the HA tag aids in
immunodetection using western blots or immunofluorescence microscopy
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Figure 2.3: Restriction map of pcDNA3, including the multiple cloning cassette.
The plasmid contains the CMV promoter for-high-level constitutive expression in mammalian
cells, as well as a T7 promoter for bacterial expression. It contains a neomycin antibiotic
resistance gene for mammalian selection and jan ampicillin resistance gene for bacterial
selection.

2.6.2 Restriction digestion of DNA

All enzymes were used according the manufacturer’s instructions. A typical digestion
reaction consisted of 1-5 ug of DNA which was incubated at 37 °C for an hour with no
shaking. Digested DNA fragments were analyzed on a 1 % agarose gel and then gel
purified using the Thermo Fisher Scientific GeneJet gel extraction kit, according to the

manufacturer’s instructions.
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Table 2.3: Primers used for the amplification of various gene fragments and
constructs. Complimentary regions are shown in black, restriction enzyme sites in
green and stop codons in red. 6 Six G/C-rich bases were added to the 5-end to
increase the efficiency of cleavage of the amplicon by restriction enzymes.

Primer name Primer sequence

5'"-GAG GCG GGA TCC AGT CCA GAA TAC ACC AAA AAA
pPGEX-UBA-F AT-3'

5'"-GAG GCG CTC GAG TTA TCA GTT ACT CAG AAG CAA
pPGEX-UBA-R TTC T-3'

5'"-GAG GCG CTC GAG CTT CCT GTG TGC ATT ATA AAT
pCMV-UWC-DWNN-PI-F TTT-3'

5'"-GAG GCG GGT ACC TCA TTA AAT TCT TCT AAC AAT
pCMV-UWC-DWNN-PI-R TAC A-3’

5'"-GAG GCG GGA TCC ATG TCC TGT TGT GCA TTA TAA
pcDNA3-DWNN13-F ATT TTC C -3’

5'-GAG GCG~TCT. AGA_TCA TTA TAA AGG TAA AAG CAA
pcDNA3-DWNN13-R TCT=3'

2.6.3 Ligation of DNA fragments

A general ligation reaction was-set-up-to-afinal-volume-of 20 ul using 15-25 ng of vector
and 12-30 ng of insert DNA depending on the ratio desired: Normally 1:5 and 1:7 insert
DNA ratios were used. 1 Weiss unit of T4 DNA ligase (Thermo Fisher Scientific) was
added. Ligation reactions were allowed to proceed overnight at 4 °C or at room

temperature for 3 hours.

2.6.4 Verification of cloned sequences

Plasmid DNA was extracted from putative positive transformants subjected to double
digestion using the same enzymes used in the cloning, in order to release the cloned
insert. Sequences were verified by direct sequencing at Ingaba Biotec™ (Ingaba

Biotechnical Industries, Hatfield, South Africa). The sequence of the expected plasmid
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was constructed using SnapGene Viewer (GSL Biotech LLC, Chicago, IL, US;
www.snapgene.com) and compared against the experimental sequence reads.
Unknown sequences were aligned with the known sequence using the BLAST 2
alignment tool (http://blast.ncbi.nim.nih.gov/Blast). Once verified, high quality,

endotoxin-free plasmid DNA was extracted and stored at -20 °C.

2.6.5 Agarose gel electrophoresis

The sizes of DNA plasmids and fragments were assessed by electrophoresis using a 1
% agarose homemade gel made in 1X TAE buffer. GR Green for visualization at 280
nm was added to the gel to a final concentration of 0.5 ug/ml. DNA molecular weight
markers (Thermo Fisher Scientific) were loaded alongside samples. Electrophoresis
was carried out at 90 V for 100 minutes, unless otherwise stated. Gels were visualized

and imaged using the transluminator-connected to-a DC 120 UV-camera.

2.6.6 Quantification of DNA

Purified DNA was quantified using Nanodrop (ND-1000 spectrophotometer,

Biotechnologie GmbH) by measuring the absorbance at 280 nm.

2.7 Recombinant protein production and purification
2.7.1 Protein production

Expression constructs were transformed into E. coli BL21 Codon Plus as described in
Section 2.5 and plated on LB agar containing the appropriate antibiotics. Colonies were
picked and grown in 20-30 ml LB broth with appropriate antibiotics to create starter
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cultures. Starter cultures were scaled up to a final volume of 1L with appropriate
antibiotics and grown to an optical density ODggp of 0.4-0.6. Prior to induction, 200 uM
ZnS0O4 was added to zinc-binding proteins to enable proper folding. Protein expression
was carried out by adding varying concentrations of IPTG. Induction was allowed to
proceed at 30 °C for 16 hours with shaking. Cells were harvested by centrifugation at
6000 xg for 15 minutes. Pellets were re-suspended in cell lysis buffer and stored at -

20 °C.

2.7.2 Protein purification
2.7.21 Extraction of proteins

Pellets were allowed to thaw on-ice and then sonicated for 5X 30-second pulses, with
incubation on ice between pulses, using a MSE Soniprep 150 Plus ultrasonic
Disintegrator (57 Kangley Bridge road, Lower Sydenham, London, UK). Sonicated

pellets were centrifuged at 4300 rpm for 1 hour to obtain ‘a clarified lysate.

27.2.2 Purification of fusion proteins from lysates

A glutathione agarose column (BIORAD) was prepared according to the manufacturer’s
instructions. The column was allowed to pack by gravity. Preparation proceeded by first
allowing the beads to incubate in 8 M urea at 37 °C for 30 minutes. The column was
allowed to flow and 5X column volumes of dH,O was loaded onto the column and
allowed to flow through. This was followed by the addition of 5X column volumes of
cleansing buffer 1 and cleansing buffer 2 with dH,O washes in between. Finally the

column was equilibrated with 5X column volumes of 1X PBS. The clarified protein was
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loaded onto the column and the flow through was collected. The column was washed
with 3 column volumes of buffer before eluting. Proteins were eluted with 20 mM
reduced glutathione. The final elution was carried out using 1 M NaCl. Columns were

stored in 1 M NaCl with 0.2 % NaNs.

2.7.23 Dialysis and removal of GST with 3C protease

Elution fractions containing GST fusion protein were pooled and transferred to a
Snakeskin™ dialysis bag (3.5 kDa MWCO) and dialysed against 1X PBS with 1 mM
DTT at 4 °C. After four hours 3C protease was added and cleavage was allowed to
proceed overnight. After cleavage, GST was separated-from the target protein using a

glutathione agarose column.

2.7.3.4 Analysis of proteins using SDS-PAGE

Analysis of proteins was carried out using-12 % SDS-PAGE gels. TGX™ and TGX
Stain-Free™ FastCast™ Gels were prepared according to the manufacturer's
instructions (BioRad). Protein samples were prepared by adding an equal volume of 2X
sample buffer and then boiling at 95 °C for 8 minutes. Samples were centrifuged for 10
minutes and the supernatant was loaded onto a prepared gel. Generally, 10-20 pl of
each prepared protein sample was loaded and separated by electrophoresis using the
BIORAD Mini Protean system at 40 mA or 200V for 25 to 30 minutes. Gels were stained
with Coomassie staining solution for 30 minutes and destained water overnight. Gels for
western blot analysis were immediately placed in transfer buffer following

electrophoresis for further processing.
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2.8 Extraction and immunoprecipitation of proteins from human lysates grown

on mono-layer

Lysate was prepared by discarding the media from the flask and then washing the cells
twice with 1X PBS. This was followed by the addition of extraction buffer (1 mM DTT,
0.5 Triton X-100 in 1X PBS) and incubation on ice for 5 minutes. The bottom of the flask
was scraped using a scraper and the cells were transferred to a 15 ml Greiner tube and
then sonicated 3 X with 15-second pulses with incubation on ice between the pulses.
This was then followed by centrifugation at 3000x g for 30 minutes. The supernatant
was removed and glycerol was added to a final concentration of 10 %. Lysate was
stored at -80 °C. A general immunoprecipitation-was carried out with 100 ug of lysate
and with 1 pg of antibody. The reaction was allowed to proceed with shaking at 25 °C
for an hour. After that 50 ul of Protein A/G PLUS agarose beads (sc-2003, Santa Cruz
Biotechnology, Inc., CA, USA)were added-and this was allowed to proceed for 2 hours
with rolling at 4 °C. This was followed by three washes with- 500 pl of 1X PBS at 12 000
rom. The beads were re-suspended:in 1X PBS with glycerol for a final concentration of

5 %.

2.9 Invitro ubiquitination assays

Ubiquitination assays were set wup using recombinantly expressed and
immunoprecipitated proteins. Generally, a ubiquitination assay consisted of buffer made
up of 0.5 mM ZnS0O4, 5 % glycerol, 5-10 mM Mg-ATP, 1 mM DTT or B-mercaptoethanol
in 1X PBS. A general in vitro ubiquitination assay is shown on Table, 2.2. Reactions

were carried out at 37 °C with shaking for 2-16 hours. After incubation, proteins were
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precipitated with acetone and then re-suspended in 2X sample buffer. Samples were

analyzed by immunoblotting.

Table 2.4: Reagents for in vitro ubiquitination assay

Reagent Experiment

His-E1 400 nM

E2 2 mM

E3 (R3/ R2) 5 ug

HA-Ubiquitin 1 mM

YB1 10 ug

Mg-ATP 5mM

Buffer Added to a final volume of 150 pl

210 GST pull-down interaction assays

GST pull-down assays are used to investigate the physical interaction between two
proteins. One protein (the “bait”) is expressed as a fusion with GST tag, which is used to
immobilize the protein on glutathione-conjugated- agarose resin. A second protein (the
“prey”) is incubated with the bait and;then subjected to repeated washing in order to
wash away unbound proteins. Finally the resin and any attached proteins are loaded
onto an SDS-PAGE gel and western blotted with antibodies targeting the prey protein in
order to determine whether it was retained on the resin by an interaction with the bait

protein.

GST-tagged bait protein was incubated with 20 % fresh agarose at room temperature
with shaking. After 1 hour prey proteins were added and allowed to couple through

incubation for a further 2 hours. The sample was centrifuged at 5000 rpm for 5 minutes
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and the supernatant was discarded. To increase the stringency 0.5 M NaCl prepared in
1X PBS was added to the 2" three washes and 5 % SDS prepared in water was added
to the 3™ set of three washes. Excess supernatant was removed and beads were re-
suspended in 35 pl of 2X sample buffer, boiled at 95 °C for 8 minutes and then

subjected to SDS-PAGE. Western blotting was carried out as described in Section 2.11.

211 Immunoblotting

After running an SDS-PAGE gel, proteins were transferred onto the PVDF membrane
by using transfer buffer (25 mM Tris, 0.2 M glycine, 20 % ethanol). After transfer, the
membrane was blocked with 1 %-caseinin PBST (1X PBS with 0.1 % Tween® 20). This
was followed with incubation with primary and then secondary antibodies. Unbound
antibodies were washed off 3 times for 5 minutes with PBST. Visualisation was carried
out by incubating the membrane-with-Clarity Western ECL substrate (BIORAD) and

then imaging with the BioSpectrum® Imaging System; Chemi HR 410 UVP system.

2.12 Cell culture studies
2.12.1 Cells used in this study

A549 cells are human alveolar basal epithelial cells. They are squamous in nature and
grow as adherent mono-layers in vitro. They function in the diffusion of substances

across the alveoli and lungs.
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2.12.2 Preparation of media

All cell culture reagents were purchased and prepared in a sterile manner to avoid
contamination. A549 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
or DMEM F12 media, which was supplemented with 10 % Fetal bovine Serum (FBS)
and 10 % penicillin-streptomycin (pen strep). Prepared media was aliquoted into 50 ml

Greiner tubes and stored at 4 °C for not more than 2 months.

2.12.3 Growing of mammalian cells (seeding)

A549 cells were purchased from the American Type Culture Collection and cultured
using their guidelines. Frozen stocks stored at -140 °C were allowed to thaw on ice.
5 ml of prepared media aligoted into 15 ml Greiner tubes to which thawed cells were
added. Re-suspended cell solution was mixed by gently inverting and centrifuging at
2200 rpm for 2 minutes. Supernatant was removed and cells were re-suspended in 5 mi
of prepared media and grown in T-25 flasks or 12-well culture plates. Cells were
incubated at 37 °C with 5 % CO,. Media was changed every second day until the cells

were confluent.

2.12.4 Trypsinization of cells

Cells were trypsinized or passaged once ~80 % confluency was reached. For
trypsinization, media was discarded and cells were rinsed once with 5 ml 1X PBS. PBS
was discarded and 2 ml of Trypsin-Versene (EDTA mixture) 1X was added.
Trypsinization was allowed to proceed at 37 °C for 5 minutes. After 5 minutes, 2 ml of

complete media was added to the trypsinized cells and they were collected by
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centrifugation at 2200 rpm for 2 minutes. Cells were re-suspended in media and grown
again. Cells were passaged not more than 10 times and then another stock of cells was

started.

213 Seeding of cells for transfections

Trypsinization of cells was carried as described above. After re-suspension of cells in 3
ml complete media, a 10 ul aliquot of the suspension was transferred into an Eppendorf
tube. 10 pl of trypan blue solution, 0.4 % was added to the suspension and gently mixed
by pipetting up and down. 10 pl of the suspension was loaded onto Countess® Cell
Counting Chamber Slides and the slide was inserted in Countess® Automated
Cell Counter slide chamber and cells were counted. Generally 12-well culture plates
were used for transfections. A day prior to transfection, 1X 10° cells were seeded onto
wells which had 12 mm diameter cover-slips-on them-to achieve 60-80 % confluency on

the day of transfection.

2.13.1 Preparation of DNA for transfection

Constructs to be used were transformed into E. coli XLGOLD cells. Purification of DNA
was carried out using Thermo Fisher Scientific GeneJet maxi prep kit. Purified DNA was

stored at -20 °C.

2.13.2 Preparation of a DNA complex for transfection

On the day of transfection, all reagents were brought to room temperature. A general

transfection protocol to transfect a single well is shown in Table 2.5. Cells were rinsed
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once with 1X PBS and enough serum free media was added to cover the cover slip.
Prepared DNA complex was allowed to incubate for 20 minutes and added to the well.
After 4 hours, complete media was added to cells and allowed to grow overnight.
Complexes were removed the following day in the morning and complete media was
added. Cells were allowed to grow for 24-48 hours at which they were processed for

immunofluorescence microscopy or western blotting.

Table 2.5: Reagents for a transfection assay for a 12-well plate

Reagent Experiment Control
DNA 200-350-ng -
Transfection reagent 3.3 pl 3.3 ul

DMEM F12 serum free media | To a final volume of 52 ul | To a final volume of 52 ul

2.14 Stress induction experiments by heat shock

Generally stress experiments were carried out on transfected cells after 24 h. Flasks
were placed in an incubator at 45 °C for 10 minutes. Cells were allowed to recover for

10-15 minutes in an incubator at 37 °C with 5 % CO..

215 Immunofluorescence staining protocol for fixed cells

Cells were fixed and stained after 24-48 hours as outlined in the following protocol.
Cells were permeabilized with 500 pl of ice cold methanol for 5 minutes at -20 °C.
Methanol was removed and cells were fixed with 500 pl of 4 % formaldehyde for 5
minutes at room temperature. Formaldehyde was removed and cells were rinsed three

times with centrifugation for 5 minutes in PBST. Cells were blocked with 1 % BSA for 30
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minutes. Generally primary antibody was diluted in 1% BSA and was added and
incubated overnight at 4 °C. After incubation, cells were washed three times ten minute
intervals with PBST and secondary antibody diluted in 1 % BSA was added and
incubated for 1 hour. After incubation cells were washed three times ten minutes
intervals in PBST to remove unbound secondary antibody. The nucleus was stained
with Hoechst 33342 reagent diluted to a working concentration of 2 ug/ml. Prepared
Hoechst 33342 reagent was added onto the well and allowed to incubate for 3-5
minutes and then removed. Cells were washed three times five minute intervals with
PBST to remove excess Hoechst reagent. Cover slips were mounted onto slides using
Mowiol and allowed to dry overnight. Cells were-imaged using a Zeiss Axioplan 2

imaging microscope system.

2.16 Protein extraction from transfected cells for immunoblotting

Lysate was prepared by discarding the media from the flask and then washing the cells
twice with 1X PBS. This was'followed by the addition'of RIPA buffer (50mM Tris, pH
7.4, 150 mM NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 % Triton X 100) A cell
scraper was used to scrape cells from the bottom of the well plate. Cells were aspirated
through a pipette 20 times to form a homogenous solution. This was followed by an ice
for 5 minutes and then centrifugation at 14 000 xg for 15 minutes to separate cell debris.

Supernatant was transferred on a fresh Eppendorf tube and stored at -80 °C.
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CHAPTER 3 : INVESTIGATION OF INTERACTIONS BETWEEN THE
UBIQUITIN ASSOCIATED (UBA) DOMAIN OF UBCH1 AND
N-TERMINAL DOMAINS OF RETINOBLASTOMA
BINDING PROTEIN 6 (RBBP6)

3.1 Introduction

Retinoblastoma Binding Protein 6 (RBBP6) has been reported to play a number of
diverse roles within the cell. Of these the most well established is its role in mRNA
processing: RBBP6 forms part of the 3’-end processing complex in both humans and
yeast, promoting the selection of weaker,-more proximal polyadenylation sites which
increase expression of many proteins associated-with-proliferation and tumourigenesis

(Di Giammartino and Manley, 2014, Lee and Moore, 2014).

Isoform 3, which consists of little more than the N-terminal ubiquitin-like domain of the
full-length protein, is expressed off an alternative promoter and appears to be able to
modify the function of the full-length protein by competing with the DWNN domain on
the full-length protein, for binding to CstF-64, the 64-kDa subunit of the Cleavage

Stimulation Factor.

In addition to this role in mRNA processing, RBBP6 has what appears to be an
unrelated role as an E3 ubiquitin ligase, modifying the stabilities of important proteins by
ubiquitinating them. In 2007 Li et al. (2007) showed that RBBP6 assists MDM2 to
ubiquitinate p53 during development, and that knock out of RBBP6 leads to

overexpression of p53 and consequent apoptosis and embryonic lethality. Our own
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laboratory has shown that RBBPG6 is able to ubiquitinate Y-Box Binding Protein 1 (YB-1)
both in vivo and in vitro, in the latter case without the need for YB-1 is a potent
oncogene as well as playing an important role in mRNA processing. It is also able to
ubiquitinate and suppresses zBTN38, which plays a role in regulation of the DNA

damage response (Miotto et al., 2014).

In an in vitro ubiquitination study conducted in our laboratory, the R3 fragment of
RBBP6 (residues 1-335) was found have E3 ubiquitin ligase activity against Y-Box
Binding Protein 1 (YB-1), using UbcH1 as the ubiquitin conjugating enzyme, or E2.
Evidence suggested that the ubiquitination:catalyzed by R3 and UbcH1 was poly-
ubiquitination, since it produced high.molecular weight forms of YB-1 stretching up to
the top of the SDS-PAGE gel. However this effect was not observed when R2, a shorter
fragment of RBBP6 excluding the DWNN domain, was used as the E3 ligase. Moreover,
ubiquitination with different E2 enzymes such as.UbcH5a, UbcH5b and UbcH5c¢ yielded

what appeared to be multiple mono-ubiquitination as compared to UbcH1.

The E2-like domain of UbcH1 is expected to bind to the RING finger of the E3, in this
case R3, in order to effect transfer of the ubiquitin from its catalytic cysteine to the
substrate, which in this case is YB-1. In addition to the conserved E2-like domain,
UbcH1 also contains an ubiquitin associated domain (UBA) at its C-terminus, which is
absent in UbcHS5a, UbcH5b and UbcH5c. Since the DWNN domain of R3 has an
ubiquitin-like structure, we hypothesized that the UBA of UbcH1 might facilitate the

primary interaction by binding to the DWNN domain. If so, this may explain why R2,
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which lacks the DWNN domain, did not ubiquitinate YB-1 as efficiently as R3. Hence we
set out to investigate a possible interaction between the UBA domain of UbcH1 and the
DWNN domain of RBBP6. At the same time we investigated whether the UBA

interacted with the other two domains making up the R3 fragment of RBBP6.

Ubiquitination is a well known post-translational modification that signals proteins for
destruction (Chung et al., 2001). Auto-ubiquitination is the process by which an E3
enzyme catalyses the addition of ubiquitin chains onto itself (Amemiya et al., 2008).
Other E3 ligases like Parkin are known to inhibit their own ubiquitination. Since RBBP6

is reported to function as an E3 ligase-in the ubiquitination of YB-1.

This chapter documents the cloning of the UBA of UbcH1 and heterologous expression
of the UBA domain of UbcH1 as a GST-fusion protein, as well as expression of various
domains from R3. Precipitation of GST-UBA was-carried out using glutathione agarose
and detection of co-precipitated proteins: was-carried out using antibodies targeting the
respective domains of R3. This chapter also documents investigation of the auto-

ubiquitination potential of RBBPG6.

3.2 Recombinant expression of UBA
3.2.1 Generation of a pGEX-6P2-UBA expression construct

Primers pGEX-UBA-F and pGEX-UBA-R were designed to amplify the ubiquitin-
associated domain of UbcH1, as shown in Table 2.3. The primers incorporated BamHlI

and Xhol restriction sites for cloning into the same sites in the MCC of pGEX-6P2. A
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stop codon was included immediately before the Xhol site in the reverse primer. Figure
3.1 (A) shows successful amplification of UBA at the expected size of 132 bp. The PCR
product was purified using the Genedet gel purification kit, digested with BamHI| and

Xhol and cloned into pGEX-6P2 following digestion with the same enzymes.

Plasmid DNA from positive transformants was isolated and subjected to double
digestion with the BamHI and Xhol. Figure 3.2 (B) shows the successful release of a
fragment corresponding to the size of UBA in lanes 2, 4, 6, 8 and 12. The DNA

sequence was confirmed by direct sequencing, as shown in Appendix Il.

3.2.2 Small scale production of GST-UBA

pGEX-6P-2-UBA was transformed into E. coli BL21 Codon Plus cells and protein
expression and purification carried-out-as-described-in—-Section 2.7. Expression was
carried out at 30 °C and 25 °C, in‘each case at a range of ITPG concentrations between
0.1 and 1 mM, as shown. In each case total lysate (left lane) and clarified lysate (right
lane) are shown side by side so that the solubility of the fusion protein can be assessed.
An uninduced culture, to which no IPTG was added but was otherwise treated
identically to the other samples, was included in lane 1. Between 0.1 mM and 1 mM
IPTG there was a clear induction of a band at approximately 30 kDa, which is consistent
with the expected size of 31.5 kDa, but no further increase in expression was observed

with increasing concentrations of IPTG.
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Figure 3.1: Cloning of UBA fragment into pGEX-6P2 (A) The UBA fragment was amplified
from pGEX-6P2-UbcH1. Lanes 1 and 2 confirm the amplification of UBA with a size ~132 base
pairs. The amplicon was double digested and cloned into pGEX-6P2. (B) An agarose gel
confirming the presence of UBA after cloning. Lanes 1, 3, 5, 7, 9 and 11 show undigested
plasmid DNA. Lanes 2, 4, 6, 8 and 12 show the presence of UBA after double digestion.
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Since the expression appeared better at 25 °C, conditions of 0.1 mM IPTG at 25 °C

were adopted for subsequent large-scale expressions.

3.2.3 Large-scale protein production of GST-UBA

Large-scale protein production of GST-UBA was carried out at 25 °C and 0.1 mM IPTG,
as described in Section 2.7.1. Following lysis the fusion protein was separated from E.
coli proteins using glutathione affinity chromatography, as described in Section 2.7.2.
Lane 6 of Figure 3.3 shows successful elution of a band corresponding to GST-UBA,

with an approximate MW of 31.5 kDa.

The same band was present in the-soluble lysate-prior to loading onto the column (lane
2), where it was accompanied by many E. coli proteins. A band consistent with that of
GST-UBA can be seen on the flow-through (lane-3), which indicates that the capacity of
the column was not sufficient to retain all of the protein. Fractions containing GST-UBA
were pooled and dialised against- dialysis buffer as "described in Section 2.7.2.3.
Samples containing GST-UBA were pooled together and glycerol was added to a final

concentration of 10 % and stored at -20 °C.

3.3 Recombinant expression of the DWNN domain, RING finger and zinc

knuckle proteins

pGEX constructs for the RING finger, zinc knuckle and DWNN13 from RBBP6 were

already available in our laboratory (Lutya, 2002, Kappo, 2009).

73



A. .__.__

0.1mM 0.2mM 0.5mM 1mM €&— IPTG

- -~
- "

50 kDa
37 kDa

25kDa
20kDa

15kDa

10 kDa

0.imM 02mM 0.5mM 1mM <€ IPTG

M 1 2 3 4 5 6 7 8 9
250kDa

50 kDa
37 kDa

25kDa
20 kDa

<— GST-UBA

15kDa

10 kDa

Figure 3.2: SDS-PAGE analyses of small scale test expressions of GST-UBA. Expression
was carried out at 30 °C (A) and 25 °C (B), at a range of ITPG concentrations, as shown. In
each case, re-suspended pellet and clarified lysate are shown side by side. A band consistent to
that GST-UBA can be seen on both conditions and in the pellet as well as clarified lysate.
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& GST-UBA

Figure 3.3: SDS-PAGE analysis of large scale UBA protein production. Lane 1 shows the
insoluble pellet and lane 2 shows the lysate before loading onto the column. Lane 3 shows flow
through and lanes 4 and 5 show column washes 1 and 3. Lanes 6-9 show elution fractions.

DWNN13 is identical to isoform-3, which contains the DYWWNN domain followed by a 37-
residue unstructured C-terminal tail. The name DWNN13 has been adopted in our
laboratory because its molecular mass is approximately 13 kD. Expression was carried
out in E. coli BL21 Codon Plus cells and ‘was ‘induced with 0.5 mM ITPG at 30 °C. In
the case of the RING finger and zinc knuckle 100 uM ZnSO, was added to provide the

sufficient zinc ions for incorporation into these zinc-binding proteins.

Figure 3.4 (A) shows the purification of GST-DWNN13. Lanes 6-9 show elution of a
prominent band of approximately 40 kDa, which is consistent with the expected size of
GST-DWNN13 (26 kDa for GST and 13 kDa for isoform 3). Comparison of lanes 2 and
3 shows that most of the GST-fusion protein was successfully retained by the
glutathione agarose column. Eluted fractions were pooled, dialised against cleavage

buffer to remove free glutathione and cleaved with 3C protease, as described in Section
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2.7.2.3. The sample was then returned to the glutathione agarose column to remove the
cleaved GST, as shown in Figure 3.4(B). DWNN13, which was not retained by the
column, can be seen in the flow through (lane 2) as a band at less than 20 kDa. Most of
the GST and uncleaved GST-DWNN13 was retained by the column, although faint
bands can still be seen at 26 kDa and 40 kDa respectively. The band at approximately
45 kDa corresponds to GST-3C protease. GST and uncleaved fusion protein retained

by the column were eluted in lanes 6-9.

Samples containing DWNN13 were pooled together and glycerol was added to a final
concentration of 10 % and stored at -20 °C. Purification of the RING finger of RBBP6 is
shown in Figure 3.5. GST-RING. was. expressed and purified (data not shown) and
dialised against cleavage buffer as previously described in Section 2.7.2.3. Lane 1 of
Figure 3.5 shows RING finger following cleavage with 3C, showing successful

separation into a band of around.9 kDa (RING).and one of 26 kDa (GST).

GST was efficiently retained by the column and subsequently eluted following addition
of reduced glutathione (lanes 7-9), with the RING being found in the flow through (lanes
2-4). Fractions containing RING were pooled and subjected to an extra round of
gluthathione agarose purification to remove all residual GST. Glycerol was added to a
final concentration of 10 % and the samples were stored at -20 °C. Purification of the
zinc knuckle is shown in Figure 3.6. GST-zinc knuckle was efficiently retained by the
column and eluted following addition of glutathione, appearing as a band of

approximated 40 kDa in lanes 6-9 of panel (A).
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25kDa—>
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DWNN13

Figure 3.4: Purification of DWNN13. (A) Lane M shows the molecular weight marker, Lane 1
is the insoluble protein, Lane 2 is the soluble protein and Lane 3 is the flow through. Lanes 4-5
show column washes 1 and 3 and lanes 6-9 show the fraction eluted from the glutathione
agarose column. (B) Purification of DWNN after cleavage with 3C protease. Lane M is the
marker, Lane 1 is the uncleaved protein and lane 2 is the flow through after cleavage with 3C.
Lanes 3-5 are column washes and lanes 6-9 are eluted fusion protein and GST retained on the

glutathione agarose column.

7

http://etd.uwc.ac.za/



37kDa——y € GST-RING

25kD
a—>\. - gy €—GsT

10k0— - (g - D " < RING

Figure 3.5: Purification of RING finger. Lane M is the marker; Lane 1 is the cleaved protein
showing bands at 26 kDa, corresponding to GST, and 11 kDa corresponding to the RING. Lane
2 is the flow through after cleavage with 3C and lane 3-6 are column washes; these contain
mainly RING although residual amounts of GST are still present. Lanes 7-9 contain exclusively
GST eluted from the column by the addition of reduced glutathione.

This is consistent with the expected mass-of-39.6-kDa (26 kDa for GST and 12.8 kDa
for the zinc knuckle). Cleavage with - 3C protease yielded a band of around 26 kDa,
corresponding to GST, and a band around 12 kDa corresponding to the zinc finger, as
shown in lane 1 of panel (B). Unfortunately the majority of the sample was lost; however

the amount that remained was sufficient for interaction ‘studies.

The cleaved sample was returned to the glutathione agarose column and the majority of
the GST was removed (lanes 8-9) with the zinc finger and some residual GST
remaining in the flow through. Samples containing the zinc finger were returned to the
glutathione agarose column, after which the zinc finger sample was free of GST-fusion

and of free GST.
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Figure 3.6: Purification and cleavage of zinc knuckle domain. (A) Lane M shows the
molecular weight marker, Lane 1 is the insoluble protein, Lane 2 is the soluble protein and Lane
3 is the flow through. Lanes 4-5 show column washes 1 and 3 and lanes 6-9 show the fraction
eluted from the glutathione agarose column. (B) Purification of zinc knuckle after cleavage with
3C protease. Lane M is the marker, Lane 1 is the uncleaved protein and lane 2 is the flow
through after cleavage lane 3-5 are column washes and lanes 6-9 are eluted fusion protein.
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3.4 Ra3 catalyses the poly-ubiquitination of YB-1 using UbcH1

Before embarking on investigation of a direct interaction between the UBA of UbcH1
and RBBP6, we decided to repeat the in vitro ubiquitination assay showing that R3 was
able to ubiquitinate YB-1 with UbcH1 as E2. The assay was first performed by Dr

Andrew Faro in our laboratory (A. Faro and DJR Pugh, unpublished data).

An in vitro ubiquitination assay was set up as described in Section 2.9. To serve as
substrate, endogenous YB-1 was immunoprecipitated from A549 cell lysate, as
described in Section 2.8. To serve as E3, bacterially expressed samples of the R3 and
R2 fragments of RBBP6 were kindly donated by Dr-Andrew Faro and Mr Mihlali Mlaza,
co-workers in our laboratory. Bacterially expressed UbcH1 was donated by Ms Lauren
Jooste, also a coworker in our laboratory. Immunodetection of YB-1 was carried out
using a polyclonal antibody raised-against the whole-of YB-1 (Bellstedt laboratory, see

Section 2.1 for details). YB-1 can.be seen as.a 50 kDa band in all lanes of Figure 3.7.

When used as an E3 ligase in conjunction with E2 UbcH1, R3 was able to catalyze
poly-ubiquitination of YB-1 evidenced by a smear of higher molecular weight isoforms
stretching up to the top of the gel (lane 4). R2, in contrast, was not (lane 3). This finding
supports our hypothesis that R2 was unable to ubiquitinate YB-1 due the absence of the
DWNN domain. It further suggested that the UBA domain of UbcH1 may interact directly
with the DWNN domain, since it is known to interact with other ubiquitin-like domains.

We decided to test this hypothesis by investigating whether an interaction could be
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detected in vitro between the UBA domain and the different domains of RBBP6 making

up R3.

3.5 The DWNN domain and RING finger of RBBP6 do not interact with the UBA

of UbcH1

GST pull-down assays were carried using the GST-UBA as the “bait” and DWNN13
(isoform 3) or the RING finger as the “prey”, as described in Section 2.10. Detection
was carried by western blot using antibodies raised against the DWNN and RING finger

domain, as described in Section 2.11.

Panel (A) of Figure 3.8 shows that GST-UBA was not able to co-precipitate the RING
finger (lane 6). Lane 8, which contains the RING finger, which had not been subjected
to pull down with GST, confirms-that the assay-would-have been able to detect RING
finger had it been present. Panel (B), similarly, shows that,GST-UBA was not able to co-
precipitate DWNN13 (lane 6), even though DWNN13 'would have been detected by the

antibody had it been present (lane 8).

3.6 The zinc knuckle interacts with the UBA of UbcH1

On the other hand Figure 3.9 shows that there is a definite interaction between the UBA
and the zinc knuckle. GST-UBA was able to co-precipitate the zinc knuckle (lane 6),
producing a clear band at the same MW as the zinc finger in lane 8, which was not

subjected to GST pull-down
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Lanes 1 2 3 4

Components

YB-1 - - - -
HA-Ubiquitin - + + +
UbcH1 - . + +
R2 - - + -
R3 - - - +

-
150 kDa —_—
P YB-1~Ubn

IB: antiYB-1

Figure 3.7: R3 catalyses the ubiquitination of YB-1 using UbcH1. YB-1 immunoprecipitated
from A549 cell lysate migrates at the expected size of 50 kDa (lane 1). Detection was carried
out using a rabbit polyclonal antibody raised against YB-1 and a donkey anti-rabbit secondary
antibody conjugated to HRP. The high molecular weight smear above 150 kDa in lane 4 is
evidence of poly-ubiquitination when R3 is used as E3, which is absent when R2 is used as E3
(lane 3).
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Figure 3.8: The UBA is unable to precipitate the RING finger and DWNN domain of
RBBP6. (A) Co-precipitated RING finger-is not.present in lane 6, despite the presence of GST-
UBA and glutathione-agarose resin. The RING finger in lane 8 was loaded directly onto the gel
without being subjected to washes. It shows where the RING finger is expected to appear on
the western blot and confirms that the RING finger would be detected if it were present. (B) Co-
precipitated DWNN is not present in lane 6, despite the presence of GST-UBA and glutathione-
agarose resin. The DWNN domain in lane 8 was loaded directly onto the gel without being
subjected to washes. It shows where the DWNN domain is expected to appear on the western
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blot and confirms that the DWNN finger would be detected if it were present.
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Lanes 1 2 3 4 5 6 7 8

GST-UBA - + - ; ] +
ZincFinger - - + + - + - +

GST R ] B

1000 ‘ . ‘ € ZincFinger

I1B: anti-Zinc Finger

Figure 3.9: The UBA is able to co-precipitate the zinc knuckle domain of RBBP6. GST-
UBA was able to co-precipitate the zinc knuckle (lane 6) whereas GST alone was not able (lane
3). The zinc knuckle was also not precipitated when bait was omitted altogether (lane 4). The
zinc knuckle in lane 8 was loaded directly onto the gel without being subjected to washes. It
confirms that the precipitated protein in lane 6 is in fact the zinc finger and that it is recognized
by the anti-zinc knuckle antibody.

GST alone was not able to co-precipitate the zinc knuckle (lane 3), and nor was the
glutathione agarose alone (lane 4), from which we conclude that the UBA alone is
responsible for the co-precipitation of the zinc finger. Since the UBA interacts with the
zinc knuckle, then it should also. interact with the R2 and the R3 fragments of RBBP6,
since they both contain the zinc knuckle. However Figure 3.10 shows that R2 is not co-
precipitated with GST-UBA (lane 6), although lane 8 (R2, not subjected to pull-down)

confirms that R2 would have been detected had it been present.

The lack of an interaction between R2 and the UBA is surprising, given the apparently
strong interaction between the zinc knuckle and the UBA shown in Figure 3.9. It is
possible that the presence of the RING finger suppresses binding of the UBA to the zinc

finger.
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Figure 3.10: UBA is unable to co-precipitate R2. Co-precipitated R2 is not present in lane 6,
despite the presence of GST-UBA and glutathione-agarose resin. The R2 band in Lane 8 was
loaded directly onto the gel without being subjected to washes. It shows where R2 is expected
to appear on the western blot and confirms that R2 would be detected if it were present.

Alternatively, since the zinc knuckle spans-residues-80-197 of RBBP6, whereas R2
spans residues 143-335, it is possible that the interaction site with UBA lies within
residues 80-142, which is not present in R2. But, whatever the reason, the lack of
interaction of the UBA with R2 may explain the lack of ubiquitination of YB-1 by R2 and
UbcH1. If so then, since R3 is able to ubiquitinate YB-1 with the help of UbcH1, R3
would be expected to interact with UBA. This possibility was not investigated in this

work but warrants further investigation.

3.7 Investigation of the auto-inhibition of RBBP6

Although the structures of the ubiquitin-like DWNN domain, the zinc knuckle and the
RING finger from human RBBP6 have been separately determined (PDB 2C7H, 2YSA
and 3ZTG respectively), the overall spatial arrangement of the three domains making up
the N-terminus of RBBP6 is yet to be determined. Nevertheless sequence analysis
predicts that the DWNN domain is joined to the zinc knuckle and RING finger by a long
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flexible linker that may allow it to loop around and contact the RING finger domain in a
manner similar to that of the protein Parkin. Parkin is an E3 ubiquitin ligase that plays an
important role in the etiology of Parkinson’s Disease (Valente et al., 2004, Chaugule et
al., 2011). It has an ubiquitin-like domain at its N-terminus that has been shown to
regulate the auto-ubiquitination activity of Parkin by binding to, and blocking access to,
the RING finger domain which is responsible for ubiquitination activity (Chaugule et al.,

2011).

Since the DWNN and RING finger domains of RBBP6 were already at hand, we
decided to use a GST pull-down asay-to test whether the DWNN domain interacts with
the RING finger domain of RBBP6 in vitro.. GST-RING was used as the bait and the
DWNN domain (following removal of the GST tag) as the prey, with detection of the
DWNN domain being carried out using a mono-clonal antibody raised against a sample

of the DWNN domain expressed.in bacteria.

Figure 3.11 shows that no interaction was observed between the DWNN domain and
GST-RING (lane 6), although the mono-clonal antibody would have been able to detect
co-precipitated DWNN had it been present (lane 8). As previously, the DWNN domain in
lane 8 was loaded directly onto the gel without being subject to any precipitation. The
above assay was conducted several times with increasing concentrations of DWNN (1
MM, 5 uM and 10 uM ) while the RING was kept constant at 1 yM , but in no case was

any interaction observed.
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GST-RING - + - - N +
DWNN - - + + - + - +
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13 kDa—, - |l —DWNN
IB: anti-DWNN

Figure 3.11: The RING finger of RBBP6 is unable to co-precipitate the DWNN domain. Co-
precipitated DWNN is not present in lane 6, despite the presence of GST-RING and glutathione-
agarose resin. DWNN in Lane 8 was loaded directly onto the gel without being subjected to
washes. It shows where DWNN is expected to appear on the western blot and confirms that the
RING finger would be detected if it were present.
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CHAPTER 4 : INVESTIGATION OF THE ROLE OF THE GLY-GLY MOTIF
AND THE C-TERMINAL TAIL IN THE LOCALISATION OF
RBBP6-ISOFORM 3

4.1 Introduction

Isoform 3 of RBBP6 consists of the DWNN domain found in all other isoforms of
RBBP6, followed by a 37-residue C-terminal tail (residues 82-118) of which the last 17
are not found in any of the other isoforms. The DWNN domain adopts a structure similar
to that of ubiquitin, raising the question of whether it may become attached to other

proteins in the manner of ubiquitin and other ubiquitin-like modifiers.

This possibility is supported by the fact that the DWNN domain contains a Gly-Gly motif
at precisely the same position as that found in ubiquitin (Pugh et al., 2006), where it
functions as the conjugation point. Furthermore, unpublished data from our laboratory
suggests that isoform 3 of RBBP6 translocates rapidly to nuclear speckles following a
number of cell stresses, including heat shock and UV-induced damage (AV Szmyd-

Potapczyk and DJR Pugh, unpublished data).

The other isoforms do not appear to be induced by stress, but are constitutively
localized in speckles. A possible explanation for this behavior is that isoform 3 becomes
covalently attached to another, so-far unidentified, protein that translocates to nuclear
speckles following stress. If so, then removing the Gly-Gly motif from isoform 3 may
abolish the localisation to nuclear speckles as well as abolishing the effect of stress on

the localisation of isoform 3. In this study we set out to investigate the role of the Gly-
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Gly motif in the heat stress response of isoform 3. Two approaches were adopted: the
first involved mutating the Gly-Gly motif to Ala-Ala (AA), while leaving the rest of isoform
3, including the C-terminal tail, unchanged. This construct was named DWNN13-AA, in

contrast to DWNN13, which is an alternative name for isoform 3 of RBBPS6.

The second approach involved truncation of isoform 3 immediately before the Gly-Gly,
thereby removing the unique tail as well as the Gly-Gly. Since this construct terminated
with the residues Proline-Isoleucine (Pl) it was named DWNN-PI. DWNN13-AA and
DWNN-PI, along with DWNN13 (isoform 3), were transfected into A549 cells and their
subcellular localisations investigated--using immunofluorescence microscopy, in both
resting and heat shocked cells. Visualization. was.carried out using antibodies targeting

either the HA tag or FLAG immunotags incorporated into the constructs.

The first section of this chapter, describes.the generation of the mammalian expression
constructs used in the study.:Results of the localisation study are presented in the

second half of the chapter.

4.2 Generation of constructs for mammalian cell transfections
4.2.1 Generation of a pcDNA3-FLAG-DWNN13 construct

A DNA construct expressing isoform 3 with an N-terminal HA-tag (pCMV-UWC-
DWNN13) had been generated by Ms Andronica Ramaila before this project was
initiated. The pcDNA3-FLAG-DWNN13 construct was generated as part of this work to

express FLAG-tagged DWNN13 in mammalian cells. The pcDNA3 vector was chosen
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since it encodes a neomycin resistance gene, which gave us the option to select for
stable transformants using the antibiotic G418. pcDNA3-FLAG-p53, containing the p53
gene cloned between the BamHI and Xbal sites of pcDNA3, was a gift from Thomas
Roberts (Addgene plasmid #10838). p53 was excised with BamHI and Xbal and the

linearised vector was recovered.

Full-length DWNN was amplified from an existing construct, pmEGFP-DWNN13, using
primers (pcDNA3-DWNN13-F and -R) shown in Table 2.3. Primers were designed to
incorporate BamHI and Xbal restriction sites respectively for cloning into the same sites
in the pcDNA3 vector. Two stop_codons (TAA TGA, shown in red) were added to

ensure truncation of the protein immediately after the end of DWNN13.

Successful amplification of DWNN13, which has an expected size of 360 bp, can be
seen in (Figure 4.1(A)). The amplicon-was, digested with BamHI and Xbal and purified
using the Genedet gel purification kit (Thermo Fisher; Scientific, Waltham MA, USA).
Digestion of the pcDNA3-p53 construct with BamHI and Xbal, to release the p53
fragment (~1300 bp) can be seen in Fig 4.1 (B). The linearized vector, with a size of
~5500 bp, was cut out of the gel and purified using the GeneJet gel purification kit. The
DWNN13 fragment was cloned into the pcDNA3 vector, as described in Section 2.6.
Putative positive transformants were screened using colony PCR, which showed that all

colonies contained the DWNN13 insert (Figure 4.1(C)).
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The sequence of the cloned insert was verified by direct sequencing and found to be

exactly correct. The DNA sequence of the construct can be found in Appendix II.

4.2.2 Generation of the pCMV-UWC-DWNN-PI construct

The pCMV-UWC-DWNN-PI construct was generated to express HA-tagged DWNN-PI
in mammalian cells. The pCMV-UWC vector was generated by Genscript Inc., by
replacing the multiple cloning cassette (MCC) of pCMV-HA with that from pGFP-C1, as
described in Section 2.3.2. Primers DWNN-PI-F and DWNN-PI-R (Table 2.3) were
designed to amplify residues 1-77 from an existing construct, pmEGFP-DWNN13,
incorporating Xhol and Kpnl restriction sites for-insertion into the same sites in pCMV-

UWC.

Stop codons (TAA TGA, shown in-red)-were-incorporated.immediately before the Kpnl
site. Since the last base of the Xholsite was not in frame with the HA-tag, two additional
bases (CT, shown in yellow) were added before the 'start of DWNN-PI to bring it back
into frame with the HA-tag in the pCMV-UWC vector. The initial Met of DWNN-PI was

not included in the construct to avoid any chance of incorrect initiation of translation.

An amplicon consistent with the expected size of DWNN-PI (260 bp) can be seen in

lanes 1-6 of Figure 4.2(A). The fragment was digested with Xhol and Kpnl, and cloned

into pPCMV-UWC, which had been linearised with the same enzymes.
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Figure 4.2: Generation of a pCMV-UWC-DWNN-PI construct. (A) The band in lanes 1-6 is
consistent with the size of DWNN-PI (260 bp). (B) Screening of putative colonies after ligation
shows that colonies on lanes 2-7 contain the desired DWNN-PI fragment cloned into pCMV-

UWC. Lane 1 contains undigested DNA from colony 1.
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Putative positive colonies were screened by double digestion to release the cloned
fragment; release of a presumptive DWNN-PI fragment migrating at approximately
250 bp can be seen in lanes 2-7 of panel (B). The sequence of the cloned insert was

verified by direct sequencing and found to be exactly correct, as shown in Appendix Il

4.2.3 Generation of the pCMV-UWC-DWNN-AA construct

The pCMV-UWC-DWNN13-AA construct was generated to express HA-tagged
DWNN13-AA, which is identical to DWNN13 (isoform 3), with the exception that the Gly-
Gly motif has been replaced by Ala-Ala. A DNA sequence coding for the G78A-G79A
mutant of DWNN13, flanked by-Xhol and Kpnl restriction sites, was synthesized by
GenScript USA Inc. (Piscataway NJ, USA) and supplied in a pUC57 vector. The insert
was excised from pUCS57 using Xhol and Kpnl (Figure 4.3) and inserted into pCMV-
UWC, following linearization .with-the—same enzymes (data not shown). DNA was
extracted from putative positive: transformants  and  the, sequence verified by direct

sequencing, as shown in Appendix .

4.3 Removal of the Gly-Gly motif affects the cellular localisation of isoform 3

Before embarking on immunofluorescence studies, the antibodies were validated to
ensure that the detected signal was only due to transfected DNA and not auto-
fluorescence or non-specific antibody binding. To test this, un-transfected cells were
stained with primary and secondary antibody to show that no signal was present.

(Figure 4.4 (A and B)).
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Figure 4.3: Generation of a pCMV-UWC-DWNN13-AA construct. Lane 1 shows undigested
plasmid DNA. Lane’s 2-3 show singly digested plasmid DNA with Xhol and Kpnl respectively.
Lane 4 shows the release of DWNN13-AA fragment of ~371 bp.

A secondary antibody control (omitting the primary antibody) was also performed to
ensure that detected signal was from transfected cells rather than background and
unspecific antibody binding (Figure 4.4 (C and D)). In all instances, the controls showed
that the antibodies were specific and could confidently be used for immunofluorescence
studies. Various modifications of DWNN13 (RBBP6 isoform 3), tagged with HA, were
transfected into A549 cells and their localisation investigated using immunofluorescence

microscopy, detecting with anti-HA antibodies.

Unlike full-length RBBP6 (isoform 1), which localises exclusively in nuclear speckles
(AV Szmyd-Potapczuk, M Mlaza and DJR Pugh, unpublished data), HA-DWNN13
(isoform 3) is predominantly cytoplasmic (Figure 4.5 (A)), with a lower density in the
nucleus.
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Nucleus CY3 Merged

Nucleus CY3 Merged

Nucleus CY3 Merged

Nucleus Alexa488 Merged

Figure 4.4: Immunofluorescence controls. (A) Un-transfected cells without staining, (B) Un-
transfected cells stained with anti-HA and CY3, (C) Un-transfected cells stained with a
secondary antibody CY3 and (D) Un-transfected cells stained with Alexa488 secondary
antibody. The DNA stain Hoechst 33342 was used to visualize the nucleus. Cells were
observed using a fluorescence microscope equipped with a 100x objective lens.
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Nucleus DWNN-PI Merged

Figure 4.5: Removal of the Gly-Gly motif affects the cellular localisation of DWNN13. (A
and B). DWNN13 and DWNN13-AA have a predominantly cytoplasmic localisation and speckle-
like localisation in the nucleus. (C) DWNN-PI has variable phenotypes ranging from even
distribution (Top panel) and completely cytoplasmic localisation with no evidence of speckling in
the nucleus. A549 cells were transfected for-24-hours-and-immunostained with anti-HA and
secondary antibody labeled with . CY.3.(red).Cells-in-Panel B were immunostained with Alexa488
secondary antibody. The DNA stain"Hoechst 33342 was used to visualize the nucleus. Cells
were observed using a fluorescence microscope -equipped.with a 100x objective lens. The
yellow arrow is pointing to speckle-like structures and ‘the white arrow is pointing to the
cytoplasm.

.

Resting cells

In addition, a number of prominent punctate structures, similar to nuclear speckles, can
be seen in the nucleus. Surprisingly, replacement of the di-glycine motif with Ala-Ala did
not affect the overall cellular distribution of DWNN13 (Figure 4.5 (B)). This is surprising
because, if DWNN13 were being localized to the punctate bodies as a result of
conjugation involving the Gly-Gly motif, then removal of the motif might have been
expected to lead to abolition of the “speckles”. This suggests that DWNN13 does not

become covalently attached to other proteins through the Gly-Gly motif.
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As an alternative to replacing the Gly-Gly motif with Ala-Ala, DWNN13 was truncated
immediately before the Gly-Gly, ending with Proline-Isoleucine (PI), yielding a construct
named HA-DWNN-PI. The results are very different, as can be seen in (Figure 4.5 (C
and D)). The transfected cells fall into two distinct groups: approximately 86 % (panel C)
show equal smooth densities of signal in the nucleus and the cytoplasm, with no
evidence of speckle-like bodies in the nucleus. Approximately 14 % (panel D) show

complete absence of signal in the nucleus.

While the clear differences in phenotype exhibited by DWNN-PI may be due to the
absence of the Gly-Gly motif, it is also-possible that the determinant of the change may
reside elsewhere in the C-terminal-tail region, in residues 80-118. In order to distinguish
between the role of the tail and the role of the Gly-Gly motif, it would have been useful
to investigate the localisation of ‘a construct terminating immediately after the Gly-Gly
motif. Although the intention was to,generate this construct, dubbed DWNN-GG,
difficulties were experienced iin' cloning it and due to time constraints it could not be
included in this study. The construct has subsequently been made by a co-worker and
shown to have a localisation similar to that of DWNN-PI. This result supports the
conclusion that the GG motif does not play a role in the localisation of isoform 3, and

that the real determinant lies elsewhere in the C-terminal tail.

4.4 Isoform 3 colocalises with SC35

SC35 is a speckle-resident splicing factor that is commonly used a marker of nuclear

speckles. Indeed nuclear speckles are sometimes referred to in the literature as “SC35-
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bodies” (Spector and Lamond, 2011). RBBP6 has previously been reported to localize
to nuclear speckles (Simons et al, 1997), but the punctate bodies in which it is found
have never been conclusively shown to be nuclear speckles. We therefore set out to
show that HA-DWNN13 and HA-DWNN13-AA co-localise with SC35 before and after
heat stress, by performing a dual immunofluorescence investigation using antibodies
targeting endogenous SC35 as well as antibodies targeting the HA tag. (Figure 4.6 (A))
confirms that the anti-SC35 antibody detects punctate bodies entirely within the

nucleus, as expected.

Panels B and C show dual staining of A549 cells transiently transfected with HA-
DWNN13, before and after heat stress respectively. The localisation of HA-DWNN13 in
resting cells, shown in green in panel B, left column, is consistent with that shown
earlier, being mostly cytoplasmic with evidence of speckle-like bodies in the nucleus but
with no significant evidence of heat stress induction. SC35 is shown in red (middle
column). When the red and green.images:are superimposed the speckle-like bodies
change from red to yellow/orange in both stressed and unstressed cells, showing that
the bodies to which HA-DWNN13 localises superimpose very well on nuclear speckles.

We conclude that HA-DWNN13 does indeed localize to nuclear speckles.

Dual staining of DWNN13-AA with SC35 in unstressed cells was not successful and so
the results could not be included. However successful dual staining following stress can
be seen in Figure 4.6, panel D. Here, too, it is clear from the yellow colour of the

merged slides that HA-DWNN13-AA localizes to the same speckles as SC35. HA-
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DWNN-PI exhibits the same phenotypes in heat shocked cells as in unstressed cells,

and no evidence of any response to heat stress can be seen in (Figure 4.7 (E)).

4.5 Western blot analysis of DWNN13 constructs

Because the size of the detected protein is not apparent, immunofluorescence
microscopy carries the risk of unintended proteins being detected due to binding of the

primary antibody to more than one target (Buchwalow et al., 2011).

The risk is higher with gene-specific primary antibodies, which are often not fully tested
to ensure that they only detect.the desired protein. Fortunately the risk is significantly
reduced when detecting exogenous proteins carrying immunotags such as HA and
FLAG, since antibodies raised against them have typically been thoroughly tested in
many laboratories and found to-be-specific for the-respective tags (Johnson, 2014). It is
nevertheless desirable to confirm that the protein being, detected has the expected
molecular weight, both to confirm that the correct protein'is being detected and also to
confirm that is being expressed at the expected molecular weight, without being subject
to truncation or other post-translational processing. With this motivation in mind we set
out to detect the various HA-tagged constructs in cell lysates by western blot, detecting

with anti-HA antibodies. Despite repeated attempts we were completely unsuccessful.

This is surprising as we have routinely visualized these proteins using
immunofluorescence microscopy, which means that they are recognized by anti-HA

antibodies within the context of the cell.
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DWNN13-AA SC35 Merged

Nucleus DWNN-PI Merged

Heat shocked cells

Figure 4.6: DWNN13 and DWNN13-AA colocalise with SC35 in nuclear speckles.

Localisation of endogenous SC35. A549 cells were grown to a confluency of ~70 % and
immunostained with anti-SC35 and secondary antibody labeled with CY3 (red). DNA was
stained with Hoechst 33342 A549. Cells were transfected with DWNN13 for 24h and subjected
to heat shocking at 45 °C for 10 minutes. (B) Co-localisation of DWNN13 with SC35 before
stress. (C) Co-localisation of DWNN13 with SC35 after heat stress. Endogenous SC35 was
stained with anti-SC35 and exogenous DWNN13 was stained with anti-HA. Secondary antibody

Heat shocked cells
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labeled with Alexa488 was used to visualize DWNN13 and a secondary antibody labeled with
CY3 was used to visualize SC35. (D) A549 cells were transfected with DWNN13-AA for 24h and
subjected to heat shocking at 45 °C for 10 minutes. (E) Localisation of DWNN-PI after heat
stress. Cells were transfected with DWNN13 for 24h and subjected to heat shocking at 45 °C for
10 minutes. Endogenous SC35 was stained with anti-SC35 and exogenous DWNN13-AA was
stained with anti-HA. Secondary antibody labeled with Alexa 488 was used to visualize
DWNN13-AA and a secondary antibody labeled with CY3 was used to visualize SC35 Cells
were visualized using an immunoflourescence microscope equipped with a 100x objective lens.

However co-workers in our laboratory have reported similar difficulties detecting
bacterially-expressed HA-DWNN13 and HA-DWNN-PI by western blot, using anti-HA
antibodies. No difficulty was encountered detecting the same bacterially-expressed
proteins using antibodies raised against the DWNN-domain itself, confirming that there
are no issues with the stability of the proteins-nor-with their propensity to migrate
through SDS-PAGE gels; however, it does provide evidence that these proteins may be
difficult to detect using anti-HA antibodies in-mammalian. cell lysates, for reasons that

are not understood.

To investigate whether this problem could be specific to the HA-tag, we transiently
transfected A549 cells with the pcDNA3-DWNN13 construct generated in Section 4.2.1
and western blotted the resulting cell lysate with anti-FLAG antibodies (see Table 2.1 for
details). The results are shown in (Figure 4.7). A band migrating at a size consistent
with 13 kDa is present in transfected cells (lane 4) but not in identical un-transfected
cells (lane 2) or in cells treated only with transfection reagent (lane 3). The above result
confirms that FLAG-DWNN13 is present in mammalian cell lysates, as a protein of the

expected molecular weight. It is the first evidence that has been produced in our
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laboratory that exogenous DWNN13 can be detected in mammalian cell lysates. It
suggests that future work involving exogenous RBBP6 constructs may require existing

HA tags to be replaced with FLAG tags.

The faint smear in lane 4 extending above DWNN13 and up to the top of the gel is
intriguing. It may provide the first evidence that DWNN13 is involved in higher molecular
weight complexes. Furthermore, their resistance to disruption by the denaturing
conditions in SDS-PAGE would suggest that they are covalent interactions, possibly
consistent with covalent attachment to other proteins in a process such as
DWNNylation. However caution should be exercised in deducing that the interaction
must be covalent, because experience.-of SDS-PAGE suggests that strong interactions

are also surprisingly resistant to disruption.

FLAG-DWNN13

Figure 4.7: Immunoblotting of cells transfected with FLAG-DWNN13. A549 cells were
transfected with FLAG-DWNN13 for 24 hours before lysis. A faint band consistent with 13 kDa
is apparent in lane 4, which are derived from cells transfected with FLAG-DWNN13, but not in
lane 2, which are un-transfected, nor in lane 3 which are treated with transfection reagent only.
Western Blotting was carried out using an anti-FLAG antibody.
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CHAPTER 5 : DISCUSSION, CONCLUSIONS AND
FUTURE PROSPECTS

5.1 Investigation of interactions between the ubiquitin associated (UBA)
domain of UbcH1 and N-terminal domains of Retinoblastoma Binding Protein 6

(RBBP6)

Previous studies have shown that the R3 fragment of RBBP6 (DWNN, zinc and RING)
was able to catalyse poly-ubiquitnation of YB-1 using the E2 UbcH1, whereas R2 (zinc
and RING) was not, suggesting that an interaction may exist between the UBA domain
of UbcH1 and the DWNN domain of RBBP6. The UBA domain of UbcH1 has been
reported to bind to ubiquitin and thereby enhance the production of poly-ubiquitin

chains.

We tested this possibility by expressing all of the individual domains, and the UBA
domain, in bacteria and carrying out.in vitro GST pull-down assays. Our results indicate
that there is no interaction between the UBA and the DWNN domain (Figure 3.8 (B)),
nor between the UBA and the RING finger domain (Figure 3.8 (A)), but that a robust

interaction exists between the UBA and the zinc knuckle (Figure 3.9).

Surprisingly a similar interaction was not observed between UBA and the R2 fragment
of RBBP6 (Figure 3.10), despite the fact that R2 includes the zinc finger. The assay was
repeated a number of times, but no evidence of an interaction was observed. While it is
surprising, it is nevertheless consistent with ubiquitination studies carried out in our

laboratory showing that R2 does not poyubiquitinate YB-1 as efectively as the R3
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fragment. It suggests that the presence of the RING finger blocks the UBA binding site
on the zinc knuckle (i.e. in R2), and that this is aleviated when the DWNN domain is
present (i.e. in R3). To test this hypothesis it would have been useful to investigate
whether R3 is more effectively precipitated by GST-UBA than R2. Unfortunately R3 was
found to be too unstable after removal fo the GST tag. An attempt was made to clone
an HA-tagged form of UBA so that GST-R3 could be used as the bait, but it had to be

abanded due to lack of time.

The interaction between the UBA and the zinc finger is not a new phenomenon. Zinc
fingers are well known for their function in gene transcription, translation, cytoskeleton
organization, mRNA trafficking and. protein folding. They are also known for their ability
for binding ubiquitin and, more specifically, K-63 linked poly-ubiquitin chains. Ubiquitin
binding zinc fingers, denoted UBZ, include Np14, A20, RAD18, WRNIP1, FAAP20 and

SLX4 (Toma et al., 2015).

The above results suggest that the spatial arrangement of the three domains making up
the N-terminus of RBBP6 has an imact on their function. Determination of the structure
of the R3 fragment of RBBP6 may therefore provide important insights into the function
of RBBP6. In the meantime, we have tested whether the DWNN domain is able to
contact the RING finger domain and inhibit its auto-ubiquitination activity in a similar
manner to that of Parkin. However, pull-down assays found no significant interaction

between the DWNN domain and the RING finger (Figure 3.11).
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5.2 Investigation of the role of the Gly-Gly motif and the C-terminal tail in the

localisation of RBBP6-isoform 3

The second question investigated was whether the Gly-Gly motif found at the C-
terminus of the DWNN domain has an effect on the cellular localisation of isoform 3.
Consistent with investigations using endogenous protein, our results show that isoform
3 is predominantly cytoplasmic, but with unmistakable evidence of speckle-like bodies
within the nucleus (Figure 4.5 (A)). Co-staining with anti-SC35 antibodies confirmed that

the speckle-like bodies were indeed nuclear speckles (Figure 4.6 (B)).

However, our data did not allow-us to decide whether the accumulation of isoform 3 in
nuclear speckles increases following cell stress, as had been reported in the case of
endogenous isoform 3 (AV Szmyd-Potapczyk and DJR Pugh, unpublished data).
Replacement of the Gly-Gly motif-with-Ala=Ala-(HA-DWNN13-AA) did not significantly
affect the localisation of isoform. 3 (Figure 4.5 (B)) and.(Figure 4.6(D)). This would
appear to rule out the possibility. that the ‘Gly-Gly matif plays a role in the covalent

attachment of isoform 3 to other proteins, in a process analogous to ubiquitination.

Truncation of isoform 3 immediately before the Gly-Gly motif (HA-DWNN-PI) did
produce a very different localisation, the protein being found both in the nucleus and the
cytoplasm in most cells, although in some cells it was completely excluded from the
nucleus. In neither case was there any evidence of nuclear speckles (Figure 4.5 (C))
and (Figure 4.6 (E)). Our data do not allow us to decide whether the above effect is due

to the absence of the Gly-Gly motif or something elsewhere in the C-terminal tail.
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Attempts were made to express a fragment of isoform 3 terminating immediately after
the Gly-Gly motif but time did not allow it to be completed. However a co-worker has
since expressed the same construct and found that its localisation is very similar to that
of HA-DWNN-PI (i.e both nuclear and cytoplasmic), but with no evidence of nuclear
speckling. This implies that the DWNN domain itself is not responsible for accumulation
in nuclear speckles. It also implies that something in the C-terminal tail of isoform 3
(residues 80-118) must be responsible both for causing it to be exported from the

nucleus, as well as causing it to accumulate in nuclear speckles.

The localisation of the speckle-targeting motif to-the 37 residues making up the C-
terminal tail of isoform 3 is intriguing. Searches of the literature show that there is no
one motif responsible for targeting to nuclear speckles (Eilbracht and Schmidt-
Zachmann, 2001). The most frequently identified motif is the SR domain, which has
been shown to be necessary. for targeting a -number of splicing factors to nuclear
speckles (Caceres et al., 1997). :However a number jof other motifs, including a

histidine-rich motif, have been reported (Salichs et al., 2009).

5.3 Conclusions and future prospects

In this study we set out to investigate the interaction between the ubiquitin-associated
domain (UBA) of the ubiquitin-conjugating enzyme UbcH1 and the N-terminal domains
of RBBP6. Our major finding was that an interaction exists between the UBA and the
zinc knuckle domain of RBBP6. This work therefore lays the groundwork for future

studies investigating the structure of the complex. Such a study will identify amino acid
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residues directly involved in the interaction, which can be mutated with the aim of
blocking the interaction. Such mutants can then be used in in vitro studies to assess the
importance of RBBP6 as a negative regulator of YB-1. Since YB-1 is a highly oncogenic
protein, these studies may lead to the development of strategies and therapeutics able

to suppress YB-1 and alleviate cancer.

The second major focus of this work was investigating the role potentially played by the
Gly-Gly motif in the cellular co-localisation of RBBP6 isoforms. The major finding was
that the Gly-Gly motif does not appear to influence the localisation of isoform 3, hence
ruling out the possibility that the DWNN domain functions as an ubiquitin-like modifier.
Nevertheless we have shown that the C-terminal tail (residues 80 — 118) does influence
the localisation of isoform 3; without it isoform 3 is both nuclear and cytoplasmic, with no
evidence of speckling, whereas with it'isoform 3 is predominantly cytoplasmic, with clear

evidence of accumulation in nuclear; speckles.

Future work will focus on making further truncations of the C-terminal tail in order to
further localize the motif responsible for exporting isoform 3 out of the nucleus, and for
causing it to accumulate in nuclear speckles. Co-workers in the laboratory, building on
the results reported here using the HA-DWNN-PI construct, have shown that removal or
unfolding of the DWNN domain leads to total exclusion of RBBP6 from the nucleus.
Future work will include attempts to generate single amino acid mutants which achieve
the same nuclear exclusion with minimal change to the rest of the protein. In the context

of the model proposed by Di Giammartino and co-workers—that isoform 3 regulates the
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polyadenylation activity of isoform 1—mutants of RBBP6 that are excluded from the
nucleus or accumulate in nuclear speckles will prove very useful in demonstrating the
importance of the role of RBBP6 in regulation of gene expression through modulation of

3’-polyadenylation.
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APPENDIX |

LIST OF REAGENTS AND SUPPLIERS FOR IN VITRO STUDIES

Reagent

Absolute ethanol
Agarose

Ammonium persulphate
Ampicillin

Bovine serum albumin
Casein

Dithiothreitol (DTT)

EDTA-free protease inhibitor cocktail

Fetal bovine serum
Formaldehyde

GenedJet Gel Purification Kit
GeneJet Plasmid maxiprep Kit
GenedJet Plasmid miniprep Kit
Glacial acetic acid

Glycerol

Glycine

Isopropanol

Luria Bertani broth

MG132 (proteasome inhibitor)
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Supplier

Merck

Separations

BioRad

Melford

Roche

Sigma

Melford

Roche

Roche

Merck

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Merck

Merck

Merck

Merck

Merck

Sigma



N,N,N’,N'-Tetra methylene-diamine
Nuclease free water

Nutrient agar

Polyethylene glycol 4000

Protease inhibitor cocktail
Reduced-L-glutathione (GSH)
Restriction enzymes

Snakeskin® Dialysis tubing

Sodium chloride

T4 DNA ligase

Tris [Hydroxymethyl] aminomethane
Triton X-100

Tween® 20

Zinc sulphate

BioRad

Qiagen

Merck

Merck

Roche

Sigma

Thermo Fisher Scientific
Separations

Merck

Thermo Fisher Scientific
Merck

Merck

Merck

Merck

(B) LIST OF REAGENTS AND SUPPLIERS FOR IN VIVO STUDIES

Countess® Cell Counting Chamber Slides

PBS

DMEM F12

DMEM

Fetal bovine serum
Penicillin-streptomycin

Trypsin-Versene (EDTA) mixture 1X
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Thermo Fisher Scientific
Lonza

Lonza

Lonza

The Scientific Group
The Scientific Group

Whitehead Scientific



Trypan Blue Solution, 0.4% Thermo Fisher Scientific

Formaldehyde Merck
Methanol Merck
X-tremeGENE DNA Transfection Reagent Roche

(C) LIST OF GENERAL STOCK SOLUTIONS, BUFFERS AND MEDIA

2X SDS gel sample buffer: 4% SDS, 0.125 M Tris pH 6.8, 15% glycerol and 1 mg/ml
bromophenol blue. The buffer was stored at room temperature and 10% -
mercaptoethanol was added prior to use.

10 X PBS: 1.37 M NaCl, 0.027 mM KCl,0.08-M-Na2HPO4, 0.015 M KH,PO,4 pH 7.4.

10 X running buffer: 25 mM Tris, 0.1.% (m/v) SDS and 250 mM Gilycine.

Ampicillin: A 100 mg/ml solution was made in dH,O water, filter sterilised and stored at
-20 °C.

Ammonium persulphate: A 10. %, stock solution.was prepared in dH,O. The solution
was stored at -20 °C.

Cell lysis buffer: 5 mM B-mercaptoethanol, 0.5% Triton X-100 and Complete™ EDTA-
free protease inhibitor cocktail in 1X PBS.

Binding buffer: 1 mM DTT, 5% BSA in 1X PBS.

Coomassie staining solution: 0.25 g Comassie Blue R-250, 40 % ethanol and 10 %
acetic acid in 250 ml of dH,O water.

DTT: 1M stock was prepared and stored at -20 °C.

Glutathione agarose cleansing buffer 1: 1 M boric acid, 0.5 M NaCl and adjusted to

pH 8.5.
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Glutathione agarose cleansing buffer 2: 1 M acetate and 0.5 M NaCl, adjusted to
pH 4.5

IPTG: A 1M stock was prepared in distilled water, filter sterilized, aliqouted and stored
and -20 °C.

Luria broth: 25¢g of Luria Bertani broth dissolved in 1 L of distilled water.

Luria Bertani Agar: 10 g/l tryptone, 5 g/l yeast extract, 5 g/l sodium chloride and 10 g/l
agar in dH,0

Protein Elution Buffer: 20 mM reduced glutathione in 1x PBS and used immediately.
Protein Wash Buffer: 1x PBS, 1 mM -mercaptoethanol.

Transformation buffer 1 (Tfb1): 30-mM Potassium acetate, 50 mM MnClI2, 0.1 M KClI,
10mM CaCl,; and 15 % (v/v) glycerol.

Transformation buffer 2 (Tfb2): 9 mM MOPS, 10 mM KCI, 50 mM CaCl,, and 15 %

(v/v) glycerol.
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APPENDIX II: VERIFICATION OF CLONED GENE SEQUENCES OF
VARIOUS CONSTRUCTS

(A) SEQUENCE VERIFICATION OF UBA CLONED INTO pGEX-6-P2 vector

Query 945 GGATCCAGTCCAGAATACACCAAAAAAATAGAAAACCTATGTGCTATGGGCTTTGATAGG 1004

FErrrrrrrrrrrrrrrrrrrrrrrerr e et e e e e ey
Sbjct 144  GGATCCAGTCCAGAATACACCAAAAAAATAGAAAACCTATGTGCTATGGGCTTTGATAGG 85

Query 1005 AATGCAGTAATAGTGGCCTTGTCTTCAAAATCATGGGATGTAGAGACTGCAACAGAATTG 1064

Frrrrrrrerrrrrrrrrrrrrrrrrrr e rr e e e e e
Sbjct 84 AATGCAGTAATAGTGGCCTTGTCTTCAAAATCATGGGATGTAGAGACTGCAACAGAATTG 25

Query 1065 CTTCTGAGTAACIHEENGTCERE 1088

FEEEEEEEE b bbbl
Sbjct 24 cTTcTGAGTAACHEENGTCERE 1

Restriction sites are highlighted in yellow (BamHI) and green (Xhol). ‘Query’ denotes
the expected sequence and ‘Sbjct’ denotes the experimentally-determined sequence of
the cloned insert. Stop codons TGA and TAA are highlighted in red.
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(B) SEQUENCE VERIFICATION OF DWNN13 CLONED INTO FLAG pcDNA3

Query 931 BERFEEATGTCCTGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACC 990

LT errrrrrerrrrrrer e e et er et et r e
Sbijct 1 EEATEEATGTCCTGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACC 60

Query 991 TTTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAG 1050

FErrrerrrrrrerrrrrrerrrrrr e e rrrre et et e
Sbjct 61 TTTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAG 120

Query 1051 CTGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACT 1110

Frrrrerrrrrrererrrrerrrrrr e et e e e
Sbjct 121 CTGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACT 180

Query 1111 GATGATAATGCTCTGATTCCTAAGAATTCTTCTGTAATTGTTAGAAGAATTCCTATTGGA 1170

Ferrrrrrerrrrrrrrrrrrrrrrrrrrrrrrrrr e e e e e
Sbjct 181  GATGATAATGCTCTGATTCCTAAGAATTCTTCTGTAATTGTTAGAAGAATTCCTATTGGA 240

Query 1171 GGTGTTAAATCTACAAGCAAGACATATGTTATAAGTCGAACTGAACCAGCGATGGCAACT 1230

Frrrrrrrrerrrrrrrrrrrrrrrrrrr e rr e e e e e e
Sbjct 241  GGTGTTAAATCTACAAGCAAGACATATGTTATAAGTCGAACTGAACCAGCGATGGCAACT 300

Query 1231 ACAAAAGCAGTATGTAAAAACACAATCTCACACTTTTTCTACACATTGCTTTTACCTTTA 1290

L e e e e R e e e e s e e e S A
Sbjct 301 ACAAAAGCAGTATGTAARAACACAATCTCACACTTTTTCTACACATTGCTTTTACCTTTA 360

Query 1291 [IEEEElrcraca 1302
HENEERREREN
sbjct 361 | EEErcTacr 372

Restriction sites are highlighted in green (BamHI) and yellow (Xbal). ‘Query’ denotes
the expected sequence and ‘Sbjct’ denotes the experimentally-determined sequence of
the cloned insert. Stop ., codons. TAA.  and . TGA are highlighted inred.
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(C) SEQUENCE VERIFICATION OF DWNN Pl CLONED INTO pCMV-UWC VECTOR

Query 875 [CHCCAG TGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACCT 934

CTTCC
FEEEEEErrrr e e rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr e
CTTCC

Sbjct 248 TGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACCT 189

Query 935 TTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAGC 994

Frrrrerrrrrrererrrrerrrrrrr et e et et e
Sbjct 188 TTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAGC 129

Query 995 TGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACTG 1054

Frrrrerrrrrrererrrrerrrrrrr e et e et et e e
Sbjct 128 TGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACTG 69

Query 1055 ATGATAATGCTCTGATTCCTAAGZ—\ATTCTTCTGTAATTGTTAGAAGAATTCCTATT- 1114

Frrrrerrrrrrererrrrerrrrrrrrrrrrrrrr e et e e
Sbjct 68 ATGATAATGCTCTGATTCCTAAGAATTCTTCTGTZ—\ATTGTTAGAZ—\GZ—\ATTCCTATT- 9

Query 1115 [JlGETACE 1122

RN
Sbjct 8 Blccracc 1

Restriction sites are highlighted-in-green (Xhol)-and-blue (Kpnl). ‘Query’ denotes the
expected sequence and ‘Sbjct” denotes the experimentally-determined sequence of the
cloned insert. Stop codons TAA and TGA are highlighted in red.
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(D) SEQUENCE VERIFICATION OF DWNN13-AA CLONED INTO pCMV-UWC

Query 875 CTCGAGCTTCCTGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACCT 934

FEErrerrrrrrerrrrrrerrrrrrr et er ettt e
Sbjct 371 CTCGAGCTTCCTGTGTGCATTATAAATTTTCCTCTAAACTCAACTATGATACCGTCACCT 312

Query 935 TTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAGC 994

Frrrrerrrrrrererrrrerrrrrr e et et r e e e
Sbjct 311 TTGATGGGCTCCACATCTCCCTCTGCGACTTAAAGAAGCAGATTATGGGGAGAGAGAAGC 252

Query 995 TGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACTG 1054

Frrrrerrrrrrererrrrerrrrrrr et e et et e
Sbjct 251 TGAAAGCTGCCGACTGCGACCTGCAGATCACCAATGCGCAGACGAAAGAAGAATATACTG 192

Query 1055 ATGATAATGCTCTGATTCCTAAGAATTCTTCTGTAATTGTTAGAAGAATTCCTATTGCTG 1114

Frrrrerrrrrrererrrrerrrrrrr e rrrrrrr e e e e
Sbjct 191 ATGATAATGCTCTGATTCCTAAGAATTCTTCTGTAATTGTTAGAAGAATTCCTATTGCTG 132

Query 1115 CCGTTAAATCTACAAGCAAGACATATGTTATAAGTCGAACTGAACCAGCGATGGCAACTA 1174

LErrrerrrrrrerrrrrrerrrrrr e et er ettt e
Sbjct 131 CCGTTAAATCTACAAGCAAGACATATGTTATAAGTCGAACTGAACCAGCGATGGCAACTA 72

Query 1175 CAAAAGCAGTATGTAAAAACACAATCTCACACTTTTTCTACACATTGCTTTTACCTTTA. 1234

FErrrerrrrrrererrrrerrrrrrrrrrrrrrrr et e e
Sbjct 71 CAAAAGCAGTATGTAAAAACACAATCTCACACTTTTTCTACACATTGCTTTTACCTTTA. 12

ouery 1235 [HEMMMGEEAGE 1245
NEEENNENEN
spjct 11 [HEEEGETACE

Restriction sites are highlighted in yellow (Xhol) and green (Kpnl). ‘Query’ denotes the
expected sequence and ‘Sbjct’ denotes the experimentally-determined sequence of the
cloned insert. Stop codons TAA and TGA are highlighted in red. Mutated bases are
highlighted in cyan.

ctcgagcttcctgtgtgcattataaattttecctctaaactcaactatgataccgtcaccttt

R A sSs C VvV H Y K F 8§ S K L N Y D T V T F
gatgggctccacatctccctctgcgacttaaagaagcagattatggggagagagaagctg
b G L H I s L ¢C DL K K ©Q I M G R E K L
aaagctgccgactgcgacctgcagatcaccaatgcgcagacgaaagaagaatatactgat
K A A D CDUL Q I T N A Q T K E E Y T D
gataatgctctgattcctaagaattcttctgtaattgttagaagaattcctattgetgee
b N A L I P K N S S VI V R R I P I A A
gttaaatctacaagcaagacatatgttataagtcgaactgaaccagcgatggcaactaca
v XK s T s K T vy v T s R T E P A M A T T
aaagcagtatgtaaaaacacaatctcacactttttctacacattgcttttaccttta-
K A v C K N T I S H F F Y T L L L P L -

- G T

Translated amino acid sequence of DWNN13-AA
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