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Thesis Summary  
In 2020, there were 48,266 deaths from cancer in Australia, a bewildering assortment 

of diseases that’s caused from uncontrollable proliferation. One of the main problems of 
conventional cancer therapy is the low specificity of chemotherapeutic drugs for carcinogenic 
cells over healthy cells. This highlights the necessity for effective cancer treatments and 
therapeutics.  

Human proliferating cell nuclear antigen (hPCNA) is a DNA replication processivity 
factor, which acts as a docking platform, allowing proteins to have access to the replication 
fork, and increasing the affinity of these DNA interacting proteins. PCNA is a promising 
target for the inhibition of cancer cell growth as it is critical for cell survival. The trimer 
structure of PCNA forms a ring-shaped oligomer allowing DNA to pass through the middle 
and interacting proteins to dock on the outside of the ring. Without this structural formation, 
there is a loss of DNA replication and repair in the cell. Due to the location of subunit-subunit 
termini, the addition of a purification tag can hamper crystallography and biophysical 
experiments, as the trimer complex folding can be impeded. To avoid these complications, a 
tag-less, step-wise purification was implemented, allowing the further structural research of 
this protein for cancer treatments. 

The known regulator protein p21 has been used to investigate new approaches for 
targeting and inhibiting PCNA for the development of cancer therapeutics. The p21 protein 
has been shown in the human system to block binding to the docking platform and halt cell 
replication. A peptide of the binding domain of p21 has been shown to bind and maintain the 
affinity of the full protein.  

Structural modifications of peptides guided by rational design and molecular 
modelling have been established to develop novel synthetic approaches, this is 
peptidomimetic research. This can be done using the PIP-box of p21, the PCNA interacting 
protein box, a sequence which allows tight interaction with PCNA. A peptide using the PIP-
box of p21 has been investigated in previous literature and research for a PCNA inhibitor. A 
mutagenesis approach has been used to identify what characteristics increase or decrease 
peptide affinity for PCNA. This is so the differences in PIP-boxes can be shown at a residue 
level, to identify structural points which form a tightly bound confirmation. This has been 
done to reveal a new peptide sequence with a stronger binding affinity than the native protein.  

This isn’t the full extent of the use of this peptidomimetic research, it can be used on 
other species, as PCNA has been shown to be present in almost all forms of life. Aspergillus 
fumigatus is abundant in the environment and the most common cause of invasive fungal 
infection. Central nervous system aspergillosis has mortality rates of ~90%. As PCNA has 
important roles in replication and cell survival, it is hypothesised that it is a potential target 
for antifungal treatments, illustrating the importance of investigating the crystal structure of 
A. fumigatus PCNA, to understand how interacting peptides bind to aid rational drug design. 
This was done to reveal a newly designed mimetic with a new secondary structure with high 
affinity binding which can be utilised in further fungal mimetic research.  

This thesis presents a number of peer-reviewed publications which shed light on 
peptidomimetic use on the protein PCNA for a number of therapeutic pathways. The result is 
critical developments in the beginning of the drug developmental pipeline. In addition, this 
thesis includes publications highlighting the merit of repurposing the peptidomimetics 
synthesised for hPCNA in the development for a fungal treatment for A. fumigatus. 
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Introduction 

1.1  Cancer; a bewildering assortment of diseases that kills 7.5 million people each year. 

In 2020, there were 48,266 deaths from cancer in Australia [1]. Although the mortality rate of cancer 
has decreased over the past decade in both males and females, it is still the third most common cause 
of mortality in Australia, following coronary heart disease and dementia [2]. Various forms of cancer 
caused thousands of deaths in Australia in 2022, with lung cancer outranking all others at over 8,000 
deaths (Figure 1). Generally, the cause of cancer development is a genetic defect in one or more 
proteins that regulate the cell and DNA replication cycle [3]. These genes, which in certain 
circumstances can transform a cell into a tumour cell, are described as oncogenes. Oncogenes can be 
classified into five groups, growth factors, growth factor receptors, signal transducers, transcription 
factors, and those including programmed cell death regulators[4]. This leads us to the question, can 
investigation of these areas of cell regulation lead us to a new treatment target? 

Figure 1. Estimated cancer mortality in Australia in 2022. Figure adapted from Cancer Australia. [1]. 

1.2 Current cancer treatments: lack of specificity currently thwarts a cure for every patient. 

One of the main problems of conventional cancer therapy is the low specificity for 
carcinogenic cells. Most cancer therapeutics act both on healthy and diseased tissues, generating 
severe side effects for the patients [5]. During cancer progression, tumours become highly 
heterogeneous, creating a mixed population of cells characterised by different molecular features with 
various outcomes for different therapies. This difference in response to treatments informs us of how 
resistant phenotypes come about, which are promoted by the selective pressure from the treatment 
administrated [6]. This occurrence of resistance from application of trusted cancer therapeutics creates 
a necessity for new treatments and targets to conquer cancer. 

LIBRARY NOTE:

This figure has been removed due to copyright



10 

The most common form of cancer treatment is chemotherapy, the use of various agents to 
target the macromolecular function of neoplastic cells by interfering or inhibiting DNA or protein 
production and function. When this is successful this usually triggers cell death[7]. This is critical to 
avoid the eventual invasion and metastasis of the cancer cells if left untreated.  The results of this 
administration can lead to toxic effects on the healthy cells of the patient, such as Vinca alkaloids and 
Taxanes, which block mitotic spindle formation[8]. Common toxicity produced from these agents 
include nausea, vomiting, diarrhea, alopecia, fatigue, sterility, and infertility[9]. Another major side 
effects include myelosuppression, also known as bone marrow suppression, which results in reduced 
production of blood cells[10]. The various blood disorders that arise from this lead to increased risk of 
infection for the patients. 

Radiation as a cancer therapeutic is a more local treatment. At high doses, radiation therapy 
kills cancer cells or slows their growth by damaging their DNA, also leading to apoptosis of the cells 
of interest [11]. The main source of this treatment is External and Internal Beam Radiation 
Therapy[12].  External therapy is where the radiation is aimed at the localised cancer, whereas 
internal is where the radiation is given in the form of a capsule or liquid. [13]. This comes with a 
similar array of severe side effects depending on the location of the tumour and therefore the 
radiation, most common of those being fatigue, hair loss, nausea and vomiting, and potentially 
affecting the localised tissue and organ, because although more localised, is still not carcinogenetic 
specific [14]. This presents again a need for more specific treatments. 

1.3 DNA replication as a drug target. 

As mentioned, the key to cell survival is DNA replication. At the replication fork, two DNA 
strands are synthesised through two different mechanisms. The leading strand is replicated by 5’-3’ 
polymerases. The other strand, termed the lagging strand, is replicated through the Okazaki fragments 
in a 3’-5’ fashion[15]. Primase creates an RNA primer as a template for the DNA synthesis by 
polymerase α. Replication factor C (RFC) binds and catalyses the loading of the ring protein, 
proliferating cell nuclear antigen (PCNA), which allows the association of Polδ and Polε to 
orchestrate DNA lagging strand and leading strand synthesis, respectively [16] (Figure 2).  PCNA 
enhances the processivity of these enzymes, which carry out the bulk of DNA synthesis. These 
polymerases contain the 3′-5′ exonucleases, reducing the misincorporation of nucleotides. In lagging 
strand synthesis, when the polymerases reach an end from a previous Okazaki fragment, it partially 
displaces this fragment by ongoing DNA synthesis, and a flap structure is generated, this recruits flap 
structure-specific endonuclease-1 (FEN-1), and the resulting nick from the endonuclease activity is 
sealed by DNA ligase I in the repair process [17].  
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Figure 2. PCNA during DNA replication and synthesis, allowing DNA polymerases to associate at the 
leading and lagging strands. DNA polymerase δ and ε are shown in orange and green respectively. 
PCNA is shown as a red ring. RFC (Replication Factor C) shown in blue. DNA shown as blue lines, 
including Okazaki fragments.  

1.4 Processive DNA replication and repair is only possible through PCNA. 

Proliferating cell nuclear antigen (PCNA) is a DNA processivity factor. PCNA is attached to 
DNA in an ATP dependent manner by clamp loader proteins [18]. It is required for DNA replication 
by allowing access of polymerases and a host of other proteins required for DNA replication and 
repair. It does this by acting as a docking platform, and increasing the affinity of DNA polymerase to 
DNA by over 60,000- fold [19].  

 PCNA is a ring shaped homotrimer and is therefore composed of three subunits. Each subunit 
has two domains of two alpha helices, and nine beta sheets. The two domains are held together by the 
interdomain connector loop (IDCL), which spans amino acid residues M121-Y133 [19]. The ring 
structure is critical to form a central cavity of 35.4 Å, through which DNA slides (Figure 3) [19]. 
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Figure 3. Structure of human PCNA bound to a peptide. A peptide shown in red indicates binding 
domain of each homotrimer at the interdomain connecting loop (IDCL) shown in blue. The inside of 
the protein lined with positively charged arginine and lysine residues are shown in the green alpha 
helices, this 35.4 Å cavity through which DNA slides. The monomers of the homotrimer consist of 
beta-sheets shown in orange (PDB:7KQ1). 

How is it related to human health? It was discovered by gene knockout of PCNA in mice, that 
PCNA is critical for survival, as the result is embryonic lethality[20]. It has been discovered that 
PCNA acts as a marker for malignant cells and tumour, as PCNA is overexpressed in nearly all forms 
of cancer, at a six-fold increase [20]. It has also been reported that the malignancy of the tumour 
correlates with the level of PCNA protein[21].  

Due to its critical role, inhibitors of major proteins of the replication process are commonly 
used in anti-cancer and anti-viral therapies[22]. This leads us to the research being done on the use of 
PCNA as a target for cancer therapeutics.   

1.5 Current PCNA inhibitors in research. 

hPCNA targeting inhibitors have been shown to have more profound inhibitory effects on 
tumour cells versus normal cells, providing a therapeutic window (Figure 4a and b) [21]. This has 
been shown with the use of antisense oligonucleotides targeting messenger RNA encoding hPCNA 
that hybridise to inhibit gene expression. This provides a significant advantage in contrast to many 
chemotherapeutic drugs used. This differential sensitivity to cancerous cells is likely due to higher 
demands of hPCNA in tumour cells, and tumour cells are also genetically more unstable due to their 
accumulation of gene mutations and require more hPCNA for DNA repair to survive [21]. These cells 
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are therefore more vulnerable to a hPCNA-targeting agent. This information leads to the hypothesis 
that PCNA could be a potential drug target to treat cancerous cells.   

Figure 4. Growth of gastric cell lines and control cell line post dose dependent application of antisense 
oligonucleotide (triangle) targeting mRNA encoding PCNA. Sense oligonucleotides with random 
sequence was also tested and showed no inhibition (white circle). Phosphate saline (black circle) was 
used as a negative control. A) Gastric cell line. B) Gastric cell line. C) Human fibroblast cell line. 
Figure adapted from Sakakura et al 1994.  

Previous work on PCNA inhibitory compounds used the PCNA IDCL as a basis for a binding 
inhibitor. This compound being based specifically on the IDCL site of cancer specific PCNA. In a 
broad range of cancer cells and carcinogenic tissues, an isoform of PCNA is expressed (termed 
caPCNA) which has a specific antigenic site in the IDCL between resides Leu126 and Tyr133 [23]. 
As previously mentioned, this is also the major binding site of DNA interacting proteins. This 
compound termed R9-caPep (caPCNA Peptide), is an eight amino acid residue sequence 
corresponding to the sequence of the IDCL mentioned attached to the C terminus of a nine D-arginine 
sequence with a spacer of two cysteine residues to achieve a cell permeable peptide [23]. 

In cellular experimentation, it was found that R9-caPep was selectively toxic to breast, lung and 
pancreatic cancer cell lines and neuroblastoma cell growth when compared to that of non-cancerous 
cell lines tested [23]. As previously mentioned, the mechanism for this selectivity of PCNA specific 
therapeutic designs is not clear.  

Experimentation using sequence and confocal microscopy to assess the localisation of specific 
DNA interacting proteins and PCNA in the nucleus was used after application of the inhibiting 
peptide and a control of the same residues but in a scrambled sequence. This revealed R9-caPep 
blocked the localization of Flap endonuclease-1 (fen-1) and DNA ligase (LIGI). However, it did not 
block the interaction of p21 or the recruitment of DNA polymerase (POLD3) to PCNA (Figure 6) 
[23]. 
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The differences in the ability of R9-caPep to block the recruitment of different PCNA interacting 
proteins may reflect the different affinities of these proteins for PCNA, suggesting that the compound 
may have the ability to stall replication and repair at the replication fork [23]. 

Figure 5. Fluorescence confocal microscopy of nuclear localisation following DAPI 
counterstaining using mouse anti-FEN1, mouse anti-POLD3, mouse anti-LIG1, and goat anti-PCNA 
antibodies. Figure adapted from Gu et al 2014 [23]. 

Another method of investigation into PCNA inhibition comes from blocking PCNA binding 
to chromatin. In silico screening found docking partner structures to synthesise into compounds that 
could potentially selectively bind to PCNA trimers to reduce the level of chromatin-associated PCNA 
in cancer cells[24]. These compounds termed PCNA-Is, consisted of the small molecule PCNA-I1, 
which was found to bind PCNA and reduce the trimer stabilisation. By reducing the association to 
chromatin it induces cancer cell arrest at the S and G2/M phases. This caused the growth of tumour 
cells of various tissue types to decrease. However, this did also affect the growth of normal 
nontransformed cells, so this faces the same problem of specificity as other cancer treatments, but this 
only occurred at significantly higher of 1.6 μM[24].  

1.6 DNA replication and repair regulation through protein p21. 

p21 is a tumour suppressor protein which acts as a competitive inhibitor for the binding site 
on PCNA, as it’s affinity for PCNA is much higher than other associating proteins at 83 nM [19]. It 
regulates the cell cycle by inhibiting cyclin dependent kinases, which control the cell cycle 
progression. It is upregulated when DNA damage increases[25]. When p21 binds to PCNA, it blocks 
its function and the access of DNA replication proteins, and therefore halts processes at the replication 
fork.  

Cancer cells may exhibit increased concentrations of PCNA to high levels as a mechanism 
that may saturate the pool of p21 available to bind, allowing a significant portion of uninhibited 
PCNA to continue DNA replication. This raises the question, how can PCNA be inhibited for 
therapeutic purposes, so that the excessive replication of cancerous cells can be stopped? Many PCNA 
inhibitors are small molecules that have only sub-micromolar potency, and there is no information to 
whether further off target effects or further toxicity will occur [26]. Small molecules are often 
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degraded by proteases, and do not survive in the bloodstream. Perhaps as new avenue for a PCNA 
inactivation could be through our native inhibitor, protein p21? 

The PIP-box is a conserved sequence found in PCNA interacting proteins, which allows it to 
interact and bind the PCNA surface, depending on the conservation of the sequence: 
QXX(M/L/I)XF(Y/F) (Table 1) [27]. Of the data on PIP-boxes sequences and affinities for interacting 
with PCNA, the binding data varies depending on the sequence and conservation of residues. These 
differences are hypothesised to be essential for the interacting roles these proteins play together 
during DNA replication and repair, and for moving proteins in and out of the replication fork, 
allowing a correlation to be observed between the proteins function and the tightly binding of affinity 
for PCNA [19]. 

Table 1. Various PIP-box sequences among major PCNA interacting proteins, including FEN1 (flap 
endonuclease 1) and DNA mismatch repair protein, MutS Homolog 3 (MSH3). Conserved positions 
1, 4, 7, and 8 that match the consensus sequence are underlined.      

Protein PIP-Box 

p21 QTSMTDFY 

FEN1 QGRLDDFF 

p66 (DNA pol δ) QVSITGFF 

DNA pol η MQTLESFF 

DNA pol κ KHTLDIFF 

DNA pol ι KKGLIDYY 

MSH3 QAVLSRFF 
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Figure 6. Schematic demonstrating the p21 protein PIP box location in sequence and the isolation of 
the PCNA interacting Protein Box in a short sequence demonstrated in Gulbis et al 1996, which binds 
to the Interdomain Connecting Loop of PCNA. PCNA monomer shown in green, then in trimer with 
other monomers in magenta and red. P21 isolated peptide shown in cyan, and then in trimer with other 
peptide in yellow and dark blue (PDB:7KQ1). P21 protein sequence adapted from UniProt 
(UniProt:P38936). 

The significance of the PIP-box of p21 was demonstrated through the research done in Gulbis 
et al 1996.  Through the isolation of the p21 PIP-box with limited flanking residues, a 22 amino acid 
peptide was synthesised which maintained high affinity binding for PCNA at a binding constant (KD) 
of approximately 2.5 nM, as measured by biosensor analysis and efficiently inhibits DNA synthesis in 
vitro [28]. The C-terminus of the protein which contains the PIP-box forms a 310 helix and inserts into 
the hydrophobic pocket on PCNA next to the IDCL, like several other PIP-box peptides (Figure 6)  
[19]. By forming this helix when bound to PCNA, it exposes the side chains of the peptide residues, 
which makes interactions with the hydrophobic patch and each other. The C-terminus of the PIP-box 
forms an antiparallel β-sheet structure with the IDCL [19]. This finding that a relatively short peptide 
can perhaps capture the binding and inhibitory capacity of the full p21 protein leads to the hypothesis 
that these characteristics are important for interaction of PCNA with a therapeutic. Perhaps this 
peptide could be further improved for a cancer treatment? [27]. 

1.7 Peptidomimetic inhibitors: a new route of PCNA inhibition. 

Small protein-like chains designed to mimic peptides can be synthesized and could be used as 
an hPCNA inhibitor and cancer therapeutic [29]. Compounds whose elements mimic a natural protein 
and which retain the ability to interact with a biological target and produce a biological effect are 
peptidomimetics[30]. Peptidomimetics can be modified to overcome problems of previous inhibitors 
by improving the drug likeness and permeability [29].  

Cell penetrating peptide (a type of nuclear localisation sequence)-fused elastin like peptides 
have been used previously to deliver a peptide mimetic of p21 to PCNA in several cancer models in 
vitro [31]. The polypeptide was taken up by HeLa cervical cells and localized to the cytoplasm. This 
study demonstrates HeLa cells treated with CPP-fused ELP with p21 fused to the C-terminus had an 
antiproliferative effect, but not control polypeptides.  

By understanding the interaction between hPCNA and binding proteins, the affinity of an 
inhibitory peptide can be optimised. Other PIP-box variations may lead to development of a small 
peptide inhibitor mimetic which contains a series of advantageous residues and chemical 
improvements, forming interactions that increase affinity. 

One of these improvements may be the permanent holding of secondary structure, as p21 in 
aqueous solution does not have a defined secondary structure[32]. It forms a 310 helix upon binding to 
PCNA allowing it to bind tightly[27]. By maintaining this structure in solution it may be able to bind 
to PCNA with a lower entropic cost and therefore more readily[26]. In order to give the p21 peptide 
this permanent secondary structure, it requires peptidomimetic chemistry to covalently constrain it 
into the critical 310 helix using a i,i+4 lactam bridge. Lactam bridges link amino acid residues that are 
multiple residues apart in the sequence, giving a flexible method for introducing conformational 
constraints into a peptide structure [33]. The lactam bridge will link side chains to constrain the helix 
confirmation. Residues Thr145 and Asp149 were found [26] to be ideal candidate peptides that the 
lactam bridge be designed to constrain. These amino acids are ideal for modification as the side chains 
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are not involved in interactions with PCNA, therefore no alteration to the binding will be made, and 
are within the right distance. Two peptidomimetics have previously been formed [26]. Firstly, ACR1, 
which has residue 145 substituted to L-lysine, and 149 to L-glutamate, giving it an eight-atom length. 
Secondly, ACR2, which has residue 145 substituted with DAB (diaminobutyric acid, a shorter 
analogue of lysine), and 149 with glutamate, giving this a six-atom length. These substitutions were 
made to avoid any extensive irreversible aspartimide formation problems. 

These two analogues were synthesized, purified, and then tested using Nuclear Magnetic 
Resonance (NMR) to confirm the intended helical structure. The crystal structure of PCNA in 
complex with ACR2 was solved, and research showed that the peptidomimetics constrained the 310 
helical secondary structure, and that it binds PCNA similarly to that of the wildtype p21 protein. 
Therefore, this provides a template for further mimetic optimisation. 

In attempts to optimise the mimetic further, four N-terminal residues (139-GRKR-142) were 
removed. However, this resulted in a significant decrease in affinity, to a KD in the low mM range. 
This is evidence of the importance of the electrostatic interactions of these residues in the N-
terminus[27]. This all suggests that for a peptidomimetic to be successful, the mimetic must include 
the four N-terminal residues, the constrained 310 helix structure, and the constrained β-sheet structure. 
These are the characteristics required for a peptidomimetic to mimic p21. 

The sequence of the PIP-box of p21 has also been investigated regarding improving its 
characteristics for its affinity for PCNA [19]. It has been found that there is a tyrosine amino acid in 
place of a phenylalanine residue in the eighth conserved position [19] which is present in many PIP-
boxes. The significance of the hydroxyl group at the specific position has been investigated. This was 
done through mutagenesis. This residue was changed to phenylalanine, and co-crystallised in complex 
with PCNA, to compare the structure’s affinity data, measured using isothermal titration calorimetry 
(ITC), to the same complex containing the wildtype p21 peptide [19].  

The angle of the phenylalanine side chain in the p21 PIP-box differs from the wildtype 
residue by a 38° angle. This change of angle discourages the tight packaging into the pocket on 
PCNA. The wildtype residue of Tyr151 of the p21 PIP-box is shown to sit tightly in the pocket [19]. It 
was discovered there is a 3-fold difference between these affinities [19]. The decrease in affinity of 
the mutated peptide is due to the loss of the hydrogen bonding provided from the tyrosine side chain 
oxygen atom. The residue Tyr151 acts to tether the peptide to PCNA, increasing tight packaging and 
recognition of the peptide. This increases the affinity of p21 to PCNA.  

This development sheds light on the mutagenic approach that could be used to develop a 
small peptide inhibitor mimetic. This could contain a series of advantageous residues, forming affinity 
increasing interactions. A mutagenesis approach can be used to identify what characteristics increase 
or decrease peptide affinity for PCNA. This is so the differences in PIP-boxes can be shown at a 
residue level, to identify structural points which form a tightly bound confirmation. [19]. 

1.8 p21 peptidomimetics create a new avenue of biomedical research into fungal infection 
treatments: enter Aspergillus fumigatus. 

Invasive fungal infections are a prevalent cause of death in immunocompromised 
patients[34]. A major fungal pathogen causing such infections is Aspergillus fumigatus, a filamentous 
fungus usually present in decaying organic matter[35]. The conidia of A. fumigatus inhaled from the 
environment can be cleared from the lungs by a healthy immune system, however when this fails, the 
conidia can reach the lower airways and evade host immune cells[36]. This can result in infection of 
the bronchi and sinuses, and dissemination to the brain and other vital organs through the circulatory 
system[37]. This is known as invasive aspergillosis. When invasive aspergillosis invades the nervous 
system, it has mortality rates of up to 90%[38]. 
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As the infection rates of A. fumigatus increase there have been more negative clinical 
outcomes, largely due to antifungal drug resistance[39]. Although many antifungals are available, the 
mortality rates remain high due to the development of drug resistance in A. fumigatus [40]. Current 
treatments of invasive aspergillosis target components of the cell membrane, for example the 
antibiotic amphotericin B [41].  Unfortunately, in addition to increasing resistance rates, amphotericin 
B is associated with severe side effects, the most notable being kidney and liver toxicity[42]. As such, 
there is an urgent need for improved diagnostic protocols and a broader range of antifungal options. 

As discussed previously, PCNA is a protein with important roles in replication and has been 
shown to be crucial to cell survival [43], demonstrating its value as a target for cancer treatments, and 
now also as a target for antifungal treatments, illustrating the importance of investigating the crystal 
structure of A. fumigatus PCNA, to understand how interacting peptides bind to aid rational drug 
design. Previous studies have solved the X-ray crystal structure of PCNA from A. fumigatus 
(afumPCNA) to 2.6Å resolution [44].  

Comparison of afumPCNA to hPCNA reveals a trimeric tertiary structure identical to that of 
hPCNA, this revealed a root-square standard deviation (RMSD) of 0.939 Å[44]. Despite this, the 
proteins only have a sequence similarity of 53% [44]. This is seen in the changes in residues involved 
at the IDCL and therefore interaction with binding partners.  

Fluorescence polarisation experiments of afumPCNA and the PIP-box of human p21 protein 
in Marshall et al 2017 has proven their interaction, suggesting that afumPCNA interacts with DNA 
binding proteins using a conserved PIP-box mechanism like hPCNA [44]. Further investigation 
therefore into the human PIP-box sequence may indicate the characteristics for high affinity binding 
to the afumPCNA PIP-box binding domain. Investigation also into A. fumigatus DNA binding 
proteins sequences to search for a PIP-box like sequence may shed light into the mechanism of 
binding to the afumPCNA surface. Proteins known to be important in DNA replication and repair 
cycle such as flap structure-specific endonuclease 1 (FEN1) and replication factor C (RFC) and DNA 
ligases and polymerases would be essential to include a PIP-box binding mechanism to afumPCNA, 
and where this investigation will begin [45]. 

Given that A. fumigatus does not have a known p21 equivalent, and this p21 derived peptide 
shows a high affinity interaction, further investigation into the human PIP-box sequence interactions 
with afumPCNA may allow for the design of a high affinity mimetic. 

1.9 Basic Principles of Protein X-ray Crystallography 

X-ray crystallography allows crystalline atoms to diffract X-rays, the intensity and angle of
the diffraction generates three-dimensional electron density data captured as images [46]. Using this, 
the positions of atoms in a crystal and chemical bond lengths are determined through statistical 
analysis and computational methods[47]. The basic steps of this experimentation to produce protein 
structures include: Protein purification, protein crystallisation, X-ray diffraction, data collection and 
processing, scaling of data, molecular replacement, structure building and refinement through electron 
density map refinement and validation[48]. 

During processing and scaling of data, certain parameters are used to achieve a desirable 
resolution, and decide the cut off for data inclusion before refinement. The most important for this is 
considered the CC1/2 [49]. This is Pearson’s correlation coefficient, where the multiple collections of 
data for each reflection is split in half; then a correlation is calculated between the average of both 
data sets. The higher this parameter, the more correlation there is between the two data sets and is 
therefore considered more desirable data, this value should not be lower than 0.3. Another important 
indicator of data quality is the completeness, which is the percentage of possible reflections measured 
that were genuinely measured[50].  For every protein, each space group has a theoretical number of 
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reflections that should be observed. The completeness percentage of this data for the overall and 
highest shell should be 95% or higher. The highest shell should never aim less than 80% and the 
overall percentage should never aim less than 93%. 

The I/sigma parameter, although not as essential as achieving a high completeness and CC1/2 
value, represents the ratio of data signal to noise. It is desirable to achieve an I/sigma value of at least 
2 in the highest shell.  The higher the signal to the level of background data in the higher shell, 
ordinarily indicates higher quality of data[50]. 

Following data scaling, the next major step is molecular replacement. This is a method of trial 
and error through model refinement to find a suitable model and solve the crystal structure. A key 
indicator of the success of molecular replacement is if the new refined map shows new structural 
information that was not present in the starting model, i.e. new side chains, secondary structures such 
as loops that differ to the starting model, and perhaps a bound ligand. During refinement in the later 
stages of structure solving, model bias is a large problem to overcome. Using a high resolution 
structure, model bias can be removed using density modification methods. When using data with a 
low resolution, which is considered worse than 3 Å, refinement can be unsuccessful in removing 
model bias[51]. The solution may be correct, but the poor model may not be able to interpret new 
areas of the map for refinement of results [52]. 

1.10 Basis of Fluorescence Polarisation 

The primary methodology of chapter 6 is the use of fluorescence polarisation experimentation 
to investigate different sequences of cyclical peptidomimetics interactions with PCNA.  Surface 
plasmon resonance (SPR) has been the primary experimental method of determining indicating values 
and interpreting peptide sequences for binding to PCNA surface throughout this thesis. However, 
when it came to these newly synthesised peptides, which do not use the same secondary structure as 
the p21 peptide from which we have used as the template, the data came back irregular as if the 
peptides did not bind at all to the PCNA surface.  

PCNA can be sensitive to acidic solutions, and due to the trimeric nature of PCNA, sensitive 
to DMSO addition which can easily disrupt the tertiary structure and therefore affect the binding site 
in experimentation [53]. Upon use of different techniques, such as this fluorescence polarisation 
technique utilised in Wegener et al 2018 [26], which does not require buffer reagents that could 
impact the PCNA structure, results showed the expected curves representing protein interaction. The 
probe, the peptide of interest, is two-fold serially diluted into solutions containing a constant 
concentration of a fluorescently labelled control peptide, which is the competition for the peptide of 
interest to outcompete, and purified hPCNA. This interaction is tested using fluorescence polarisation 
competition binding. The fluorescence polarization is measured by a plate reader. 

Competing ligand concentrations from serial dilutions and polarisation binding values 
obtained are then plotted on the on X and Y axis respectfully using GraphPad prism analysis tools. 
The resulting polarisation values were used to calculate the Ki, which represents the equilibrium 
binding affinity for a ligand that reduces the activity of its binding partner, in this case hPCNA. 

Ki value determination was done by the following equation determined by Nikolovska-Coleska 2004 
[54]:a 

Ki=I50/L50/Kd+P0/Kd+1 

The concentration of the free inhibitor at 50% inhibition (I50) (also known as IC50). The concentration 
of the free labelled ligand at 50% inhibition (L50). the concentration of the free protein at 0% 
inhibition (P0). The dissociation constant of the protein-ligand complex (Kd), defined in previous 
research [26]. This equation was derived from the basic principles of a competitive binding assay and 
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is not restricted by the concentrations of the protein and the ligand[54]. This is explained in more 
detail and with more information in chapter 6. 

1.11 A structural approach to advance understanding of p21 peptidomimetic PCNA inhibitors: 
Aims and Scope of the Project. 

This thesis focuses on the mechanism of p21 peptidomimetics interaction with PCNA for 
more favourable clinical potential over current cancer and fungal treatments. A structural approach is 
used, along with biochemical validation techniques, to understand certain modification in peptide 
design.  

A new purification method which aimed to provide a replicable system to obtain tag-less 
protein, allowing the further structural research of PCNA for cancer treatments, was utilised in 
proceeding research. Using this new method, new PCNA targeting mimetic structures have been 
found. Investigation of the p21 native sequence has the aim to synthesise rationally designed peptides, 
which lead to the highest affinity found of any p21 peptidomimetic.  

A foundational step in peptidomimetics aims to allow the peptide to have cellular 
permeability, which was investigated in macrocyclic peptides which bound to hPCNA with high 
affinity, and initial research suggests this linker affords cellular permeability. Another aim of interest 
was to determine new AI generated sequences for binding PCNA, the resultant candidates from 
Pepticom and of this preliminary research have been identified through fluorescence polarisation 
experimentation. And finally, investigating the crystal structure of A. fumigatus PCNA bound with 
fungal inspired mimetics, aims to understand how interacting peptides bind to aid rational drug design 
for fungal infections. This research in particular fills the gap of knowledge in fungal PIP-box and 
PCNA binding mechanisms. 

A number of peer review published articles are presented, which show an improvement in 
peptide mechanism and design, as well as some new secondary structure designs for future research. 
This research reveals a new avenue for p21 peptidomimetics as drug candidates for PCNA. 
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AI generated cyclized peptidomimetics targeting the sliding clamp for 

a cancer therapeutic. 
B. Vandborg, D.L. Holroyd, I. Lerner, A. Michaeli, A.J. Horsfall, J.B. Bruning. 

1. Introduction 

Human Proliferating Cell Nuclear Antigen (hPCNA)-binding proteins such as p21, the cell cycle 

regulator, have high affinity interaction with DNA for replication and repair processes. This interaction is enabled 

by means of the p21 PCNA interacting Protein (PIP) box. The high affinity binding discovered in previous 

research[27, 55] has shown the advantageous residues selected for its PIP-box create a high affinity structural 

interaction that has been used in peptidomimetic research. Studies have found further residue substitutions can 

increase the affinity of synthesized peptides containing the PIP-box for the surface of hPCNA[56], presenting the 

hypothesis that nature has fine-tuned the native interacting sequence to allow tight interaction, but not 

permanent[26], further suggesting that the PIP-box can be improved beyond the native p21 sequence. 

Current drug screening techniques for new targets require synthesis of compounds to identify hits from 

molecular libraries. This is a costly system which limits the research into new compounds and therapeutics. 

Machine learning can be utilized to scan binding domains and calculate peptide combinations that will interact 

with amino acid residues present. This optimises the drug discovery pipeline by quickly composing new solutions 

in silico for peptide sequences to interact with binding domains. By creating a virtual machine-based method of 

determining hits to further investigate, costs can be reduced and new routes of research can be carried out without 

the synthesis of large libraries of molecules. Automated systems of research can be used to allow discovery of 

novel ligands through the input of the already existing Protein Data Bank[57]. Natural amino acids in small 

peptides suffer from low stability and fast clearance. Hence, the use of non-natural amino acids may also allow 

for improvements in synthesised peptidomimetics, with new backbone modifications that may improve these 

qualities in a new molecule [58] [59]. 

In peptides, the PIP-box backbone creates the secondary structure of a 310 helix upon binding [27], which 

is essential for high affinity interaction. Pre-organization of this backbone may reduce the entropic cost of binding 

to the surface of hPCNA[26]. Previous research into p21 peptides have shown that flexibility in the secondary 

structure is preferable for the peptide to still have movement to adopt the helical structure upon plugging into the 

hPCNA binding domain on the surface[55]. This can be done by cyclisation of the peptide, holding a flexible 

secondary structure in place. Cyclical peptides have been shown to use passive diffusion and endocytic uptake to 

enter mammalian cells[60], an important aspect in the drug discovery pipeline for a future therapeutic. 

Pepticom is a company that uses algorithms and selection through scoring functions to discover binding 

peptides to protein targets, allowing in silico peptide and macrocycle screening for a new peptidomimetic design. 

Using this method to design a new generation peptides, here is presented the investigation of artificial amino acids 

in the place of native p21 PIP-box residues, for the use in the drug discovery pipeline to a hPCNA inhibitor. 
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2. Methods 
2.1 Peptide synthesis  

The following peptides were synthesised by Genscript Biotech, Singapore at purity >95%, purified by HPLC. 

Tracer - 5FAM-p21-22mer (5FAM)-GRKRRQTSMTDFYHSKRRLIFS 

Probe - p21µ p21µ-15mer KRRQTSMTDFYHSKR 

 

2.1.2 PNA peptide Synthesis 

Designed peptides by Pepticom.  

Using Pepticom’s proprietary software and its ab initio peptide design algorithm and based on atomic resolution 

3D structures of the targeted protein, Peptide Nucleic Acids (PNA) peptides, based on the p21µ sequence, were 

selected for synthesis. Lyophilized peptides were produced as described previously [61] at EMC Microcollections 

(Tubingen, Germany) and stored at -20°C until use.  

2.1.3 Peptide stock preparation 

Peptides (approximately 1 mg) were dissolved in MilliQ water and centrifuged (7800 rpm, 10 min) to remove any 

particulate. The peptide stock concentration was determined by 205 nm absorbance (A205), a measurement taken 

in triplicate with a NanoDrop2000 and baseline referenced to 750 nm absorbance using a 1 in 20 dilution. The 

ε205 for each peptide was calculated using an online calculator (http://nickanthis.com/tools/a205.html). The 

peptide stock solution concentration was then calculated per c = (A205/ε205 × l) × DF, where the concentration 

is in molar, A205 is absorbance at 205 nm calculated as an average of three readings, l is the pathlength in 

centimeter (0.1 cm for Nanodrop), ε205 is the molar absorptivity at 205 nm, and DF is the dilution factor. The 

peptides were then diluted into the assay buffer before further dilution as necessary. Except for the fluorescein 

tagged peptide (5FAM-p21-22mer) , which the ε205 value of 490 was used. 

2.1.4 PNA Peptide stock preparation 

Peptides (approximately 1 mg) were dissolved in MilliQ water and centrifuged (7800 rpm, 10 min) to remove any 

particulate. The peptide stock concentration was determined by mass molarity calculations n=m/Mr, and further 

dilutions by c=n/v. The peptides were diluted into the assay buffer before further dilution. Those peptides that 

required more work to achieve solubility were given a higher dilution factor in water.  
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2.2. Expression of recombinant hPCNA 

Human  PCNA was expressed as described in Vandborg 2023[62]. A glycerol stock of E. coli BL21 (DE3) cells 

carrying a codon optimized hPCNA-pMCSG19 plasmid were grown in a 100 mL overnight culture. Two 1 L 

baffled flasks containing LB with 100 μg/mL of ampicillin were inoculated with 50 mL of the overnight culture. 

Cultures were incubated at 37°C until OD600=0.7 and expression induced with a final concentration of 0.5 mM 

IPTG. Cultures were grown overnight at 16°C with shaking at 200 rpm. Cultures were pelleted at 5000xg for 20 

min. After removing the supernatant, pellets were resuspended in 20 mL 20 mM Tris pH 7.5, 20 mM NaCl, 2 

mM DTT, then lysed by sonication at 70% amplification for 20 seconds with a 40 second waiting period for 25 

cycles. Lysate was clarified through pelleting at 45,000xg for 45 min and the supernatant was collected for 

purification. 

2.3. Purification of recombinant hPCNA  

Human PCNA was purified as described in Vandborg 2023[62]. 

Buffer solutions were filtered before being used. Clarified lysate containing hPCNA was first purified at 4 °C by 

fast protein liquid chromatography (FPLC) via anion exchange chromatography using two DEAE columns in 

series (HiTrap DEAE FF 5 mL column), equilibrated in Buffer A (20 mM Tris pH 7.5, 20 mM NaCl, 2 mM 

DTT), and hPCNA eluted using a linear gradient (0.02 M–0.7 M NaCl). Fractions containing hPCNA were 

pooled and ammonium sulphate added dropwise to a final concentration of 1.5 M from a stock solution of 3 M 

ammonium sulphate. The sample was allowed to stir gently for 1 hour at 4 °C to allow DNA-protein 

dissociation, and then applied to hydrophobic interaction chromatography (HiTrap Phenyl FF (high sub) 5 mL 

column), equilibrated in Buffer B (20 mM Tris pH 7.5, 20  mM NaCl, 2 mM DTT, 0.5 mM EDTA, 1.5 M 

ammonium sulphate and eluted in Buffer C (20 mM Tris pH 7.5, 2 mM DTT, 0.5 mM EDTA) with a reverse 

linear gradient (1.5 M – 0 M ammonium sulphate). Fractions containing hPCNA were pooled and dialyzed 

overnight in Buffer A. hPCNA was then applied to a second anion exchange step. The Q Sepharose column (5 

ml Q Sepharose FF column (GE)) was equilibrated in Buffer A and protein was eluted using a linear gradient 

(0.02 M–0.7 M NaCl). Fractions containing hPCNA were pooled and dialyzed overnight in 20mM Tris pH 7.5, 

100mM NaCl, 0.01% Triton X, 2 mM DTT, 10 % glycerol. Protein for fluorescence polarisation was 

concentrated to ∼10 mg/mL using a centrifugal filter unit (50 kDa molecular mass cut off) and stored at −80 °C. 

2.4 Fluorescence Polarisation Competition Binding Assay 

The fluorescence polarisation (FP) competition binding assay was performed as described in Wegener et al. 2018 

[26]. Briefly, the probe and control peptide p21µ was two-fold serially diluted, control peptide  p21µ began from 

108 µM, into solutions containing a constant concentration of 5FAM-p21-22mer, the tracer (50 nM), and purified 

hPCNA (175 nM), and interaction tested using fluorescence polarisation competition binding. This was performed 

using a buffer of 20 mM Tris pH 7.5, 100 mM NaCl, 0.01% Triton x-100, 12 mM DTT, 10% glycerol. Each assay 

was incubated at 25°C for 30 minutes prior to measurement and carried out in duplicate due to limited materials. 

each experiment was repeated three times. The fluorescence polarization experiments were conducted on a 
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Synergy H4 plate reader using black polystyrene 96-well plates with clear bottoms in a total volume of 60 µL per 

well. The resulting polarization values were background tracer subtracted. Experimental peptides were tested the 

same way however have varying starting concentrations.  

 

2.4.1 Statistical analysis 

All statistics for binding experiments, such as IC50 values, was performed using GraphPad Prism version 10.0.0 

for Windows (GraphPad Software, Boston USA www.graphpad.com). Ki value determination was done by the 

following equation determined by Nikolovska-Coleska 2004 [54]. 

Ki=I50/L50/Kd+P0/Kd+1 

The concentration of the free inhibitor at 50% inhibition (I50) (also known as IC50). The concentration of the free 

labelled ligand at 50% inhibition (L50). the concentration of the free protein at 0% inhibition (P0). The dissociation 

constant of the protein-ligand complex (Kd), defined in previous research [26]. This equation was derived from 

the basic principles of a competitive binding assay and is not restricted by the concentrations of the protein and 

the ligand[54]. 

2.5 Computational Models 

Computational models were made using the unbound structure (PDB:6E49) [63]. Protein loop and homology 

modelling were performed using the Prime suit [64] [65]. Structure comparisons and visualization were performed 

using the PyMOL Molecular Graphics System [66].  

 

3. Results 
3.1 Positive control experiment using p21μ starting scaffold peptide shows FP assay efficacy.  

The truncated p21 peptide designed in Horsfall 2021 was used to validate the fluorescence polarization 

method chosen from Wegener 2017 to test the AI derived peptides [26, 56]. This peptide was used as the starting 

scaffold for derivation of the computationally designed library. The Ki value and standard curve achieved 

indicated the protein-peptide interaction measured to be a reasonable experimental procedure to characterize the 

AI generated peptides. 

Table 1: Fluorescence polarization competition assay of control peptide p21µ. A top concentration of 108 

µM was used before 8x 1 in 2 dilutions used to calculate IC50  and Ki value. The concentration of the free inhibitor 

at 50% inhibition (I50) also known as IC50 here represents the affinity value, the average IC50 of three experiments 

performed in duplicate are shown accompanied by a standard deviation from repeat experiments, Ki is the 

inhibition constant of the given inhibitor. 

 

Peptide Molecular Weight 

(g/mol) 

 

Average IC50 (μM) ± SD (μM) Ki (μM) 
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p21µ 1940 1.35 ± 0.425 0.397 

 

Figure 1.  Fluorescence polarization competition assay IC50 curve of control peptide p21µ. R2 of 0.9927. 

Curves represent single experiments, where each data point is the mean of triplicate samples. Each experiment 

was repeated three times. 

 

3.1 Investigation of first-generation cyclical peptides generated from p21µ scaffold yields leads. 

The Fluorescence Polarisation (FP) assay revealed IC50 values of multiple generated cyclized peptides 

interacting with hPCNA (Table 2). The R2 value was used to indicate the experiment validity, a value ranging 

from 0 to 1. It is an indication of how close the data is to the fitted regression line, the closer the value is to 1. The 

R2 value shows the experiment to be valid; however, there was significant differences between IC50 values 

between repeated experiments, shown by the standard deviation values. This was initially hypothesized to be due 

to variations in the preparation of the peptide or the composition of the peptides allowing small scale aggregation 

that was not removed in preparation measures, or the peptide sequence allowing for non-specific binding.  

Multiple IC50 experiments were unsuccessful, which may have been due to this possible aggregation or 

non-specific binding. These include PNA_1, 3, 5, and 6 (Figure 2). However, the peptides PNA_2, 7 and 8 

displayed R2 values above 0.95 and again in duplicate experiments (Figure 2). PNA_7 and 8 revealed the most fit 

results, the IC50 values, and optimizations results could give a reliable peptidomimetic starting point (Table 2).  

 

Table 2: Fluorescence polarization competition assay of first-generation peptides. The top concentration is 

the highest concentration of 8x 1 in 2 dilutions used to calculate IC50 and Ki value. The concentration of the free 

inhibitor at 50% inhibition (I50) also known as IC50 here represents the affinity value, the average IC50 of three 

experiments performed in duplicate are shown accompanied by a standard deviation from repeat experiments, Ki 

is the inhibition constant of the given inhibitor. 

p21µ 
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Peptide Molecular Weight 

(g/mol) 

Top Conc. 

(μM) 

Average IC50 (μM) ± SD 

(μM) 

Ki (μM) 

PNA_1 1825 1142 
 

N/A N/A 

PNA_2 1973 1056 
 

 110 ± 53 35 
 

PNA_3 1799 1158 
 

N/A N/A 

PNA_4 1138 1831 
 

N/A N/A 

PNA_5 1281 1626 
 

N/A N/A 

PNA_6 1118 1863 
 

N/A N/A 

PNA_7 2070 1006 
 

 121 ± 95 39 
 

PNA_8 2270 918  152 ± 129 49 
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Figure 2.  Fluorescence polarization competition assay IC50 curve of first-generation peptides. Curves 

represent averaged data from multiple experiments, where each data point is the mean of duplicate samples. Each 

experiment was repeated three times. 

 

3.2 Second-generation cyclical peptide investigation provides new artificial sequences which bind to PCNA 

at a high rate that are repeatable. 

PNA8 was used as a new starting point for the design of a second generation of peptides, PNA8_1 to 

PNA8_7. An improvement was made in the variability between experiments. PNA8_1 has the highest variability 

of 25% standard deviation between IC50 values. The IC50 values of PNA8_1, 2 and 5 have an improvement in 

binding to hPCNA from the starting scaffold of PNA_8 (Table 4), for the increased binding shown in the IC50 

values difference from PNA_8 of 49 μM, to PNA8_5 of 7 μM. Interestingly the new generation peptides also have 

the least amount of visible aggregation present, as the solution when solubilized was immediately clear and after 

pelleting no visible pellet was detected. This could be due to an improvement in the peptide manufacturing.  

The remaining peptides PNA8_6 and 7 had visible cloudiness and aggregation upon solubilization which 

led to variable results and no conclusive IC50 value. Further measures were employed to allow solubilization of 

these peptides, such as using a higher volume of water to dissolve solid powder and lowering the initial 

concentration for the dilution series.  

 

Table 3. In depth analysis of second-generation cyclical peptides sequences at positions along the PIP-box. 

P21µ and PNA8 included for reference. P indicates position of amino acid in the peptide, e.g. P1 is the N-terminal 

amino-acid, P2 is the second amino-acid. P1 and P15 around joined in the round for cyclisation.  
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Table 4: Fluorescence polarization assay of second-generation peptides. A top concentration of 1812 μM was 

used before 8x 1 in 2 dilutions used to calculate IC50  and Ki value. The concentration of the free inhibitor at 50% 

inhibition (I50) also known as IC50 here represents the affinity value, the average IC50 of three experiments 

performed in duplicate are shown accompanied by a standard deviation from repeat experiments, Ki is the 

inhibition constant of the given inhibitor. 

Peptide Molecular Weight 

(g/mol) 
Average IC50 (μM) ± SD (μM) Ki (μM) 

PNA8_1 2299  106 ± 21 34 

PNA8_2 2313 78 ± 3 25 
 

PNA8_5 2297 24 ± 4 7 

PNA8_6 2232 N/A N/A 

PNA8_7 2094 N/A N/A 

Peptide P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 

p21µ Lys Arg Arg Gln Thr Ser Met Thr Asp Phe Tyr His Ser Lys Arg 

PNA8 D-Glu D-Phe(4-
CF3) 

Trp(5-OH) D-Lys Trp Pro Lys Orn D-2-
Nal 

Trp D-Trp D-Nle Hse(Me) Ile Arg 

PNA8_1 D-Glu D-Phe(4-
CF3) 

Trp(5-OH) D-Lys Trp Pro Lys Nar D-2-
Nal 

Trp D-Trp D-Nle Hse(Me) Ile Arg 

PNA8_2 D-Glu D-Phe(4-
CF3) 

Trp(5-OH) D-hARG Trp Pro Lys Orn D-2-
Nal 

Trp D-Trp D-Nle Hse(Me) Ile Arg 

PNA8_5 D-Glu D-Phe(4-
CF3) 

Trp(5-OH) D-Lys Trp Pro Lys Orn D-2-
Nal 

Trp D-Trp D-hLeu hLeu Ile Arg 

PNA8_6 D-Gln 2-Nal Nar D-hARG Trp Hyp Lys Nar D-Lys Cys(Mob) D-Abu(cHex) D-Nle Leu Ser ADMA 

PNA8_7 D-Thr D-hPhe Ser(Bn) D-hARG Tyr Pro D-Arg Nar D-Leu Ser(Me) D-hTyr(Me) D-Nle Nva Hse Ala(bthiophen-3-
yl) 



 184 

 

Figure 3.  Fluorescence polarization competition assay IC50 curve of second-generation peptides. PNA8_1 

R2 of 0.988. PNA8_2 R2 of 0.987. PNA8_5 R2 of 0.988. PNA8_6 and PNA8_7 did not provide a valid R2 value. 

Curves represent averaged data from multiple experiments, where each data point is the mean of duplicate 

samples. Each experiment was repeated three times. 

 

4. Discussion and Conclusion 
4.1 The newly designed first generation PNA_8 peptide presents new interactions with the PCNA binding 
surface. 

The second generation PNA peptides were used in computational model studies to investigate 

structurally the impact of the new sequences and understand the binding studies further.  The PNA_8 peptide 

presents new interactions with the PCNA binding surface not seen in previous work from its change in sequence 

as specific positions (P) (Figure 3B). P8, an ornithine residue at which point the cyclisation of the peptide 

curves, has a side chain which interacts with residue Glu232 of PCNA, with a 2.2 Å hydrogen bond (Figure 3A). 

P1 and P15 are joined for cyclisation, and their side chains interact with each other; the negatively charged ᴅ-

glutamic acid sidechain makes a salt bridge with the positively charged arginine side chain at 2.4 Å. This P15 
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arginine also interacts with P4 ᴅ-Lys through the carbonyl backbone and amide backbone respectively, with a 

hydrogen bond at 2.7 Å (Figure 3A).  

The PCNA residue Asp124 interacts with the sidechains of two PNA_8 residues; the P3 modified 

Trp(5-OH) residue interacts with the modified hydroxyl group and the side chain of P4 ᴅ-Lys. These two 

interactions form a 2.8 Å hydrogen bond and 3.0 Å salt bridge respectively (Figure 3A). P11 ᴅ-Trp and P14 Iso 

interact between their carbonyl and amide backbone respectively, with a 2.4 Å hydrogen bond (Figure 3A). 

PNA_8 was chosen as a scaffold mimetic for the synthesis of a second generation of peptides, based on 

its measured Ki, lower top concentration in experimentation, and reasonable standard of deviation, to be 

improved. 

 

 

Figure 3. Computational model of PNA_8 peptide docked to surface of PCNA (PDB:6E49). PNA_8 

sequence shown in Table 3. A) interactions between PNA8 residues of note and PCNA surface. B) PNA8 

residues of note highlighted; P8 Orn (ornithine) shown in magenta, P1 ᴅ-Glu shown in blue, P15 Arg shown in 

red, P4 ᴅ-Lys shown in green, P11 and P14 ᴅ-Trp and isoleucine shown in orange. 

 

4.2 PNA_8 gives light to a second-generation of peptides which provides a new vastly improved sequence. 

The distinguishing factor between PNA8 and PNA8_1 is the substitution of the P8 Orn (N5H12N2O2) to 

a L-nor-arginine (Nar) (N5H12N4O2). These are similar in structure, but have a notable exception of the additional 

N atoms this provides. The difference in Ki value between PNA8 and 8_1 improved from 49 μM to 34 μM, this 

could be strengthening the interactions between P8 and Glu232. The following second-generation peptides do not 

have this Nar residue, but maintain the ornithine. 

The second-generation peptide PNA8_2 has the distinguishing featural change from PNA8 at P4 from 

the ᴅ-Lys to a ᴅ-homoarginine (ᴅ-hArg) (Table 4). This is reminiscent of the change made in previous research 

of the p21µ PIP-box, of position 146 in the peptide which is originally a serine, to an arginine residue, as the 

longer positive side chain allows for an increased strength salt bridge interaction with negatively charged 

residues positioned later in the sequence. This is shown in the ᴅ-hArg residue computational model as the 

lengthening of the side chain to decrease the distance of the interaction from 3.0 Å to 2.8 Å, allowing for a 
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stronger salt bridge interaction with the previously mentioned negatively charged PCNA residue Asp124 (Figure 

4A).  

The distinguishing factor between PNA8 of the first-generation peptides and of PNA8_5 in its second 

generation is the replacement of Nle and Hse to two Leu analogues at P12 and P13 (Figure 4C). More 

specifically, ᴅ-hLeu and hLeu (Figure 4C). This improvement in affinity for hPCNA may be due to these 

leucine residue side chains providing more branched methyl ends, which could be interacting in surface 

hydrophobic pockets provided from the hydrophobic C-terminal PCNA residues such as Phe249, Phe249, Ile250 

and Ala251 (Figure 4B). Most interestingly this is no change to the PIP-box residues, but rather a flanking 

residue; because of its cyclical nature this causes a larger impact on binding affinity as it is closer to the central 

PIP-box binding domain. 

 

Figure 4. Second generation peptides structural features. A) Position 4 ᴅ-Lys shown in PNA8 of 

computational model shown in green sticks in 3.0 Å salt bridge interaction with PCNA residue Asp124. 

Superimposed with P4 ᴅ-hArg shown in PNA8_2 computational model in magenta sticks, in 2.8 Å salt bridge 

interaction with PCNA residue Asp124. B) Position 12 and 13 Nle (norleucine) and Hse (homoserine) shown in 

PNA8 in computational model in cyan sticks. PCNA hydrophobic residues Phe249, Phe249, Ile250 and Ala251 

shown in yellow sticks.  C) P12 and P13 Leu residues shown in PNA8_5 computational model in green sticks, 

superimposed with PNA8 model in cyan sticks. 

 

The PNA8_5 peptide has been shown to have the best Ki of the second-generation peptides and can be 

used in further validation experiments. X-ray crystallography will need to be carried out to confirm and validate 

structural conclusions.  

Peptidomimetic drug pipelines often reach the point of requiring a modification to enable cell 

permeability; a convenient method of improving cell uptake is through cyclisation of the peptide. Cyclic peptides 

have been shown to enter the mammalian cell cytosol by multiple mechanisms, including passive diffusion, 

facilitated predominantly by hydrophobic side chains and small size (approximately 10 amino acids long), and 

endocytic uptake and endosomal escape[60].  Furthermore, previous research has shown that specifically p21 

based cyclic peptides may have cell penetration without the use of an auxiliary tag[67]. Previous research has 

shown the use of a fluorescent sensor peptide to indicate binding to PCNA. This sensor could be applied in a 

cellular assay to investigate the effectiveness of this peptide library and PNA8_5. This could also be indirectly 

done through a simple microscale thermophoresis (MST) experiment to determine if the peptide binding to the 
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designed target PCNA in a cellular setting is achieving the desired outcome. An MST assay could be performed 

to determine the cell viability and therefore cell proliferation after the peptide has been applied. 

The positions of the cyclized peptides which don’t interfere with the PIP binding residues could be used 

for tags and other cell penetrating features. To add a Cell Penetrating Peptide (CPP) or nuclear localizing (NLS) 

tag to mediate the transport of proteins from the cytoplasm into the nucleus such as SV40 to the N- or C- terminal 

of this structure would, based on computational model, not interfere with PIP-box binding and secondary structure. 

Avoiding this interference is crucial as this was found to be a problem found for other investigated linkers 

incorporated in the p21 PIP-box peptides [26, 68].  

These new interactions generated in the PNA second generation library were not seen previously in the 

p21 peptide and present an interesting new sequence for a possible PCNA inhibiting therapeutic. An investigation 

into their combination could improve the new peptide further in a third generation for optimization and reach 

nanomolar concentrations before further cellular testing. 
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Chapter 7: 
Discussion  
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Summary of Findings and Future Directions 

One of the main problems to overcome of conventional cancer therapy is the low 
specificity of chemotherapeutic drugs for carcinogenic cells over healthy cells. Most cancer 
therapeutics act both on healthy and diseased tissues, generating severe side effects for the 
patients [6]. This highlights the necessity for effective cancer treatments and therapeutics. To 
fight this, PCNA has been used as a target in recent years for cancer and mimetic research. 
This thesis presents the beginning research of the peptide to drug pipeline in the investigation 
for optimal peptidomimetic cancer and fungal therapeutics. Through the analysis of protein-
peptide interactions, the biochemical structures can be used to our biomedical advantage to 
understand their activity and help treat major diseases. The insights illustrated are crucial to 
the future design of PCNA inhibitors. 

 
PCNA is a promising target for the inhibition of cancer cell growth as it is critical for 

cell survival[69]. The trimer structure of PCNA forms a ring-shaped oligomer allowing DNA 
to pass through the middle and interacting proteins to dock on the outside of the ring. Without 
this structural formation, there is a loss of critical protein interactions at the replication fork 
and therefore a loss of DNA replication in the cell. Due to the location of subunit-subunit 
termini, the addition of a purification tag to the protein can hamper crystallography and 
biophysical experiments, as the trimer complex folding can be impeded [70]. To avoid these 
complications, a tag-less, step-wise purification was designed. Chapter 2 presented this 
method which provides a replicable system to obtain tag-less protein, allowing the further 
structural research of PCNA for cancer treatments, which was utilised in Chapters 5 and 6 
[62]. Using this new method new PCNA targeting mimetic structures have been found. 

 
The known regulator protein p21 was used to investigate new approaches for targeting 

and inhibiting PCNA for the development of cancer therapeutics. A peptide of the binding 
domain of p21 has been shown to bind maintaining the affinity of the full protein [27].  The 
p21 protein has been shown in the human system to block binding to the docking platform 
and halt cell replication [27]. Using the p21 native structure as a starting scaffold in Chapter 3 
this thesis presents current research into structural modifications of the design. Molecular 
modelling and experimental approaches have been established to develop these novel 
synthetic peptides. A mutagenesis approach was used to identify what characteristics increase 
or decrease peptide affinity for PCNA [56]. Differences in PIP-boxes was shown at a residue 
level, to identify structural points which form a tightly bound confirmation. This research 
revealed a new peptide sequence with a stronger binding affinity than the native sequence.  

 
Further studies into peptidomimetic characteristics for cell permeability revealed a 

linker secondary structure that allows uptake into breast cancer cells [68]. A linker structure 
was used to cyclise the peptide and provide support to the critical secondary structure. The 
inclusion of this linker structure in Chapter 4 did not interfere with the binding of the peptide 
to the protein surface, and allowed key confirmation to be achieved upon interaction. It 
influenced the peptide secondary structure and upon in vitro investigation allowed uptake in 
breast cancer cells. This demonstrates how macrocyclization has improved cell permeability 
of short peptidomimetics. This is a significant step towards the end of the drug pipeline for 
this therapeutic. 
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While this knowledge will be used for the design of future inhibitors for a therapeutic, 

it requires investigation into the later stages of the pipeline. Investigation of the p21 native 
sequence led to the synthesis of the rational design peptide presented in Chapter 3, which 
binds hPCNA with the highest affinity of any p21 peptidomimetic. In Chapter 4, A peptide 
linker was found in the investigation of macrocyclic peptides which bound to hPCNA with 
high affinity, and initial research suggests this linker affords cellular permeability. The 
incorporation of this linker into the rational design peptide could then be tested to determine 
the drug-like qualities required of the mimetic for further use. A more in-depth investigation 
of cell permeability must be performed to confirm cellular and nuclear permeability of the 
new peptide. The hypothesis of the anti-proteolytic nature of the linker must be tested 
through a proteolysis experiment, using mouse proteases in vitro to determine if the linker is 
unrecognisable to these enzymes, and will not be inevitably broken down. If cleavage occurs, 
determination of the location is important to overcome this. It can be then tested in vitro with 
cancer cell lines for a number of purposes, such as to test selectivity for cancer lines over 
healthy human cells. It can also be tested for the interaction with cancer cells, for the 
peptide’s ability to inhibit DNA-replication and therefore cause cell death. This can be 
indirectly done through assessment by an MTS assay, to determine if the peptide binding to 
the designed target in vitro, and is achieving the desired outcome. This can therefore 
determine the cell viability and proliferation rate after the peptide has been applied. All of 
this must be done before moving on to in vivo experimentation.  

  
New structural designs are critical to the ongoing problem solving of cancer 

resistance. Pepticom has designed novel peptide drug candidates, utilizing the in silico AI 
software to optimize the discovery process, accelerate time to market, and reduce 
development risks and costs. These sequences have been optimised to synthesise peptides for 
control of specific chemical attributes and risk factors. Through Pepticom’s algorithm, the 
design of new peptide sequences using synthetic amino acids in cyclical peptide structures 
were tested in Chapter 6, and found high affinity confirmations to be used in further PCNA 
studies in vitro. The resultant candidates of this preliminary research have been identified, 
and can now progress to lengthened measures, the next step would be to use X-ray 
crystallography to analyse the structure of the new designed peptides bound to hPCNA, to 
determine if the co-structure  is interacting as hypothesised. 

 
This isn’t the full extent of the use of PCNA targeting peptidomimetic research, it can 

be used on other species, as PCNA has been shown to be present in almost all forms of life 
[71]. Aspergillus fumigatus is abundant in the environment and the most common cause of 
invasive fungal infection [37]. Central nervous system aspergillosis has mortality rates of 
~90% [38]. As PCNA has important roles in replication and cell survival, it is hypothesised 
that it is a potential target for antifungal treatments [44], illustrating the importance of 
investigating the crystal structure of A. fumigatus PCNA bound with mimetics, to understand 
how interacting peptides bind to aid rational drug design. This was done in Chapter 5 to 
reveal a newly designed mimetic with a new secondary structure with high affinity binding 
which can be utilised in further fungal mimetic research. The peptide sequence and secondary 
structure can be tested to understand the antifungal effect on fungal cell lines. The antifungal 
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susceptibility of these synthesised peptides can be tested by using a broth microdilution 
method. Antifungals such as anidulafungin and amphotericin B can be used for positive 
control purposes, the designed peptides of interest are diluted into media, using two-fold 
serial dilution to cover a wide concentration range. A. fumigatus isolates can be cultured on 
dextrose agar with antibiotics until conidiation. After resuspension of isolates at 24 hours to 
prepare the inoculum, these aspergillus isolates endpoints are read.  Antifungal susceptibility 
is interpreted through the minimum inhibitory concentration (MIC). This in vitro 
experimentation can determine the next steps to be taken in the anti-fungal drug pipeline.  

 

Concluding remarks  

The current project presents the biomedical developments in the world of 
peptidomimetic research in PCNA inhibitors for cancer and fungal therapeutics. The 
presented findings build of the previous research of this drug target to identify key features of 
interactions for the progression of the drug discovery pipeline. As this pipeline is ready for 
development it is expected the next stages of in vitro and in vivo work will progress the 
structures to a drug like state. X-ray crystallography needs to be attempted on Pepticom’s 
cyclical peptides, and after analysis such as for those peptides from previous work with 
crystal structures already examined, proteolysis experiments will be done to inform real 
world use and weaknesses that may require alteration in the backbone of the peptides, 
following this antifungal and anticancer susceptibility can be tested in cellular experiments. 
This in vitro data will inform the further adaption and use of these peptides an effective drug 
for a broad and cancer specific treatment to lower the impact of cancer on patients.  
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