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Abstract
World-wide cancer is rated as the deadliest disease, more than TB, HIV and malaria combined.
Parveen et al., 2015 reports that unless drastic measures are taken, cancer will statistically increase
by 78% by 2030. Although different cancer therapies have been employed to combat cancer
development, immunotherapy remains the current hope as a manipulative therapy to provide immune
boost, more specificity and effective drug design against cancer (Vanneman and Dranoff, 2012).
Really Interesting New Gene (RING) finger protein is a truncated domain from RBBP6 known to
function independently in protein-protein interaction and cellular processing signalling. It is a 10 kDa
protein defined by its hallmark residues cysteine and histidine that binds two zinc ions for structural
stability and integrity (Dominguez., 2004; Krishna et al., 2003). When human RING finger domain was
used as a searching bait to fish out other possible RING finger domains from other organisms,
Saccharomyces cerevisiae RING (ScRING) finger domain stood out amongst others as it lacked the
first zinc binding site which is abnormal for RING finger domain (Kappo et al., 2012). ScRING finger
domain is cysteine rich domain from a Mpe-1 RBBP6 homologue that binds zinc ion for structural
stability. Therefore, biochemical, structural and In silico characterisation was done for this study to
provide basic insight into the hypothesis that SCRING finger protein is a RING finger-like protein or an
abnormal RING finger protein and to determine target inhibitors for RING finger-type E3 namely,

Mmd2 and MdmX.

Expression, purification, Far-UV CD, Intrinsic tryptophan fluorescence, SE-HPL chromatography and
ANS fluorescence were used to biochemically and structurally characterise SCRING finger protein. In
silico inhibitory studies, for Mdm2 and MdmX complexes with RO-2443 as a control, and
ZINC16046951, as the experimental ligand, were conducted using molecular dynamics tools, namely
RMSD, RMSF and Rog. MM/PBSA and MM/GBSA were utilized to calculate binding free energy

contributions per complex amino acids.



Far-UV CD confirmed ScRING finger domain is a protein dominated by (3-sheets which are a major
contributing factor in protein stability and integrity. ANS fluorescence indicated the presence of
hydrophobic binding pockets required for protein-protein interaction. These results provided direction
towards regarding ScRING finger protein as a RING finger domain rather than a RING finger-like
domain. In silico inhibitory studies showed ZINC16046951 as the highest energy binding and Table
ligand to Mmd2 compared to other complexes. These results provided the baseline information

needed for drug discovery and structural determination.

Keywords: ScRING finger protein, Mdm2, MdmX, p53, cancer, ubiquitination, drug discovery,

ZINC16046951
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INTRODUCTION

Cancer is one of the deadly diseases and it kills more people than AIDS, TB and
malaria combined. Globally, it has been estimated to increase to 78% by 2030 which
puts us at very high risk (Parveen et al., 2015). There are many factors that propel
cancer which may either be poor life-style choices, environmental factors, infections
or/and sometimes inherited within family (Parveen et al., 2015). However, different
techniques have been applied to different patients to treat against various types of
cancer. These cancer treatments include radiation therapy, chemotherapy,
immunotherapy, target therapy and, in some cases, hormone therapy (Vanneman and
Dranoff, 2012; Green et al., 2001). Radiation therapy is concomitant to chemotherapy
because after radiation doses have been used to destroy cancer cells, chemotherapy, in
drug form, is used to destroy cancer cells that might remain, to prevent cancer from
returning (Green et al., 2001). Immunotherapy is the use of drugs designed from living
organisms to boost the immune system to fight against cancer on its own, while target
therapy studies the mechanism of action for cancer and designer drugs that will stop or
block certain processes leading to the modification of DNA forming cancer cells
(Vanneman and Dranoff, 2012). All these cancer treatments aim to destroy the DNA in
cancer cells preventing growth and replication (Baskar et al., 2012). However, they are
not specific to the type of cells they destroy which may lead to the knock-down of
normal body cells resulting in severe side effects. Therefore, in this study, we are

interested in the immunotherapy form of cancer treatment.



According to Yoshitake and co-workers (2004), it was postulated that P2P-R can be a
promising immunotherapy antigen against oesophageal cancer. This was because of
the observations in the proliferation of cancer cells caused by P2P-R. P2P-R is a
Retinoblastoma binding protein 6 (RBBP6) homologue highly expressed in testes, while
moderate to low levels are also found in other organs of the body (Hull et al., 2015).
Apart from P2P-R, there are other homologues of RBBP6; PACT and RBQ-1 found in
human and mouse cells, Mpe-1 found in yeast, RBPL-1 found in a Caenorhaditis
elegans worm and lastly SNAMA found in the female mosquito, Drosophila

melanogaster (Hull et al., 2015).

RBBP6 is a multi-domain protein consisting of six domains, hamely DWNN, zinc finger,
serine arginine, Rb-binding, p53 binding and RING finger (Moela et al., 2014). All these
domains contribute to the 250kDa size of this protein which makes it a multi-functional
domain, involved in programmed cell death, formation of tumours, mMRNA metabolism
and cell cycle progression (Moela et al., 2014). One of the interesting characteristics of
RBBP6 protein domains is that they can replicate and express independently, making it
easy to study this protein in sections. Therefore, in this study, we chose RING finger
domain because, in a previous genome-wide bioinformatics study done by Kappo and
co-workers (2012), they used RING finger domain derived from human RBBP6 as bait
to fish for all the RING finger domains present in other organisms. Surprisingly, it was
found that in three organisms, the RING finger domain was mutated and one of these
was Saccharomyces cerevisiae. Hence this study will focus on S. cerevisiae RING

finger domain (Kappo et al., 2012).

RING finger domain is a 9.8kDa protein initially discovered by Freemont and co-workers

(1991) in a human genome known as RING-1, hence the origin of its name. As

10



aforementioned, it's a self-replicating and self-expressing protein that is composed of 7
cysteines and 1 histidine that bind to two zinc ions in a cross-brace topology for the
integrity and rigidity of its three-dimensional structure (Dominguez., 2004; Krishna et al.,
2002). Furthermore, RING finger domain has been implicated in different functions
which may either be interaction between protein and protein or with nucleic acids,
cellular processes etc. The major process is ubiquitination where it acts as an Es ligase
enzyme recruiting ubiquitin-E2 transfer enzyme complex and mutated substrate for

degradation (Chasapis et al., 2010; Dominguez, 2004).

In contrast, there are other RING finger domain variants that also have the cross-brace
topology, some binding to zinc ions, but they are not RING finger domains. These
protein domains are LIM, FYVE, PHD and U-box, collectively known as RING finger-like
domains (Eitzen et al., 2019; Capili et al., 2001). However, even though these proteins
may have similar structural configuration, they have different functions (Dudev and Lim,
2003; Capili et al., 2001). In addition, it was also noted that the RING finger domain
coordination pattern was not the same in all organisms, hence the different types of

RING finger domains, namely C3sHC4, C3H2C3, C2H2C4 and C4Ca (Lian et al., 2009).

Finally, the significance of this study explores different methods used to fully
characterize the S. cerevisiae RING finger and acquired biological data, which will be
useful prior to structural determination of the protein, and to use these data as baseline
parameters for the rational discovery, design and development of new drugs against
cancer. The study reports the secondary structure elements of S. cerevisiae RING
finger to allow comparison with the other reported RING finger-like domains. This is very
important to confirm the biological significance of the loss of the first zinc coordinating

residues within the protein sequence of the S. cerevisae RING finger domain.
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Determination of a quaternary structure and hydrophobic pockets using SE-HPLC and
ANS florescence, respectively, provided a clear understating on the composition of S.
cerevisiae RING finger. Obtaining these results will provide clarity on whether S.
cerevisiae RING finger domain is a true RING finger protein or a RING-finger like

protein.
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CHAPTER 2

LITERATURE REVIEW



2.0. LITERATURE REVIEW

2.1. RBBP6

RBBP6 is a 250kDa multi-domain protein that is found in all eukaryotes but not in
prokaryotes. It is a protein that is found in the nucleoli of the interphase cells and, during
mitosis, it can be found at the periphery of chromosomes in mitotic cells that lack
nucleoli (Scott et al., 2003). Hull and co-workers (2015) documented that RBBP6 can be
upregulated in the lungs, colon, oesophagus and hepatic cells of the liver. This
upregulation suggests that RBBP6 may promote tumour cell proliferation (Motadi et al.,
2010). In normal conditions, RBBP6 facilitates DNA replication in such a way that, in the
absence of RBBP6 protein, the replication fork progresses slowly. Hence, this may be

an indication that RBBP6 plays a significant role in animal physiology (Hull et al., 2015).

RBBP6 was first discovered in humans, however several truncated versions have been
found in different organisms, such as RBQ-1, PACT, P2P-R, Mpe-1 and SNAMA; these

are called RBBP6 homologues.

2.2 Different Homologues of RBBP6

2.2.1. RBQ-1

RBQ-1 is a cDNA clone of RBBP6, which was initially probed using pRb protein isolated
from human small lung carcinoma cells (H69c), that correspond to 150-1146 residues. It
is a 140kDa protein that is composed of 948 amino acids located at chromosome
16p12.2 (Sakai et al., 1995). Recently, RBQ-1 has not attracted much interest, however
a previous study has shown that it binds to underphosphorylated pRb and p53 in both
human and mouse cells (Saijo et al., 1995). Other variants such as RBQ-2 and RBQ-3

have also been reported to bind underphosphorylated pRb but their biological
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significance is still unclear. The study also reported that RBQ (1, 2 and 3) competes
with the adenovirus early region 1A (E1A) that binds to the pocket domain of pRb (Saijo
et al., 1995; Simons et al., 1997). Lastly, sequence analysis has revealed that RBQ-1
sequence is 94% identical to PACT which may imply that RBQ-1 has a role in cell cycle

regulation (Simons et al., 1997).

2.2.2. PACT (p53 Associated Cell Testis)

A p53 Associated Cell Testis (PACT) is a RING finger-containing protein characterized
by a rich serine/arginine region and a basic lysine rich C-terminal (Simons et al., 1997).
Through using a p53 probe, it was found that PACT expresses in the mice testis, hence
the origin of its name (Simons et al., 1997). PACT is a 250kDa protein that is composed
of 1583 amino acids which accounts for the approximate 1577bp length, which is also
attached to a 437bp non-coding region polyadenylation tail (Simons et al., 1997).
Physiologically, PACT is highly expressed in oesophageal cancer, and according to the
study conducted by Li and co-workers (2007), it was observed that PACT has a
significant effect on p53 function, silencing PACT in mice, resulting in early embryonic
lethality and uncontrollable apoptosis. Additionally, the interaction of PACT and p53

mediates the formation of tumour and embryonic development (Li et al., 2007).

2.2.3. P2P-R (Proliferation Potential Protein-Related)

Proliferation Potential Protein-Related (P2P-R) is a highly basic nuclear protein (pl 9.6)
cloned decades ago from a mouse cDNA library. Study has shown that it is in the
nucleoli of the interphase cells (Witte and Scott, 1997). It is a 156.9kDa protein, 5173bp
long, with a reading frame of 4142bp (Witte and Scott, 1997). Structurally, it is
composed of four domains, namely N-terminal RING finger domain, proline rich domain,

RS region and a C-terminal lysine-rich domain (Gao et al., 2002; Scott et al., 2003). The
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alternative spliced product of PACT-P2P-R gene, lacking an exon of 34 amino acids,
has been said to increase immunoreactivity during mitosis (Scott et al.,, 2003). The
overexpression of P2P-R blocks mitosis in prometaphase. This process promotes
apoptosis, and a study has revealed that P2P-R binds to tumour suppressing proteins,
known as p53 and Rb1 (Hu et al., 2014), which may suggest that it is also involved in
cellular processes. Different functions have been attributed to P2P-R, including the
cellular processes in mitosis, mMRNA processing, translation, growth control and
differentiation (Van Hooser et al., 2005). According to Yoshitake and co-workers (2004),
P2P-R is highly expressed in oesophageal cancer making it a druggable protein
candidate in treating oesophageal cancer. There are also some vital interactions that
were observed between P2P-R and Pum2 (Pumilio homolog 2), which regulate the
P2P-R expression, and the regulation gene-specific translation, in association with
translation factors, located at the 3’ untranslated region of their mRNA (Scott et al.,

2005).

2.2.4. SNAMA (Something That Stick Like Glue)

SNAMA is a protein which was initially characterised by Ntwasa et al. (2005) and is a
homologue to mammalian RBBP6, composed of 1231 amino acids residue. It has been
proposed to be involved in cellular processes, such as apoptosis, that regulates the
degradation of overly matured cells so that new ones can be synthesised again (Ntwasa
et al, 2005). This was confirmed in the study carried out by Hull et al. (2015), where it
was discovered that the deletion of SNAMA results in an abnormal apoptosis.
Structurally, SNAMA is formed by the incorporation of DWNN, zinc knuckle, p53 (known
as Dp53), Rb and RING finger domains, though Dp53 lacks Mdm2 (Ntwasa et al.,

2005). There are various functions in which the SNAMA protein have been implicated,
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some of which include up-regulation at the formation of embryos and rapid increase in
cellular formation during the development of eyes. In addition, SNAMA is also involved
in the survival of cells at the anterior during shaping of a furrow, which is facilitated by
the Hedgehog signalling protein (Ntwasa et al., 2005). A Drosophila homologue of Rb,
known as RBF, plays a role in the downstream process of Hedgehog in the fruit fly
retina during cell differentiation, where it mediates cell cycle arrest in a Notch-
dependent pathway. In a Notch-dependent pathway, RBF antagonization results in the
release of Drosophila E2F into the nucleus, and the activity of E2F is inhibited during it
interaction with Rb. However, SNAMA in Hedgehog pathways controls the inhibition by

binding to RBF (Ntwasa et al., 2005).

SNAMA is involved in RNA metabolism and regulation of cellular homeostasis (Ntwasa
et al.,, 2005). There are four gene products involved in Drosophila apoptosis, namely
reaper (rpr), head involution defective (hid), grim and sickle (skl) (Lee et al., 2013; Goyal
et al., 2000). Collectively rpr, hid and grim are known as RHG genes which are located
at chromosome H99 and are defined as Df (3L)H99 (Lee et al., 2013). Skl was
discovered after RHG genes and was found to be located close to rpr, just outside H99
chromosome. RHG genes work collectively to prevent accidental apoptosis; however,
their expression patterns are not the same (Lee et al., 2013). Hid is a 43kDa molecular
machinery that induce apoptosis in mammals and Drosophila by the activation of
caspase pathway, arresting the activity of the inhibitor of apoptosis protein (IAP) (Lee et
al.,, 2013). Grim is a major cell death gene for apoptosis of the ventral nerve cord
corazonin (vCrz) and EW3-sibling cells (EW3-sib), however it needs skl as a supporting
proapoptotic factor. According to Lee and co-workers (2013), skl acts in a superfluous

manner with other death genes (RHG) and plays a minor role in vCrz neuronal death
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(Lee et al., 2013). In addition, the reaper gene also helps in recruiting the tumour
suppressing proteins, either by initiating apoptosis or through cell development arrest

(Lee et al., 2013; Goyal et al., 2000).

2.2.5. RBPL-1(Retinoblastoma Binding Protein Like-1)

The sixth RBBP6 homologue discovered later is RBPL-1, found in the round worm
known as Caenorhaditis elegans (Hull et al., 2015). It is a 154kDa nucleolus protein
made up of DWNN, zinc knuckle and RING finger domains (Huang et al., 2013). Unlike
RBBP6, RBPL-1 lacks the tumour suppressor proteins (p53 and Rb) and SR domain. It
is highly expressed in the intestine, neurons, spermatheca and vulva. In the study
conducted by Huang and colleagues (2013), they inhibit the expression of RBPL-1
through RNA interference. This study enabled them to discover various functions
possessed by this protein, some of which include its developmental role in embryos and
the production of gametes (Huang et al., 2013). It was further averred that worm, with
the silenced RBPL-1 eggs, die before hatching and have defects in oocyte functioning
when compared to the control. Also, the production of oocytes and the development of
the germline is negatively affected (Huang et al., 2013). Moreover, the progeny brood
size and fertility were observed to be reduced, confirmed by physical observation as the
oocytes appeared weak, sickly and smaller, and the intestine, which is the major organ
where RBPL-1 is regulated, almost disappeared compared to the control worms (Huang
et al.,, 2013). This overall observation indicates that RBPL-1 is implicated in the up-
regulation of nutrient up-take. Lastly, like Mpe-1 that regulates the cleavage and
polyadenylation processes, bioinformatical interaction studies predicted proteins

(involving the cleavage and polyadenylation processes) interact with RBPL-1; indicating
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that RBPL-1 may also functions as an mRNA cleavage and polyadenylation factor to

control the expression of a wide range of genes C. elegans (Huang et al., 2013).

2.3. Mpe-1 (Mutant PCF11 Extragenic suppressor) homology

Mpe-1 is a cloned protein which was initially characterised by Vo and co-workers (2001)
using a DNA isolated from pcfl1l-2 mpel-s strain. It is a human RBBP6 homology from
Saccharomyces cerevisiae in which the ScRING finger domain originates. Studies have
shown that the Mpe-1 protein contains 441 amino acid residues with a molecular weight
of 49.5kDa (Vo et al., 2001; Ndabambi, 2004).

2.3.1. Mpe-1 Domains

Unlike human RBBP6 that is composed of six domains, Mpe-1 is a protein composed of
three conserved domains. Figure 2.1 illustrates the positioning of the three domains,
their comparison with other three organisms including the polypeptides encoded by
three cDNAs from homo sapiens. The first domain is a DWNN which is located between
5 and 78 amino acid regions in Mpe-1 (Vo et al., 2001; Di Giammartino et al., 2014).
The second domain is the zinc knuckle which is found between 182 and 195 of the
amino acids sequence (Vo et al., 2001) and is said to be responsible for protein
interaction and siDNA/RNA interaction (Vo et al., 2001). Lastly, it's the cysteine-rich
domain, which is located between 284 and 343, this is a RING finger domain better
known an ScRING finger domain (Vo et al., 2001). This domain is involved in protein-
protein interactions and the ubiquitination pathway (Lee and Moore, 2014). The
recorded identical score between ScRING finger domain and H. sapiens RING finger
domain was 29%, which was accepTable considering that Mpe-1 is a truncated
homology of a Human RBBP6 (Vo et al., 2001). The latter may be postulated as one of

the factors a SCRING finger domain lacks the first zinc binding residue.
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Figure 2.1: A human genome RBBP6 homologue Mpe-1. The three conserved domains sequences
were compared to Saccharomyces cerevisiae, Schizosaccharomyces pombe, Arabidopsis thaliana,
Drosophila melanogaster and three polypeptides encoded by cDNAs from Homo sapiens (denoted by
Hs1-3). Residues highlighted in light grey represents similar residues, identical residues are framed by
the asterisks and arrows points to the positions of the mutations in the mpel-1 mutant (where, amino acid
9, phenylalanine changed to a serine; amino acid 268, glutamine changed to a lysine; amino acid 337,
lysine changed to a phenylalanine; and amino acid 354, lysine changed to a stop codon). (Vo et al., 2001)
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2.3.2. Mpe-1 encodes a subunit protein responsible for 3’ end formation

Mpe-1 is a conserved protein in all eukaryotes that encodes a subunit protein of
cleavage factor 1(CF1) required for 3’ end processing (Lee and Moore, 2014). This is a
shared characteristic with the N-terminal of RBBP6 as its also contained the three
conserved domains observed in Mpe-1 (Di Giammartino et al., 2014). The 3’ end
processing is a process required for the maturation of mRNA; the precursor of
polypeptide chains, which transports from the nucleus to the cytoplasm, where they are
translated into proteins (Darmon and Lutz, 2012). However, prior to the translational
process, the mRNA needs to undergo an extensive co-transcriptional process. The
efficiency of the 3’ end processing is completed by 14 protein factors in mammals and
about 20 protein factors in yeast (Mandel et al., 2008). 3’ end processing is a very
important process that maintains homeostasis in cellular growth and viability.
Specifically, the 3’ end processing promotes the transfer of mMRNAs from the nucleus to
the cytoplasm and stabilizes mRNAs by adding the polyadenylation tail, since mRNAs
are degraded initially from the 3’ end (Mandel et al., 2008). Furthermore, the interaction
of the polyadenylation tail and polyadenylation binding protein (PABP) to methyl cap &’
end enhances mRNA translation, while transcription initiation is regulated by an
interaction complex of polymerase Il C-terminal domain and transcription factors
(Mandel et al., 2008). In addition, a proper polyadenylation signal is responsible for
transcription termination. More so, the cleavage and the polyadenylation mechanisms
are directed by sequence elements known as cis-acting elements and trans-acting
protein factors (Mandel et al., 2008). Lastly, no much difference is observed between
RBBP6 and Mpe-1 except for the structural observation in the lack of a C-terminal in

Mpe-1 protein.
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Figure 2.2: RBBP6 structural domains found in different organisms. DWNN (Domain With No
Name), Zinc knuckle, RING (Really Interesting New Gene), SR (domain serine/arginine-rich region),
Retinoblastoma (Rb)-binding domain, and the p53-binding domain, respectively. However, as shown in
the diagram Mpe-1 lacks some of the domains in the C-terminal which, therefore, create a truncated

version of the RBBP6. Updated from Pugh et al., 2006.
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2.4. RBBP6

RBBP6 is known as a multi-functionality protein because of the different domains it is
composed of that have unique functions. In total, RBPP6 is made up of six domains,
namely DWNN, zinc knuckle, serine/arginine, Rb-binding, p53 binding and RING finger
domain (Pugh et al., 2006). These entire domains have interesting characteristics to
express on their own and are very sTable as single entities, which makes it possible to
study them individually (Pugh et al., 2006). This section gives a brief overview of the

characteristics and biological roles of each domain.

2.4.1. DWNN (Domain With No Name)

Domain With No Name (DWNN) is a 20 kDa protein; it is the first domain in RBBP6
located at the N-terminal (Skepu et al., 2000). DWNN is found in all eukaryotes species
as a single copy except in Arabidopsis thaliana. Looking at the makeup of this domain, it
is seen to be attached to the tumour suppressor protein (p53 and Rb); this indicates its
involvement in apoptosis (Skepu et al., 2000). The structure of DWNN is composed of 7
B-sheets and 1 a-helix and its topology resembles that of a ubiquitin-fold, making it an
ubiquitin-like modifier (Pugh et al., 2006). This is confirmed bioinformatically by their z-
scores, where DWNN and ubiquitin are sitting at 7.5 and 7.6 respectively and have 18%
similarities in their amino acids (Pugh et al., 2006). Resemblance of DWNN to ubiquitin
is divided into two; one being the ubiquitin domain protein (UDP) and the other, the
ubiquitin-like domain (UBL) (Cajee et al., 2012). In the ubiquitination pathway, the
cleavage protease recognises the GG motif in ubiquitin which forms the diglycine moiety
during conjugating processes (Chatr-Aryamontri et al., 2018). The presence of this motif
in humans and mouse DWNN insinuates their existence in the conjugation process

informally known as “DWNNylation” (Pugh et al., 2006). However, the same motif is not
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expressed in lower organisms, implying that DWNN is not a covalent modifier in lower

organisms (Pugh et al., 2006).

2.4.2. ZINC KNUCKLE (Zinc finger domain)

Zinc is a metal ion that acts as an essential cofactor for both enzyme metabolism and
transcription factors. Its binding site is divided into two, either for catalysation or
structural stability (Dudev and Lim, 2003). For coordination purposes, zinc prefers soft
ligands, such as cysteine and histidine, but is also found to coordinate other ligands like
aspartic acid and glutamine. Normally, the zinc structure is coordinated in a tetrahedral
manner; however, cases where it coordinates 5-6 ligands have also been reported in
catalytic sites (Dudev and Lim, 2003). Most proteins are coordinated in a tetrahedral
manner, this manner and this configuration has been proved as the most sTable
compared to other coordination patterns (Krishna et al., 2003). This is confirmed by the
inaccessibility of solvents and protein structural ability to transfer charge from the
ligands to metal cations (Houben et al., 2005). Studies have shown that the substitution
of zinc metal binding for other heavy metal ions can defect the stability of a protein
tetrahedral structure, resulting in loss of protein and nucleic acid binding capability
(Dudev and Lim, 2003). Furthermore, studies have demonstrated that the substitution of
zinc by other heavy metals can be rectified by machineries known as metallothionein,
removing heavy metals and replacing zinc ion cofactors, hence repairing zinc binding
sites (Houben et al., 2005; Dudev and Lim, 2003). The zinc finger domain core is
composed of a zinc ion, bound to cysteine and histidine residues, creating a
hydrophobic core. Although, various zinc finger domains may have the same structural
configuration, it does not necessarily mean they all have the same functions or related

roles (Krishna et al., 2003). Zinc finger domains are classified into eight groups,
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depending on their similarities and differences in function implication, which include
C2H2-like finger, Gag knuckle, treble clef finger, zinc ribbon, znz2/cyss, TAZ2 domain like,
zinc binding loops and metallothionein (Krishna et al., 2003). However, this study will

focus on Gag knuckle which is familiarised as zinc knuckle or zinc finger domain.

Gag knuckle is composed of two (3-sheets connected to a zinc knuckle followed by
either a helix or loop (Holub, 2017). To complete the structural fold, addition of two N-
terminal zinc ligands from the zinc knuckle and the other two either from the loop or at
both ends of a short helix are present (Holub, 2017). Gag knuckle is a truncated form of
C2H2 composed of approximately 20 amino acids (Larsen, 2018). There are about three
family divisions of Gag knuckle which contain C2HC zinc fingers from the retroviral gag
proteins. The first one is a retroviral Gag knuckle family defined by the presence of one-
turn a-helix, followed by a B-hairpin (Larsen, 2018). The structural motif is more familiar
in the retroviral nucleocapsid protein from HIV and has also been reported in other
related viruses. Gag knuckle plays a role in the recruitment of RNA needed for viral
packaging by recognising their specific sequences and binding to single-stranded RNA
(Carlson et al., 2016). Second, the polymerase Gag knuckle family demonstrates the
helix structure that has been replaced by the loop, indicating a possibility of it being
involved in RNA-binding functions (Carlson et al., 2016). Finally, the reovirus outer
capsid protein 03 Gag knuckle family is composed of a zinc binding motif and mutation
of zinc-binding region that has been reported to have negative consequences in its

ability to interact with the capsid protein pl1 (Lemay, 2018).

2.4.3. SERINE/ARGININE (SR) DOMAIN
Serine/Arginine domain is the third domain of RBBP6 protein, and like its neighbouring

domains, it also has the character of expressing independently of other domains.
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Studies have shown that structurally it is composed of an arginine/serine (RS) domain
located at the C-terminal, and 1 or 2 RNA recognition motif (RRM) domains located at
the N-terminal (Graveley and Maniatis, 1998). Although these domains make up the SR
domain, they have individual responsibilities in terms of functioning; the RS domain role
IS an interactive process, between protein-protein and protein-RNA, whilst RRM is
specifically implicated in protein-RNA interactions (Kumar et al.,, 2015). RS and RRM
are both involved in splicing; a process of editing pre-mRNA to mature mRNAs by
cleaving of introns and ligating exons, but it is noted that RS and RRM work
independently of each other (Kumar et al., 2015). Activation of serine residues in the RS
domain from SR protein is through phosphorylation, by which SR protein functions are
mediated. In contrast, up-regulation and down-regulation of phosphorylation has been
reported to inhibit the splicing process (Kumar et al., 2015). During splicing, SR proteins
promote the binding of U1 small nuclear Ribonuclearproteins (snRNP) to 5 sites, by
binding to U1-70K followed by U2A3® located near 5’ and 3’ slice sites respectively and
simultaneously (Hollander et al., 2016). Saccharomyces cerevisiae, on the other hand,
lacks an easily identifiable RS-rich domain and, in general, the splicing efficiency of
different pre-mRNA varies from individual types of SR proteins (Sahebi et al., 2016).
Splicing factors, together with SR proteins, combine to form a spliceosome, a functional
machinery in splicing. For accurate selections of splicing sites, a serine/arginine-rich
splicing factor 1(SRSF1) is required (Sahebi et al., 2016). SRSF1 is a SR archetypical
that plays a role in facilitating transcription while sustaining sTable genome and gene
network organization (Jobbins, 2018). Finally, up-regulation of SRSF1 has been
observed in human cancers and HIV-infected cells, indicating SRSF1 as a proto-

oncogene (Anczukéw and Krainer, 2016; Finley, 2015).
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2.4.4. RB-BINDING (Retinoblastoma-binding) Domain

pRB domain was the first identified tumour suppressor discovered in retinoblastoma
(childhood cancer) by Knudson (1971). A tumour is a neoplasm that develops due to a
disorder of cell cycle progression. At the initial stage of tumour formation, G1 phase is
caused by an absence of retinoblastoma-binding protein (pRB) (Giacinti and Giordano,
2006). Various human cancer forms are an implication of either a deletion or mutation of
the pRB gene, which in turn makes the system highly susceptible to tumour
development (Giacinti and Giordano, 2006). Retinoblastoma binding protein is
composed of approximately 928 amino acids residue and is located in the middle part of
RBBP6 (Thwaites et al., 2017). There are about three family members that encompass
pRB and collectively they are known as “pocket protein”; a name derived from a
conserved binding characteristic of these pocket proteins to viral oncoproteins and
transcriptional factors, such as E2F (Vélez-Cruz and Johnson, 2017; Thwaites et al.,
2017; Giacinti and Giordano, 2006). These pocket proteins include p105, p107 and
p1l30 and, when simultaneously over-expressed, they inhibit cell cycle progression
(Giacinti and Giordano, 2006). The pl107 is located at human chromosome 20ql11.2
area while p105 and p130 are found in chromosome 13914 and 16p12.2 respectively
(Giacinti and Giordano, 2006). Although they are from the same family, study has
proved that they cannot perform all the pRB functions (Vélez-Cruz and Johnson, 2017).
One of the major functions of pRB is suppression of E2F by binding directly to
transactivation factor to avoid the recruitment of transcriptional activators. Additionally,
proteins such as histone deacetylase and acetyltransferases are also recruited for

transcriptional suppression (Vélez-Cruz and Johnson, 2017).
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Tumorigenesis develops when pRB is phosphorylated by cyclin dependent kinases,
resulting in a conformational change of pRB releasing E2F, hence restarting cell cycle
progression to S-phase. There are eight family members of E2F, however E2F1-3 are
the primary targets of pRB and they are transcriptional activators (Vélez-Cruz and
Johnson, 2017). Transcriptional repressors E2F4 and E2F5 are targeted by p107 and
p130. Lastly, E2F6-8 are also transcriptional repressors but independently of pRB.
Besides phosphorylation, pRB is also subjected to other post-translational modifications
such as methylation, acetylation, SUMOIatyon and ubiquitylation (Vélez-Cruz and
Johnson, 2017). The role of p107 and p130 is to block the recruitment programme of
transcriptional co-factors, hence inhibiting E2F-target gene activity. Summing up these
pRB activities, the main purpose is genome stability, and failure may result in severe
consequences, such as abnormal cell proliferation, loss of cell cycle arrest, defects in
apoptotic signalling and hence tumour formation (Vélez-Cruz and Johnson, 2017). This
makes pRB a druggable protein against cancer (Vélez-Cruz and Johnson, 2017).
Furthermore, it has been elucidated those different kinds of tumour developments,
either in retinoblastoma, carcinomas, or osteosarcomas, are as a result of an
inactivation in pRB caused by phosphorylation, deletion, mutation, deletion or binding of
viral oncoproteins (Nicolay et al., 2016; Vélez-Cruz and Johnson, 2017). More so, other
duties of pRB are to mediate the differentiation process in various parts of the body,
such as the brain, eyes, lens, peripheral nervous system, skin cells, liver, muscles, and
hair cells (Eva et al., 1992). This was confirmed by a study conducted by Eva et al.
(1992) where mice with knock-out pRB died 14 days after being conceived due to faults

in central nervous system and retarded hematopoietic cell growth.
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2.4.5. p53 Binding Domain

8 years after the discovery of pRB, p53 was discovered as a tumour suppressor protein
by Arnold Levine, David Lane and William Old (1979), and later Orlova (2006)
determined its structure. The p53 tetramer structure in mice was determined using a
cryo-electron microscope and it was observed to resemble a shallow, skewed cube
configuration stabilised by ATP (Okorokov et al., 2006). An overview from the EM
microscope revealed that p53 consists of an upper layer and a lower layer that are
relative to each other (Okorokov et al., 2006). The upper layer has two small nodes and
two large nodes forming an apex of a parallelogram, with the similar structure
underneath rotating at 70° directly proportional to the upper layer. As shown in Figure
2.3, each side has C-terminal on the left and N-terminal close to each other in a “hand-

to-hand” manner (Okorokov et al., 2006).

p53 is a 53kDa protein located at chromosome 17p13.1, composed of 393 amino acids
and five functional domains shown in Figure 2.4 (George, 2011). These five functional
domains include the N-terminal domain, occupying 1-43 amino acid lengths which play
a role of transcriptional activator, a proline rich domain which occupied position 63-97
amino acids residue and it is a binding-site for MdM2 (Vassilev and Fry, 2011). More so,
the central core domain from length 100-300 also binds DNA and is a location for most
oncogenic p53 mutations. An oligomerization domain, which is another motif in p53,
occupied position 320-360 residues length which consists of nuclear localization signals
and is responsible for tetramerization of p53 (George, 2011; Vassilev and Fry, 2011).
The C-terminal domain occupies residue length from 364-393 and its function is to
negatively regulate sequence-specific DNA from binding by central core domain

(George, 2011).
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p53, is an important protein in prevention of cancer which is responsible for the cell
cycle progression, apoptosis, DNA damage and signal transduction for abnormal
proliferation; depending on types of stress induced (George, 2011). However, the basal
level of p53 is required to perform these functions because an excessive level of this
protein results in cellular processes retardation, either in cell growth development or
apoptosis. It may also cause a significant reduction in p53 polyadenylation (George,

2011), in most cases due to knockdown of PACT which leads to p53-Hdm2 interaction.
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Figure 2.3: The p53 tetramer structure. The N-termini are represented by the blue colour and C-termini
by magenta, the spheres represent the core nodes of the structure and grey rods are the termini linkers.
Figure taken from (Okorokov et al., 2006).
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Figure 2.4: p53 functional domains. Schematic diagram representing five p53 functional domains
which are, N-terminal (1-50), proline rich (63-97), DNA binding (102-292), tetramerization (323-356) and
negative regulation (363-393). Taken from (George, 2011).
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Another p53 homologue is p63, which is located at chromosome 3927-29, and p73,
located at chromosome 1p36.2-3. Collectively all three have a highly similar central core
domains (60%) and are least similar at the oligomerization domain rating at 30%

(Gonzalez et al., 2017).

In normal conditions, p53 is latent with no stressors activating it, such as DNA damage,
telomere erosion, activated oncogenes, ribonucleotide depletion and/or deficiency of
oxygen in tissues (George, 2011). If these stressors are not quickly attended to, they
can lead to tumorigenesis in which 50% of human cancer forms. It has been reported
that p53 is usually mutated in all cancer forms (George, 2011). The latent form of p53 is
accumulated in the cytoplasm, whereas the activated form is located inside the nucleus
where it performs its biochemical activities. Moreover, other signalling agents of p53
activated are the oncoproteins such as [3-catenin, Myc, Adenovirus E1A and Ras (Qin et
al., 2018). Therefore, when p53 has been activated, it performs different cellular
functions to respond to stressors. These cellular functions are achieved when p53 binds
to E2F transcription factor, in order to block cell cycle progression and avoid
transcription of damaged DNA from replicating and transmitting from one generation to
another, whilst allowing DNA to repair (Komori et al., 2018). This is followed by an
emergency brake in apoptosis, to eliminate and degrade the DNA beyond repair, and
prevent normal cells from developing to cancerous cells. p53 as a tumour suppressor,
when activated, suppresses transcription, in turn activating genes tethering cell cycle
control. One of these genes is p21 that inhibits the binding of cyclin dependent kinase,
allowing p53 to block cell proliferation (Fischer et al., 2015; Al-saran et al., 2016). The
presence of p53, during chemotherapy and radiotherapy, increases its efficiency, but

when mutated, the therapy efficiency is reduced. Furthermore, the level of p53 is highly
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induced by the presence of protein kinases such as ATM, ATR, DNA-PK, Chkl and
Chk2, preventing binding of MdM2 to p53 through induction of ARF to bind MdM2
(Okorokov et al., 2006). These protein kinases mediate this by phosphorylating p53 at
residue serl5, thrl8 and ser20. Additionally, when the protein has been rectified, cyclin
dependent kinase binds to p53, releasing E2F and allowing the interaction of MdM2 with
p53, while inhibiting apoptosis and reinitiating cell cycle progression and cell

proliferation (Okorokov et al., 2006).

2.4.6. REALLY INTERESTING NEW GENE (RING) DOMAIN

In 1991, Freemont and co-workers discovered a zinc-finger characterised by its
richness in cysteine residues, known as RING finger domain. Initially it was discovered
from a human gene product known as Really Interesting New Gene (RING-1) at
chromosome 6 position, hence the discovery of its name (Freemont et al., 1991). The
RING finger domain archetypal structure is composed of 7 cysteines and 1 histidine, in
which 4 of those cysteine residues coordinate the second zinc ion, and the remaining
residues coordinate the first zinc ion, as shown in Figure 2.5 (Dominguez, 2004). Zinc
ion binding contributes to the protein structure stability and is called the tetrahedral

configuration, otherwise known as “cross-brace” topology (Miyamoto et al., 2017).
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Figure 2.5: Schematic representation of a RING finger domain. The blue hexagon represents the zinc
ions, 7 green spheres represent cysteine residues and cream sphere represents histidine residue. Taken
from (Kosarev et al., 2002)
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RING finger domain is highly defined by its consensus sequence Cysi-Xaaz-Cysz-Xaag-
39-Cyss-Xaai-3-Hiss-Xaaz-3-Cys/Hiss-Xaaz-Cyse-Xaas-4s-Cys7-Xaaz-Cyss, where X
symbolises the amino acids while Cys and His represent cysteine and histidine,
respectively (Joazeiro and Weissman, 2000). Cysteine and histidine are highly
conserved residues in RING finger domain which form a hydrophobic active site. It is a
9.5kDa protein composed of approximately 70 amino acids located at the N-terminal of
the RBBP6 (Callis et al., 2005). This gives the RING finger domain a globular
configuration (Figure 2.6) which consists of a central a-helix that is involved in active
site stability, and variable length loops which are separated by small B-strands,
responsible for restricting the unfolding of the protein, and hence, proteolysis (Diog et

al., 2001; Perczel et al., 2005; Kappo, 2009).
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Figure 2.6: Tertiary structure of a C3HC4 RING finger domain. The structure shows the presence of
three anti-parallel B- strands located near a central a-helix and variable length loops. The structure is
stabilised by two zinc ions which are cyan spheres, the first coordinated zinc is bound to Cys24, Cys43,
Cys46 and His26 residues and the second zinc is coordinated by Cys8, Cysl11, Cys29 and Cys32 forming
a tetrahedral configuration. Figure taken from Kappo 2009.
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Up till today, there is no specific biological function(s) that has been linked with RING
finger domain, except the various study reports of larger proteins (e.g. RBBP6, TRIM
etc.) where a RING finger domain is involved in functional roles, such as an interaction
promoter either between protein-protein during ubiquitination, when its binds with E2
conjugating enzyme as an E3 ligase enzyme to facilitate the binding of small ubiquitins
to misfolded proteins, which then serve as the signalling factor to 26S proteasome, or in
protein-nucleic acids where it promotes the degradation of damaged DNA and mRNA to
prevent incorrect transcription (Aldaghmi, 2017; Miyamoto et al., 2017; Qi et al., 2016).
It is also involved in cellular processes such as viral functions, apoptosis, oncogenesis
and cell growth (Dominguez, 2004; Joazeiro and Weissman, 2000). A family of TRIM
(tripartite motif-containing protein) are RING finger containing proteins and TRIM16 (a
TRIM family member) has been postulated to have a vital role in different types of
cancer, such as in reducing neuroblastoma cell growth, tumorigenicity and in retinoid-
induced differentiation enhancement in vivo (Qi et al., 2016). This was confirmed by the
studies presented by Qi and colleagues in which the downregulation of TRIM in prostate
cancer cells increased their invasiveness, affecting other healthy cells. Hence RING
finger domain plays an important role as a tumour suppressor. However, the major
function, where RING finger domain is involved as single entity, is in proteolysis of
modified or damage proteins in a process known as ubiquitination as shown in Figure

2.7 (Aldaghmi, 2017; Miyamoto et al., 2017).
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Figure 2.7: The ubiquitination pathway. UB (ubiquitin), E1 (Activating enzyme), E2
(Transfer/Conjugating enzyme), E3 (Ligase enzyme). This is a mechanism that is responsible for the
targeting of modified or misfolded proteins which are then directed to a 26S proteasome for degradation
back to peptides that will be used to form new proteins. Native ubiquitin is activated by E1 which is then
conjugated to E2 in a transthioesterification reaction. The E2-Ub thioester complex is then transferred to
E3 ligating enzyme and when E2 detaches; E3 is responsible for recruiting mutated protein substrates
and attaching them to polyubiquitination chain that serves as a signalling factor to a 26S proteasome.
Taken from Kocaturk, 2018.
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Ubiquitination is a multi-enzymatic irreversible process where modified intracellular
proteins are tagged by ubiquitin for degradation. A cascade of three enzymes are
involved for the success of this process, the first being E1 activating enzyme which
binds to ubiquitin, in an ATP dependent manner, forming a thioester linkage at position
Gly76 (Callis et al., 2005). The activated ubiquitin then disassociates from the Ea1 active
site and binds to the E2 conjugating enzyme active site in a process known as the
transthioesterification reaction (Miyamoto et al., 2017). An E2-Ub thioester complex is
then delivered to the Es ligating enzyme where E: is dislocated, releasing ubiquitin to
bind at the lysine residue of the specific modified intracellular protein (Miyamoto et al.,
2017). The specificity of the modified intracellular protein is regulated by the presence of
degrons which serve as the signalling machineries for such protein damages (Guharoy
et al., 2016). The dislocated E:z therefore continues to supply more ubiquitin molecules
in the same process until 8-10 are joined together, forming a polyubiquitination chain
that is recognised by the 26S proteasome and therefore degrades the protein back to its

peptide, allowing the reformations of the correct proteins (Pickart and Fushman, 2004).

2.4.6.1. S. cerevisiae RING finger domain

Although not much publication in found on ScRING finger domain, however, Finely et
al., 2012 reported that there about 44 S. cerevisiae protein with RING domain Es ligase
in which two of those also include a U-box domain. The comparison in these protein
structure highlights that ScRING finger protein binds a single zinc metal ion for
structural stability while the U-box domain depends on the hydrogen bond for structural
stability (Finely et al., 2012). ScRING finger protein is involved in ubiquitination as an Es
ligase and unlike other ligases ScRING finger protein Esz ligase does not form a

thioester, rather it facilitates the transfer of ubiquitin delivered by E2 conjugating enzyme
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to the modified intracellular protein (Finely et al., 2012). ScRING finger protein portrays
a truncated version of a cross-brace topology of a human RBBP6 RING finger domain,
whereby, the first zinc binding site is lost (Kappo et al., 2012). RING-finger like domains
such as PHD, FYVE and U-box also have the cross-brace topology as shown in Table
2.1, but they are different from ScRING finger protein due to spaces between the
coordinating residues and functions they facilitate (Dudev and Lim, 2003). However, it
still difficult to categorise a SCRING finger protein on whether it is a RING-finger like
protein that is involved in ubiquitination like a U-box or a RING finger protein that will be
the first to be reported as a single zinc ion binding RING finger domain (Aravind and
Koonin, 2000). Additionally, ScRING finger protein unlike the classified RING-like

domains, it has the same functions as the human RBBP6 RING finger domain.
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Table 2.1: Different types of RING finger-like domains, outlining their locations,

functions, and their structural configuration.

Domain | Structure Location Functions References
name
FYVE N / TR Found in human | Involved in vesicle | Stenmark and
P ALY protcome  and | transport, Aasland.,
( ‘\'-(j‘,n;;‘-’/ 2 4 ;ff(},.,fyy’,] genome. cytoskeleton 1999
W ) ©O6 regulaton  and
N = L N signal
N ow transduction.
PHD . TN Found in inhibitor | Involved in cell | Coscoy and
;C‘\\ A /l"r'/\'"'c"\ /C of growth 1 |cycle regulation, | Ganem, 2003
:2\121'7)\6 Y\ | “;‘;4/@%7»\2' protgin at the C- | stress .signalling,
(<2/ "i»ﬁ«j,/ \@’ ?3;‘:/ terminal. apoptosis, DNA
e N damage repair
i ‘ and senescence.
LIM Pl Vil . |Found in LM |Involved in cell | Dawid et al,
A% O _ lineage 1998
/QJ/ é(v /(\g/) \\‘8/ homeodomains specification,
"f(g'\f"{?»z«\:f i,(gjﬁfn;jf cytoskeleton
T 7 T 7T organization and
\17-19/ \ . zs-z()/“‘ organ
e development
U-BOX » 448 Found in yeast| Traces of it in | Hatakeyama
(A " (A and human | ubiquitination. and
¥\ ) Y ) proteins Uses  hydrogen | Nakayama,
© "/ & € bonds for | 2003

structural stability.
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Moreover, due to different configurations of RING finger domain, apart from its
canonical structure, there are other “modified” RING finger domains which give rise to

the following various subclasses:

2.4.6.2. C3HCA4 classical RING finger domain

The C3HC4 classical RING finger domain is also known as the RING-HC (Figure
2.8), a canonical subclass of the RING finger domain (Lian et al., 2009). This domain
differs from other domains in that histidine is at position 4 while the other domains have
it at position 5 (Lian et al., 2009). The C3HC4-type RING finger genes are abundant in
the plant kingdom which contributes to the vast biological functions in the physiological
processes of plant life. This was confirmed by the study of C3HC4 in Arabidopsis, in
which genes were found to possess different functions in cellular processing and
signalling transduction (Agarwa and Khurana., 2018). C3HC4 acts as an E3 ubiquitin
ligase which plays a role in the downstream ubiquitination and degradation of targeted
photomorphogenesis-promoting transcription factors (Chen et al., 2018). OsRHC24 and
OsRHC1 are C3HC4 genes that are related to the disease resistance mechanism

(Agarwa and Khurana., 2018)
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Figure 2.8: A typical C3HC4 RING-type domain. It is composed of two B-strands, one helix and two
grey spheres representing zinc ions that is used for structural stability. Taken from (Kellenberger et al.,
2005).
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2.4.6.3. C3HHC3 RING finger domain

This is also known as RING-H2 and the expression of this protein is induced by N-
acetylchitooligosaccharides in the rice cell (Katoh et al., 2003). RING-H2 is provided by
EL5, which is structurally related to the Arabidopsis ATL protein family (Koiwai et al.,
2007). This protein is characterised by a transmembrane domain (I), a basic domain (ll),
a conserved domain (Ill) and a RING-H2 finger domain (1V), followed by the C-terminal
region that is composed of highly diverse amino acid sequences (Katoh et al., 2003).
The solution structure of the EL5 RING-H2 is stabilized by the tetrahedral coordination
of zinc ions (Katoh et al., 2003). The difference between RING-H2 and other RINGs is
the replacement of Cys4 by Histidine (Kappo et al., 2009). Katoh and co-workers (2003)
determined the structure of the RING-H2 type of RING finger EL5 by heteronuclear
NMR and it was shown to be composed of B-strands and a-helix in a pBpa fold (B1,
Alal47-Phe149; B2, Gly156-His188; a1, Cys161-Leul66). It was also shown to have a
long flexible loop on each side of the BPa structure (N-loop, Vall133-Glul146; C-loop,
Gly167-Vall80) (Katoh et al., 2003). Ubiquitination studies done in vitro have also

shown that RING-H2 finger domain can bind to E2 (Xie et al., 1999; Sun et al., 2019).

2.4.6.4. C2H2C4 RING domain

This domain is an example of Hdm2 (Human domain minute 2), which is the human
homologue of Mdm2. Hdm2 is a ubiquitin protein ligase which is responsible for the
suppression of the tumour suppressor p53 transcription activity and is simultaneously
an inducer of its degradation (Kappo, 2009). The solution structure of this domain has
shown a novel cross-brace zinc binding topology and a symmetrical dimer. Kostic and
co-workers (2006) showed Hdm2 is the only protein that has C2H2C4 zinc coordination.

C2H2C4 is composed of the BRap fold, a small hydrophobic core and two zinc ions. The
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two zinc ions in the C2H2C4 domain structure are important for the maintenance and
stability of the structure (Kostic et al., 2006). As earlier mentioned, the C2H2C4 is the
novel rearrangement of zinc-binding sites that Hdm2 possesses, in which the tight
binding of the two provide E3 ubiquitin ligase activity, thereby creating the isopeptide
bond between a lysine of the target protein and a C-terminal glycine of ubiquitin

(Metzger et al., 2012).

2.4.6.5. C4C4-type RING finger domain

The C4C4-type RING finger domain is a modified type of RING finger domain that is
also known as RING-C2 (Yu et al., 2011). C4C4 domain was identified from Arabidopsis
thaliana along with other domain types (Yu et al.,, 2011). Yu and co-workers (2011)
showed the analysis of amino acid sequence of the VpRFP1, a protein from grapevines,
contains a nuclear localization signal at the N-terminal and the RING finger at the C-
terminal. The RING finger on the C-terminal is from the novel RING finger C4C4 with
the consensus sequence of Cys-X2-Cys-Xi13-Cys-X1-Cys-Xs-Cys-X2-Cys-X10-Cys-Xo-
Cys, where the X represents any amino acids (Yu et al., 2011). The C4C4 is also very
similar to the C3HC4, with only one cysteine residue replacing histidine as shown in
Figure 2.9. The C4C4-type RING domain structure has a Bppa fold and the chemical
nature of this domain is said to be identical, according to Houben and co-workers
(2005). The C4C4-type RING domain has significantly different dynamic properties,
raising the assumption that this difference might be related to the stability of the domain
and perhaps, the functionality of protein-protein interactions that they are involved in

(Houben et al., 2005).
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Figure 2.9: The C4C4 RING finger domain. The structure is composed of two B-strands, two a-helices,
two 310 helices and two grey spheres representing zinc ions binding. Taken from (Kobashigawa et al.,
2011).
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2.5. Problem Statement

A genome-wide bioinformatics analysis by Kappo and co-workers (2012), using the
human RING finger domain from RBBP6 as a searching bait, showed the zinc ion
coordination pattern was the same in all but three organisms: Saccharomyces
cerevisiae and Pichia pastoris, where the first binding-site of zinc has been lost
completely or weakly bound, and in Aspergillus niger where the second coordinating
signature cysteine residue has been substituted by an aspartic acid (Figure 2.10).
However, it is unclear whether the coordinating zinc ion was lost or was weakly bound.
Structural characterization of the loss of the zinc first binding site will add to the body of
knowledge of the biological role played by the ScRING finger domains either in
ubiquitination, multimerization or in protein quality control. Hence, since the structure of
a protein reveals the function of that protein, it is imperative to characterise the structure
of the S. cerevisiae RING finger domain. Biophysical characterization of this protein will
provide the biological basis of high throughput expression and purification strategy to
obtain appropriate amount of S. cerevisiae RING finger domain protein. It is imperative
to ascertain the optical properties of the protein before embarking on the acquisition of
structural characterisations. This is because methods employed are mostly based on

the light-absorbing properties of the protein.
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H. sapiens | EDDPIPDELLCLICKDIMTDAVVI-PCCCNSYCDECIRTALLE SDEHTCPTCHONDVS PDALIANKFLRQAVNN
A niger | -KELQARGLECPIDKRMFLEPTRT-PCCQRTYCNDCITNALIESD-FVCPGCGTEGVLLDNLAVDDEAISKIKE
S. cerevisiae "'WWRQ@SWD’SMESD-"CMWWWT

Figure 2.10: Sequential alignment showing Cross-brace configuration for Zn2+ binding.

Sequence analysis of RING finger domains from RBBP6 homologs reveals that H. sapiens RING finger
binds two Zn2+ions, in which the 1%t and 3rd pair of cysteine residues (red arrows) bind one Zn2+ and the
2nd and 4th pairs (black arrows) the other. The alignment reveals a disruption of the first pair of zinc
binding site (red arrows) in the A. niger RING and ScRING homologs. The alignment reveals that some of
the residues coordinating the first Zn2+ ion (red arrows) are missing from A. niger and S. cerevisiae,
raising the possibility that both of these orthologues may bind only one Zn2+. Taken from (Hassem,
2014).
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2.6. Aim and Objectives

2.6.1. Aim
The aim of the study was to express, purify and structurally characterise S. cerevisiae
RING finger domain to postulate the possible biological significance in the loss of the

first zinc binding-site. This aim will be achieved via the following objectives:

2.6.2. Objectives

= Overexpress single labelled soluble protein of S. cerevisiae RING finger domain
in E. coli

= Determine S. cerevisiae RING finger domain secondary structure using CD

= Determine the folding and oligomeric state of the S. cerevisiae RING finger
domain (whether monomeric or dimeric in solution)

= Determine the tertiary structure using Tryptophan-UV spectroscopy

= Determine the quaternary structure using SE-HPLC

= Determine the hydrophobic pockets using ANS binding dye

= Bioinformatic structural characterisation of RING-type inhibitors.
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3.0 MATERIALS AND METHODS
3.1 MATERIALS

This chapter outlines the reagents used, the preparation of the stock solutions and the

way different methods were used to achieve the results obtained.

3.1.1 General stock solutions, buffers and media (in no particular order)
30% Glycerol: 30ml of glycerol was mixed with 70ml of dH20 to make up a 100ml of

30% glycerol solution.

Luria Broth: 10.0g Tryptone powder, 5.0g Yeast extract, 5.0g NaCl and 2.0g Glucose

were mixed in 1000ml of dH20.

0.1M Calcium Chloride: 1.1099g was dissolved in 100ml of dHz0.

0.1M Magnesium Chloride: 2.033g was dissolved in 100ml of dH20.

PBS: 137mM NaCl, 27mM KCI, 4.3mM Na:HPO4.7H20 and 1.4 mM KH2POs were

dissolved in 1 litre of deionized water and autoclaved.

Ampicillin: In 10ml of deionized water, 1.0g of ampicillin was dissolved, filter-sterilized

and stored at 4°C until needed.

Agarose gel: 2.0g of Agarose powder was dissolved in 200ml of TAE buffer, boiled and

allowed to cool to 55 °C before adding Ethidium bromide.

10X TAE buffer: 48.4g of Tris, 20ml of 0.5M EDTA and 11.42ml of glacial acetic acid

were mixed and made up to 1000ml with deionized water.

IPTG: 1.0g of IPTG was dissolved in 4.2ml of dH20 and filter-sterilized and then stored

at -20°C.
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10% SDS: 10.0g of SDS was made to solution by dissolving it in 100ml of deionized

water.

SDS Running buffer (pH 8.3): 15.0g of Tris, 72.0g of glycine and 0.5g of SDS were

made up to 1000ml with deionized water. The pH was checked but not adjusted.

2X SDS Sample buffer: 4.0ml of 10% SDS, 2.5ml of 0.5M Tris and 1.5ml Glycerol were

added to 10ml of deionized water and stored at 4°C.

Destaining Buffer: 100ml of glacial acetic acid and 300ml of ethanol were mixed and

topped up with 600ml of deionized water (dH20) to make up a 1000ml solution.

Staining Buffer: 0.25g of Coomassie Blue R250, 40% of methanol and 10% Acetic

acid was made up to a litre solution with deionized water.

Zinc sulphate: 3.22g of zinc sulphate was dissolved in 200ml of dH20, covered with foil

and stored in 4°C.

30% Bis-acrylamide solution: 150.0g of Acrylamide and N,N-Methylene-bisacrylamide
were mixed together with 300ml of dH20. The solution was lightly heated at 37°C until a
true solution was formed; thereafter it was topped up with deionized water to make

1000ml, filter-sterilized and stored at 4°C covered in foil.

1.5M Tris (pH 8.8): 36.3g of Tris powder was dissolved in 200ml of dH20 and pH

adjusted to 8.8.

0.5M Tris (pH 6.8): 12.11g of Tris powder was dissolved in 200ml of dH20 and pH

adjusted to 6.8.
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Lysis buffer: 100pug/ml Lysozyme, 1% Triton X-100, 1mM PMSF, 50uM ZnSO4 and

1mM DTT were made up to 20ml with 1X PBS bulffer.

PMSF stock solution: 1.74g of PMSF was dissolved in 100ml of ethanol and stored at

-80°C.

DTT stock solution: 3.9g of DTT was dissolved in sodium acetate, filter-sterilized and

stored at -80°C.

Lysozyme stock solution: 1g of Lysozyme powder was dissolved in 10ml of deionized

water, filter-sterilized and stored at -80°C.

10% Ammonium sulphate: 0.1g of (NH4)2SO4 was dissolved in 900ul of dH20, filter-

sterilized and stored at -80°C.

Equilibration: 1X PBS. The solution was thereafter kept at 4°C until needed.

Wash buffer: 1X PBS and 1% Triton™ X100. The solution was kept at 4°C.

Elution buffer: 50mM Tris containing 150mM NaCl pH 8 was used to dissolve 15mM

glutathione. The solution was kept at 4°C.

70% Ethanol: 70ml of ethanol was dissolved in 30ml of deionized water and kept at

room temperature.

Separating buffer: 36.3g of Tris was dissolved in 200ml of deionized water and

adjusted to pH 6.8, giving a solution with a final concentration of 1.5M.

Stacking buffer: 12.1g of Tris was dissolved in 200ml of deionized water and adjusted

to pH 8, giving a solution with a final concentration of 0.5M.
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NMR buffer: A 100mM Sodium phosphate buffer at pH 6 containing 50mM NaCl, 5mM
DTT and 0.2% of NaNs.

Sodium azide: 10g of NaNsin 100ml dH20. Stock solution stored in room temperature.
Chloramphenicol: 0.034g of chloramphenicol in 1ml. Stock solution was stored in -
20°C.

Glutathione: 0.23g of glutathione in 50ml of elution for 15mM glutathione.

Sodium acetate: 4.2g of sodium acetate into 300ml dH20. Adjust to pH 4.5 using acetic
acid and top up to 500ml to make 0.1M acetate buffer. Solution was stored at room
temperature.

Sodium borate: 3.82g of sodium borate into 300ml dH20. Adjust to pH 8.5 using boric
acid and top up to 500ml to make 0.1M borate buffer. Solution was stored at room
temperature.

Cleavage buffer: 50mM Tris-HCI pH 7.0 containing 150mM NaCl, 1mM DTT. Prepared
fresh daily. Stock solution was at 4°C.

Glycine-NaOH: 6.01g of glycine and 2.05g NaOH was added to 800ml. Adjust to pH 10
using HCI or NaOH and top up to 1L to make 80Mm. Stock solution was stored in room
temperature.

SE-HPLC buffer: 1X PBS containing 1mM DTT. The solution was gas filtered and
stored in room temperature.

ANS: 1.5g of ANS powder was added to 5ml of 1X PBS buffer to make 1mM stock. The
solution was stored in -20°C.

Urea: 3g of Urea powder was added to 50ml of sodium phosphate buffer to make 8M

stock. The solution was stored in -20°C.
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3.1.2 Bacterial strains
a. T7 express competent Escherichia coli: fhuA2 lacZ::T7 genel [lon] ompT gal sulAl1l
R(mcr-73::miniTn10--TetS)2  [dcm] R(zgbh-210::Tn10--TetS) endAl  D(mcrC-

mrr)114::1S10.
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3.2 METHODOLOGY

3.2.1 Preparation of T7 express competent Escherichia coli competent cells

A 5 ml Lb broth in 5 test tubes was inoculated with cells using a sterile inoculation loop
and incubated overnight at 37 °C. The following day, one 5 ml culture, that grew best
compared to the others, was diluted in a 50ml Lb broth in a flask and incubated at 37 °C
until it reached an optical density between 0.3-0.6 A. The cells were then harvested by
centrifugation at 5000 rpm for 10 mins in 50 ml Eppendorf tubes. Harvested cells were
resuspended in 5 ml of 0.1 M MgClz, lightly agitated, and kept on ice for 30 mins. After
30 mins, cells were harvested again by centrifugation, the supernatant was discarded
and the pellet was again resuspended in 0.1 M CaClz, lightly agitated, and kept for 20
mins on ice and again harvested. The pellet was resuspended in 0.1 M MgCl: for 4 hrs
with occasional swirling while kept on ice. Lastly, the suspension was centrifuged to
harvest the cells, and 30% glycerol and 0.1 M MgCl2 was added to the pellet, lightly

vortexed and kept at -80 °C in storage for future use.

3.2.2 Transformation

100 pl of E. coli T7 cells were thawed and mixed with 2 pl of SCRING finger domain
AmpR plasmid in a 2 ml Eppendorf microtube and labelled “test” and the other microtube
with cells only was “labelled” control. Two set of the experiment was prepared the first
one included Ampicillin (100 mg/ml) + chloramphenicol (34 mg/ml) and the second set
was with Ampicillin (100 pg/ml) + chloramphenicol (34 pg/ml). Both sets were incubated
on ice for 20 mins and immediately exposed to heat in 42 °C heating-block for 45 sec,
then returned to ice for 10 mins incubation. 900 ul Lb broth was added to both sets and
further incubated for 2 hrs at 37 °C in a shaking incubator. After incubation, 100 pl of

cells from both set were plated in ampicillin and chloramphenicol containing Lb agar
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plates and the remaining 900 ul was centrifuged at 15000 rpm for 5 mins to harvest the
cells. The supernatant was discarded, and the remaining cells were lightly vortexed and
plated on ampicillin/chloramphenicol containing Lb agar plates. All eight plates were
incubated overnight at 37 °C. From the overnight incubated plates on the second set
there was colony contamination, therefore the first set with Ampicillin (100 mg/ml) +

chloramphenicol (34 mg/ml) was used to continue with the experiment.

3.2.3 Small-scale expression screening

Fresh colonies were randomly picked from the plates incubated overnight in section
3.2.2. The colonies were inoculated into 4 tubes containing 5 ml of Lb broth with
ampicillin/chloramphenicol and incubated for 4 hrs in a shaking incubator at 37 °C. After
the incubation period, 2 ml of culture from each 5 ml of cell culture were divided into two
Eppendorf microtubes to create two set of cultures from each 5 ml culture. Thereafter, 1
ml from each 5 ml culture was labelled induced and 0.5 Mm of IPTG was added, and
the other 1 ml was labelled un-induced and no IPTG was added. Both sets of cultures
from each 5 ml culture were incubated for 2 hrs in 37 °C in shaking incubator. The cells
from both set of cultures were then harvested by centrifugation and the pellet collected.
The pellets were run in a 15% SDS-PAGE with an addition of 2x sample buffer for
sample preparation. The SDS-PAGE protein expression profile permitted a selection of
the best recombinant protein expressed culture from the 3 ml culture previous set apart
to set-up an overnight cell culture at 37 °C for large-scale recombinant protein

expression.

3.2.4. Large-scale protein expression
A 100 pl of cell culture, from the method mentioned above, was inoculated in 100 ml of

Lb broth containing ampicillin were incubated with shaking overnight at 37 °C.
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Chloramphenicol was added to maintain the copy number, however at this stage
chloramphenicol was excluded to provide a conducive environment for protein
synthesis. The overnight culture was diluted in a 4 L Lb broth divided into 200 ml flasks
with ampicillin at a concentration of 100pug/ml and further incubated at 37 °C while
periodically monitoring OD until it reached 0.4. Subsequently, a concentration of 1 mM
IPTG was added as well as a filter-sterilised 0.5 Mm of ZnSOa prior to induction. The
cell culture was further incubated 6 hrs at 30 °C in a shaking incubator. After incubation,
the cells were harvested by centrifugation at 6000 rpm for 15 mins and the pellets were

stored at -80 °C for future use.

3.2.5. Extraction and affinity purification of SCRING finger protein

The cell pellets previously stored at -80 °C were thawed on ice. After the cell pellets had
thawed, they were re-suspended in a protein lysis buffer by vigorous vortexing. To
break the cell wall, the cell pellets were sonicated for 10 min at 5 sec intervals for each
Eppendorf tube. The sonicated cell mixture was then centrifuged at 6000 rpm for 20
mins at 4 °C to harvest the total bacterial cell lysate, clear of cell debris. The clear total
bacterial lysate was collected into fresh 50 ml Eppendorf tubes. Following this, an
affinity purification column was prepared using an overnight swollen glutathione-
agarose bead at 4 °C, which was later poured into a plastic column, permitting buffer to
flow-through. Thereafter, the packed affinity column was equilibrated with 3 CV of PBS
at pH 7.4. After the equilibration buffer had been drained off, the clear total bacterial
lysate, containing the GST~ScRING domain protein, was poured into the column and
allowed to flow by gravitational force. The flow-through was collected and stored on ice.
Thereatfter, the affinity column was washed with 5 CV of PBS at pH 7.4. The last three

drops of the wash buffer, before the column dried up, was collected and used to
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ascertain the purity of the GST-column before eluting the GST-tag SCRING domain
protein. A 3 CV protein elution buffer containing 15 mM Glutathione was used to elute
the fusion GST-ScRING domain protein off the GST-agarose affinity column. The
different fractions from the affinity purification process were electrophoresed on a 15%

SDS-PAGE.

3.2.6. SDS-PAGE

A short glass was placed on a spacer plate, while using the green casting frame to hold
the plates on a flat surface by clamping the plates. A freshly prepared separating gel
was added between the two glasses to about 5 cm before the top. Thereafter, 10%
isopropanol was added to help level the top of the gel and allowed to solidify for some
time. In the time the separating gel was solidifying, a stacking gel was prepared, which
was later added to the top of the separating gel and a comb was inserted into the
stacking gel to create wells. The gel was allowed to solidify for about 10 mins. After the
gel had solidified, the comb was removed and the gel, which was still inside the casting
glasses, was placed in an electrophoresis tank containing 1X SDS-PAGE running
buffer, covering the entire gel cast system, before the protein samples were loaded. The
first well of the SDS-PAGE was loaded with 2 ul of a pre-mixed protein ladder, while the
other wells were loaded with pre-boiled protein fractions. The protein samples were
prepared by mixing 20 pl of the protein samples and 10 ul of 2X sample buffer. The
mixture was boiled at 95 °C, before 20 pl of the boiled mixture was loaded into the wells.
The gel was then run for 1 hr at 120 V. After the dye front of the gel was about to be
released into the running buffer, the process was stopped, and gels were carefully taken
out of the tank and removed from the caster before they were transferred into a

container. An appropriate volume of Coomassie brilliant blue solution was poured onto
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the gel and allowed to stain for 60min or overnight. After the gel had been properly
stained, a destaining solution was added onto the gel in the container and allowed to
shake for as long as possible, until the gel became very clear, and the protein bands

could be properly seen.

3.2.7. Far-UV Circular dichroism

The S. cerevisiae RING finger protein sample for CD was freshly prepared at 20 °C
before measuring the CD spectra. For accurate results, a 5 uM protein sample, which
amounted to 250 pl, was diluted in a filter-sterilized PBS buffer, pH 7.4. The CD Jasco-
1500 spectropolarimeter was set using the following parameters: bandwidth 5 nm, data
pitch 1 nm, quartz cuvette 1 mm and the wavelength started from 250 nm and ended at
180 nm. The spectral readings accumulated at the average of 3 at a scanning speed of
200 nm/min in triplicate were recorded. Firstly, the CD spectrometer was blanked with
PBS buffer in which the protein sample was dissolved. This was to ascertain that the
buffer components do not yield excessive noise or any other unnecessary defects in the
spectra. Following this, Oz from the lamp housing and sample compartments in the CD
spectrometer was removed, by flushing with N2 gas. This was done to keep the
measurements below 200 nm and prevent the formation of ozone and damage of the
optical system. Furthermore, the absorbance results obtained from the CD experiment
were analysed and expressed as mean residue molar ellipticity [©MRE] using this
equation (©= 100 x 6/ ¢ x | x n), where 8 is for measured ellipticity (mdeg), c is protein
concentration (mM), n for the number of protein amino acids and | for pathlength (mm).
Lastly, the same method was used for denatured protein, where 8M urea was used as a
denaturing agent to the previous prepared native protein sample. Beta Structure

Selection (BeStSel) is a method that uses CD spectrum for secondary structure
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elements determined by quantitative analysis and fold recognition using CATH
classification (Micsonai et al., 2018). This is a speedy and reliable structure analysis
especially when x-ray crystallography and NMR spectroscopy is not available (Micsonai

et al., 2018).

3.2.8. Intrinsic Tryptophan Fluorescence

Intrinsic tryptophan fluorescence is one of the important instruments in biochemical
research because of its highly sensitive, robust and non-invasive analysis of proteins
(Amar et al., 2014). It makes use of fluorophores (aromatic residues), that are readily
available in native proteins, which absorb light in different wavelengths (Amar et al.,
2014). This is done to study the dynamics and conformational changes of the protein
tertiary structure (Lewkowicz, 2014). A beam with a specific wavelength passes through
a protein sample in a cuvette; thereafter, both the excitation spectrum (light emitted) and
the emission spectrum (light absorbed) by the sample are measured from the angle
(Lewkowicz, 2014). A Jasco FP-6300 spectrofluorometer was used for fluorescence
measurements at a temperature of 20 °C for accuracy. Parameters were set, with
excitation and emission bandwidth of 5 mm, and 1mm size cuvettes were used. Protein
samples were prepared in triplicate for both native and denatured samples. Native
samples were prepared as 5 uM in PBS buffer pH 7.4 while 8 M urea was added for
denatured samples. All spectra were measured and recorded at an average of 3

accumulations in a scanning speed of 200 nm/min. A graph was plotted for analysis.

3.2.9. Size Exclusion High Pressure Liquid Chromatography
Size exclusion high pressure liquid chromatography (SE-HPLC), better known as gel-
filtration chromatography, is a vital tool used in science to characterize and separate

proteins according to different sizes, hence estimation of protein size (Tayyab et al.,
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2002). A sieving medium, used to separate proteins, is made of a porous gel which may
either be Sephadex, Sephacryl, Bio-gel, controlled pore glass beads or Sepharose,
where smaller molecules have the highest probability to penetrate compared to the
bigger molecules (Tayyab et al., 2002). SE-HPLC can also be used for large scale
separation, however due to time consuming and expensive media required to fill
proteins, this method is usually applied as the final step of protein purification (Tayyab

et al., 2002).

A 20 pl ScRING protein sample concentrate (20 pM) was injected into a Shimadzu
UFLC SPD-20A SE-HPLC system in a TSK gel super SW2000 size exclusion column
(resolution of 5-150 kDa) for analysis, which was limited to the separation of protein
within this range. The protein absorbance was monitored at 280nm with a flow rate of
0.25ml/min. The SE-HPLC 1X PBS buffer was used as a mobile phase which contained
500mM and 1mM DTT at pH 7. The recorded absorbance was used to calculate the
estimated size and concentration of the ScRING protein, as well as ascertaining the

purity of the protein.

3.2.10. 8-Anilino-1-naphthalene sulfonate (ANS) Fluorescence

ANS is a widely used fluorescent dye for protein characterization of binding pockets. It
has been trusted to bind strongly through ion pair formation in cationic proteins and
poly-amino acids (Gasymov and Glasgow, 2007). Although ANS dye can bind external
binding sites (those exposed to the aqueous phase) in proteins, the high intensity of the
ANS fluorescence spectrum is observed in internal binding sites (hydrophobic phase),
buried in the core of the protein, which indicates the restriction of the ANS dye during

binding (Gasymov and Glasgow, 2007). ANS ability to bind both external and internal
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binding sites has made it a vital tool in science for the analysis of different ligands,
including druggable molecules (Gasymov and Glasgow, 2007). The excitation

wavelength of ANS is 390 nm and when not bound, its energy is emitted at 540 nm.

A 200 puM ANS stock solution was prepared by dissolving the powdered dye in 20 mM
PBS buffer containing 0.02% sodium azide. The concentration was
spectrophotometrically confirmed at 350nm where the extinction coefficient was 4950
M-1 cm-1. A 5 pM ScRING protein sample mixed with 35 pM ANS solution in 2 ml
Eppendorf vials was prepared in triplicate and 35 pM ANS alone was used as blank.
The Jasco FP-6300 spectrofluorometer was used to measure the fluorescence
spectrum of ANS at 20 °C in a 10 mm path length cuvette. The excitation and emission
bandwidth were 5 nm and ANS was excited at 390 nm wavelength. Spectra readings
were recorded at an average of 3 accumulation at a scanning speed of 200 nm/min.

Lastly, recorded spectra were used to plot a graph for analysis.
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CHAPTER 4

DISCUSSION



4.0. SCRING PROTEIN PRODUCTION

ScRING finger protein is a piece of a fragmented sequence isolated from Mpe-1 that
has a characteristic of independent expression and replication. An interest towards this
protein was because of the possibility that it might perform the same function as that of
a human RING finger protein. Hence, in this study we provide evidence to already
known characteristics. This section entails results from the cloning of SCRING gene to
pGEX-6P-2, bacterial transformation, recombinant expression, purification, and

structural characterisation of S. cerevisiae RING finger protein.

4.1. Recombinant expression, purification of GST-tagged ScRING finger
protein

4.1.1. pGEX-6P-2ScRING finger domain p53728 cloning

A fusion gene pGEX-6P-2ScRING finger domain p53728, encoding residues 180-197 of
the full length Mpe-1 tagged with GST, was constructed at the University of Western
Cape (Biotechnology department). The ScRING finger domain sequence was cloned
between BamH | and Xho | restriction enzyme sites as shown in Figure 4.1. The
construct had a tac promoter that was inducible by IPTG in which the 3C prescission
protease recognition site (GIn|Gly) was encoded in a fusion protein as a linker region
between GST and ScRING sequence. After the protease had cleaved, some of the
amino acids were left attached to the protein and therefore the sequence of the protein
was as follows: GPLSHFKDLPDDLKCPLTGGLLRQPVKTSKCCNIDFSKEALENAL
VESDFVCPNCETRDILLDSLVPDQDKEKEVETFLKKQEELHGS, where the highlighted
amino acids were the remainders after cleavage. The construct was then introduced
into E. coli T7 cells to incorporate it with the plasmid. Judging from the work presented

on a MSc thesis (Mathenjwa, 2018) on protein expression screening, it was evident that
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not enough protein yield was obtained, and it was only obvious to try other types of
cells. Hence, T7 express competent Escherichia coli cells were chosen. E. coli T7 cells
were used for bacterial transformation because of their known features of being a high
efficiency expression system for recombinant proteins compared to other protein
expression cells (Fathi-Roudsari et al., 2016). Additionally, it was important that the cells
we chose were resistant to chloramphenicol as well to avoid culture cells from releasing
the plasmid during protein expression, i.e., to choose cells with one copy number. The
contamination from the first set of bacterial transformation, it was assumed it might be
because of low concentrations of chloramphenicol and ampicillin Figure 4.2 shows the
transformants that were able to accept ScRING finger protein AmpR plasmid through

their resistant to ampicillin antibiotic plates and growing into distinct colonies.
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pGEX-6P-2 (27-4598-01)
PreScission Protease
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Figure 4.1: A representative diagram illustrating a pGEX-6p-2~ScRING domain construct. SCRING
domain insertion was done between BamH | and Xho | sites in a 4900bp C-terminal pGEX-6P-2 GST
vector.
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Figure 4.2: A representative diagram showing the S. cerevisiae RING finger protein transformants.
Colonies on the test plates shows that the incorporation of the SCRING plasmid was successful and the
plates without colonies were used as control for cells without SCRING plasmid.
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4.1.2. SCRING finger protein screening and large-scale expression

Successful transformants were later used for small-scale expression to scan for a
colony that was able to produce more protein compared to other colonies. SDS-PAGE
gel in Figure 4.3 illustrates the ScRING finger protein bands from the randomly picked
transformants showing the difference between the IPTG induced and un-induced colony
culture in small-scale expression. Colony in lane 3 was chosen to recombinantly
express the protein in large quantities due to the assumption that the band size
corresponds to protein yield. Initially, the large-scale protein expression was prepared in
a single 4 L flask overnight, however, that resulted in the release of protein when
incubated for a long hour. This was then followed by a “cold-drunk protein expression”
whereby the cell culture was expressed in a 4 L Lb broth overnight at 4 °C with the
addition of 2% ethanol. The idea was that difficult protein produce better protein yield
under cold condition, however, this experiment failed as well, and it was assumed that
the cells were less competent at lower temperatures and possibly ethanol was not an
ideal solvent to this process as it added to the incompetency of cells. Therefore,
optimization methods were made, where instead of a single 4 L flask protein
expression; the cell culture was expressed in 200 ml broth in 500 ml flasks for 6 hrs
instead of 24 hrs at 30 °C instead of 37 °C and 4 °C. This was done to prevent the
formation of inclusion bodies that arise from either a high concentration of an inducer or
from a strong promoter that causes high protein translation rate (Singh et al., 2015).
Additionally, 30 °C was a temperature that was neither too cold nor too warm for the T7
bacteria cells to produce enough protein. A bacterial lysate was recovered which was a
pool mixture of different proteins and results in Figure 4.4 exhibits the large-scale
expression of SCRING finger protein and the band appeared to be twice the size as the

one shown in small-scale expression. This proved that the optimization method was a
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success. A GST tag is approximately 26 kDa which makes the total molecular weight of
the ScRING finger fusion protein to be 37 kDa. Hence, ScRING finger protein on the
SDS-PAGE gel ran in pairs at 37 kDa, the top band was a GST-tag and below was the

protein of interest.
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Figure 4.3: A representative diagram showing expression screening of the induced and un-
induced transformants. The cells were incubated at 37 °C in a 5 ml broth after inducing them with 1 mM
IPTG. Lane 1 is a protein marker, lane 2 is the supernant recovered after harvesting the cells. Lane 3
shows the induced colonies and lane 4 is the un-induced; the same thing applies on the following lanes.
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Figure 4.4: A diagram showing a Large-scale recombinant expression of S. cerevisiae RING finger
protein. Lane 1 is a protein marker, lane 2 is a 5 pl of sample, lane 3 is a 10 ul of sample and lane 3 is a
20 pl of sample. Judging from the size of the band, the protein shows production increase in large scale.
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4.1.3. SCRING finger protein cleavage and purification

To separate the protein of interest from the protein cocktail, a glutathione sepharose
affinity column that has the higher affinity to GST was used to isolate the ScRING finger
GST-fusion protein. At this point the protein was not usable for structural
characterisation because it was still fused with a GST-tag. Therefore, Figure 4.6
illustrates the results obtained after introducing an HRV 3C prescission protease to
cleave off the tag after 4 °C incubation overnight; a free GST-tag was running at 26 kDa
and ScRING protein was running at 10 kDa. A distinct distance between the two protein
bands in Figure 4.6, was an indicative of the perfectly cleaved protein. HRV 3C
prescission protease was chosen because of its high cleaving specificity, compared to
thrombin and factor Xa that might risk the fragmentation of the target protein as well. To
separate the GST-tag and ScRING finger protein in a solution, the mixture was returned
to the column and a GST-free protein was recovered as shown in Figure 4.7 (A and B)
where SDS-PAGE confirmed the separation of the GST-tag and the protein of interest.

The purified protein was stored in 4 °C for later use in protein characterization methods.
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Figure 4.5: A diagram showing a column affinity purification of S. cerevisae RING finger protein.
Lane 1 is a protein marker, lane 2 is a bacterial lysate, lane 3 is a flow-through, lane 4 is wash 1, lane 5-8

are protein eluates.
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Figure 4.6: A diagram showing cleavage of a GST-tag from the S. cerevisae RING finger domain. In
lane 1 is a marker and lane 2-3 are the eluates of the S. cerevisiae cleaved protein. To cleave the protein
Prescission protease was used.
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Figure 4.7: Diagrams showing the complete separation of GST-tag (A) and ScRING protein (B). In
diagram (A) a green arrow shows a floating GST-tag running at 25 kDa and diagram (B) a blue arrow
shows a pure ScRING protein running at approximately 10 kDa.

77



4.2. SCRING finger protein structural characterisations

According to previous structural predictions done on the ExXPASy PROTOPARAM online
server (Mathenjwa, 2018), it was postulated that the ScRING finger domain lacks the
hallmark aromatic residues (i.e tyrosine and tryptophan), and these residues are known
for their high fluorescence intensity (Ghisaidoobe and Chung, 2014). Therefore, even
though phenylalanine has the lowest quantum yield, the proteins still depend on it for
absorbance and emission of light. SCRING finger domain is predominated by cysteine
residues which also play a role as a chromophore, provided it is reduced (Middendorf et
al., 2000). Hence, these ScRING finger protein structure characterisations
demonstrated low fluorescence intensity absorbance but distinctive information for

structural characterisation was deduced.

4.2.1 Proteins Concentration determination

Figure 4.8 is the first imperative characterisation of the protein that uses a NanoDrop as
a tool to determine protein concentration, which was 0.15 mg/ml, equivalent to 20 uM.
This was unfortunate after the optimization methods that resulted in a bigger protein
band size in large-scale expression SDS-PAGE as shown in Figure 4.5. It was then
assumed that perhaps the optimization method favoured the expression of GST rather
than the protein of interest and due to tedious purification step required for GST-tag
protein, it was possible that lot of protein was lost. However, for structural
characterisation that were to be done in this study, this was acceptable due to that the
required protein concentration range required was between 0.005 mg/ml to 5 mg/ml.
ScRING finger protein was 260/280 ratio of 1.39 which indicated that the protein might
be lightly contaminated by nucleic acids (RNA and DNA) however, that did not have any

effect for further characterisation of the protein (Dejardins and Conklin, 2010) as the
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acceptable ratio for a pure protein should vary between 1.8-2.1. The protein

concentration calculations were essential to perform structural characterisations.
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Figure 4.8: Diagrammatic presentation of a ScRING finger protein concentration. Protein
concentration was 0.15 mg/ml which is equivalent to 20 pM. Peak absorbance is observed between 260
and 280 nm.
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4.2.2. Secondary structure determination using Far-UV Circular Dichroism

Secondary structure elements were determined using Far-UV CD spectrometry.
According to the results obtained in Figure 4.9, the comparison between the denatured
protein (unfolded) and native protein (folded) showed a significant difference in that the
denatured ScRING finger protein exposed more [B-strands observed at 195 nm, while
the native ScRING finger protein exposes more of the a-helices at around 208-222 nm
(Greenfield, 2006). During the denaturation of the protein, through the addition of 8 M
urea as a denaturant, it is believed that it migrates towards the core of the protein where
it forms hydrogen bonds, resulting in the linear protein structure or change in
configuration that inversely affects the orientation of the amino acids, hence the dis-
positioning of the secondary structure elements (Dunbar et al., 1997). Chemical
denaturing of the protein destroyed all the phases of the protein structure except for the
primary structure of the protein, hence the ScRING finger protein switches from globular

configuration to linear peptide.

Now, as aforementioned, shifting the focus to the denatured state of the ScRING finger
protein, more B-sheets and B-turns structures were exposed. This is an indication of
ScRING finger protein stability. B-sheets form a hydrophobic core of ScRING finger
protein and contribute about 92.6%, which is divided into antiparallel (31.2%) and
parallel (61.2%). The antiparallel B-sheets are subdivided into twisted (15.2) and relaxed
B-strands, and the remaining 7.4% is occupied by B-turns. B-sheets are formed through
the joining of B-strand by hydrogen bonds with an extended repeat of two residues per
unit making a 7° pitch (Perczel et al., 2005). It has been noted that proteins with
abundant B-sheets are less likely to proteolyse and the biomolecular recognition, such

as DNA base pairing attached at the edges of hydrogen-bonding between B-strands,
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prevent protein aggregation, enhance protein-protein interaction, and contribute towards
the formation of the quaternary structure. Hence, cancer and protein dysfunction-related
diseases are prevented (Nowick, 2008). On that note, B-turns form the most important
part of the protein for the formation of a quaternary structure and functionality (Lewis et
al., 1973). They are formed during the overall reverse direction at approximately 180° of
a polypeptide chain and, unlike the B-sheets and a-helices that comprise ordered and
repetitive structure, B-turns only have ordered structures that are classified based on the
torsion angles (phi and psi) (Lewis et at., 1973). They play a crucial role in the flexibility
of the peptide chain to bend during the formation of secondary and quaternary structure
and the more [B-turns presence, the more stable the protein structure. Hence, the
presence of B-turns in the ScRING finger protein confirms the ability of the protein to

fold and its stability.

Helical structures were observed as a secondary element in SCRING protein. The a-
helices are formed by a 3.6 residue/turn which is defined as a length of 36 amino acids
required to form 10 turns. This is a repetitive structure caused by the repetition of
torsion angles (psi and phi) that are formed when carbonyl groups are attached to
amino groups to form hydrogen bonds. Formation of hydrogen bonds in this manner
results in the formation of helical structures which contribute to the molecular stability of
the protein. It should be noted that not all amino acids are responsible for the formation
of a-helices but only methionine, alanine, lysine, leucine, and glutamate. The ScRING
protein amino acid composition includes alanine (2.4%), lysine (10.7%), leucine
(14.3%), glutamate (10.7%) and lacks methionine. In total these amino acids make up

38.1%, which amounts to 32 amino acids, resulting in an incomplete formation of an a-
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helix. It can then be assumed that the missing residues required to form a complete a-

helix are the ones that were expected to form the first zinc binding site.

83



74%
wHdixl wHdixl
nHdi nHdi2
u Anli1 u Anlil
» Anli2 » Anti2
» Ati3 © A3
nPadlel 16.2% :’;‘;:H
" s «Ches

Figure 4.9: A diagram showing Far-UV circular dichroism of ScRING finger protein. Negative bands
of a-helices were observed 208-222 nm and positive bands around 193 nm in both native (red) and
denatured (purple) ScRING finger protein (A). BeStSel web server was used for secondary structure
elements quantification for native (B) and denatured (C) ScRING protein. From the general view of the
results, it shows that different secondary elements are exposed in different state of the protein in which

native shows more of a-helical structures while denatured shows more of 3-strands.
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4.2.3. Intrinsic fluorescence emission spectrum

Intrinsic fluorescence emission spectrum tool was used to study ScRING finger protein
conformational changes. In this study, the native state of the SCRING finger protein was
compared to the denatured state, where 8 M urea was used as the denaturing agent.
Significant difference was observed where the denatured ScRING finger protein was
shown to have a higher pick compared to the native ScRING finger protein. It was
assumed that this may be caused by the exposure of amino acids that absorb light,
which may have been buried in the core during the native state of the protein. This
indicated the conformational charges of the ScRING finger protein during denaturation.
In diagnostics, this tool could therefore be useful to study protein behaviour when
denatured which may be a lead to protein aggregation resulting in various diseases,
including cancer. According to Jpred4 server for secondary structure prediction shown
in Figure 4.11, in conjunction with intrinsic fluorescence in Figure 4.10, it can be
deduced that before ScRING finger protein denaturation, two phenylalanine residues at
position 32 and 74 are buried in the core of the protein, hence a lower emission
wavelength was observed (Drozdetskiy et al., 2015). In contrast, with the denatured
ScRING finger protein, all the phenylalanine residues exposed vyielding a higher

emission wavelength.
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Figure 4.10: A diagram showing intrinsic fluorescence emission spectrum. A 5 pM native ScRING
finger protein (red) sample was prepared in PBS pH 7.4 and 8M urea was used as the denaturing agent
to unfold the proteins samples (dark blue). Fluorescence spectra was recorded at 275 nm excitation
wavelength at 20 °C.
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Figure 4.11: Secondary structure prediction. The diagram shows the predicted amino acids
composition of SCRING finger protein, where “B” represents the buried amino acids and “-” representing

the exposed amino acids. The number on the top of the abbreviated amino acids (see appendix
represents the amino acids position numbers.

A)
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4.2.4. Size exclusion high performance liquid chromatography

Determination of the tertiary structure elements of ScRING finger protein brought us to
an interest in also understanding the quaternary structure of the protein; that is whether
we are looking at the monomeric, dimeric, trimeric etc. subunit conformation of the
protein. Reflecting on Figure 4.12 (A), the retention time of the ScRING finger protein
peak started from 17.5-21.5 mins which was approximately an elution of about 5 mins. It
is important for E3 ligases to be homo-dimeric for their activity, hence, structural studies
on isolated RBBP6 RING finger protein proves that it is a weak homodimer. Therefore,
results obtained from SE-HPLC confirmed that the SCRING finger protein as a possible
weak homodimer. The other peaks were described because of a high salts solutes in a
buffer solution. The highest retention time of the ScRING finger protein peak of 18.6
mins is almost the same as Myoglobin at 18.9 mins, as shown in a standard calibration
curve in Figure 4.12 (B) in which the ScRING finger protein had a molecular weight of
10 kDa and Myoglobin at 17 kDa. Observation of these results gave confidence
regarding the molecular weight of the ScRING finger protein, taking note of their light
difference in retention time, which might be a result of nonideal adsorption in a matrix
that tends to affect the accuracy of the molecular weight. According to literature Hong et
al. (2012) stated that high concentrations of salt in the SE-HPLC buffer may be one of
the solutions to prevent nonideal adsorption of proteins. However, a high close-up
evaluation of the protein behaviour in a high concentration of salts is needed to prevent
aggregation. Hence, 750 mM NaCl2 was added to the SE-HPLC buffer, coupled with 10
mM NaH2PO4 at pH 7.4, as an optimization step towards protein size determination

accuracy and quaternary structure determination.
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Figure 4.12: A diagram showing a standard curve (B) and a chromatogram of ScRING protein in
size exclusion high performance liquid chromatography (A). A 10 mM sodium phosphate pH 4.7
containing 750 mM NaCl was used as the mobile phase for the elution profile for proteins at 280 nm
absorbance using a Shimadzu HPLC system. The retention time for SCRING protein was 18.6 mins at 10
kDa with the flowrate of 0.25 ml/min. (B) Calibration curve was plotted using the following standards:
Vitamin B12 (1.35 kDa), myoglobin (17 kDa), ovalbumin (44 kDa), y-globulin (154 kDa) and thyroglobulin
(670 kDa); the correlation coefficient was 0.994.
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4.2.5 8-Anilino-1-naphthalene sulfonate (ANS) Fluorescence

One of the characteristics of a SCRING finger protein is a protein to ligand interactions
and to achieve this, a protein needs to have hydrophobic pockets known as binding
sites. Therefore, ANS fluorescence was used to determine the presence of hydrophobic
pockets for SCRING finger protein. ANS dye is known to bind positively charged amino
acid side chains, namely arginine and lysine. Histidine also has the positive side chain
even though it has a weak affinity for H and only in neutral pH. ANS binding is through
electrostatic interaction forces of the protein in which the excess of the ANS leads to

protein aggregation, while moderate concentrations stabilise the protein.

Secondary structure predictions in Figure 4.11 show two amino acids, arginine and
lysine at position 1 and 69 respectively, buried in the core of the protein, while the other
9 amino acids are exposed to solvent. The sulfonate group in an ANS dye binds to
positively charged side chains of arginine, lysine and histidine which reduce the
intermolecular charged-electron transfer rate leading to increased ANS fluorescence. In
Figure 4.13, a comparison between the denatured and native state of the SCRING finger
protein ANS binding shows a denatured ScRING finger protein to have a higher ANS
fluorescence compared to the native SCRING finger protein. This observation could be
explained through literature where it is said that higher concentrations of positively
charged side chains are directly proportional to the ANS florescence. Therefore, is safe
to assume that higher fluorescence in denatured ScRING finger protein were as the
result of exposed arginine and lysine residues that are usually buried in native state of
the protein. However, out of the three; arginine has the highest ANS fluorescence,
followed by lysine then histidine. This is because of the differences in their side chain

pK values, which are 12.5, 10.5 and 6.0 respectively. In contrast, although higher ANS
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fluorescence maybe be desirable, however too much of it maybe be an indicative of
protein aggregation which is why in this study higher values were observed in denatured

ScRING finger protein.
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Figure 4.13. Diagram illustration of ANS binding fluorescence spectra. ScRING finger protein
samples were prepared in the presence of 35 uM ANS dye and PBS buffer for native (red) in which 8 M
urea was added for denatured sample (dark blue). The excitation wavelength was 390 nm.
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4.3. Conclusion

An interest in the ScRING finger protein was triggered by the possibility that it might
have the same functions as the human RING finger domain. Bioinformatic studies
conducted on this protein have shown that the protein lacks two major aromatic
residues, namely tyrosine and tryptophan. This leaves phenylalanine and reduced
cysteine residues for the absorption and emission of light. The concentration of the
ScRING finger protein was 0.5 mg/ml and it was acceptable for structural
characterisations conducted in this study. However, for future purpose that would
include advanced structural methods such as NMR and/or crystallography, a minimum
of 1 mg/ml would be required. Far-UV CD spectroscopy indicated that the secondary
structure of the ScRING finger protein was dominated by B-sheets, which contributes to
the rigidity, stability, and protein-protein interaction enhancement. The denatured
ScRING finger protein compared to native was shown to have more exposed [3-sheets,
assumed to have been buried in the core during the native state. However, in future it
would be interesting to also conduct the same study in different conditions that include
variation in temperatures and during the present and absence of zinc metal ions. This
would bring more insight in terms of SCRING finger protein behavioural conformational
changes. Furthermore, a same trend was observed in the intrinsic fluorescence
emission spectrum between native and denatured ScRING finger protein, in which the
denatured ScRING finger protein had higher light absorption compared to the native
ScRING finger protein. This may also be due to the additional exposure of light
absorbing residues. JPred4 server prediction indicated phenylalanine as buried
residues during the native state of the ScRING finger protein, which is why when the
ScRING protein structure opens up during denaturation more light is absorbed. The

validity of the result reported here could also be confirmed through other methods such
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NMR and crystallography, in which it was unfortunate that it could not be possible due
to costs and the pandemic (COVID-19). The SE-HPLC chromatography showed that the
ScRING finger protein was a possible weak homodimer subunit tertiary structure with
the molecular weight of 10 kDa when traced through Myoglobin on a standard curve.
Lastly, it was of high importance to determine the binding sites of the ScRING finger
protein to confirm if the protein has the interaction properties as known in the human
RING finger protein, which was an important knowledge needed in drug design.
Therefore, in ANS fluorescence result it was interesting to notice that the native SCRING
finger protein had a lower binding affinity compared to the denatured ScRING finger
protein. This may indicate the severity of a denatured ScRING finger protein, as it may
be a major contributing factor in the protein aggregation leading to tumorigenesis.
However, lower binding affinity of the SCRING finger protein could be advantageous to
maintain protein balance and protein-protein interactions, especially during
ubiquitination. Thus far, the characteristics of the ScRING finger protein seem to be
almost the same as that of the human RING finger protein, which was assumed that it
due to the N-terminal identical score of 29% reported above in literature. The next
chapter, therefore, enlightens on the ligand binding properties of a RING finger protein
containing inhibitors (Mdm2 and MdmX) of p53 tumour suppressor protein, as an
extension of protein ligands that can be useful in cancer therapy. The chapter highlights
the two inhibitors function to be regulated by RING finger domain (Wienken et al.,

2016).
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CHAPTER 5

RING FINGER DOMAIN CONTAINING
INHIBITORS (MDM2 AND MDMX) OF p53:
STRUCTURAL CHARACTERISATION USING
BIOINFORMATICS
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5.0. Introduction

Human RBBP6 RING finger domain activity is mainly associated with degradation of
either mutated protein or dysfunctional cells that later form a tumour because of the
coagulation of hydrophobic patches exposed on the surface, hence leading to cancer
((Chasapis et al., 2010; Dominguez, 2004)). It is for this reason that researchers have
developed interest in further studies on the malignant tumour biological formation with

the aim to lead them towards the prevention of tumorigenesis.

Murine double minute 2 (Mdmz2) is a RING finger containing inhibitor protein structurally
composed of 6 motifs that contributes to its functionality, namely p53 binding domain,
nuclear localization signal, nuclear export signal, zinc finger domain followed by
nucleolar localization signal and a RING finger domain which is responsible for all
Mdm2 activities (Lwakuma and Lozano, 2003). It was discovered initially as a protein
that promotes cell transformation and later showed that increased levels of Mdm2 in
human sarcomas was due to Mdm2 inhibitory tendencies on p53, a tumour suppressor
protein, via protein-protein interaction (Cahilly-Snyder et al., 1987 and Fakharzadeh et
al., 1991). Mdm2 has an ability to ubiquitinate itself and facilitate a monomeric type of
ubiquitination for p53, which is a function adopted from RING finger domain that is
essential for inhibitory effects. Nevertheless, Mdm2 can act jointly with p300/CBP for
p53 polyubiquitination, preventing its activity, although recent studies argued that
interaction of p300/CBP with SIRT7 stabilizes p53 protein activity (Lu et al., 2020;
Lwakuma and Lozano, 2003). In contrast, although an over-expression of Mdm2 may
lead to cell tumorigenesis, a complete deletion has been experimentally shown to be
lethal, resulting in haematopoiesis defects and body mass decrease in mice (Oliner et
al., 2016; Tackmann and Zhang, 2017). This is an indication of the crucial role of Mdm2
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as a titrator of p53 to maintain a counterpoise between Mdm2 and p53 (Tackmann and
Zhang, 2017). It is also important to note that Mdm2 activity is incomplete without the
presence of Mdm4, better known as MdmX (Venkatesh et al., 2020). MdmX also
presents inhibitory activity for p53 but not similarly as Mdm2 (Venkatesh et al., 2020).
Besides its increased levels in human tumour cell lines and glioblastomas, it also plays
an essential role in cell proliferation (Qi and Cobrinik, 2017). Although Mdm2 inhibitors
can bind to MdmX, due to the structural differences in the binding site of p53 protein,
the Mdm2 inhibitors have a low affinity for MdmX, resulting in them being incompetent in
cancerous cells whereby MdmX is regulated (Sanz et al., 2019). The interaction and
stability of MdmX to Mdm2 is mediated by RING finger domain in which MdmX prevents
Mdm2 degradation and p53 translocation (Wienken et al., 2016). The complete deletion
or mutation of a RING finger domain in Mdm2 has the same effect as the complete
deletion of Mdm2 (Wienken et al., 2016). In contrast, it is important to note that Mdm2
and MdmX are not the inhibitors of RING finger domain, however, they are RING finger
containing inhibitors of p53. MdmX is not necessarily ascribed to E3 ligase activity in
ubiquitination, rather its interaction with Mdm2 inhibits p53 activity by masking the
transcription activation domain (Jiang and Zawacka-Pankau, 2020).

This chapter therefore covers computational studies in which RO-2443 was nominated
as a control inhibitor of Mdm2/MdmX E3 RING-type ligases and Hit, formally known as
ZINC16046951, as an experimental ligand. This is an interesting approach for cancer

therapy resulting in increased levels of p53 activity.
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5.1 In silico methods
5.1.1. Virtual Screening
Virtual screening was performed using the ZINCPharmer online tool (Koes and
Camacho, 2012), whereby RO-2443 compound was loaded as a query to seek
compounds with its structural similarity. The screened compounds were filtered with
respect to Lipinski’s rule of five (i.e Molecular Weight < 500, H-bond acceptor < 10, H-

bond donor <5, Log P < 5) and then subjected to molecular docking.

5.1.2. Preparations of Molecular docking

X-ray crystal structures of Mdm2 and MdmX complexed with RO-2443 ligand were
obtained from the RCSB Protein Bank with PDB ID of 3VBG and 3U15 (Graves et al.,
2012) respectively. Protein structures were separated from the ligand, undesirable co-
crystalized molecules deleted, and the protein was inspected for presence of hydrogen
atoms using UCSF Chimera software (Pettersen et al., 2004). Ligands were prepared
using Avogadro software, whereby bond order correctness was inspected, and

hydrogen atoms were removed.

5.1.3 Molecular docking

Autodock Vina (Pettersen et al., 2004; Trott and Olson, 2010) was used to conduct
molecular docking. The grid box parameters for the dimensions were determined as x =
24 A,y =28 A and z = 26 A; and the centres were recorded as x = -6.803 A, y = 42.011
A and z = 2.824 A. The spacing was = 8 which covered the entire region occupied by
the ZINC16046951 ligand in the binding site of the receptors. Different docking
conformations were obtained in a descending order of a docking scores using the
Lamarckian genetic algorithm (Lazauskas et al., 2017). The best docking conformation

scores were selected for molecular dynamic simulations. Visualizations of the
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complexed structures was with the use of the UCSF chimera. Avogadro software was

utilized to prepare ZINC16046951 ligand and receptors (Hanwell et al., 2012).

5.1.4. Molecular dynamics simulations

Molecular dynamics simulations set-up was done on an AMBER 18 software package
running on a Graphic Processing Unit (GPU) (Song et al., 2019). Receptors and ligands
were optimised using the AMBER 18 modules, Antechamber and LEaP to ascertain the
presence of all the parameters needed for molecular docking simulations. The Amber
force field FF14SB was used to define proteins parameters (Kang et al., 2018). The
systems were thereafter encased in a TIP3P water box with the distance between the
protein surface and the box boundary set at 10 A (Ong and Liow 2019). Energy
minimization, heating and equilibration steps were performed, and topology files were
generated (Song et al., 2019). Molecular dynamics simulations were extended for
100ns. The generated trajectory from each system simulations was analysed per 1ps
intervals. Analysis for RMSF, RMSD and RoG were performed using the CPPTRAJ and
PTRAJ modules of the AMBER 18 unit. The graphical representation of the results was
plotted using the qtGrace data (Winter, 2011) analysis tool and UCSF chimera was

used for image visualization.

5.1.5. Binding energy calculations

Molecular mechanics/Poisson-Boltzmann or Generalised born and surface area
(MM/PBSA and MM/GBSA) are widely used methods for computation calculations of
total binding free energy affinities of ligands to receptors (proteins) (Pandey et al., 2018;
Xue et al., 2019). It provides a sensible enlightenment into the interaction complex of
ligand-protein and the isolated entities of these macromolecules. The affinity strength of

a ligand bound to a receptor is determined by AGoind. MM/PBSA was originally defined
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by Massova and Kollman (2000) from the AMBER 14 software package running on a
Graphical Processing Unit (GPU) however, in this study an updated version of AMBER
14, AMBER18, was used. The MM/PBSA objective with its complementary MM/GBPSA
is to calculate the binding free energy difference between solvated molecules
(Genheden and Ryde, 2015). MM/GBSA approach computation is based on the
following equations:

AGhbind = Gcomplex - [Greceptor + Gligand]

AGbind = Emm + Gsol — TAS

Emm = Evaw + Eele

Gsol = Gpolar + Gnonpolar

where AGpind Signify the free energy composition of protein-ligand complex, which is the
sum of molecular mechanics energy (Emwm), solvation free energy (Gsol) and the entropy
(-TAS). The Eele and Evaw demonstrate the electrostatic and van der Waals interactions.
Gsol represents the solvation free energy, which was decomposed to Gpolar (polar) and
Gnonpolar (NON-polar) contributions. The GB equation is used to determined Ggg indicating
a polar solvation contribution, whereas the nonpolar contribution state was estimated
from the solvent accessible surface area (SASA). T and S denotes the temperature and
total solute entropy, respectively (Ndagi et al., 2018). The total binding free energy
contributed by each amino acid in the binding site was estimated via a MM/GBSA

method using equilibrated trajectories (Zhang et al., 2017).
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5.2 Results and Discussion

5.2.1 Virtual Screening and Molecular docking

Ligand-based virtual screening resulted in one hit, ZINC16046951 as the only small
molecule structurally similar to RO-2443 as shown in Figure 5.1. ZINC16046951 was
docked into MdmX and Mdmz2, in the RO-2443 binding site, with a docking score of —9.2
kcal/mol and —10.1 kcal/mol, respectively. These docking scores meant ZINC16046951
had more binding affinity for Mdm2 rather than MdmX, which confirms that inhibitors
that binds Mdm2 have low binding affinity for MdmX, even though they may have a
similar structure (Sanz et al., 2019). RO-2443 was re-fitted into its binding site on MdmX
and Mdm2 as shown in Figure 5.2 and Figure 5.3; needless of being subjected to
molecular docking, hence there were no docking scores for these complexes. Looking
at these complexes it is easy to identify them as the same structural complexes
because of the high similarities between Mdm2 and MdmX molecular structures. Hence,
docking scores and interaction forces used were recorded as a fingerprint to

differentiate them.
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Figure 5.1: A 2D structure of a hit ZINC16046951 and reference compound RO-2443. A

ZINC16046951 was the only ligand found to be structurally similar to RO-2443, which was used as the
control in this study.
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Figure 5.2: Docking poses of ZINC16046951 and RO-2443 in Mdm2 binding site. A RO-2443 ligand is
identified by light brown spheres (A) while the ZINC16046951 ligand is represented by purple spheres (B).
Here, the illustration (C) confirms that both ligands bind on the same Mdmz2 binding site.
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Figure 5.3: Docking poses of ZINC16046951 and RO-2443 in MdmX binding site. A RO-2443 ligand
is identified by light brown spheres (A) while the ZINC16046951 ligand is represented by purple spheres
(B). Here, the illustration (C) confirms that both ligands bind on the same MdmX binding site.
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5.3 Molecular dynamic (MD) simulations

5.3.1 Root Mean Square Deviation (RMSD)

The structural stability of Mdm2 and MdmX in the complex, with the ZINC16046951
ligand and R0-2443 as the control, were computed using RMSD, which measures the
distance between the receptor protein atoms and ligands in MD simulations (Kufareva
and Abagyan, 2011). Usually, it is the backbone heavy atoms, such as carbon, nitrogen,
oxygen and alpha-carbons (Ca) only, that are measured (Damm and Carlson, 2006).
According to the graphical representation in Figure 5.1(A), the Mdm2+ZINC16046951
complex shows an accepTable stability at an average of 1.7 A, starting from the
beginning of the MD simulation until a small instability was observed around 32518 ps,
as well as between 67962 ps and 81570 ps, which was not more than 2.8 A. In
comparison with the Mdm2+R0O-2443 control complex, the system had an average of
1.75 A, which was slightly different from the experimental complex. It exhibited stability
from the beginning of the MD simulations until 35281 ps, while the complex was mostly
unsTable up to 3.5 A; the same pattern was also observed between 88278 ps and
98858 ps. Contrastingly, the RMSD results of the MdmX+ZINC16046951 complex in
Figure 5.1(B) showed the system demonstrated stability throughout the MD simulation,
at an average of 1.07 A, with small instability traces observed around 47962 ps but still
not above 2.5 A. This is an indication of rigidity in the complex during the binding of a
ZINC16046951 ligand. The RMSD results of the control MdmX+R0O-2443 complex was
averaged at 1.30 A, showing accepTable stability from the beginning of the MD
simulation but, unlike the MdmX+ZINC16046951 complex, due to the observation of a
highest instability around 70435 ps and 83433 ps, which goes up to 3.2 A. The
instabilities of Mdm2+ZINC16046951 and Mdm2+R0O-2443 demonstrated were

presumably due to conformational changes during the MD simulations. The receptor
105



protein was assumed to have an ability to open and close during the binding of both
ligands, which may have resulted in a change in system complexes atomic distances.
Such postulations are supported by the work of Tackmann and Zhang (2017), where it
was shown that even though over-expression of Mdm2 leads to tumorigenesis,
complete deletion is also lethal, resulting in haematopoiesis, therefore indicating Mdm2
as a vital titrator of p53 creating a balance between Mdm2 and p53. In contrast,
restricted atomic movements in the MdmX system complexes, with either Hit or RO-
2443 ligands, might be due to a high demand to maintain an undisturbed ScRING finger
domain mediated activity of Mdm2 or p53 interactions in order to prevent Mdm2

degradation and p53 translocation (Wienken et al., 2016).
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Figure 5.4: RMSD results for Mdm2 (A) and MdmX (B) bound to a ZINC16046951 as an
experimental ligand and RO-2443 as a control ligand. The system complexes RMSD computed
averages of Mdm2+ZINC16046951, Mdm2+R0O-2443, MdmX+ZINC16046951 and MdmX+R0O-2443 were

1.70 A, 1.75 A, 1.07 A and 1.30 A, respectively.

107



5.3.2 Root Mean Square Fluctuation (RMSF)

Protein functionality does not only depend on the protein’s structure, protein flexibility
and the fluctuation of amino acids is also considered. Therefore, RMS fluctuation was
used to measure amino acid fluctuation in the binding site’ protein complexes where
ARMSEF values >0.5 A were considered a significant indicator of amino acid movement
or fluctuation (Dong et al., 2018). Although, fluctuation of amino acids may be desirable
for protein functionality, too much fluctuation may be a dangerous indication of protein

unfolding (Khezri et al., 2018).

RMS fluctuation was calculated for all system complexes where the Mdm2 amino acid
composition was 169 and MdmX was 164. In Figure 5.5 (A), a comparison between
Mdm2+ZINC16046951 and Mdm2+R0O-2443 exhibited a significant amino acid
fluctuation in which Mdm2+ZINC16046951 showed less fluctuation compared to
Mdm2+R0O-2443. The most fluctuated amino acids for the Mmd2+ZINC16046951
complex were at position 1, 19, 72, 85, 104, 130 and 169, which are at the water
exposed surface of the Mdm2 protein with RMSF values of 3.72 A, 3.51 A, 2.64 A, 3.57
A, 266 A, 248 A and 3.39 A, respectively. The binding site amino acids RMS
fluctuation contributions were Gly33 (0.86A), 11e36 (0.74 A), Met37 (0.95 A), Arg40 (1.11
A), Try42 (1.17 A), Leul14 (0.95 A), Leul77 (0.77 A), Gly118 (0.85 A), lle121 (1.02 A),
Met122 (1.25 A), Try127 (1.40 A), Phe151 (1.39 A) and Val153 (1.20 A), where amino
acid’s number indicate the position. The Mdm2+ZINC16046951 complex was averaged
to 1.64 A which was less than Mdm2-R02443 at 1.79 A. A similar trend in RMS
fluctuation was observed on the same amino acids at position 19 and 72, which is
acceptable since the ligands were not 100% identical in structure. Additionally, RMS

fluctuation measurements for the MdmX+ZINC16046951 complex, graphically
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presented in Figure 5.5 (B), showed less fluctuation with the amino acid composition
RMSF of not >2.5 A. The MdmX amino acids responsible for the binding of a
ZINC16046951 ligand, namely Met28, Leu31, Gly32, 1le35, Try41, GIn46, Phe65, Val67,
Leu73, 1le117 and GIn128 (where a number indicate residue position), demonstrated
RMS fluctuation of <2 A elaborating that even though there was movement, it was not
too much to risk the release of the ZINC16046951 ligand, instead necessary for the
MdmX-ZINC16046951 complex activity. In comparison with MdmX+R0O-2443, a small
degree of RMS fluctuation >2.5 A but <3 A was observed in amino acids at position 83
and 164, which was assumed to be due to the high exposure to water molecules at the
surface of the protein during 3D conformational folding. However, the amino acid
responsible for the binding of the RO-2443 ligand also exhibited low RMS fluctuation,
with values below 2 A, which was lower than that of Mdm2 complexed with ligands. This
corresponds to the results presented by RMSD that explains the rigidity and stability of
the binding site’s amino acids in which caution may be taken during it binding rigidity to

avoid restricted flexibility of the ligand to protein interactions.
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Figure 5.5: RMSF results for Mdm2 (A) and MdmX (B) bound to a ZINC16046951 as an
experimental ligand and RO-2443 as a control ligand. Threshold value of >0.5 A in RMSF was
considered as a significant value signifying fluctuation or movement in Ca of the receptor protein’s amino
acids (Dong et al.,, 2016). The average of RMSF of Mdm2+ZINC16046951, Mdm2+R0O-2443,
MdmX+ZINC16046951 and MdmX+R0O-2443 were computed to be 1.64 A, 1.79 A, 1.06 A and 1.33 A,
respectively.

110



5.3.3. Radius of Gyration (RoG)

Radius of gyration is defined as a moment of inertia of Ca atoms measuring a weight-
root mean square distance between the atoms of the complexes and their centre to
compute the activity and compactness of the molecular structure (Khezri et al., 2018).
Higher radius of gyration values corresponds to less compactness and activity of the
complexes structure (Arnittali et al., 2019). Figure 5.6 (A) presents a comparison of
structural compactness between Mdm2+ZINC16046951 and MdmX+RO-2443. There
was a slight difference in structure compactness for both complexes in which
Mdm2+ZINC16046951 had an average of 17.32 A, which is lower than that of
Mdm2+R0O-2443 at 17.66 A. Mdm2+ZINC16046951 shows an acceptable stable
complex conformation and less fluctuation upon the ZINC16046951 ligand binding with
a rotation point and maximum energy transfer 18 A>17 A. In contrast, Mdm2+R0-2443
demonstrated more fluctuation in structural compactness across the simulation time,
which was expected as it had high RSMF values, which indicate less tightly packed Ca
atoms (Dong et al., 2018; Arnittali et al., 2019). A similar trend is observed in
MdmX+ZINC16046951 compared to MdmX+RO-2443 in Figure 5.6 (B), where
MdmX+ZINC16046951 has a lower average of radius of gyration at 17.11 A, while
MdmX+R0O-2443 has an average of 17.25A. These results correspond to the RMSD
and RMSF where more stable and less fluctuation in the structure was observed in the
MdmX complexes compared to the Mdm2 complexes, insinuating more structural

compactness in MdmX complexes than Mdm2 complexes (Lobanov et al., 2008).
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Figure 5.6: RoG results for Mdm2 (A) and MdmX (B) bound to a ZINC16046951 as an experimental
ligand and RO-2443 as a control ligand. Higher values in radius of gyration are directly proportional to
less compactness in protein complexes Ca atoms. Mdm2+ZINC16046951, Mdm2+R0-2443,
MdmX+ZINC16046951 and MdmX+R0O-2443 has an average of 17.32 A, 17.66 A, 17.11 A, 17.25 A.
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5.3.4. Binding free-energy calculations

MM/PBSA and MM/GBSA approaches were used to estimate the total binding free
energy contributed by decomposed complexes individual amino acids for a better
understanding of a ligand binding at an atomistic level (Pandey et al., 2018; Xue et al.,
2019). Figure 5.7 (A-D) illustrates van der waals (Evdw), electrostatics (Eele), polar and
non-polar interactions, which were computed for an elaborated view on specific amino
acids with most impact in energy component contributed to the total binding energy. The
comparison between Mdm2+ZINC16046951 and Mmd2+R0O-2443 shows that the most
energy contributing amino acids in Mdm2+R0-2443 are lle36(Evdw -1.48 Kcal/mol),
MET37(Evdw -1.68 Kcal/mol), TYR42(Evdw -3.77 Kcal/mol), GLN47(Eele -4.6 Kcal/mol)
and VAL153(Evdw -1.87 Kcal/mol), in which TYR42 and GLN47 were large contributors.
MDM2+ZINC16046951 contributing amino acids include ARG40(Eele -5.43 Kcal/mol),
TYR42(Evdw -2.74 Kcal/mol), TYR127 (Evdw -2.49 Kcal/mol) and VAL153(Evdw -2
Kcal/mol), in which ARG40 and TYR42 were the large contributors. Moreover,
MdmX+ZINC16046951 and MdmX+R0O-2443 binding energy amino acid contributors
were GLN46(Eele -5.48 Kcal/mol), VAL67(Evdw -2.07 Kcal/mol), TYR123(Evdw -4.13
Kcal/mol) and GLN128(Eele -5.33 Kcal/mol) for MdmX+ZINC16046951, while
MdmX+R0O-2443 has TYR41l(Evdw -2.56 Kcal/mol), GLN46(Eele -3.54 Kcal/mol),
GLN128 (Evdw -2.4 Kcal/mol) and VAL149(Evdw -2.19 Kcal/mol). The high binding
energy contributors for MDMX+ZINC16046951 were GLN46, GLN128 and TYR123 and
for MdmX+ RO-2443, GLN46 was the highest contributor. From results stipulated in this
report van der Waals interactions were shown to be a major interactive force contributor
distributed among the highest amino acids contributors. Table 5.1 presents the total
binding free energy for Mdm2+ZINC16046951, Mdm2+R0O-2443,

MdmX+ZINC16046951 and MdmX+R0-2443 to be -47.47 Kcal/mol, -46.28 Kcal/mal,
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42.71 Kcal/mol and -45.65 Kcal/mol, respectively. Mdm2+ZINC16046951 has a higher
binding free energy accounting for 47.47 Kcal/mol contributed by electrostatic (-21.47
Kcal/mol) and van der Waal (-56.45 Kcal/mol). Mdm2+R0O-2443 has -46.28 Kcal/mol
binding free energy contributed by electrostatic (-17.07 Kcal/mol) and van der Waals (-
51.26 Kcal/mol). Additionally, MdmX+ZINC16046951 has a total binding free energy of -
42.71 Kcal/mol contributed by electrostatic (-35.60 Kcal/mol) and van der Waals (-51.12
Kcal/mol). MdmX+R0O-2443 binding free energy was -45.65 Kcal/mol, which is
contributed by electrostatics and van der Waals at -20.97 Kcal/mol and -51.07 Kcal/mol,
respectively. While Mdm2+ZINC16046951 had a higher binding free energy compared
to Mdm2+R0-2443, MdmX+ZINC16046951 had lower binding free energy compared to
MdmX+R0O-2443. Moreover, Mdm2+ZINC16046951 showed a significantly higher
ligand binding energy than MdmX+ZINC16046951, with a difference of -1.82 Kcal/mol.
Major electrostatic component contributors for Mdm2+ZINC16046951 and
MdmX+ZINC16046951 were ARGA40(Eele -5.43 Kcal/mol) for Mdm2+ZINC16046951
and GLN46(Eele -5.48 Kcal/mol) together with GLN128(Eele -5.33 Kcal/mol) for
MdmX+ZINC16046951. More details on the final decomposition binding energy for all

complexes are in appendix iii.
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Figure 5.7: Graphical representation of per-residue free energy decomposition in
Mdm2+ZINC16046951 (B), Mdm2+R0-2443(B), MdmX+ZINC16046951 (C) and MDMX+ RO-2443(D).
MM/PBSA and MM/GBSA approach was used to compute per-residue free energy contributions in total
binding energy from individual complexes.
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Table 5.1: MM/PBSA and MM/GBSA total binding free-energy contributions for
Mmd2+ZINC16046951, Mdm2+R0O-2443, MdmX+ZINC16046951 and MdmX+ RO-2443.

Energy Components (kcal/mol)

Complexes

MDM2+ ZINC16046951

MDM2+R0O-2443

MDMX+ ZINC16046951

MDMX+R0O-2443

A Evdw

-56.45 + 3.39

-51.26 £ 3.12

-51.12 +2.92

-51.07 £ 3.45

A Eelec

-21.47 +6.92

-17.07 £4.22

-35.60 + 6.85

-20.97 + 4.66

A Ggas

-77.92 +8.00

-68.33 £ 5.47

-86.73 +7.10

-72.03 +6.00

A Gsolv

30.45 +5.20

22.05+2.71

44,02 £5.81

26.39+3.31

A Gbind

-47.47 £ 4.52

-46.28 + 4.22

-42.71 + 3.38

-45.65 + 3.82

A Evdw: van der Waals, A Eelec: electrostatic, A Ggas: gas phase interaction, and A Gsolv: solvation

free energy A Gbind: calculated total free binding energy.
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5.4 Conclusion

RING finger containing inhibitors Mdm2 and MdmX activity depends on the presence of
RING finger domain. Crystal structures of Mdm2 and MdmX complex individually, with
RO-2443 for control and ZINC16046951 as the experimental ligand, were subjected to
in silico molecular dynamics, to acquire information regarding the distance between the
receptor and ligand using RMSD, complexes flexibility and fluctuation through RMSF,
and structural compactness and activity through RoG. RMSD results show
MdmX+ZINC16046951 to be more stable than Mdm2+ZINC16046951; this occurs to
maintain an undisturbed interaction of RING finger domain in the MdmX structure. The
control RO-2443 ligand complex was less stable than MdmX+ZINC16046951 but more
stable than Mdm2+ZINC16046951. This was assumed to be due to the significance of
the Mdm2 protein to open and close during the binding of a ZINC16046951 ligand to
avoid permanent inhibition of p53 activity. Following this, RMSF was used to determine
protein functionality by measuring the complexes flexibility and fluctuation of amino
acids in the binding site. Values greater that 0.5 A were considered significant to signify
amino acid fluctuation. Moreover, greater values of RMSF were observed in Mdm2+RO-
2443 compared to Mdm2+ZINC16046951. However, it was not clear whether this was
due to protein activity such as protein unfolding. MdmX+ZINC16046951 showed less
structural flexibility compared to MdmX+R0O-2443. This denotes that the stability during
the interaction of the MdmX+ZINC16046951 complex is biologically necessary to allow
p53 activity in preventing tumorigenesis. Radius of gyration was used to measure the
inertia of Ca atoms in the complexes to determine the structural compactness and
activity. There was a small difference of 0.34 A for structural compactness and activity
between Mdm2+ZINC16046951 and Mdm2+R0O-2443. MdmX+R0O-2443 had a higher

structural compactness and activity compared to MdmX+ZINC16046951, with a
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difference of 0.11 A. This interesting observation led to the conclusion that even though
protein-ligand interaction may be rigid, it still allows for flexibility during the moment of
inertia initiation, between Ca atoms necessary for Mdm2+ZINC16046951 and
MdmX+ZINC16046951 activity. Therefore, MM/GBSA and MM/PBSA depict binding
free-energy contributions for complexes, confirming the ZINC16046951 ligand as the
strongest binding inhibitor for Mdm2 compared to RO-2443, while Mdm2 provides an
adequate flexibility of the structure to open and close during ligand binding. This is a

desirable relationship required between a receptor and ligand during drug discovery.
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CHAPTER ©

STUDY’S LIMITATIONS AND FUTUREWORK
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6.1. Limitations of this study

Although more clarity could have been provided on structural characterization of the
protein through NMR studies, such studies could not be persuaded because of the
small yield of the protein obtained. The financial constraints and the negative effects

that the COVID-19 pandemic also contributed to the inability to go into NMR studies.

6.2. Future work

Structural characterisations of a ScRING finger protein presented in this study
contributed a stable background for further studies that will provide clarity on whether
this protein is a RING finger domain or belongs to the class of RING finger-like proteins.
Although SE-HPLC quaternary structure determination gave an insight of a possible
homo-dimeric subunit. However, more clarity will be provided with the use of X-ray
crystallography, NMR spectroscopy and/or electron microscopy. CD spectroscopy
results showed the protein structure behavioural changes of the ScRING finger protein
as there were more secondary elements that were dictated on a denatured protein
compared to the native protein. However, for future studies further investigation on the
protein behaviour using CD, in the absence of a zinc metal ion (the structural stability
cofactor) will give an insight on whether the protein maintains it structure or not, if the
structure is still maintained, what are other interactions bonds that contributes to

structural stability.
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APPENDIX |

GENERAL CHEMICALS AND ENZYMES

Chemicals

Glutathione

Ammonium chloride (NH4Cl)

Sodium hydrogen phosphate (NazHPO4)

Magnesium sulphate (MgSOa4)

Sodium azide (NaNs)

Isopropanol

Tryptone

Yeast

Glycerol

Sodium chloride (NaCl)

Calcium chloride (CaClz)

Magnesium chloride (MgCl2)

Potassium chloride (KCI)

Sodium phosphate (NaHPO4)

Potassium dihydrogen phosphate (KH2PO4)

Company

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck

Merck
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Tris[hydroxymethyllamino ethane (Tris)

Glucose

Glycine

Coomasie Brillant Blue R-250

Ampicillin

Phenyl Methyl Sulphonyl Fluoride (PMSF)

Agarose gel powder

Glutathione agarose beads

Ethidium bromide

N,N,N’,N’-Tetramethylethylenediamine (TEMED)

iso-octylphenoxypolyethoxyethanol (Triton X-100)

BamHlI

HindllI

DNA marker

Ethylene diamine tetra Acetic Acid (EDTA)

Glacial acetic acid

Zinc sulphate (ZnS0a4)

Ethanol

Merck

Merck

Merck

Merck

Calbiochem

Calbiochem

Calbiochem

Sigma

Sigma

Sigma

Sigma

Thermo Scientific

Thermo Scientific

Thermo Scientific

Associated chemical enterprises

Associated chemical enterprises

Associated chemical enterprises

Associated chemical enterprises
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IsopropylB-D-thiogalactopyranoside (IPTG)

Sodium Dodecyl Sulphate (SDS) powder

Bis-acrylamide

Ammonium sulphate (APS)

Protein marker

Lysozyme

Dithiothreitol (DTT)

Methanol

Melford

Promega

Bio-rad

Bio-rad

Bio-rad

Amersco

Amersco

Radchem laboratory
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AMINO ACIDS AND THEIR ABBREVIATIONS

Amino acid
Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

APPENDIX I

3-letter abbreviation
Ala
Arg
Asn
Asp
Cys
Glu
GlIn
Gly
His
lle
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

1-letter abbreviation

- I & O m O OO zZ2 I/ »r

< < = 4 0w v M X
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Final decomposition binding free energy

| Run on Tue Sep 22 17:44:39 2020

|| GB non-polar solvation energies calculated with ghsa=2

APPENDIX I

idecomp = 1: Per-residue decomp adding 1-4 interactions to Internal.

Energy Decomposition Analysis (All unit’s kcal/mol): Generalized Born solvent

Mdm2+Hit
DELTAS:

Total Energy Decomposition:

Residue
Van der Waal Electrostatic Polar Non-Polar
GLY 33 -0.628 0.478 -0.451 -0.084
ILE 36 -1.035 0.105 -0.3 -0.099
MET 37 -1.613 -0.187 0.135 -0.122
ARG 40 -0.49 -5.429 5.299 -0.075
TYR42 -2.738 -0.459 0.788 -0.264
LEU 114 -1.227 0.259 0.237 -0.193
LEU 117 -0.821 -0.059 0.139 -0.049
GLY118 -0.928 -0.6 0.547 -0.094
ILE 121 -1.026 -0.317 0.358 -0.096
MET 122 -1.586 -0.802 0.878 -0.198
TYR 127 -2.487 -1.339 1.126 -0.237
PHE 151 -0.305 -0.076 0.186 -0.018
VAL 153 -2 0.162 0.004 -0.231
Mdm2+R0O-2443
DELTAS:
Total Energy Decomposition:
Residue
Non-
Van der Waals Electrostatic Polar Polar
GLY 33 -0.592 -0.109 0.371 -0.91
ILE 36 -1.481 -0.269 0.045 -0.113
MET 37 -1.677 -0.068 0.19 -0.131
ARG 40 -0.652 0.766 -0.437 -0.074
TYR 42 -3.766 -0.428 1.095 -0.283
GLN 47 -1.288 -4.606 3.177 -0.146
VAL 68 -0.584 0.161 -0.13 -0.111
LEU 114 -1.116 -0.103 0.428 -0.194
LEU 117 -0.606 -0.078 0.04 -0.038
GLY 118 -0.645 -0.276 0.186 -0.084
VAL 153 -1.867 -0.063 0.299 -0.242

Total
-0.685
-1.329
-1.788
-0.695
-2.672
-0.924
-0.791
-1.075
-1.081
-1.709
-2.938
-0.213
-2.065

Total

-0.42
-1.818
-1.685
-0.397
-3.381
-2.863
-0.665
-0.985
-0.683
-0.819
-1.873
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MdmX+Hit

DELTAS:
Total Energy
Decomposition:

Residue
van der Waal  Electrostatic Polar

MET 28 -1.611 0.325

LEU 31 -0.988 -0.356

GLY 32 -0.978 -1.371

ILE 35 -0.759 -0.518

TYR 41 -1.341 0.06

GLN 46 -0.875 -5.483

PHE 65 -0.538 -0.192

VAL 67 -2.064 0.58

LEU 73 -0.885 -0.122

ILE 117 -1.016 0.777

TYR 123 -4.132 -0.45

GLN 128 -1.236 -5.326
MdmX+R0O-2443

DELTAS:

Total Energy Decomposition:

Residue

Van der Waals Electrostatic

ILE 35 -1.24 -0.227
TYR 41 -2.557 -0.562
GLN 46 -0.928 -3.543
VAL 67 -0.685 0.13
MET 110 -0.385 -0.086
GLY 114 -0.823 0.006
GLN 128 -2.403 -1.323
VAL 149 -2.188 0.566

Non-Polar
0.437 -0.236
0.309 -0.035
1.008 -0.134
0.434 -0.106
0.536 -0.17
4.882 -0.139
0.363 -0.046
-0.236 -0.347
0.186 -0.115
-0.687 -0.082
0.545 -0.35
5.062 -0.12
Polar Non-Polar
-0.052 -0.102
1.097 -0.201
3.098 -0.068
-0.113 -0.115
0.259 -0.094
0.316 -0.144
1.595 -0.23
-0.201 -0.31

Total

-1.086

-1.07
-1.475
-0.949
-0.915
-1.615
-0.413
-2.068
-0.937
-1.008
-4.388

-1.62

Total

-1.62
-2.224

-1.44
-0.783
-0.306
-0.645
-2.361
-2.134
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