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EXECUTIVE SUMMARY

Ferritin exists ubiquitously in nature. It has been used in medical application for decades
because of its unique and promising plastic structure, together with high biocompatibility and
stability. The most widely adopted mammalian ferritin, is human heavy-chain ferritin (HFn),
which has been employed as an anti-tumour drug loading platform. HFn comprises 24 subunits
to form a 12 nm hollow sphere. Various kinds of anti-tumour drugs have been explored to be
loaded onto HFn by diverse drug loading approaches. However, protein loss and undesirable
drug loading ratio are bottlenecks to practical drug loading. In addition, HFn has shortcomings
such as short half-life in circulation. Different half-life extenders or other functional
characteristics such as enhanced tumour targeting ability, have been equipped to HFn to

improve its efficacy and broaden its application.

In this research thesis, focus is on improvement of HFn performance as an anti-tumour drug
delivery platform through 1) functionalisation by fusion, and 2) drug loading approach.
Functionalisation and drug loading investigation were initially conducted in 2 strategies and
compared. The first strategy tries to extend the half-life of HFn, improve tumour targeting
ability, and enhance the drug loading performance. It fuses 2 functional peptides, PAS and
RGDK, to HFn. PAS is a 40 aa peptide composed of repetitive P, A, and S residues. It can bind
to water molecules and enlarge the hydrodynamic volume to extent half-life in circulation.
RGDK is a four-residue tumour targeting peptide. A thermally induced passive diffusion
approach was explored to load small molecule doxorubicin hydrochloride (DOX) to HFn to
improve drug loading performance. The second strategy fuses HFn with a peptide drug called
pro-apoptotic peptide (P). The sequence of P is KLAKLAKKLAKLAK. It can selectively Kill
tumour cells by disrupting mitochondrion membrane. This strategy makes use of the alternative
fusion approach to load drug to guarantee loading efficiency and simplify loading process.

RGDK was also employed in this strategy to improve HFn tumour targeting ability.

Eight HFn based proteins were designed for these 2 strategies. Two of them are controls, HFn
and E-helix truncated HFn (sHFn). Three PAS functionalised HFns are HFn-PAS, HFn-GFLG-
PAS-RGDK and HFn-PLGLAG-PAS-RGDK. GFLG and PLGLAG are two enzyme-cleavable
sites leading to the removal of PAS-RGDK from HFn after reaching tumour tissues. They are

4 aa and 6 aa long, respectively. sHFn is not employed in strategy 1 and HFn is the only control.



Another 3 proteins P-HFn, sHFn-P, and sHFn-P-RGDK. HFn and sHFn are used and they are

both controls.

All proteins were successfully expressed in Escherichia coli (E. coli). Transmission electron
microscopy (TEM) and size-exclusion chromatography (SEC) results showed that 2 controls
and 3 PAS functionalised HFns were expressed in soluble assembly. However, 3 P
functionalised HFns failed to self-assemble. P-HFn was expressed in inclusion bodies (IBs),
and sHFn-P and sHFn-P-RGDK in soluble monomers. Without the correct structure, 3 P
functionalised HFns could not be applied as anti-tumour drugs. Therefore, strategy 2 failed and
there was no need for the 3 P functionalised HFns to undergo further bioactivity evaluations.
Molecular docking and molecular dynamic (MD) simulation were conducted to investigate the
impacts of P peptide on HFn assembling. Results demonstrate that the high density of positive

charge and the hydrophobicity of P were the main causes for the failure of P functionalisation.

In strategy 1, the 3 PAS functionalised HFns and their control HFn underwent further
experimental investigations. Following the expression, HFn and 3 PAS functionalised HFns
were purified using heat-acid precipitation and chromatography. Purification of functionalised
HFns were optimised and it is worth to note that the inserted functional peptides resulted in the
conformation change and therefore impacted the purification process. Fusion of PAS peptide
has led to an E-helix turnover phenomenon, resulting in a significant decline of the stability. In
structural comparisons of HFn and 3 PAS functionalised HFns, PAS has enlarged the
hydrodynamic volumes of assemblies due to its hydration ability. However, RGDK peptide did

not make any significant impact on HFn conformation.

Following preparation of high-quality HFn-based proteins, a thermally induced passive
diffusion approach was introduced to load drug efficiently. Conditions in thermally induced
passive diffusion approach was optimised for both HFn and HFn-GFLG-PAS-RGDK through
an orthogonal trial. Variables were heating temperature, heating time and buffer pH. Condition
of pH 7.5, 50 °C, 6 h was found to be the optimal for all 4 HFn-based proteins. It achieved a
significantly improved protein recovery yield and loading ratio in comparison with previous
loading approaches. Protein recovery yield of functionalised HFns were lower in contrast with
HFn, because of the stability decrease after fusion. Molecular docking combined with MD

simulation revealed the mechanisms behind DOX loading process.
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Finally, the anti-tumour performances of DOX loaded 4 HFns (i.e. DOX loaded HFn and 3
PAS functionalised HFns) were assessed in detail in vitro and in vivo tests. Intracellular
distribution assay demonstrated DOX carried by these 4 HFn-based proteins could accumulate
in tumour cell nucleus to exert function. MTT assay showed that RGDK in 2 PAS-RGDK
functionalised HFns significantly improved the cytotoxicity. Cellular uptake test showed that
RGDK had significantly enhanced tumour cell uptake efficiency. In animal tests,
biodistribution results proved the improvement of tumour targeting ability by RGDK in HFn-
GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK, compared with HFn and HFn-PAS.
Pharmacokinetic test showed an approximate 5 times extension of half-life in circulation
resulting from PAS peptide fusion. In anti-tumour growth test, 2 PAS-RGDK functionalised
HFns achieved the highest anti-tumour efficacy.

Overall, this work has significantly improved HFn as an anti-tumour drug delivery platform.
Functionalisation with PAS and RGDK peptide can improve anti-tumour drug delivery
performance through half-life extension and improvement of tumour targeting. Thermally
induced drug loading approach can be used in both HFn and functionalised HFns to obtain a
desirable loading performance. Mechanism of HFn drug loading has been revealed by

experiments aided with computation tools including molecular docking and MD simulation.

The findings will be of immediate benefit and interest to a wide range of researchers and

manufacturers for drug delivery using ferritin.
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Chapter 1

INTRODUCTION



1.1 Background

Drug delivery systems have been extensively used in tumour treatment to enhance drug
efficacy and reduce side effects. Ferritin, a type of protein nanocage, is widely regarded as a
promising anti-tumour drug delivery platform. In mammalian cells, ferritin stores iron ions and
protects cells from Fenton reactions. A typical ferritin assembly includes 24 of 2 types of
subunits, heavy-chain (H-chain) and light-chain (L-chain). Both subunits consist of 5 helices
(helix A, B, C, D, and E) and loops and turns. H-chain subunit has a ferroxidase centre that can
oxidise Fe?* to Fe®*, while L-chain subunit facilitates iron nucleation.?* Ferritin assembly has
a 12 nm outer diameter and 8 nm inner diameter. Eight hydrophilic channels and 6 hydrophobic
channels on ferritin shell are the entrance and exit for iron ions and protons.® Because of the
hollow sphere structure, ferritin assembly is a near-ideal container for drugs. Its protein nature
and mammal source make it biodegradable and highly biocompatible. In addition, ferritin is
economical to produce and store. Ferritin can be expressed in assembly form in Escherichia
coli (E. coli), and its thermal stability and chemical stability are advantageous in preparation
and storage.® ” Moreover, its nanometre scale size endows it with enhanced permeation and
retention effect. Inherent affinity of human heavy-chain subunit (HFn) to human transferrin
receptor 1 (TfR1) can be made use of to achieve active tumour targeting.®

In order to load various types of drugs into ferritin, researchers have developed various drug
loading approaches, including passive loading, pH-induced and 8 M urea induced disassembly-
reassembly. Small molecules can take advantage of the channels on ferritin shell and be loaded
by incubation with ferritin under suitable conditions, which is called passive loading approach.®
In passive loading approach, ferritin nanocage remain as assembly in the whole process.
Additives i.e., low concentrations of denaturants, and stressors, particularly, high pressure,
have been applied to expand channels to facilitate drug loading.1%2

In contrast with passive loading approach, in pH-induced and 8 M urea-induced disassembly-
reassembly approaches, ferritin dissociates into individual subunits because of the disruption
of inter-subunit interactions caused by extreme pH or 8 M urea.!® 1 Except for the two
approaches mentioned above, in terms of peptide drugs, drug loading by fusion and
hybridisation of different foreign peptide inserted ferritin subunits are alternatives.'® However,

due to the conformational change in the drug loading process, by-product aggregates are likely



to form and the problem of protein loss remains as a challenge. For most cases of ferritin drug
loading, regardless of the drug loading approach, drug loading ratios are below 100 molecules
per HFn, which is undesirable, considering ferritin cavity volume and 4500 iron ion storage
ability.! Overall, in loading small molecule chemotherapeutics, drug loading performance of

ferritin is not always desirable, because of the low protein recovery yield and loading ratio.

Functionalisation is a common method to improve ferritin drug delivery performance through
equipping ferritin with other advantageous properties. Ferritin has a short half-life in circulation
and its tumour targeting ability is limited. Chemical conjugation and gene technology are 2
common means. Chemical conjugation makes use of the—SH and —NH> groups of residues on
ferritin outer surface. Folic acid was conjugated with ferritin for tumour targeting.'® Gene
technology includes mutation of ferritin and fusion of functional peptides. Researchers have
mainly used mutations of residues in ferritin subunit to study residue function in ferritin
assembly.t’ Fusion is the most frequently used functionalisation means for ferritin because of
the site-specific, stable modification and well-established technique. Subunit N-terminal,
subunit C-terminal, and the flexible turn connecting helix D and E are the main available
insertion sites.’® In some cases, foreign peptide fusion has affected negatively the soluble
expression level and self-assembly of ferritin.® Therefore, the study of selection of functional
peptides and its effects on conformation of functionalised ferritin can guide to develop efficient

protein-based drug carriers.
1.2 Aim and objectives

The overarching aim of this work is to improve human heavy-chain ferritin (HFn) performance
as an anti-tumour drug delivery platform. Functionalisation of HFn is conducted through fusion
of functional peptides, and drug loading approach is investigated in detail to improve protein
yield and drug loading efficiency.

PAS functionalisation and pro-apoptotic peptide (P) functionalisation are explored in this thesis.
In total, 8 HFn-based proteins were designed. HFn and E-helix truncated HFn (sHFn) are
controls. Three PAS fused HFns are named as HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-
PLGLAG-PAS-RGK, respectively. PAS peptide is a 40 aa half-life extender and RGDK
peptide is a tumour penetration tetrapeptide.?® 2t After guiding HFn to reach tumour cells,

functional peptides PAS and RGDK are supposed to be removed. GFLG (4 aa) and PLGLAG
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(6 aa) are two cleavable sites responsive to tumour cell overexpressed enzymes cathepsin B

and matrix metallopeptidase 2/9, respectively.?® 2 Doxorubicin hydrochloride (DOX) was

loaded to 3 PAS functionalised HFns and control HFn in a study of thermally induced passive

diffusion approach. This approach introduced high temperature as a stressor and the conditions

were investigated in detail to optimise loading performance. The rest 3 proteins are an anti-

tumour peptide drug, P functionalised HFn or sHFn, named P-HFn, sHFn-P and sHFn-P-

RGDK. A significant impact of P on HFn assembling was found in expression and was

investigated in detail. The objectives of this thesis are as follows:

1.

Design functionalised HFns by fusing and express these in E. coli. Compare expression of
HFns inserted with different functional peptides, including PAS, RGDK and P, and
investigate P impact on HFn assembling by molecular characterisations and computational
tools.

Develop purification pathways for recombinant HFn and 3 PAS functionalised HFns to
remove host cell proteins (HCPs) and nucleic acids, and study impacts of functional
peptides on conformation changes and consequent purification pathway changes.

Explore a new passive diffusion drug loading approach, thermally induced passive drug
loading approach, for both HFn and 3 PAS functionalised HFns to improve drug loading
ratio and reduce protein loss. Study the interactions between HFn and loaded DOX by
computational methods to understand ferritin drug loading mechanisms.

Assess how functional peptide PAS and RGDK improve anti-tumour performance by

comparing anti-tumour performances in both in vitro and in vivo tests.

The methodology is illustrated as Figure 1.1.
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Figure 1.2 Flow chart of research methodology in this thesis.
In strategy 1, PAS functionalisation, all steps have been performed, while in strategy 2, P
functionalisation, steps 1 and 2 were conducted.

1.3 Thesis outline

This thesis has 7 chapters, and the general outline is as follows:
Chapter 1: Introduction, a brief introduction of this thesis, the background information of

using ferritin as a drug delivery system, thesis aim and objectives, together with thesis outline.

Chapter 2: Literature review. This chapter describes ferritin structure features and properties
that make ferritin a desirable drug delivery platform. Multiple drug loading approaches and
functionalisation means adopted in ferritin are then evaluated in detail. Main research problems
within ferritin drug loading approaches and functionalisation methods are included in
corresponding sections. Literature about computation approaches, especially molecular
dynamic simulation and molecular docking for protein structure prediction and protein-ligand

interaction analysis are also briefly reviewed.

Chapter 3: Molecule design, expression of functionalised HFns and computational
investigation of self-assembling. In this chapter, plasmids harbouring genes encoding designed
proteins were constructed and transformed into E. coli BL21 (DE3). Protein molecule
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conformation were characterised. Computational analysis was adopted to understand the
possible reasons why some of the designed HFn-based proteins could not be expressed in

soluble and self-assembly form.

Chapter 4: Purification process development and structure comparison of HFn and
functionalised HFns. A heat-acid precipitation followed by chromatography process was
developed to obtain high purities for all 4 HFn-based proteins. Differences in structure of
assembled HFn-based proteins have demonstrated the impact of inserted functional peptides

(PAS and RGDK) on HFn conformation and the consequent purification pathway changes.

Chapter 5: Thermally induced doxorubicin loading of HFn and functionalised HFns. A
thermally induced passive diffusion approach was introduced to load DOX to HFn and PAS-
functionalised HFns. Process factors such as heating time, temperature and buffer pH were
optimised for HFn-GFLG-PAS-RGDK and HFn DOX loading. HFn and PAS functionalised
HFns drug loading performances were compared. Molecular dynamic simulation and docking
software was used to simulate the interaction sites and types of HFn and DOX in drug loading

to help explain the mechanism behind drug loading and the formation of by-products.

Chapter 6: Engineered HFns performance as an anti-tumour drug delivery platform were
tested in vitro and in vivo. In vitro, cellular uptake efficiency was investigated to confirm
RGDK peptide function. Intracellular distribution was conducted to monitor if drug could enter
nucleus to kill tumour cells. Cytotoxicity was performed to compare ICso values. In vivo,
pharmacokinetic study determined the half-lives in blood circulation. Biodistribution study
used in vivo imaging to prove the function of RGDK peptide. Anti-tumour test aimed to

confirm the improvement of anti-tumour performance after functionalisation.

Chapter 7: Conclusions and future directions. Conclusions derived from key findings in

previous chapters and future research directions for ferritin as a drug delivery platform.

Appendix A includes Supporting Tables for Chapter 3. Appendix B lists Supporting Figures
for Chapter 3, 4, 5 and 6.
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Chapter 2

LITERATURE REVIEW



2.1 Introduction

Ferritin is produced by almost all living organisms, including archaea, bacteria, plants and
animals. In mammals, it acts as a buffer against iron-deficiency and iron-overload by storing
and releasing iron. It has been used as a drug nanocarrier and in medical-related areas for some
decades.!* Mammalian ferritin structure and properties have been well-investigated. A wide
range of drugs targeting different diseases have been loaded onto ferritin, including anti-tumour
chemotherapeutics, neutral drugs, antibiotics and genes. Various approaches of drug-loading
into ferritin have been studied, and condition optimisation have been used to achieve desirable
loading performance. As a drug delivery platform, ferritin has several advantageous properties
such as uniform hollow sphere structure, high biocompatibility and low toxicity, but it cannot
be perfect. Its poor drug loading performance is one of its practical bottlenecks. In addition,
researchers have worked on functionalisation means to incorporate other functional molecules
with it to broaden its application. Functionalisation could also impact on ferritin structure and

drug delivery performance.

However, despite an increasing global interest, there has not been a substantial review
summarising and evaluating ferritin as a drug nanocarrier in detail, for example, comparing
and explaining drug-loading approaches and ferritin functionalisation means. Besides that, the
investigation of functionalisation impact on ferritin and drug loading were mainly performed
using experiments, which focus on result comparison to verify the functionalisation design aim
or select the optimal drug loading condition, lacking a detailed mechanism study.
Computational analysis is a powerful tool to complement experiments and help interpret
experiment findings on an atomic and molecule level and has the potentials to be employed in

ferritin drug-loading mechanism and functional peptide impact of ferritin study.> ©

In this chapter, 1) ferritin as an anti-tumour drug delivery platform, and 2) computational
techniques that could be used in functionalisation impact and drug loading investigation are

critically reviewed.

This review consists of 4 sections: 1) Introduction of ferritin basic structure and property,
focusing on those paving the way for ferritin as a drug nanocarrier; 2) Contrast of different

means to load drugs in detail by investigating mechanisms and comparing these in terms of the
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crucial evaluation indicator of loading performance. This is because evaluation of indicators
and understanding of drug-loading mechanisms guide selection of judicious loading approach;
and 3) Discussion of multiple ferritin functionalisation approaches, aims, advantages and
potential risks. Findings will be of immediate interest to a wide range of researchers and benefit
to manufacturers for drug delivery using ferritin. 4) Brief introduction of two currently used
computational techniques for prediction of structure, property, and protein-ligand interaction
of ferritin, and related proteins, molecular dynamic (MD) simulation and molecular docking.
These have high potentials to be used in investigation of functional peptide impact and drug

loading mechanism.
2.2 Ferritin structure and properties: the basis of a promising drug nanocarrier

A growing knowledge of ferritin structure and its properties has been revealed in continuing
research since it was first identified in 1937.7 This understanding in growth has contributed to
its potential development for drug delivery because the unique structure and properties are the

solid foundation of ferritin to be a drug nanocarrier.
2.2.1 Structure

Ferritin is a protein family, and it is ubiquitous in nature. Its primary sequence differs in
different species but shows a highly conservative conformational structure. The whole family
has been divided into three main types according to structural features: 1) classical ferritin; 2)
bacterioferritin (Bfr); and 3) DNA-binding protein from starved cells (DPS).% ® These main
types are shown schematically as Figure 2.1. Classical ferritin is dominant in nature. It differs
in primary sequence, cytological location, and regulation model in different species.l® 24
subunits form a hollow octahedron with a 12 nm outer and 8 nm inner, diameter (Figure 2.1A).
This hollow octahedron has 2-fold, 3-fold and 4-fold symmetry axes (Figure 2.1 D-F). In
eukaryotes and some bacteria, classical ferritin is constructed by one type of subunit called H-
type subunit whilst in mammals, classical ferritin is heteropolymers made up of heavy-chain
subunits (H-chain subunit, 182 aa, 21 kDa) and light-chain subunits (L-chain subunit, 174 aa,
19 kDa). H-type subunit and H-chain subunit are believed to derive from a common ancestor.
The ratio of H- and L-chains in mammalian ferritin varies from tissue to tissue.'! Naturally
produced classical ferritin has an iron-core and plays an important role in iron metabolism by

storing iron hydrides in its hollow-cavity and protecting oxidative damage from Fenton
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reaction caused by excessive Fe(1I).12 Bfr is found in some bacteria and archaea. Compared
with classical ferritin, it has 12 heme groups between subunits in a twofold symmetric binding
site (Figure 2.1B). The function of heme groups is not completely understood. The former two
kinds of ferritin are called maxi-ferritins. This third, which consists of only 12 subunits is called
mini-ferritin. It is 3 nm less in diameter than the former two (Figure 2.1C). It is produced
during stationary phase, and its main role is to protect bacterial chromosomes. The unique and
uniform nanocage of ferritin provides a natural and near-ideal container for drugs. The
abundant sources and diverse types of ferritin also offer researchers a wide range of choices
when using ferritin as a drug nanocarrier. Because mammalian ferritin, such as human ferritin
and commercialized horse spleen ferritin, are the most used types, this review therefore

primarily focuses on the structure and properties of these.
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Figure 2.1 Hollow spherical structures of three types of ferritin.

A, Classical ferritin (PDB: 2fha). B, bacterioferritin (Bfr) (PDB: 4am2). C, DNA-binding protein from
starved cells (DPS) (PDB: 2iy4). D, 2-fold symmetry axis of classical ferritin. E, 3-fold symmetry axis
of classical ferritin. F, 4-fold symmetry axis of classical ferritin. Molecules in red in B are the heme
groups. Structures were obtained from PDB and visualized using Chimera.!*15

The H-chain and L-chain subunits of mammalian ferritins share approximately 55 % of primary
structure. The conformation is similar. Both consist of five helices (helix A, B, C, D and E)
together with BC loop, AB turn, CD turn and DE turn connecting helices (as is shown in Figure
2.2B and C). At each terminus of subunit, there is one short non-helical extension. Four
antiparallel long helices form a bundle, and the short helix E lies at a 60° angle to bundle axis.
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In H-chain subunit four helix bundle, there is a ferroxidase centre that can oxidize Fe?* to
Fe3*(Figure 2.2A). L-chain subunit lacks this centre but facilitates iron nucleation. Non-
covalent bonds between residues within subunits form ferritin subunit conformation and non-
covalent bonds between subunits lead to the ferritin nanocage. These interactions include
hydrogen bonds, salt bridges and hydrophobic interactions, and are well-documented.® 17
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Figure 2.2 Structure of mammalian ferritin subunit and assembly.

A, Ferroxidase centre in H-chain subunit. B, H-chain subunit, C, L-chain subunit. D, ferritin nanocage,
hydrophilic channel (in purple) formed by three subunit N-terminals of ferritin at 3-fold symmetry axis.
E, ferritin nanocage, hydrophobic channel (purple rectangle) surrounded by 4 helix E from 4 subunits
at 4-fold symmetry axis. F, C-terminal fused E-helix extruded ferritin (flipped ferritin), helix E is in
orange and the foreign peptide cyan, hydrophobic channel is in purple. Structures A, B, C and D were
originally obtained from PDB 2fha and modified and visualized using Chimera.'®

When 24 subunits assemble into one ferritin cage, 14 traversing pores are formed in the ferritin
shell. End of helix C and start of helix D from three subunits forms a 0.3-0.4 nm triangle-
shaped channel at ferritin 3-fold symmetry axis (Figure 2.2D). Residues around the channels
are mainly hydrophilic and are responsible for iron ions to enter the ferritin cavity. Eight
hydrophilic channels can be opened and closed to respond to biological iron need.'® Each of 6
hydrophobic channels at ferritin 4-fold symmetry axis is surrounded by 4 inwardly pointing E
helix (Figure 2.2E). It is suggested that these provide an exit pathway for protons during iron
mineralisation.!® 2° In drug loading studies, the 14 channels have been made use of for

transporting various drugs into ferritin cavity.

Ferritin structure also lays the foundation of functionalisation. Natural mammalian ferritin has

all 24 N-terminal extensions outside the nanocage, which are readily available for displaying
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foreign functional peptides. Despite the fact that C-terminal together with the E helix of subunit
are buried inside natural ferritin nanocage, an interesting turnover phenomenon of E helix has
been found by Luzzago and Cesareni after fusing a large peptide (90 aa), a-peptide of -
galactosidase to subunit C-terminus.?* They speculated that 24 foreign peptides together with
24 helix E were pushed out of the ferritin cavity and exposed to solvent because substrate was
digested by the enzyme-fused ferritin. A theoretical schematic illustration of ferritin with
extruded helix E and C-terminal inserted peptides (flipped ferritin) is shown in Figure 2.2F.
In this flipped ferritin, the hydrophilic channels remain the same whilst hydrophobic channels
expanded. This E-helix turnover has allowed subunit C-terminal available for ferritin
functionalisation. In the same study, they also deleted the E helix to study its contribution to
ferritin assembly and found that the truncated ferritin was still able to fold subunit and assemble
into 24-mer, only with a relatively low thermal and chemical stability compared with the full-
length ferritin. E helix deleted ferritin with expanded hydrophobic channels, consequently, can

also be used as a drug nanocarrier.
2.2.2 Chemical and biological properties

An acknowledged attraction of ferritin is its greater stability in contrast with normal proteins.
UV absorbance and circular dichroism data show that the whole nanocage of human H-chain
ferritin remains stable at a temperature of 80 °C.?2 Heating is therefore a good means for
purification.?®> Tm values of horse-spleen ferritin and recombinant human H-chain ferritin
measured in differential scanning calorimetry are also significantly high at pH 7, respectively,
93 and 77 °C.%* A study of long-term stability of doxorubicin loaded ferritin revealed that at
4 °C in water, no significant change is detectable in structure and activity, even after 12
weeks.® This stability has therefore made it convenient, and largely inexpensive to
manufacture and store. Ferritin is however prone to form aggregates below freezing. L-chain
subunits possess better thermal and chemical stability than H-chain subunits do, in both
dissociated and associated forms. This is largely due to a salt bridge formed by Lys62 and
Glu107 located inside L-chain 4-helix bundle.?: 2

The ferritin nanocage can resist a more extreme pH range than can normal proteins. It has a
unique pH-responsivity. When solution pH is < 3.4 or > 10, non-covalent interactions between

ferritin subunits are disrupted and subunits dissociate.?® With pH back to neutral, subunits can
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re-associate to ferritin nanocages. This unique property is the cornerstone for the pH-induced
disassembly-reassembly drug-loading approach.

Ferritin has an intrinsic targeting ability as a drug nanocarrier. Human H-chain ferritin subunit
has been shown to selectively bind to human transferrin receptor I (TfR I), that is overexpressed
in a range of human tumour cells and blood-brain barrier.?®> 231 Mice L-chain ferritin and
horse-spleen ferritin (mostly L-chain) has an innate affinity to scavenger receptor class A
member 5.%2-3 Targeting tissues or cells that do not overexpress these two receptors is also
feasible through functionalisation. The plasticity and stability of ferritin structure has allowed
for functional peptide insertion without disrupting ferritin conformation. Additionally,
mammalian ferritin is non-toxic, has low immunogenicity, high biocompatibility and
biodegradability. Similar to all drug nanocarriers, ferritin can improve drug stability in vitro

and in vivo, prevent unwanted interactions, and lengthen small molecule half-life in circulation.

Overall, on the basis of its advantageous structure and properties, ferritin is a highly promising
drug nanocarrier. Its uniform shell structure and stability lay the foundation of drug nanocarrier
application. Its ubiquity in various species offers researchers an abundant and stable resource,
together with a wide range of options in drug vector selection. Its traversing channels and pH-
responsivity pave the way for drug-loading approach development. Its structural plasticity
allows for incorporation of other functional molecules. Its high biocompatibility and
biodegradability guarantee the safety in usage to a certain degree. As a result, researchers took
advantages of all these characteristics and developed diverse drug loading approaches and
functionalisation means. A great number of drugs have been loaded to different mammalian

ferritins in research.
2.3 Ferritin drug-loading approaches and mechanisms

When ferritin was initially used as a drug nanocarrier, researchers drew on its natural function,
storing metal ion Fe. This is the reason why various transition metal ions and metal-ion
containing molecules were encapsulated into the ferritin cavity.® This cavity was also explored
as a size-constrained synthesis vessel for organic and inorganic nanoparticles.3® As more
detailed information about ferritin structure and properties was accumulated, especially the

channels in the shell, pH-responsivity, satisfactory safety and stability, various means of drug-
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loading were established and a wider range of drugs, and even nutrients, have been

investigated.3” 38

Theoretically, drugs can be encapsulated in ferritin or tightly bound to ferritin outer surface.
However, because of the ability of preventing drug degradation, drug encapsulation is preferred,
and the following drug-loading approaches focus on drug encapsulation. Drug-loading
comprises two steps: the entering of drugs into cavity and the remaining of drugs inside. Present
drug-loading approaches use two distinct strategies in the first step: 1) Passive-loading, in
which drugs diffuse inside cavity through ferritin channels; 2) Disassembly-reassembly, which
opens ferritin cage and restores the structure after encapsulating drugs (Figure 2.3).

A. Passive diffusion B. Disassembly-reassembly
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Figure 2.3 Schematic of ferritin drug-loading approaches.

A, passive-loading through hydrophilic or hydrophobic channels. B, disassembly-reassembly, 1) pH-
induced, 2) 8 M Urea-induced. Ferritin structures were obtained from PDB and visualized using
Chimera.?®

In theory, drugs remain encapsulated after entering cavity because of physical entrapment
and/or chemical interactions with ferritin inner surface. Physical entrapment is basically a
mixing equilibrium of ferritin and drugs. External factors such as mixing time, mixing speed,
temperature, initial ferritin and drug molar ratio play an important role in drug-loading ratio
(number of drugs per ferritin nanocage). Property factors including drug sizes compared with

ferritin channels and ferritin nanocage integrity after drug encapsulation impact the stability of
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drug loaded ferritin (ferritin/drug). Chemical interactions mainly include hydrophobic
interactions, electrostatic interactions, hydrogen bonds and covalent bonds. In chemical
interactions, all factors that impact interaction equilibrium matter for loading ratio whilst
strength of interactions is positively related to ferritin/drug stability. For example, external
factors, molar ratio and mixing time impact interaction equilibrium. Properties such as, charges
and hydrophobicity of drugs, exposed interaction sites of ferritin under the conditions of drug-
loading, and ferritin nanocage integrity after drug-loading, will decide the drug-loading ratio

and ferritin/drug stability.

Although ferritin is robust, conditions such as non-neutral pH, additives and increased
temperature used in drug-loading approaches can cause different degrees of alterations to
ferritin exposed interaction sites, channel areas, and its nanocage integrity after drug-loading.
In addition, due to the structural alterations and possible drug-ferritin cross-linking in drug-
loading, aggregation of ferritin or ferritin-drug can happen and cause precipitation. This can
lead to problems such as, drugs loaded in aggregates and ferritin loss. Loading ratio is related
to dosage in practice. Drug loaded in aggregates, protein loss and low ferritin/drug stability
increase preparation and storage costs. Additionally, these impact ferritin/drug efficacy in vitro
and in vivo. Therefore, drug-loading ratio, protein recovery, aggregation level and ferritin/drug
stability are crucial indicators in evaluating the performance of drug-loading approaches. Apart
from the external and property factors mentioned above, ferritin modification for
functionalisation can also cause changes in drug loading performance but we this will be
discussed in the functionalisation section. In the following, different types of drug-loading
approaches are introduced, analyses of the mechanisms of drug entrance and remaining are
described, the drug-loading performance indicators of each approach are compared, and the

means to enhance performance are discussed.
2.3.1 Passive-loading

Passive-loading is completed by co-incubating drugs and ferritin. This process takes advantage
of the 14 channels on the ferritin shell to allow drug entrance. The size of drugs applicable are
small because of the meaningfully small channel size of 0.3-0.5 nm diameter. Theoretically at
least, hydrophobic drugs such as tyrosine kinase inhibitor Gefitinib diffuse through 6
hydrophobic channels whilst hydrophilic drugs such as metal ions and doxorubicin
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hydrochloride pass through 8 hydrophilic channels.®® Drugs remain encapsulated primarily due

to chemical interactions.

Initial passive-loading means involves zero chemical or physical stress on ferritin structure.
Incubation time ranges from 1 h to overnight (> 12 h) for mixtures to reach equilibrium.
Normally temperature is 4 °C and pH is neutral for the sake of stabilities of drugs and ferritin.
For drugs that are soluble in aqueous solution, usual buffers such as phosphate buffer are
chosen, but for hydrophobic drugs, co-solvents such as DMSO and DMF are added to increase
drug solubility. Amongst selected drugs, metal ions and those bearing positive net charges,
tend to have greater loading potential. This is because ferritin inner surface bears negative
charges at neutral pH. For example, 145 AgNOs and 104 AuCls were reportedly trapped in one
ferritin cavity, this is significantly greater compared with ~ 12 molecules per cavity with
Gefitinib.“° In passive-loading cases, most of the drugs are not physically trapped inside ferritin
cavity because of the small sizes of drugs, but there are exceptions. Reactive precursors can
aggregate into large molecules in ferritin cavity to achieve physical entrapment. This also
results in an improved drug loading-ratio and ferritin/drug stability due to a reduced possibility
of leakage via channels during loading and storage. Fan et al. made use of the oxidation of Fe
ions to form a 4.7 nm iron core inside recombinant human H-chain ferritin.** Copper and

platinum nanoparticle have also been encapsulated in ferritin via a facile mixing procedure.**
43

Although the ferritin nanocage is widely acknowledged as being highly stable, it does not mean
it remains rigid. Recently, ferritin channels have been demonstrated to be flexible.
Phosphotungstic acid, a molecule with a slightly greater size than channels, can be encapsulated
via stress-free diffusion approach.** Additionally, stressors that can selectively expanding
channels without disrupting the ferritin nanocage have been found to make a measurable
difference in loading performance. Investigated stressors include acidic pH, low concentration
denaturants, and an increase of either temperature or pressure. Acidic acetic buffer (pH 5.0)
was speculated to swell ferritin channels and enhance ferritin electrostatic interaction with low
pKa drug.* In terms of denaturants, Liu et al. and Yang et al., concluded that urea, guanidine
(10 MM to 1 M), and surfactant Triton X-100 (1 % and 10 %) could disrupt the hydrogen bonds
around hydrophilic channels.?? 6 Hydrophobic channels have also been reported to be

expanded by 20 mM urea.*’ Following the discovery of the different effects of temperature on

18



the global structure of ferritin cage and channel areas, a thermally induced drug-loading
approach was introduced. Yang et al. heated soybean ferritin with a nutrient for 1 h at 60 °C
and successfully loaded an average 10.5 molecules per ferritin.*® Within a certain pressure
range, the ferritin nanocage can be maintained whilst the more sensitive channel area might
undergo conformational change. For example, Wang et al. have shown that with 500 MPa
pressure at pH 5.5, 32 doxorubicin can be loaded into each ferritin cavity, and that the ferritin

recovery percentage reaches almost 100 % in the presence of 20 mM L-arginine.*

Passive-loading is advantageously a most ready means that presents least potential harm to the
ferritin cage when compared with other means. It, however, applies only to small molecules,
and it prefers reactive precursors, metal ions and positively charged molecules. Usually, a
satisfactory protein recovery and low level of aggregation are obtained because no, or minor,

structural alterations occur, but the stability of ferritin/drug in storage tends to be undesirable.
2.3.2 pH-induced disassembly-reassembly

pH-induced disassembly-reassembly is the most commonly used means. With this approach,
drugs of either small or large size, or nanoparticles smaller than the ferritin cavity, can be
loaded. It is centred on the special pH-responsivity of ferritin nanocage. Very low or high pH
induces significant subunit aggregation and causes irreversible damage to ferritin. In
consequence, the normally used pH range is 2 - 7.5 or 13 - 7. Acidic pH-induced approach has
been investigated and used more frequently than the alkaline counterpart. A practical
prerequisite for this approach is that the applicable drugs must be stable in these pH ranges.
Both physical entrapment and chemical interactions lead to drug remaining in this approach.
Drug property affects loading performance. Metal containing drugs for example, such as
cisplatin, 56 molecules were capsulated per cage, whilst for doxorubicin, 28.3 molecules were

trapped in one ferritin in similar pH ranges.*% %

pH-induced disassembly-reassembly had been regarded as a reversible process for some time,
but in 2011, Kim et al. refuted this. This is because they found two holes on equine spleen
ferritin after reassembly.? This structural damage in pH-induced disassembly-reassembly
process is likely to cause further aggregation and precipitation. In two separate trials, ferritin
recovery was reported as 25 % and 20 %.® %! Researchers, therefore, slowed down the pH

adjustment course by applying 2-step adjustment back to neutral and increased ferritin recovery
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by more than 3 times in the case of loading doxorubicin into horse-spleen ferritin.>? Except for
the main pH-induced disassembly-assembly cause, there are other factors facilitating
aggregation and precipitation. For example, phosphoric acid, OH™ and CI anions have been
shown to facilitate aggregation.>® Using glycrine-actate and tris-base buffer instead of
phosphoric acid-acetate and glycine-HCI buffer was found to result in greater ferritin recovery.
Additionally, drugs that interacts with ferritin as a cross-linker contribute to aggregation and
precipitation. Understanding the interaction ways can help reduce corresponding aggregation
and precipitation. Ruozi et al. found the mixture of ferritin and streptomycin sulphate (pKa is
ca. 8) became turbid when pH was around ferritin pl. This is because every streptomycin
possesses two positive charges in that condition.>* To mitigate protein loss, they increased the
final pH to 8 to remove one positive charge on streptomycin molecule and found the
precipitates could be partially recovered into soluble forms, and significantly improved protein
recovery to 70 %. With alkaline disassociation-re-association, Pontillo et al. argued that it did
not cause holes on horse-spleen ferritin based on their UV/vis and circular dichroism results,

but it still had protein loss.>®

To conclude, the pH-induced disassembly-reassembly remains an appropriate choice to load
larger molecules despite protein loss and aggregation. The approach is facile and does not
require special equipment or reagents. Adopting stepwise pH changes and judiciously choosing

buffer and adjusting other conditions in pH drug-loading procedure aid improved loading.
2.3.3 8 M Urea-induced disassembly-reassembly

High concentration of chaotropic agents (Urea, Guanidinium chloride) have been shown to
disrupt secondary forces within proteins, and consequently have been adopted to denature a
wide range of proteins. Ferritin was believed to be resistant to common denaturing approaches
because of its robust and stable structure. In last century, ferritin stability against urea,
guanidinium chloride and sodium dodecyl sulphate was explored, mostly with native ferritin
such as horse-spleen ferritin, in which the majority of subunits are L-chain. Sedimentation-
velocity demonstrated horse-spleen apoferritin retained sedimentation-coefficient after 24 h
incubation with 8 M urea at room temperature, and 48 h incubation with 1 % SDS (w/v) at
37 °C.%® Another ultracentrifugation study using guanidinium chloride showed native horse-
spleen apoferritin existed in aggregated form after 4 h incubation with 7 M guanidinium

chloride pH 7.5, and that 48 h incubation induced formation of an oligomer intermediate-like
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structure.” Consequently, a combination of acidic pH and high concentration of denaturant
was employed to ensure complete ferritin dissociation.®® However, recently, studies have
reported 8 M urea solution to successfully dissociate recombinant ferritin. The process is
relatively facile. Ferritin is pre-incubated in 8 M urea solution for 0.5 h, mixed with the drug,
and treated by dialysis against decreasing concentration gradient of urea buffer to slowly
remove urea. Two studies employing human H-chain ferritin and a third using Pyrococcus
furiosus ferritin were conducted by the same researchers. 2295 The P. furiosus ferritin study
reported a record high doxorubicin loading-ratio (404 doxorubicin per ferritin cavity). The
reason for this high loading-ratio has not been thoroughly investigated, but it is believed to be
due to the special nature of archaea ferritin. In 2016, Lei et al. directly characterised dissociated
ferritin after 8 M urea treatment under transmission electron microscopy (TEM).%® A number
of intact ferritin spheres were observed, but most of H-chain ferritin disassembled into smaller,

fragment-like structures.

These contrasting findings obtained from earlier and recent studies can be reliably ascribed to
different characterisation approaches and incubation conditions, together with different ferritin
types and sources. Ferritin subunits are likely to undergo dissociation, and then gradually and
randomly, aggregate during treatment. TEM directly visualizes the structure after 8 M urea
treatment. However, ultracentrifuge and sedimentation-velocity can measure only density and
gross size. Although the sequence of wild-type and recombinant ferritin can be exactly the
same, the relatively poor folding ability of E. coli can make a difference in protein chemical
stability. However, structural changes and mechanisms during this process have not been fully

elucidated, and therefore need further investigation.

One prerequisite for this approach is that the drugs used should be urea resistant. Protein
recovery is relatively low compared with passive-loading. This is primarily because of the
involvement of disassembly-reassembly. Despite the fact that 8 M urea approach is not as
thoroughly investigated as passive diffusion and pH-induced disassembly-reassembly, it
remains a reasonable alternative for drugs that cannot stand harsh pH conditions, and that are
not small enough to directly penetrate ferritin channels.
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2.3.4 Alternative drug-loading approaches

Alternative loading approaches have been explored on the basis of drug-ferritin binding
strategies different from the above approaches. Emulsification, a common way to mix
immiscible bioactive compounds with encapsulating materials, was utilized to combine
hydrophobic ferroptosis activator and hydrophobic rapamycin with iron core containing ferritin
into a 78 nm particle.’* Strong coordination interactions helped radio-sensitizer BizSs

nanocrystals conjugate to the ferritin outer surface.®

In some cases, drugs are connected to ferritin through covalent bonds. As a result, binding sites
of drugs tend to be predictable and precise. 24 tumour targeting pro-apoptotic peptide (CGKRK
(KLAKLAK)) and Glucagon-like peptide-1 were loaded to ferritin by N-terminal fusion, and
demonstrated that fusion did not affect ferritin nanocage self-assembly.®® ® Kang et al.
introduced a cysteine to ferritin subunit C-terminal and made use of it to conjugate with a
fluorescent label, by forming a di-sulphate bond.®> An enzyme drug superoxide dismutase was
also encapsulated through the same way, and in the same study, the enzyme was successfully

loaded through conjugation with the outer surface of horse-spleen ferritin.®

Theoretically, because of the stronger bonds, products from these loading approaches tend to
have a comparatively greater ferritin/drug stability in storage. Because of the fact that drug
release inside target cells is all done by lysosome enzyme digestion of the ferritin nanocage,
drug release profile will not be affected by drug-loading approaches.

2.3.5 Selection and comparison of drug-loading approaches

Drug-loading approaches are facile, effective and suitable for a range of drugs according to
drug properties. In selection of drug-loading approaches, the prerequisites for each approach,
such as drug size and pH or 8 M urea resistance should be taken into consideration. For example,
small molecules (normally < 600 Da) can enter cavity through ferritin channels, therefore,
passive-loading and disassembly-reassembly approaches both apply. Larger molecules are
however, blocked and channel expanding measures or disassembly-reassembly approaches
need to be adopted. Because proteins cannot stand harsh pH or 8 M urea conditions, a special
Archaeoglobus fulgidus ferritin that can disassemble-reassemble at physiological condition

(pH 7) is used as the nanocarrier.®” It is because of the range of drug-loading approaches and
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diverse ferritin types that it is always likely that, at least one means can be found for a particular
payload. For drugs that theoretically can be loaded through more than one approach, selection
depends on the 4 evaluation indicators, namely, loading-ratio, protein recovery, aggregation
and ferritin/drug stability. Doxorubicin is the most commonly loaded drug and has been loaded
in ferritin through passive diffusion, pH-induced disassembly-reassembly, and 8 M urea-
induced disassembly-reassembly in previous studies, shown in Table 2.1. It is taken as an

example to compare drug loading approaches in detail.
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Table 2.1 Comparative summary of doxorubicin loading performances with different loading approaches.

o ) Initial . ] Ferritin recovery . o N
Ferritin type Drug-loading approach . Loading ratio Aggregation Ferritin /drug stability Reference
concentrations percentage
Recombinant human . Ferritin, 0.5 mg mL* 40 % drug loss in 72 h in PBS
) N pH-induced, pH 2-7.5 28.3 / / 50
H-chain ferritin Drug, 0.11 mg mL? at4°C
. pH-induced, stepwise pH  Ferritin, 2.22 mg mL 20 % drug loss in 72 h in PBS
Horse-spleen ferritin ) 24 55 7 yes 52
adjustment, pH 2.5-4-7.4 Drug, 0.85 mg mL™! at 4 °C
Equine-spleen ferritin pH-induced, pH 2-7 Ferritin, 3.12 mg mL* 22 +1 25 / / 51
Recombinant human i Ferritin, 1 mg mL™! < 15 % of drug leaked in PBS
) N 8 M urea-induced 325 64.8 / ) 60
H-chain ferritin Drug, 1 mg mL™! in 60 h at 37 °C
Recombinant human ) Ferritin, 1 mg mL™* < 10 % of drug leaked in
) N 8 M urea-induced 33 / / ) %
H-chain ferritin Drug, 1 mg mL™*! mouse serum in 60 h at 37 °C
. High hydrostatic pressure . .
Recombinant human ) Ferritin, 1.5 mg mL* <40 % of drug leaked in PBS
(500 MPa) passive- 322 100 no 49

H-chain ferritin

loading

Drug, 1 mg mL™!

in 60 h at 37 °C

/> means no data.
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Doxorubicin is hydrophobic, has hydrogen bond donors and acceptors, and bears positive
charge when pH < 8.3. It can therefore bind to ferritin through non-covalent interactions such
as hydrogen bonds, ionic bonds and hydrophobic interactions. Doxorubicin is smaller than
ferritin channel, chemical interactions will be dominant in affecting loading-ratio and
ferritin/doxorubicin stability. Additionally, in all cases summarised in Table 2.1, excessive
amounts of doxorubicin were used, so it can be reasonably assumed that exposed interaction
sites of ferritin were saturated and mixing equilibrium for physical entrapment was achieved.
In this way, ferritin exposed interaction sites in drug-loading process and nanocage integrity

after drug encapsulation would mainly account for the loading performance differences.

As is seen in Table 2.1, high-pressure passive-loading approach has the highest protein
recovery, suggesting it poses the least harm to ferritin structure. This is because subunit
dissociation exposes more ferritin interface areas and has a greater chance to give rise to
unwanted protein/drug-protein/drug or protein-protein interactions. In Table 2.1, loading-
ratios of 8 M urea approaches and high-pressure passive-loading approach using recombinant
human H-chain ferritin are similar. pH-induced approaches have lower loading-ratios. The 8
M urea approach has the greatest ferritin/doxorubicin stability, whilst the pH-induced approach
has the least. The differences in two disassembly-reassembly approaches results suggest that
numbers and locations of exposed interaction sites in drug loading, and ferritin structural
integrity after encapsulation are different. In addition, solution pH differences in these two
approaches can impact ferritin-doxorubicin interactions. Overall, 8 M urea approach seems to

be milder than pH-induced one in terms of ferritin structure damage.
2.3.6 Improvement of drug loading performance

An ideal drug loading performance for ferritin is the achievement of all 4 satisfying indicators
simultaneously. However, it is difficult to achieve in practice. Aggregation and ferritin loss
data were not reported in many drug-loading studies, and a number of reported protein
recoveries were unsatisfactory. Loading-ratios in most cases so far have been < 100 drug
molecules per ferritin cavity. This is actually undesirable considering the cavity volume of
ferritin and its iron-storage capacity (up to 4500 iron ions).%8 This is probably because of the
limited number of interaction sites in the ferritin cavity, and weak interactions between ferritin

and drugs.
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To enhance drug loading performance, researchers have investigated different means based on
improvements of physical entrapment and chemical interactions between drugs and ferritin.
Condition optimization in drug loading process is one practical means for both chemical
interaction dependent and physical entrapment dependent drugs. For example, stressor
investigation in passive-loading, buffer selection and pH adjustment course change in pH-
induced disassembly-reassembly mentioned above can help improve loading ratio and protein
recovery. Prior to that, for chemical interaction dependent drugs, understanding the interactions
between drugs and ferritin can be a good option to figure out the significant conditions and
guide condition level selection. Computational tools, docking and molecular dynamic
simulation, which are used for receptor-ligand complex analysis can be helpful. Experimental
techniques such as spectroscopic characterisations may detect interaction sites and kinetics.
Addition of helper reagents is another means to enhance loading performance. Through co-
encapsulation with AuCls and reduction agent NaBH4 that formed an Au nanoparticle inside,
5-Fu, a 105 Da molecule has no detectable leakage in dialysis for 12 h.%° Complexation of
drugs with transition metal ions before encapsulation can improve the binding with ferritin.
Doxorubicin complexed with Cu(ll), Mn(ll), Zn(Il) and Fe(lll) have been shown to have
greater loading.” Incorporation of poly-L-aspartic acid (PLAA) has been shown to enhance

electrostatic interaction and facilitate daunomycin encapsulation.*® 7

In summary, various ferritin drug-loading approaches have been extensively investigated.
Different approaches have particular prerequisites and are applied to different types of drugs.
To select a suitable drug-loading approach, loading-ratio, aggregation level, protein recovery
and ferritin/drug stability need to be considered. Understanding drug properties, ferritin
structural changes and ferritin-drug interactions in drug-loading can judiciously guide selection

of an appropriate drug-loading approach.
2.4 Ferritin functionalisation

Although ferritin possesses many desirable characteristics as a drug nanocarrier, it needs to be
functionalised for a broader application and improvement in treatment outcomes. The two most
investigated functions are half-life extension and targeting ability. A 2-3 h half-life in
circulation of human H-chain ferritin is unsatisfactory.”? Passive targeting ability and the

limited types of targeted receptors of ferritin cannot always achieve satisfactory safety.
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Widely employed ferritin functionalisation approaches include 3 conventional means that are
used for all proteins, namely, 1) chemical conjugation, 2) mutation and 3) fusion. These mainly
introduce changes through covalent bond connections. Non-covalent interactions in
hybridization, or directly adding another layer of shell outside ferritin cage, are examples of
novel ways in which to combine ferritin with other moieties.” In parallel with drug-loading

practices, different approaches apply to different alterations.

The addition of functional moiety and any alterations of ferritin can result in potential structural
and property changes, affecting drug loading performance and treatment outcome. Most
important in ferritin functionalisation is a judicious design of the functionalized molecule in
order to reduce potential damage to ferritin structure and its stability, and to achieve the
addition of intended functions.

2.4.1 Chemical conjugation

Chemical conjugation usually takes place after drug-loading. It is, therefore, only affect
ferritin/drug stability in storage. Free primary or secondary amide groups and —SH groups in
residue side chains on ferritin surface are the two main reaction sites. Figure 2.4 shows the
potential sites for chemical modification on human H-chain ferritin subunit and nanocage.
Compared with the two free —SH groups from Cys residues on surface per ferritin subunit,
Figure 2.4A, there are more primary and secondary amide groups available, Figure 2.4C.
—SH modification is therefore more site-specific and has relatively low modification ratio. For
primary or secondary amide groups, cross-linkers such as succinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC), ethylene dichloride (EDC), and N-hydroxysuccinimide
(NHS) are commonly in use. Stable amide bonds are generated. Targeting moieties of small
molecules including folic acid and hyaluronic acid, and large compound such as antibodies and
polyethylene glycol (PEG)-RGD, have been successfully conjugated to ferritin surface.” "4
For —SH group conjugation, prior to the reaction between —SH groups and cross-linkers with
4-methallyloxy-3,5-dimethoxyphenethylamine (MAL) reactive group, amide groups that can
compete with —SH groups are blocked using N-ethylmaleimide. In this way, 3 antibodies have
been modified on one ferritin to target melanoma and 5 kDa PEG-MAL has been directly
conjugated to increase the half-life in circulation.’® ™
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Figure 2.4 Locations of reactive residues for chemical conjugation on the outer surface of HFn subunit
and nanocage.

A, two 2 Cys residues in one subunit, Cys is in orange. B, Cys residues on HFn assembly outer surface.
C, 6 Lys (blue), 6 Arg (green), 3 His (red) and subunit N-terminal residues (purple) in HFn subunit. D,
all residues containing primary or secondary amide groups on HFn assembly outer surface.

Overall, chemical conjugation is a facile functionalisation means that only impact ferritin/drug
stability in storage. Equipping ferritin with multiple functions concomitantly can be achieved
but success is not guaranteed. In addition, chemical conjugation may hamper ferritin’s inherent

abilities such as binding to TfR1, because of the blocking of ferritin outer surface.
2.4.2 Gene engineering technology

A more extensively adopted functionalisation means makes use of gene engineering technology.
This uses mutation or fusion to alter ferritin primary sequence. Compared with chemical
modification, this can be used to ensure a well-structured and constant pattern of intended
alteration. A practicable sequence design of the modified ferritin is necessary. The length,
sequence and structure of exogenous peptides and the location of alterations will affect ferritin

spherical structure, stability, drug loading performance and expression in the host.

Mutation, especially site-specific mutation and/or depletion, has been used to study ferritin
residue functions of iron storage and initial structural formation.?® 2% 8. 8 Non-covalent
interactions in the ferritin interface are crucial for assembly-stability. Consequently, mutations
at the ferritin surface are more likely to maintain ferritin integrity whilst mutations at the

interface can impact subtle changes in self-assembly behaviour. Some ferritin mutants have
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been designed for special properties. An interesting mutation of bacterial ferritin is that
designed by Turris et al. that allows it to keep its reversible disassembly-reassembly at neutral
pH, but to possess binding ability with human transferrin receptor.8? These were achieved by
substituting 12 amino acid residues on bacterial ferritin subunit for 12 residues from human
ferritin subunit BC loop that are crucial for receptor binding and not essential in assembly.
These researchers dissociated the humanized archaeal ferritin to dimer in low ionic strength
buffer and then added MgCl. and cytochrome C to achieve drug-loading.2® Wang et al.
designed a copper-assisted ferritin mutant with strengthened stability and improved
doxorubicin loading-ratio.®* These authors introduced an artificial metal ion binding pocket for
copper binding at ferritin 2-fold interface. The coordination force between copper and mutant
interface residue side chains was demonstrated to be stronger than that of the original non-

covalent interactions in ferritin.

Fusion accounts for the majority of genetic modifications, and in most fusions of the subunit,
N-terminal, C-terminal and the flexible DE turn are selected to insert various exogenous
peptides. Normally, short (< 100 aa) and non-structured peptides are more frequently adopted.
This is because they pose a lower risk of adversely impacting assembly stability. Flexible linker
rich in G and S are often introduced to reduce steric hindrance between foreign peptide and

ferritin.

N terminal and DE turn are naturally displayed outside ferritin nanocage. Because of steric
hindrance, N terminus can accommodate larger peptides than DE turn region and is more
commonly used. Figures 2.5A and 2.5B illustrate the N-terminal fused and DE turn inserted
ferritin subunits and assemblies. Foreign peptides used are often targeting moieties or half-life
extenders. IL-4R targeting peptide were fused onto DE turn to enhance localized drug
delivery.® Falvo et al. introduced two peptides containing repetitive P, A, and S residues (40
aa and 75 aa), which are thought to be a genetically encodable substitute of PEG chain, to
subunit N-terminal to prolong half-life.8 Although in theory, PAS-rich peptide should be
longer than 200 aa to be able to lengthen half-life, the well-organized and repetitive presence
on ferritin surface compensated for its short-length. They also found that doxorubicin loading
ratios of two PAS fused ferritins through pH-induced disassembly-reassembly approach were
over 80, which is significantly greater than ferritin. Albumin binding domain fused human H-

chain ferritin (HFn) also had greater drug-loading-ratio and better ferritin/drug stability than
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HFn in pH-disassembly-reassembly approach.”? These foreign peptides might have helped

capture drugs around it during drug-loading and blocked ferritin channels in storage.

Figure 2.5 Theoretical conformations of HFn subunits and nanocages with peptide fusion at different
sites.

A, N-terminal fused HFn conformation. B, DE turn fused HFn conformation. C, C-terminal fused HFn
conformation. D, C-terminal fused HFn conformation with extruded E helices and inserted peptides.
Foreign peptides are shown in red colour. Conformations are modified using PDB 2fha and visualised
using Chimera.?®

In some studies, stimuli-responsive peptides are added to help ferritin possess special functions.
Fracasso et al. inserted a matrix metallo-proteinases responsive site in PAS fused ferritin

designed by Falvo et al. to prevent PAS from blocking the inherent targeting ability of ferritin.®’

30



In 2018, Falvo et al. revised the cleavable site-PAS peptide by replacing two residues with

acidic residue glutamate to reduce aggregation of the modified ferritin.8®

Because of the possible E helix turnover, short, foreign peptide inserted at C-terminal will be
located inside the ferritin cavity, whilst longer peptides, will be extruded with E helix (Figure
2.5C and 2.5D). Assuming the average volume of every amino acid equals 100 A3, the radius
of ferritin cavity is ~ 40 A.*® In consequence, this means the cavity volume is ~ 2.68 <10° AS,
Consequently, in maximum, twenty-four 111 aa peptides, including E helix, can be stored
inside the ferritin cavity assuming negligible steric hindrance and repulsion force between

molecules and structure of peptides.

Two, short, model antigenic peptides, OT-1 (8aa) and OT-2 (17 aa) were introduced on the
exterior surface and inner cavity of ferritin through DE turn and C-terminal fusion. Despite the
different location of epitopes, they exhibited desirable immunogenicity.®® Red fluorescence
protein with a six-consecutive His residues were fused onto human ferritin C-terminal and
displayed on ferritin exterior surface.?® In another study, enhanced green fluorescence protein
was fused to human H-chain ferritin C-terminal with and without flexible linker. It was found
that adding the spacer increased particle fluorescence.®® A 12 aa targeting peptide together with
a 15 aa linker was connected to ferritin C-terminal and protruded from the outer surface of
ferritin cage.® Because E helix is not necessary for the formation of ferritin nanocage, E helix
truncated ferritin (short ferritin) can be used to reduce steric hindrance caused by long and/or
complex exogenous peptides. GALA peptide, the structure of which will transition from
random coil to helix as solution pH decrease, was introduced to C-terminal of L-chain short
ferritin subunit so that this modified cavity remained intact at physiological pH, but
disassembled when pH was 6.0.% Fenobody, made up of short Archaea ferritin fused with anti
H5N1 single-domain antibody at C-terminal, exhibited extended half-life and enhanced affinity

over the single-domain antibody.%*

Because of the high plasticity of ferritin, it is possible to introduce more than one peptide onto
the ferritin subunit. Two functional peptides can either merge into one or can be separately
added to two insertion sites. Kim et al. reported two successful constructions of two bi-
specifically functionalized ferritins.®® % Lee et al. fused a disordered protein for extending half-

life and a functional peptide for targeting. %
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Gene engineering however has several practical drawbacks. One of which is that newly
introduced peptides which do not serve as targeting moieties can impede original binding
ability to its receptors. This can be resolved by introducing cleavable linker between functional
peptide and ferritin. Another drawback is that the protein expression level tends to decrease
after genetic modification.®” In the majority of studies, E. coli has been selected as the
expression host. This is because it is readily abundant, inexpensive and able to ‘correctly’ fold
modified ferritin. It is claimed that the expression yield of RGD-ferritin in E. coli is less than
one tenth of that for ferritin.% To address this problem, Guo et al. fused PfTrx, a type of
thioredoxin scaffold protein that can help increase modified protein expression level onto
subunit C-terminal, and reported the expression level increased by more than 5 times.*®
Sometimes mutants, especially those introducing extra cysteine residues, can form insoluble
inclusion bodies, thereby requiring additional refolding process. This further reduces final yield.
Ferritins fused with BCCP, CBP and aTSHscFv were all expressed in insoluble form, and to
simplify the process, researchers used re-folding to restore protein natural structures and to
concomitantly load cargo inside.'® Moreover, sequence change is highly likely to cause
structural alterations and affect drug loading performance in an uncertain way. Multiple
functionalisation is hard to realize in the light of sequence design, despite the multiple available

modification sites on ferritin.
2.4.3 Hybridisation

Hybridisation is relatively less used but is a potent option to functionalise ferritin. Natural
heterochain ferritin is likely the inspiration for this approach. This typically incorporates two

different ferritin subunits and sometimes can achieve 1+1 > 2 effect.

One way to achieve hybridisation involves the facile mixing of different types of modified
subunits and then the reassembly of a hybrid 24-mer, Figure 2.6A. Several studies have
reported generating chimeric ferritins using this approach.’®® In 1997, it was reported that
variants of human H-chain ferritin successfully co-assembled with wild-type H-chain ferritin
through a 6 M guanidinium chloride assisted acidic pH disassembly-reassembly.'%? Two types
of fluorescence nanoprobes with stimuli-responsive abilities based on hybrid ferritin were
constructed via acidic pH-induced approach.'%® 1% Additionally, hybrid ferritin can work as

drug nanocarriers, as does homomeric ferritin. %4Cu was loaded into hybrid ferritin and nicked
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ferritin demonstrated improved drug-loading-ratio and pH-responsive drug release. 0> 106
Insoluble modified ferritin subunits can assemble with the aid of soluble subunits. Boumaiza
et al. successfully assembled modified insoluble monomers with L-chain or H-chain monomers
through denaturation and re-folding.1%” Co-expression of two types of ferritin subunits in the
expression host is a hybridisation option free from the complex and uncontrollable
denaturation-refolding (Figure 2.6B). Lee at al. engineered two dual-epitope ferritin through
synthesizing two plasmids harbouring two ferritin-epitope genes and transformed them into the

same E. coli.108

Ferritin-based nanocage 1 and 2 Hybrid ferritin-based nanocage

B

Self-assembly in

Subunit expression expression host

4 |

Genes encoding ferritin-based subunit 1 and 2 Hybrid ferritin-based nanocage

Figure 2.6 Procedures of hybridisation of two types of ferritin subunits through two different means.
A, disassembly-reassembly means. B, co-expression means.

Currently, hybridisation is applicable only to mixing a few types of subunits, preferably 2 to 3.
This is because, it requires condition-optimisation to precisely control the average ratio of those

types of subunits in one hybrid 24-mer.

A number of functionalisation approaches have therefore been established for ferritin. Through
these, different outcomes including, localized delivery, half-life extension, and special stimuli-
responsivity, together with the addition of new functions are readily achieved. What
functionalisation to add, and how to functionalize are necessarily selected, based on particular
demands for treatment of particular disease and what benefits and risks any foreign moiety
might bring.
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With its robust hollow sphere structure, desirable properties, diverse drug-loading approaches
and various functionalisation means, ferritin has been investigated extensively and a wide range
of drugs tried. Table 2.2 presents a comparative summary of studies using ferritin as a drug
nanocarrier over the past 20 years. The table summarises the commonly loaded drug types,
loading approaches, ferritin functionalisation and overall aim.
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Table 2.2 Comparative summary of ferritin drug-loading and functionalisation over the past 20 years.

Cargo

Resource

Loading/hybridization

Functionalisation/Aims

References

Gefitinib

AgNO3s, AuCls, Cisplatin

Iron oxide nanoparticles

CuCOs nanoparticles

2 nm Platinum nanoparticles

Uranyl acetate dehydrate,
phosphotungstic acid,

curcumin, doxorubicin

Daunomycin

Fe?* and NADH/FMN, to

form a Fe core

Rutin

Recombinant human H-

chain ferritin

Recombinant human H-

chain ferritin

Recombinant human H-

chain ferritin

Recombinant human H-
chain ferritin

Horse-spleen ferritin

Recombinant human H-

chain ferritin

Commercial apoferritin

powder

Recombinant frog

ferritin (H type)

Soybean seed ferritin

Passive-loading, pH 7.2, using
DMSO as co-solvent

Passive-loading: AgNO3z, AuCls, pH
7.8
pH-induced: Cisplatin, pH 2.0-7.5

Passive-loading of Fe?* and H20:

Passive-loading

Passive-loading at 37 °C

Passive-loading

Passive-loading, pH 5.0, Co-
encapsulation of PLAA
Passive-loading, using low
concentrations of urea, GAHCI and

Triton X-100 to open pores

Passive-loading using 2 mM

GdHCI to open channels

39

40

41

42

43

a4

45

22

46

35



Epigallocatechin Gallate

Rutin

Doxorubicin

Doxorubicin

Doxorubicin

Streptomycin

Doxorubicin

Cisplatin

Doxorubicin

Doxorubicin

Atropine, carbachol,

doxorubicin

Red bean ferritin

Soybean seed ferritin

Recombinant human H-

chain ferritin

Human H-chain ferritin

Equine ferritin

Equine spleen ferritin

Horse-spleen ferritin

Horse-spleen apoferritin

Recombinant human

heavy chain ferritin

P. furiosus ferritin

Ferritin

Passive-loading using 20 mM urea

to open hydrophobic channel !
Passive-loading at 60 °C /
High hydrostatic pressure (500 /
MPa) passive-loading
pH-induced, pH 2.0-7.5 /

Magnetic nanoparticle coating through biotin-streptavidin

pH-induced o
binding
pH-induced, pH 2.0-8 /
pH-induced, pH 2.5-7.4, stepwise )
increase of pH
Alkaline pH-induced, pH 13-7 /
8 M urea-induced /

N-terminal fusion: SP94 peptide (SFSIIHTPILPL), for
targeting

8 M urea-induced

8 M urea-induced /

47

48

49

50

51

54

52

55

23,29

59

60
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Erastin and rapamycin

CGKRK(KLAKLAK),
proapoptotic peptide.

Glucagon-like peptide-1, an
incretin.

FSM

Superoxide dismutase

Doxorubicin and Bi.Ss3

nanocrystals

5-FU and Au nanoparticle

Doxorubicin

Daunomycin

Doxorubicin

Equine spleen ferritin

with iron core

Recombinant human H-
chain ferritin, without
the E helix

Recombinant human H-
chain ferritin

Hyperthermophilic
archaeon P. furiosus

ferritin

Archaeoglobus fulgidus
ferritin mutant,

Horse-spleen ferritin

Horse-spleen ferritin

Ferritin

Recombinant human H-

chain ferritin

Horse-spleen ferritin

Recombinant human H-

chain ferritin

Through emulsification

Through fusion

Through fusion

Covalently conjugation through

disulphide bond formation

Covalently conjugation

Doxorubicin: pH-induced

Bi2Ss nanocrystals: conjugation

Passive-loading, making use of the

Au nanoparticle to reduce leakage

pH-induced, using Cu(ll), Mn(ll),
Zn(I1) and Fe(l11) as helper agents

Passive-loading, pH 5.0, PLAA co-

encapsulation

pH-induced, pH 2-8

N-terminal fusion: CGKRK(KLAKLAK), peptide drug.
C-terminal fusion: cleavage linker+ GFP

N-terminal fusion: Glucagon-like peptide-1, peptide drug,
with a linker: GSGGG
Flexible DE loop region insertion: thrombin cleavage
peptide, for enzyme responsive drug release
C-terminal mutation: Cysteine replaced the terminal
Glycine, for covalent drug-loading

Monoclonal antibody conjugation, for targeting

N-terminal fusion: RGD4C, for targeting

Hyaluronic acid conjugation for targeting, using EDC and
NHS reagents

N-terminal fusion: two types of PAS peptide, for half-life

extension

61

63

64

65

66

62

69

70

71

86
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Doxorubicin

Doxorubicin

ZnF16Pc

Uranium

Resveratrol

Cisplatin

Cytochrome C

Recombinant human H-
chain ferritin

Ferritin

Recombinant human H-

chain ferritin

Recombinant mutated
human H-chain ferritin

Horse-spleen ferritin

Ferritin

Recombinant human H-

chain ferritin

Recombinant human H-

chain ferritin

Chimeric archaeal-

human ferritin

Chimeric archaeal-

human ferritin

pH-induced, pH 2.0-7.4

pH-induced

Passive-loading in PBS

Passive-loading, pH 7.5

pH-induced

pH-induced, pH 2-7.5

Neutral pH-induced disassembly-

reassembly

N-terminal fusion: Albumin binding domain+ (GGGGS)4
linker for half-life extension

The surface of ferritin/doxorubicin is coated with around 20

nm thick Au nanoshell for multiple stimuli-sensitivities

Folic acid conjugation, using EDC and NHS, for targeting

Mutation: replace two Cys residue on ferritin subunit by
Ser
Chemical modification: specific modification of -

cyclodextrin, for targeting

Conjugation of Fab’ antibody fragment for targeting

Chemical conjugation of PEG2000-RGD for targeting

mADb conjugation using NHS-PEG-MAL cross-linker for
targeting
N-terminal fusion: a-melanocyte-stimulating hormone
peptide, for targeting
Chemical modification: PEG

Mutation: substitution of 12 residues located at the loop

between B and C helix, for targeting

Mutation: substitution of 12 residues located at the loop

between B and C helix, for targeting

72

73

74

75

76

7

78

79

82

83

38



Doxorubicin

Doxorubicin

Doxorubicin

Doxorubicin and

mitoxantrone

Iron and arsenate

Ferritin

Recombinant human L-
chain ferritin

Recombinant human H-

chain ferritin

Recombinant human H-
chain ferritin

Recombinant human H-
chain ferritin

Ferritin

Human H-chain ferritin

Human H-chain ferritin

Human H-chain ferritin

Recombinant human L-

chain ferritin

P. furiosus ferritin

Passive-loading, using Cu (1) as

helper reagent

pH-induced, pH 2-7.5

pH-induced, pH 2-8

pH-induced, pH 2.5-7.5

Passive-loading

Mutation at ferritin 2-fold interface to strengthen ferritin

assembly

Flexible DE loop region insertion: interleukin-4 receptor
(IL-4R)-targeting peptide, AP-1

N-terminal fusion: circulation prolonging peptide
(CNARGDMHC) and a flexible linker GGGGS

N-terminal fusion: MMPs cleavable peptide linker + PAS
peptide for prolonging half-life
N-terminal fusion: 20 aa revised PAS peptide which has
two glutamate residues for prolonging half-life and reduce
aggregation

OT-1 or OT-2 epitope fused on C-terminal or DE loop

C-terminal fusion: GsSG3TG3SGs linker +red fluorescence

protein and 6 His residues, for imaging

C-terminal fusion: GsSGsTGsSGs linker+ enhanced green
florescence protein +6 His residues or enhanced green
florescence protein +6 His residues, for imaging

Chemical modification: Aptamer, for targeting
C-terminal fusion: GsSGsTGsSGs linker + EG11 peptide
(YHWYGYTPQNVI), targeting peptide

C-terminal fusion: 3 types of GALA peptide, for pH 6-

induced dissociation

Substituting DE turn and E helix with anti-H5N1 nanobody
through linker GGGSGGGGSGGGS

84

85

109

87

88

89

90

91

92

93

94
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Eu3+

64Cu

Doxorubicin, doxorubicin-
metal complex, curcumin and

quercetin

Recombinant human L-

chain ferritin

Recombinant human H-
chain ferritin

Recombinant human H-

chain ferritin
Recombinant human L-
chain ferritin, in
inclusion bodies form.

Recombinant frog M

ferritin and its variant

Recombinant human H-
chain ferritin and its

variants

Recombinant H-chain

ferritin

Horse-spleen ferritin

Recombinant H-chain

ferritin

Recombinant human H-

chain ferritin

Conducted at the same time as re-
folding step, pH-induced or 8 M
urea-induced

Hybridisation, pH-induced

Hybridisation, 6 M GdnHCI
assisted and pH-induced

Hybridization, pH-induced

Hybridization, pH-induced

Hybridization and cargo loading,

pH-induced

Hybridization, alkaline pH-induced
Drug-loading: passive-loading

N-terminal and Flexible loop region fusion: RGD peptides,
GRDGSP peptide, AP1 peptide, for targeting

N-terminal fusion: epidermal growth factor for targeting

C-terminal fusion: PfTrx, for soluble expression

N-terminal fusion: BCCP, CBP or aTSHscFv

Wild-type subunit and K104E mutant

6 variants: ferritin without 1-13 aa, L169R, C90G-C102A,
C90G-C102A-C130A, 185C, D1311-E134F
Cys chemical modification: lodoacetic acid, iodoacetamide

and 5-iodoacetamidofluorescein
Subunit type 1: Cy5.5-MMPs cleavable peptide-ferritin,
Type 2: black hole quencher-ferritin

Subunit type 1: carboxy fluorescein-tagged peptide
(DRGETGPAC)-ferritin
Type 2: black hole quencher-ferritin
Subunit type 1: Cy5.5-H chain
Type 2: RGD4C-H chain

Subunit typel: ferritin
Type 2: E-helix truncated ferritin

95

97

99

100

101

102

103

104

105

106
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Doxorubicin

Curcumin

Doxorubicin

Proanthocyanidin dimer

Everolimus

Recombinant human

ferritin

Recombinant Human

H-chain ferritin

Recombinant human H-
chain ferritin

Equine spleen ferritin

Recombinant human H-

chain ferritin

Horse-spleen ferritin

Horse-spleen ferritin

Human H-chain ferritin

Hybridization, denaturation (6 M
GdHCI) and re-folding

Hybridization, co-expression of
subunit A and B, subunit B and C

pH-induced, pH 3-7

pH-induced, pH 12.5-7.4

pH-induced, pH 2.7-6.5

pH-induced, pH 2-7.5

Passive-loading and pre-complexate
with Cu(ll)

Subunit type 1: L-chain or H-chain
Type 2: Camel hepcidin-H chain

C-terminal fusion:

A: ferritin subunit+ G3SG3TG3SGs linker +HCV epitope
A+Hisg

B: ferritin subunit+ G3SG3sTGsSGs linker +HCV epitope
B+Hiss

C: ferritin subunit+ G3SG3TG3SGs linker+ HCV epitope
C+Hiss

D: ferritin subunit+ GsSGsTGsSGs linker+ extracellular

domain of myelin oligodendrocyte glycoprotein + Hiss

9mTc labelling

Ferritin surface was modified with 1.3 nm Au particle and
conjugated with antibody via a peptide (HWRGWVC)

linker

107

108

110

111

112

113

114

115
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2.5 Computational tools used in prediction of protein conformation, property and
protein-ligand interaction

Computational technique is a potent tool from a microscopic and high-resolution perspective
to study bio-macromolecules. It supports experiments by either guiding experiment design or
interpreting experimental findings. It simulates macrobiomolecule structure and interactions
between molecules in real microenvironments. Currently it has been applied in a wide range of
bio-macromolecule-related research fields, such as prediction of protein conformation and

structural stability, protein-ligand interaction and complex conformation, drug discovery,
etc.“e' 117

As computational technique is a significant subject, this chapter focuses only on its applications
including: 1) Protein conformation prediction, validity assessment and biochemical property
analysis by MD simulation. These techniques offer reliable structural and biochemical property
information of a newly designed protein or modified proteins. It can be adopted in
functionalised ferritin structure prediction and the analysis of the impact of inserted functional
peptides on ferritin conformation and biochemical property. 2) Protein-ligand interaction
analysis by molecular docking. One of the mechanisms of drug remaining in ferritin is chemical
interaction. Molecular docking technique can reveal the detailed non-covalent interaction
information between ferritin and drug in drug—loading process. In addition, the fused functional
peptide in a functionalised ferritin may interact with ferritin subunit residues through non-
covalent bonds to disrupt ferritin structure. Molecular docking can also shed light on these
possible interactions.

2.5.1 New protein conformation prediction by MD simulation

MD simulation is the calculation of atom movements of a molecule in a defined environment
in a period of simulation time using force filed and restraint algorithms. It can be used to predict
protein structure and assess the stability of the predicted structure. Extensively used MD
simulation services include packages such as AMBER, CHARMM, NAMD, GROMACS and

online servers, 118119
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2.5.1.1 Protein conformation prediction

Protein conformation is the basis for its function. In the design of new functionalised proteins,
such as a modified ferritin, integration of ferritin with functional peptides or mutations of
ferritin is frequent. The structure of functionalised ferritin is uncertain but critical to the
realisation of design aims. The structure comparison of the functionalised ferritin with ferritin
is also of great meaning in studying the impact of the modification. Direct determination of the
new functionalised and original protein structure by X-ray crystallisation or nuclear magnetic
resonance (NMR) is a compelling and extensively used approach. However, crystallisation
requires extremely high purity of target protein, and is time-consuming and does not work for
many proteins.’?® Protein crystal structure is likely to be different from its structure in
functioning environment because protein is non-rigid and dynamic. NMR is usually restricted
to proteins smaller than 100 kDa and difficult to analyse proteins in a dynamic fashion.?!
Compared with these approaches, MD simulation offers an edge in analysis of protein structure

in a dynamic way and in a simulated real environment.??

Strategies of structure prediction mechanism of MD software or webserver have been divided
into 4 categories by Dorn et al, first principle without database information, first principle with
database information, fold recognition and threading method, plus comparative modelling and
sequence alignment method.?® First principle without database information strategy is on a
thermodynamic basis and the folding process is basically driven by the minimisation of
structure global free energy. Currently, due to the limitations on accuracy of algorithms and
intense calculation demand, this strategy is mostly restricted to peptides.*?* For example, PEP-
FOLD is a facile and reliable online service to predict peptide structure. 5-36 residue liner
peptide and peptide with one or two disulphide bonds can be predicted within 40 min if using
40 cores 2> 126 Kykic et al. implemented a CamTube force filed into GROMACS and
successfully obtained a folded 60 residue polyvaline peptide by a 20 s metadynamic

simulation.?’

The other 3 strategies involve extensive searches and comparisons of the input sequence with
the ones in date base. The protein 3D structure data base, protein data bank (PDB), at present
has over 170 000 structures of either single biomacromolecule or complex obtained from

crystallisation or NMR.128 In contrast with the first strategy, these are more applicable to large
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and complex proteins, especially modified proteins such as mutants and foreign peptide fused
proteins. Services such as I-TASSER, PROSPECT and SWISS-MODEL belong with these
three strategies. However, because of the different algorithms and strategies behind, structures
predicted by different services can differ. In addition, the predicted structure validity is not 100
% guaranteed, due to the limitations of the algorithms and difficulties in simulating the complex
real environment. A judicious selection of suitable service is indispensable. The selection
mainly depends on whether the force field and restraint algorithms implemented matches with
the real environment and the type of target protein. For services using the first strategy,
prediction precision is higher, and the simulation takes shorter in small linear peptides. For
services involving data base information search, proteins with high homogeneity can achieve

a greater precision in structure prediction.
2.5.1.2 Protein conformation validity assessment

After obtaining a predicted 3D structure of the new functionalised protein, the structure validity
needs to be evaluated. This can be achieved by putting the obtained structure in MD simulation
to monitor its trajectory and evaluate its stability through measurement of some parameters.
The source of the obtained structure can be PDB file from crystallisation or NMR, from MD
simulation, complex structures from molecular docking analysis or an artificial 3D structure.
An artificial 3D structure of fused proteins or mutants is obtained by directly editing the
original protein 3D structure from PDB. The artificial structure is based on theoretical
structures of its components, and usually is the expected structure of the new protein. The
stability of this structure can be compared with that of the original protein in MD simulation to
test the validity of the expectation.

For example, various types of macromolecule structure stability have been assessed by
parameter measurements in GROMACS. GROMACS is a free, open-source MD simulation
software. It offers a wide selection of analyses and can be applied for multiple aims, including
the validity of protein conformation.'!® Panchal et al. compared structural stability of a series
of helicase mutants through analysis of parameters such as root mean square deviation (RMSD)
and radius of gyration (Rg) in GROMACS to find the most stable mutant.'?® RMSD
measurement in GROMACS has also been used as a fast means to evaluate the quality of
structure of a 61 residue protein.*3*® RMSD is the mean structure coordinate deviations of the

dynamic structure in simulation from a reference structure. When the reference structure is the
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input one, RMSD plot reflects if this initial structure can maintain stable throughout the
simulation. The lower RMSD is in simulation, the more stable of the input structure is. When
the reference structure is a crystal structure of relevant protein, such as the wild-type structure
of a modified protein, RMSD measurement demonstrates the stability impact of the
modification on the original protein. Rg reveals the compactness of the structure during
simulation. If the structure is stably folded, the fluctuation of Rg should be small. Both of them

are commonly used parameters in structure validity evaluation.!3!

2.5.1.3 Biochemical property analysis

In the meantime of the MD simulation validity assessment of the obtained structure, some
biochemical property information of the new protein are revealed, which can help interpret
differences between modified proteins and the original ones in other characterisations and
figure out the impact of the modifications. USCF Chimera, PyMOL, VMD and Discovery
Studio are powerful tools to visualise the surface hydrophobicity, surface charge, non-covalent
bonds within the protein from the resultant structure and trajectory file of MD simulation.**>
133 In multiple chain protein such as ferritin and virus-like particle (VLP), MD simulation can
study the complex assembly-disassembly process.’** A 200 ns GROMACS simulation of
ferritin assembly at pH 2 along with real-time high-speed atomic force microscopy revealed a
detailed dynamic process of ferritin disassembly and found that it started with the opening of
the 3-fold channels.!3® MD simulation of a murine polyomavirus VLP capsomere found that
the hydrophobicity and charge property of capsomere and the solution conditions impacted on
VLP assembling and these could explain their experiment results.**

All the functions of MD simulation mentioned above, prediction of 3D structure, obtained
structure validity evaluation and biochemical property information revelation allow researchers
to compare modified proteins with the original ones, examine the impact of modification on
the original protein and explain the differences in other experimental characterisations. In a lot
of cases, MD simulation offers a good method to interpret and verify experimental findings.

The selection of the suitable MD simulation service is crucial and needs to be judicious.
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2.5.2 Protein-ligand interaction study by molecular docking

As mentioned in section 2.4, drug loaded in ferritin interacts with ferritin through non-covalent
bonds in most cases. Functional peptides inserted on ferritin can affect ferritin structure and
property (section 2.5). The study of the interactions between drug and ferritin can interpret the
phenomena found in drug-loading process and possibly guide drug-loading experiment.
Protein-ligand interaction study also has the potential to investigate the inserted peptide

interactions with ferritin subunit and the way it affects assembly and structure.

Current experimental approaches for protein-ligand interaction analysis include the
spectroscopic methods such as Fourier-transform infrared spectroscopy (FTIR), circular
dichroism (CD), ultraviolet spectroscopy, fluorescence spectroscopy and Raman spectroscopy,
together with isothermal titration calorimetry (ITC) and hydrogen/deuterium exchange mass
spectrometry.t37-140 Spectroscopic methods study the different spectra of the complex with that
of the original protein and usually make use of some probes and markers to identify the
interaction sites to obtain local structure information. In contrast with spectroscopic methods,
experimental methods such as X-ray crystallisation and NMR give information about the whole
complex 3D structure.’** Multiple techniques are usually used in combinations to obtain
complete information and increase the result accuracy. However, almost all these experimental
approaches require a dominant form of complex and a strong interaction to achieve a desirable
analysis accuracy. If ligand interacts with protein in multiple ways, the complexity of the
sample can overwhelm the data interpretation. If the interaction is weak and slow, these
techniques may take a long time or even cannot obtain any results because of the sensitivity.
What is more, ligands that are peptides are not always feasible because of the high flexibility

and numbers of interactive ways to the protein.

Computational technique, molecular docking, on the other hand, has offered a rapid and
powerful way to investigate multiple ways of both protein-small molecule and protein-peptide
interaction. It has been well-established in the past decades and widely used alone or along
with experimental techniques in research.'#> 143 Molecular docking adopts a database-based
searching algorithm to rank the affinity and possible binding model of 2 molecules.® The 2
molecules are called target and ligand, respectively. Target is usually a macromolecule such as

a protein. The structure of it is preferred to be known from crystallisation or NMR. In some
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cases, structure based on homology model can apply. Ligand can be a specific one or a drug
database as in drug discovery research. Due to the limitations on algorithm and computer

resources, ligand can be small molecules, peptides and small proteins.

According to the flexibility of target and ligand, docking strategy can be generally divided into
two different types. Initially, as the lock-key hypothesis implies, both target and ligand are
treated as rigid body. This strategy is on a basis of shape complementarity and works well in
bound complexes with strong interactions.!** As the introduction of ‘dynamic’ concept in
molecule movements, flexible docking strategy has become dominant. In flexible docking
strategy, structure of one or both of target and ligand are regarded flexible. Ligand bonds and
angles are always treated as rotatable and flexible if it is small molecules. Target and large
ligand, however, because of the structural complexity, sometimes is treated as a rigid body, or
in other cases, only local areas such as the active sites are treated with flexibility to a certain

degree.

In terms of ferritin drug-loading mechanism analysis, protein-small molecule docking
techniques is sufficient. Commonly used flexible protein-small molecule docking program
include AutoDock, GOLD, Flex X, and so on. AutoDock works well with small molecule
ligand but not with peptide ligand with over 4 residues. Subramanian et al. used MD simulation
to obtain structures of ferritin at different simulation times and then applied AutoDock to
identify the binding site of dihydroflavin on ferritin.1*> Shahwan et al. used AutoDock Vina,
an upgraded version of Autodock, to find out the most possible human ferritin (PDB ID:
3AJO)-enzyme inhibitor Donepezil complex. Following that, the complex underwent a 100 ns
MD simulation in GROMACS for stability comparison with ferritin to assess complex structure
validity, and the interaction type and sites in complex were visualised using PyMOL and
Discovery Studio.**® To obtain a reliable complex prediction, the selection of docking program
should be careful, and the combination of MD simulation structure validity assessment is
beneficial.

In ferritin-functional peptide interaction analysis, protein-peptide and protein-protein docking
need to be applied. However, because of the relatively large size of ligand compared with small
molecules, it is time-consuming and challenging.**’ Protein-peptide docking is more feasible

and can achieve a relatively high accuracy compared with protein-protein docking. Docking
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programs in use can be classified into three types, template-based, local and global docking by
different searching algorithm mechanisms. Ciemny et al.’s review has well documented
these.**® For example, HADDOCK is a potent local docking webserver driven by experimental
data.'* It is a rigid-body docking process but provides refinement of the binding complex
through endowing peptide and interactive protein residues with full flexibility, and ranks
binding models based on binding free energy. It applies to protein-peptide and protein-protein
docking. Deplazes et al. has figured out the binding model of spider toxin peptide with ion
channel protein using HADDOCK.™® A benchmark protein-protein docking analysis of 37
membrane proteins has been achieved by Koukos et al.>! Other techniques are often used along
with docking to verify complex structure in research. Cytochrome b5—cytochrome c protein to

protein docking were successfully performed using HADDOCK with NMR verification.®2

Molecular docking is effective and efficient in study of possible multiple interaction ways of
protein and ligand. Ligands are preferred to be small molecules and peptides. The selection of
suitable program is of great importance and depends on the type of the ligand, whether it is
small molecule or peptide or protein, and the searching algorithm and target ligand flexibility
level of the program. The protein-ligand interaction is better to be further analysed by MD

simulation or other experiment techniques to assess validity.
2.6 Chapter summary

Based on the review of relevant literature in this chapter, several key findings are made:
1. Mammalian ferritin has a unique hollow sphere structure made up of 24 subunits and
14 channels on the shell. It has desirable thermal and pH stability compared with
common proteins. HFn has an inherent active tumour targeting ability, high
biocompatibility and low immunogenicity in medical application. All the above
features have made ferritin, especially HFn, a drug delivery platform with great

potentials.

2. Passive loading, and disassembly-reassembly are 2 main ferritin drug loading
approaches. Other alternatives such as hybridisation have also been explored. Drug
loading mechanism is likely to be physical entrapment and chemical interactions.

Currently the bottleneck of ferritin drug loading performance is its unsatisfactory
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protein recovery percentage and drug loading ratio. Investigation of ferritin drug

loading process is needed.

3. As adrug delivery platform, ferritin can be improved by incorporation of functional
moieties. Ferritin structure holds high plasticity, can be functionalised by chemical
modification and gene technology. Fusion is the most common way. Fusion of targeting
moiety and half-life extender can improve ferritin performance as drug delivery
platform. However, fusion may affect ferritin structure and self-assembly. The selection

of functional moiety and functionalisation site are of great importance.

4. Computational techniques are powerful tools to supplement experiments. MD
simulation can be used to predict 3D structure of functionalised ferritin, evaluate
obtained structure validity, offer biochemical property information and reveal the

impact of functional peptide on ferritin.

5. Molecular docking investigates multiple interaction ways between a ligand and a target
macromolecule and ranks the possible binding models. Ligand can be small molecules
or peptides or even proteins. Small molecule ligand can achieve a greater predictive
accuracy compared with peptide and protein ligand. Molecule docking analysis
combined with MD simulation has great potentials to analyse ferritin drug-loading
mechanism and study the effects of functional peptide interactions with ferritin subunit
on ferritin structure through assessment of protein-ligand complex structural stability

and obtainment of complex biochemical property.

To address these current problems, in this research thesis HFn is improved by functionalisation
through fusion of two foreign functional peptides (PAS and RGDK). Condition optimisation
of drug loading approach has been conducted. The impacts of functionalisation on expression,
purification, structural and bioactivities are studied by mainly experiments. Computational
analysis using Gromacs MD simulation and HADDOCK molecular docking has been used to
help understand the P impact on ferritin self-assembling. Mechanisms behind doxorubicin

loading is analysed by Gromacs MD simulation and PyRx molecular docking.
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In the next chapter, Chapter 3, the design, construction and expression of HFn and

functionalised HFns are investigated. Computational techniques, MD simulation and molecular

docking are used to probe the problems caused by functional peptide in some functionalised
HFns.
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3.1 Introduction

As was reviewed in Chapter 2, human heavy-chain ferritin (HFn), because of its significant
thermal and chemical stability, has become of interest for protein nanocages for anti-tumour
drug delivery.! Researchers have developed various approaches to load anti-tumour drugs into
HFn and explored their anti-tumour efficacy.2* Chemical conjugation and gene technology
have been applied to broaden HFn application and infuse extra functions.>®

Because of the greater site-specificity and ordered presence manner of intended alterations in
gene technology, fusion is the most widely adopted functionalisation approach. Common
functional peptide insertion sites in fusion include subunit N-terminal, C terminal and DE turn
of HFn subunit.”®

However, insoluble expression and expression level reduction of functionalised HFns have
been detected. This is because the selection of functional peptide is critical. Long and structured
or cysteine containing peptide is more likely to end up with greater insoluble expression level.
For example, 2 functionalised HFns with either a cysteine containing peptide, or a single-chain
antibody fragment inserted at N terminal were both expressed as inclusion bodies (IBs).1%

Denaturation and reassembly of them were required and led to low protein yields.

In addition, inserted functional peptide may pose an impact on HFn conformation and
biochemical property, and these changes depend on the location and the biochemical property
of the inserted peptide. A C-terminal inserted GALA peptide, the structure of which turns from
random coil to helix in neutral pH, has equipped ferritin with a neutral pH disassembly
feature.'? The study of the functionalised HFns structure and inserted peptide impact on HFn
can shed light on the findings in functionalised HFns characterisations, deepen the
understanding of HFn and the inserted peptide, and provide valuable information for the design
of new functionalised HFn. It has been reviewed in Chapter 2, molecular dynamic (MD)
simulation and protein-peptide molecular docking are powerful techniques to predict
functionalised protein conformation and study the impact of foreign peptide on the original

protein. These are potentially feasible to study functionalised HFns.
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In this thesis, HFn was explored in 2 different functionalisation strategies to improve its anti-
tumour performance as a drug delivery platform through fusion. The functional peptides
selected contain no cysteine residues and are either short or non-structured for the reduction of
the impact on HFn conformation after insertion.

The first strategy is to equip HFn with tumour targeting ability and extended half-life and then
load small molecule chemotherapeutic. To achieve this, 2 functional peptides were inserted
into HFn subunit C-terminus, and 3 constructs were designed. One functional peptide is a
tetrapeptide named RGDK. It belongs to tumour penetration Peptide (TPP) and possesses dual
functions as it enhances drug tumour delivery and drug distribution inside whole tumour tissue
instead of only tumour cells alongside tumour vessels.'® Its -COOH needs to be exposed at C-
terminal of the new protein for its function.!* This is the reason for the selection of HFn subunit
C-terminus as fusion site in this strategy. Another inserted peptide called PAS consists of
repetitive P, A and S residues. It was designed by Schlapschy and aimed to extend the retention
time of drug in blood circulation.® In a previous study, Kim has fused 40 aa and 75 aa PAS
peptide to human ferritin subunit at N-terminal and increased half-life in circulation by 4.6 and
5.8 times.'® Both PAS and RGDK themselves are random coils and connected to HFn subunit
through a flexible 15 aa linker to reduce the impact of peptide insertion on HFn conformation.
Three functionalised HFns all contain PAS peptide and were named as HFn-PAS, HFn-GFLG-
PAS-RGDK and HFn-PLGLAG-PAS-RGDK, respectively (refer to Figure 3.1). GFLG and
PLGLAG are 2 enzyme responsive sites which can be selectively cleaved by cathepsin B and
matrix metalloproteinase-2 (MMP-2), respectively. Cathepsin B and MMP-2 expression is
upregulated in tumour cells.}”- 8 With these enzyme cleavable sites, functional peptides will be
dissociated from HFn. HFn was constructed as a control for 3 PAS functionalised HFns in this

strategy.

The second strategy is to fuse a peptide drug called pro-apoptotic peptide (P) to HFn. P is a
small helix consisting of 14 aa (KLAKLAKKLAKLAK). Its design draws upon cationic
antimicrobial peptides which could disrupt cell membranes with positive charges. Because
tumour cell overexpresses negatively charged anionic phospholipids, P has demonstrated a
selective cytotoxicity against tumour cells. *2! In the design of P functionalised HFns, C-
terminal and N-terminal fusion were both employed. In C-terminal fusion, short HFn (SHFn),

which is E-helix truncated HFn, was used instead of HFn, because compared with HFn, it
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allows for larger foreign peptides in C-terminus fusion. A 15 aa flexible linker was used in C-
terminal fusion. In N-terminal fusion, a 30 aa-long flexible linkers were employed to sperate P
and HFn. Three P functionalised HFns were P-HFn, sHFn-P and sHFn-P-RGDK (refer to
Figure 3.1). RGDK in sHFn-P-RGDK was for an enhanced tumour targeting ability. In P
functionalisation strategy, sHFn was constructed as a control for sHFn-P and sHFn-P-RGDK,

and HFn was the control for P-HFn.

In total, 8 constructs, 2 controls (HFn and sHFn), 3 PAS functionalised HFns and 3 P
functionalised HFns were designed. In this chapter, plasmids of sHFn, sHFn-P and sHFn-P-
RGDK were synthesized in laboratory and the other 5 genes were purchased. All 8
corresponding plasmids were transformed into E. coli BL21 (DE3) through heat-shock
transformation. Expression of proteins were compared in shake-flask fermentation. A 5L
fermenter fermentation was used to express control HFn. Transmission electron microscopy
(TEM), size exclusion chromatography (SEC) and reducing 12 % sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE) were used to detect the expression forms and
levels. Computational analysis including molecular dynamic simulation and protein-peptide
molecular docking was applied to understand the mechanism of self-assembly in functionalised
HFns.

3.2 Materials and methods
3.2.1 Materials

Primers for PCR were synthesised by BGI Company (China). Nde I, Xho I restriction
endonucleases, T4 ligation kit were purchased from NEB (UK). Agarose gel DNA extract Kit,
plasmid extract kit and E. coli BL21 (DE3) competent cells were bought from Tiangen
Biological Company (China). Plasmid sequencing service was offered by BGI Company
(China). Tryptone, yeast extract, isopropyl -D-thiogalactoside (IPTG) and kanamycin were
purchased from Thermo Fisher Scientific (USA). All other reagents of analytical grade were
purchased from Chem-supply (Australia) and Sigma-Aldrich (USA). Milli Q water was
produced from a Millipore purification system (Merck, USA) and used throughout the whole

process.
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3.2.2 HFn-based protein sequence design

There are 8 HFn-based proteins in this thesis. Plasmid construction schematic is shown in
Figure 3.1. Primary sequences are shown in Table A1 (Appendix A). pET30a plasmid was
applied as target protein gene vector. Genes of HFn, 3 PAS functionalised HFns (HFn-PAS,
HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK) and P-HFn, were synthesised and
inserted into pET30a plasmid between Nde I and Xho I restriction enzyme sites by BGI
Company (China). P-HFn was constructed by adding pro-apoptotic peptide
(KLAKLAKKLAKLAK) to the N-terminal HFn subunit through a 30 aa flexible linker
(GGGSGGGTGGGSGGG GGGSGGGTGGGSGGEG). HFN-PAS was constructed by fusing
GFLG ASPAAPAPASPAAPAPSAPAASPAAPAPASPAAPAPSAPA GGSGG to HFn
subunit C-terminus through a flexible 15 residues linker (GGGSGGGTGGGSGGG). 40
underlined residues make up PAS peptide and GFLG is the Cathepsin B cleavable site. HFn-
GFLG-PAS-RGDK has 4 extra C-terminus residues, RGDK, compared with HFn-PAS. In
HFNn-PLGLAG-PAS-RGDK, enzyme-cleavable site in HFn-GFLG-PAS-RGDK is replaced
with a 6 residue MMP-2 cleavable site PLGLAG.

Three types of plasmids bearing gene of sHFn, sHFn-P and sHFn-P-RGDK, respectively, were
constructed in the lab. In sHFn-P, a 15 aa flexible linker (GGSGG GGSGG GGSGG) was
adopted as the spacer for sHFn subunit C-terminal and pro-apoptotic peptide. Extra 7 residues
of GGG RGDK were added to sHFn-P C-terminal to construct SHFn-P-RGDK.
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Figure 3.1 Schematic of expression cassettes of the pET30a plasmids harbouring genes for all HFn-
based proteins.
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3.2.3 Plasmid construction for sHFn, sHFn-P and sHFn-P-RGDK

1. Restriction enzyme 2. PCR
treatment
PCR product
PeT-s08 Treated by Nde 1
reated by Nde
Treated by Nde 1 and Xho 1

and Xho 1 separately

I

| T4 DNA ligase, overnight |

Q_.

PET-30a harbouring target
gene

3. Ligation

4. Hea

(BL21)

Figure 3.2 Schematic of E. coli construction.

simultaneously

t-shock —— 5. Plasmid

Sequencing

Transformation

Figure 3.2 illustrates the process adopted for the construction of bacteria in the laboratory. It

consists of 5 steps, 1) the enzyme treatment of plasmid vector pET30a to expose sticky ends.

Nde I and Xho I endonuclease were applied. 2) Pol

ymerase chain reaction (PCR) for the

amplification and synthesis of genes encoding target proteins (sHFn, sHFn-P, sHFn-P-RGDK).

In PCR, template genes and primers were synthesised by BGI Company (China). Forward and

reverse primers are listed in Table 3.1. PCR products were then treated with the same

endonucleases used for plasmid vector digestion to generate the same sticky ends. 3) Ligation

of endonuclease treated vector and PCR products to

obtain new plasmids containing target

genes. 4) Transformation of new plasmids into competent cells (BL21 DE3). 5) Sequencing of

the plasmids transformed into E. coli to confirm the ge

Table 3.1 Primer sequences for PCR.

ne sequences and insertion location.

Target gene  Forward primer sequence

Reverse pri mer sequence

sHFN 5’"GGAATTCCATATGACTACTGCTTCT
ACC3’

SHFn-P 5’"GGAATTCCATATGACTACTGCTTCT
ACC3’

SHFn-P- 5’GGAATTCCATATGACTACTGCTTCT

RGDK ACC3’

5’CCGCTCGAGTTAGGCGCCCATTTTA
cG 3
5’CCGCTCGAGTCATTTTGCCAGCTTTG
CCAGTTTTTTGGC 3’
5’CCGCTCGAGTTATTTGTCACCGCGA
cc3
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3.2.3.1 Nde I and Xho I digestion of plasmid vector pET30a

30 pL of pET30a plasmids (5 pg mL? in Mili Q water) was mixed with 1uL Nde I
endonuclease and 3 pL 10xH buffer (NBE, UK). The mixture was incubated at 37 °C for 12
h. 1.0 % agarose electrophoresis was conducted to analyse and separate the Nde I digested
plasmid. Briefly, 0.3g agarose was added to 30 mL Tris-acetate-EDTA (TAE), pH 8.3 buffer
and melted using microwave. When the temperature of agarose solution cooled to around 50 °C,
1 pL of DNA staining dye (Sigma-Aldrich, USA) was added and the mixed thoroughly.
Agarose solution was poured into a gel mould to form agarose gel. Undigested pET30a and
Nde I digested sample were mixed with 10 < DNA loading buffer with a volume ratio of 9:1.
Two samples and DNA marker D 15,000 were loaded to the gel and the electrophoresis was
conducted in a horizontal chamber. Voltage was 90 V and the electrophoresis lasted 1 h. Gel
image was taken in Gel Documentation System G:BOX (Syngene , Australia). The target Nde
I digested plasmid was extracted using a DNA extract kit (Tiangen Biological Company,
China) from the agarose gel according to the manual included in the kit.

Extracted Nde I digested plasmid was digested with Xho I at 37 °C for 12 h. 1 % agarose gel
electrophoresis and DNA extraction were conducted to obtain Nde I and Xho I digested

pET30a for the following ligation.
3.2.3.2PCR

PCR was conducted for synthesis and amplification of 4 genes encoding sHFn, HFn, sHFn-P
and sHFn-P-RGDK on an automated thermal cycler (Thermo Fisher Scientific, USA). 25 L
PCR mixtures were prepared for each gene synthesis. Table 3.2 lists the reagents for PCR.
Reagents were added to PCR tubes in the order from the top to the bottom of the table.

Table 3.2 Reagents for PCR.

Reagent Volume
Mili Q water 145 WL
5 xTaq buffer 5L
dNTP (2.5 mM) 2 L
Forward primer (10 M) 1
Reverse primer (10 M) 1
Template (10 M) 1L

Taq DNA polymerase (0.5 U plLt) 0.5 L
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PCR consisted of 3 steps and the setting were as follows: 1) denaturation of DNA template,
94 °C 5 min; 2) 35 cycles of denaturation, annealing and elongation. In each cycle, denaturation
was set at 94 °C for 40 s. Annealing was set at a proper annealing temperature for 40 s and
elongation was set as 72 °C, 50 s. Annealing temperatures were selected within the range from
Tm value -5 °C of forward to Tm value -5 °C of reverse primers. Primer Tm value was
estimated using Annhyb software based on nucleotide sequence. Selected annealing
temperatures for 3 PCR were 58 °C (sHFn), 65 °C (sHFn-P) and 62 °C (sHFn-P-RGDK); 3)
Elongation, set at 72 °C for 10 min to finish the possibly incomplete elongation in step 2.

On completion of PCR, products underwent 1.2 % agarose gel electrophoresis. DNA marker
D2000 was used to help analyse if the molecular weights (Mws) of amplified genes were
correct. DNA bands with molecular weights the same as in theory were extracted using agarose

gel DNA extract kit (Tiangen Biological Company, China) following the manual in the Kit.
3.2.3.3 PCR product restriction endonuclease digestion

15 P gel extracted PCR products were incubated with 10 <H buffer 2 pL, Nde [ 2 pL and
Xho I 1 pL at37°C for 12 h. Digested products were analysed using 1.5 % or 1.2 % agarose
gel electrophoresis and recovered by extraction from the gel.

3.2.3.4 Ligation

1.5 pi of endonuclease digested pET30a and 12 i of digested PCR products were mixed with
7.5 pL T4 ligation mix (NBE, UK). The mixtures were incubated at 16 °C for 12 h. Products

after ligation were kept in -20 °C until heat-shock transformation.
3.2.4 Heat-shock transformation and plasmid sequencing

1 b BGI synthesised plasmids (HFn, P-HFn, HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-
PLGLAG-PAS-RGDK) (50 ng mL™%) or 10 piL ligation products (plasmids for sHFn, sHFn-P
and sHFn-P-RGDK) were incubated with 25 L competent E. coli BL21 (DE3) (Tiangen
Biological Company, China) in ice bath for 20 min to starve the cells in laminal flow cabinet
(Thermo Fisher Scientific, USA). Following that, mixtures were shocked at 42 °C for 90 s and
then put in ice bath (0 °C) for 2 min. 800 pL antibiotic free Luria-Bertani (LB) medium was

added to each mixture and cells were cultured at 37 °C for 1 h at a rotation speed of 150 rpm
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in New Brunswick™ Innova® 40/40R Shakers (Thermo Fisher Scientific, USA). After that,
cultured cells were centrifuged at 1,000 rpm, 4 °C for 3 min using a centrifuge (Eppendorf,
USA) and 700 pL of supernatant was discarded. Cells were resuspended using the remaining
medium and seeded onto solid LB medium plates containing 100 g mL* kanamycin and 1 %
agar. Plates were incubated upside down in oven overnight at 37 °C. Colonies grown on plates
the next day were sent to BGI Company (China) for plasmid sequencing to check if target
genes were correctly synthesised and inserted between Nde I and Xho I restriction sites in
pET30a plasmids.

3.2.5 Shake flask and fermenter fermentation of different E. coli strains
3.2.5.1 Shake flask fermentation

37 °C induction shake flask fermentation was performed for 8 bacterial strains expressing HFn,
sHFn and functionalised HFns. Firstly, 100 pL E. coli strain was seeded in a conical flask
containing 50 mL Luria-Bertani (LB) medium and 100 pg mL™? kanamycin and cultured at
37 °C for 14 h under shaking at 200 rpm for pre-culture. 40 mL of the pre-cultured cells in the
exponential growth phase were transferred evenly to 4 flasks each containing 500 mL fresh LB
medium supplemented with 100 png mL™ kanamycin and continued to grow in the same
conditions for 4 h. The rest pre-cultured cells were mixed with autoclaved 50 % (v/v) glycerol
with a ratio of 1:1 (v/v) and divided into 1 mL per tube for cryopreservation of bacterial strains
for future use. IPTG was injected into the 4 flasks of 500 mL medium with a final concentration
of 0.5 mM for protein expression induction. After 4 h, cells were harvested by centrifugation

at 4,000 rpm, 4 °C for 20 min and wet biomass were measured.

A low temperature induction shake flask fermentation was conducted for P-HFn expression.
The first 2 steps were the same as in 37 °C induction shake flask fermentation. In the induction
step, incubator temperature was set at 30 °C and the bacteria were induced for 12 h by 0.5 mM
IPTG.

3.2.5.2 5 L fermenter fermentation

To scale up fermentation, a 5 L fermenter fed-batch fermentation was performed for bacteria
expressing HFn using BioFlo® 320 Vessels fermenter (Eppendorf, USA). The first 2 steps

were exactly the same as in 37 °C induction shake flask fermentation. After 4 h culture in 500
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mL medium, cells were transferred to fermenter in which there was 5 L medium supplemented
with 100 pg mL™* kanamycin. Fermenter vessel temperature was controlled at 37 °C. Medium
pH was set at 6.9, adjusted using phosphoric acid and ammonium hydroxide automatically
using the cascade function in control tower. Compressed air was used as oxygen source.
Dissolved oxygen range was set at 10 - 35 %. Agitation speed and gas flow rate were linked to
dissolved oxygen level using ‘cascade’ function in control tower and adjusted automatically by
the system. Sample of fermentation broth was taken out hourly to double check the medium
pH and measure the optical density at 600 nm (ODg0o). When ODeoo reached above 5, 0.5 mM
IPTG was injected into the fermenter and 1 L of supplement 10 times LB medium with glycerol
was fed to the vessel at a constant rate. ODegoo Was still recorded hourly after induction. After

4.5 h, fermentation stopped, and cells were harvested. Wet biomass mass was recorded.
3.2.5.3 Cell disruption and Bradford assay

Harvested cell pellets were re-suspended using 20 mM phosphate buffer (PB), 2 mM EDTA,
pH 7 buffer with a ratio of 1: 20 (mass of bacteria (g): volume of lysis buffer (mL)) and
subjected to ultra-sonication or high-pressure homogenisation for cell disruption. Ultra-
sonication was conducted with the settings as follows: 360 W power, 4-s on, 6-s off, 20 min in
total using ultra-sonicator (Ningbo Keyi Technology, China). Resuspended bacteria were put

in ice-bath and the temperature during ultra-sonication was kept under 30 °C.

In high pressure homogenisation, APV 2000 (SPX Flow, USA) was used. 500 mL of
resuspended bacteria was fed into the homogeniser for 15 min homogenisation and the pressure
was set at 400 bar. Watering cooling system was connected to homogeniser to keep the whole

system below 30 °C.

Afterwards, bacterial lysates were separated into supernatants and sediments by centrifugation
at 12,000 rpm, 30 min, 4 °C. The supernatants of cell lysate were kept for the following
analysis. Supernatant protein concentrations were measured using Bradford assay. In Bradford
assay, bovine serum albumin (BSA) (Sigma-Aldrich, USA) with different concentrations were
used as references to build up standard correlation curve of 595 nm absorbance (Asgs) to Cprotein
(mg mL™). Standard sample concentrations were 1, 0.75, 0.5, 0.25, 0.1 and 0 mg mL™. 3 mL
of Bradford dye (Bio-Rad, USA) was mixed with 60 L of standard protein samplesinalcm

path length glass cuvette and the mixture was settled for 2 min to reach the protein-dye
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interaction equilibrium. Ases was measured using a UV/vis spectrometer (VWR, Australia).
Linear fitting of the Asgs against protein concentration was conducted to obtain the standard
curve. Bacterial lysate supernatants protein concentrations were diluted 10 times and then

measured using the same procedure.
3.2.5.4 12 % reducing SDS-PAGE

Protein expression results were analysed using a 12 % reducing SDS-PAGE. Samples included
4 types of bacteria before IPTG induction, 4 types of bacteria after 4 h IPTG induction, 4 types
of bacterial lysate supernatants and sediments. For bacterial and sediments samples, they were
resuspended using Mili Q water. All samples were mixed with 5 x<loading buffer (0.25 M Tris-
HCI, 0.25 % bromophenol blue, 0.5 M DTT, 50 % glycerol, 10 % SDS, pH 6.8) and 10 % SDS
with a volume ratio of 3: 1: 1, following by being heated at 100 °C for 20 min. Electrophoresis
voltage was set at 90 V when samples were in 5 % stacking gel and 150 V when in separating
gel. Electrophoresis was done using a vertical chamber (Bio-Rad, USA), and it was stopped

when the bromophenol blue reached the bottom of the gel.

3.2.6 Transmission electron microscopy (TEM) and size exclusion chromatography (SEC)
analysis of bacterial lysate supernatants

To check if HFn-based proteins expressed in soluble form were self-assemblies, TEM analysis
was adopted. 5 pL of bacterial lysate supernatant (0.5 mg mL™) was applied to carbon-coated,
glow-discharged EM grids and negatively stained with 2 % uranyl acetate. Micrographs were
recorded on a TVIPS F224HD 2k <2k CCD camera (Gauting, Germany) using a FEI Tecnai
G2 Spirit TEM (Eindhoven, The Netherlands). Voltage was set at 100 kV.

SEC determines target protein retention volume. By comparing functionalised HFns retention
volume with that of HFn, SEC results can preliminarily confirm if functionalised HFns are
expressed in soluble monomers, assemblies or aggregates. Bacterial lysate supernatants for
HFn, sHFn-PAS and sHFn-P-RGDK were characterised using SEC. In SEC, Superose 6
10/300 gl column (GE Healthcare, USA) was connected to AKTA pure system (GE Healthcare,
USA) and equilibrated with 20 mM PB, 0.15 M NaxSOs, pH 7. 0.5 mL bacterial lysate

supernatant was loaded to the column. Absorbance at 260 and 280 nm was recorded. Fractions
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were collected to undergo 12 % reducing SDS-PAGE analysis to confirm the target protein

retention volume.

3.2.7 Computational analysis of the impact of pro-apoptotic peptide on HFn and sHFn subunit

property and structure

Interactions between interface residues from different subunits are the basis for HFn assembly.
Residues located in helix A-D bundle form hydrogen bonds, salt bridges and hydrophobic
interactions to form the assembly. All these non-covalent interactions are closely related to
hydrophobicity and charge properties of relevant residues. In functionalised HFns, the insertion
of foreign peptide can affect assembling through roughly 2 distinct ways: 1) the inserted
peptide may directly interact with residues related to assembling and disrupt the original
assembling related bond formation, or, 2) the peptide affects assembling in an indirect way

through altering the assembling related area biochemical properties and conformation.

Computational analysis is a reliable and fast means to shed light on protein structure, properties
and protein-ligand interactions. Because all 3 pro-apoptotic peptide functionalised HFns
(sHFn-P, sHFn-P-RGDK and P-HFn) were not able to form correct assemblies while sHFn and
HFn controls were self-assemblies according to experiment results, it was very likely that the
pro-apoptotic peptide was the main cause of assembly failure. Therefore, comparison of sHFn-
P and P-HFn with pro-apoptotic peptide, HFn and sHFn were performed using computational
methods to help understand the impact of P on HFn assembly. In the case of sHFn-P and P-
HFn, a 15 aa long linker and a 30 aa long linker were used to separate P with sHFn C-terminal
and HFn N-terminal. The long length of linker leads to a reasonable assumption that HFn or
sHFn subunit and P exist in their theoretically correct conformation. Figure 3.3 illustrates the
theoretical conformations of P-HFn and sHFn-P when the linkers fully stretch. As in Figure
3.3, both the 15 aa linker and 30 aa linkers are sufficiently long for P to reach the opposite end

of subunit, which means P is accessible to all residues of HFn subunit outer surface.
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Figure 3.3 Schematics of theoretical P-HFn and sHFn-P subunits with fully stretched linkers.
A, sHFn-P. B, P-HFn. Created using Discovery Studio Visualizer and UCSF Chimera. Grey part is HFn
or sHFn subunit, blue part is the stretched 15aa or 30aa linker and red part is pro-apoptotic peptide.

Therefore, 2 assumptions have been made to analyse the possible ways of P affecting HFn or
sHFn subunit assembling. Assumption one (interaction assumption) is P interacts with HFn or
sHFn subunit residues through non-covalent bonds. As shown in Figure 3.3, because of the
length of the linker, P could reach and interact with all available residues on HFn or sHFn
subunit outer surface. This will affect subunit assembly when P pre-occupies the assembling
related residues on HFn or sHFn subunit. To simplify the analysis, P and HFn or sHFn subunit
were analysed separately as individual molecules and HADDOCK 2.4, a protein-peptide

docking webserver was used to identify the possible interactions poses.??

Another assumption (no interaction assumption) is P does not interact with the residues on HFn
or SHFn subunit. When the linker bends, P primarily affects the property and conformation of
HFn N-terminal in P-HFn and sHFn C-terminal in sHFn-P to disrupt the assembly of subunits.
Because it is difficult and time-consuming to form long peptide fused protein structure, and
our aim is to study the local impact of inserted P, a 3-residue linker GSG was usable to represent
the 15-residue linker in this case. Structures of P-HFn and sHFn-P with 3 aa linker (P3HFn and
sHFn3P) were generated and their hydrophobicity and charge properties would be analysed in
comparison with those of HFn and sHFn. When the linker does not bend, P floats around Hfn
or sHFn subunit and probably disrupts assembling by repelling another P. Charge and
hydrophobic property of P surface may elucidate the reason.

The computation analysis followed different steps for each assumption, as presented in Figure
3.4.1) 3D structure PDB files generation. Raw HFn subunit PDB file (ID: 2FHA) was obtained
from RSCB PDB.? Raw sHFn subunit PDB was generated using Discovery Studio Visualizer
based on HFn PDB by directly deleting the E-helix. Raw PDB files of P and P with 3 aa linker
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(GSG) at N- or C terminal were generated using the online PEP-FOLD server.?* 2> Raw PDB
files of SHFn3P subunit and P3HFn subunit were obtained using USCF Chimera and Discovery
Studio Visualizer by putting together the PDB file of sHFn and PDB file of linker GSG with
P, and HFn subunit PDB file and P with linker GSG PDB file, respectively. Because the 3D
structure of sHFn, P, sHFn3P and P3HFn were artificial PDB files, in order to assess the
stability and obtain stable PDB files of these 4 proteins, 5 ns 300 K molecular dynamic
simulations were applied using Gromacs 2020.4 software. OPLS-AA/L all-atom force field,
Lincs constraint algorithm, Verlet cut-off scheme, Particle Mesh Ewald coulomb type were
used in this MD simulation. HFn subunit 5 ns MD simulation was also conducted as a control.
RMSD and radius of gyrate in simulation was recorded to assess structure stabilities. 2) Protein-
peptide docking analysis for interaction assumption. 5 ns MD simulated PDB files of HFn
subunit, sHFn subunit and P were the input structures in docking. Active residues were surface
residues of protein and peptide. Interactions within final complexes PDB files with the highest
probability were visualised and analysed using Discovery Studio Visualiser. Non-interaction
assumption did not include this step. 3) The hydrophobicity and charge property comparison.
In interaction assumption, the top complex surface hydrophobicity and charge property were
compared with those of HFn and sHFn subunit. With no interaction assumption, the MD
simulated sHFn3P and P3HFn subunit hydrophobicity and charge property were analysed. P
hydrophobicity and charge property were also visualised.

Interaction assumption No interaction assumption
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Figure 3.4 Procedure for computational analysis of P impact on HFn assembling.
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3.3 Results and discussion
3.3.1 Characterisations of plasmid of sHFn, sHFn-P and sHFn-P-RGDK
3.3.1.1 Characterisation and recovery of endonuclease treated pET30a vector

In the restriction endonuclease treatment of plasmid vector, one enzyme was used at a time to
ensure digestion efficiency. As is shown in Figure 3.5A, after Nde | treatment, the apparent
molecular weight of the vector increased, implying the change of vector conformation.
Theoretically, after restriction endonuclease treatment, the ring-shaped plasmid would turn into
a chain-like structure and its migration speed would lower down because of the enlargement of
its size. A single band in each lane suggests a high enzyme treatment efficiency. After Xho I
treatment, the nucleotides between Nde | and Xho | were removed from the vector and its
migration speed slightly increased (Figure 3.5B). After the recovery of digested plasmid from
agarose gel, 30 L Nde I and Xho I digested vector was obtained.

B

Figure 3.5 1 % agarose gel electrophoresis results of pET30a vector restriction enzyme treatment.
A, Nde I treatment result, lane 1, pET30a plasmid; lane 2-4, Nde | digested pET30a. B, Nde I and Xho
I treatment result, lane 1, Nde | digested pET30a plasmid, lane 2-4, Xho | and Nde | digested pET30a.

3.3.1.2 Characterisation and recovery of target genes for sHFn, sHFn-P and sHFn-P-RGDK

Genes obtained from PCR consist of additional base pairs for enhancement of restriction
endonuclease performance, start and stop codon and the codons encoding target protein
residues. The theoretical PCR products for sHFn, sHFn-P and sHFn-P-RGDK are 505, 592 and
613 bp, respectively. In Figure 3.6A and C, the Mw of the strongest bands in lanes are close
to the theoretical Mw and these bands were recovered. Other impurities were derived from

incorrect primer binding and incomplete elongation. Because of the additional base pairs at
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both ends, PCR products are relatively easy to be digested compared with plasmid, so the two
restriction endonuclease digestion was combined in one step. In the digestion step, only the
additional base pairs and part of the restriction nuclease recognition sites were cut off.
Therefore, the Mw after digestion were similar to that before digestion (Figure 3.6B and D).

A B C D

Figure 3.6 1.5 % agarose gel electrophoresis results of PCR for sHFn, sHFn-P and sHFn-P-RGDK.
A, sHFn PCR product result. B, restriction enzyme treated sHFn PCR product result. C, sHFn-P and
sHFn-P-RGDK PCR products results, lane 1-3, PCR products for sHFn-P; lane 4-6, PCR products for
sHFn-P-RGDK. D, restriction enzyme treated SHFn-P and sHFn-P-RGDK PCR product results, lane 1-
3, enzyme treated PCR products for sHFn-P; lane 4-6, enzyme treated PCR products for sHFn-P-
RGDK.

3.3.2 Confirmation of plasmid transformation into E. coli

Plasmids constructed by BGI Company (China) for HFn, P-HFn, HFn-PAS, HFn-GFLG-PAS-
RGDK and HFn-PLGLAG-PAS-RGDK and ligation products for sHFn, sHFn-P and sHFn-P-
RGDK were transformed into competent E. coli BL21 (DE3) cells. 1 % agar plate with
kanamycin was used for selectively growth of cells with plasmids. As is shown in Figure 3.7,
there were colonies growing on all 8 plates, suggesting the success of plasmid transformation.
Three colonies were picked from plates and sent to BGI Company (China) for plasmid
sequencing analysis. The sequencing results demonstrate that all correct target genes were
inserted between Nde | and Xho | recognition sites in pET30a (Appendix A, Table A2).
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3.3.3 Expression comparison of 8 HFn-based proteins

In 37 °C induction shake-flask fermentation, after centrifuge, wet biomass of bacteria from 2
L fermentation broth of 8 types of bacteria were around 8 g. In low temperature induction shake
flask fermentation of P-HFn, 6.6 g wet biomass was harvested form 2 L fermentation broth. In
5 L fermenter fermentation of HFn, a greater cell density was achieved and around 90 g wet

biomass was collected after centrifuge.

Figure 3.8 illustrates the bacterial growth curve in batch fermenter fermentation over time. For
the first 3 h in fermenter, bacteria grew slowly. When the OD600 reached around 5, cells begun
to grow exponentially and IPTG induction was started. The final OD when harvesting cells

was 22.

—=a— ODB00NmM

[N]
[=]
1

Induction

0ODB00nm (MAU)
3
1

time (h)

Figure 3.8 Bacterial growth curve in batch fermenter fermentation.
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In Figure 3.9, reducing SDS-PAGE result demonstrates that all 7 HFn-based proteins (P-HFn
not included) were successfully expressed in both soluble and insoluble forms in E. coli under
37 °C induction shake-flask fermentation. All protein expression levels ranged from 25 % to
32 % in soluble forms, calculated by density scan using software Image J.26 HFn and sHFn
have relatively high soluble expression levels (32 % and 30 %) than other functionalised HFns.
Three PAS functionalised HFns have relatively high soluble expression levels (28 %) than
those of P functionalised HFns, sHFn-P and sHFn-P-RGDK (25 %). This is in accordance with
some previously reported cases where fusion has led to a reduced expression level.?” 28
Fermenter cultured bacteria also expressed HFn in both soluble and insoluble forms with a

similar level to HFn shale-flask fermentation (SDS-PAGE results not shown).

A

Figure 3.9 Expression results of HFn-based proteins except for P-HFn.

A, expression results of HFn and sHFn, lane 1: bacterial for HFn before IPTG induction; lane 2:
bacterial for HFn after IPTG induction; lane 3: bacterial for sHFn before IPTG induction, lane 4:
bacterial for sHFn after IPTG induction, lane 5: supernatant of bacterial lysate for HFn; lane 6: sediment
of bacterial lysate for HFn, lane 7: supernatant of bacterial lysate for SHFn; lane 8: sediment of bacterial
lysate for sHFn. B, expression results for sHFn-P and sHFn-P-RGDK, M: marker, lane 1: bacterial for
sHFn-P before IPTG induction; lane 2: bacterial for sHFn-P after IPTG induction; lane 3: supernatant
of bacterial lysate; lane 4: sediment of bacterial lysate, lane 5: bacterial for sHFn-P -RGDK before IPTG
induction; lane 6: bacterial for sHFn-P-RGDK after IPTG induction; lane 7: supernatant of bacterial
lysate; lane 8: sediment of bacterial lysate. C, expression results of HFn-PAS and HFn-GFLG-PAS-
RGDK, lane 1: bacterial for HFn-PLGLAG-PAS-RGDK before IPTG induction; lane 2: bacterial for
HFn-PLGLAG-PAS-RGDK after IPTG induction; lane 3: supernatant of bacterial lysate; lane 4:
sediment of bacterial lysate; M:protein marker, lane 5: bacterial for HFn-PAS before IPTG induction;
lane 6: bacterial for HFn-PAS after IPTG induction; lane 7: supernatant of bacterial lysate; lane 8:
sediment of bacterial lysate. M: protein marker. D, expression result of HFn-PLGLAG-PAS-RGDK,
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lane 1: bacterial before IPTG induction; lane 2: bacterial after IPTG induction; lane 3: supernatant of
bacterial lysate; lane 4: sediment of bacterial lysate. M: protein marker.

In Figure 3.9B, apparent Mw of sHFn-P subunit in gel was close to 20.1 kDa marker band,
which is near its theoretical Mw, 21.14 kDa. However, in 3 PAS containing HFns, target bands
in gel were in the middle of 25 kDa and 37 kDa, which are greater than their theoretical Mw
(HFn-PAS 26 kDa, HFn-GFLG-PAS-RGDK 26.5 kDa, HFn-PLGLAG-PAS-RGDK, 26.6
kDa) (Figure 3.9C and D). The reason for the increase of apparent Mw is the water binding
ability of PAS peptide and this phenomenon has also been discovered in previous PAS fused

protein. 16

Figure 3.10 Expression results for standard and low temperature induction of P-HFn.

Lane 1: bacterial before 37 °C IPTG induction; lane 2: bacterial after 37 °C IPTG induction; lane 3:
supernatant of bacterial lysate after 37 °C induction; lane 4: sediment of bacterial lysate after 37 °C
induction, M: protein marker, lane 5: bacterial before 30 °C IPTG induction, lane 6: bacterial after30
°C IPTG induction, lane 7: supernatant of bacterial lysate after 30 °C induction and cell disruption; lane
8: sediment of bacterial lysate after 30 °C induction and cell disruption; lane 9: supernatant of 30 °C
IPTG induction bacterial lysate after cell disruption; lane 10: supernatant of re-centrifuged bacterial
lysate supernatant after 4 °C 0.5 h storage; lane 10: precipitate of re-centrifuged bacterial lysate
supernatant after 4 °C 0.5 h storage.

Regarding P-HFn, in Figure 3.10, the results show in 37 °C induction, almost no target protein
was expressed in soluble form (lane 3). In 30 °C induction, it seems that target protein was in
both supernatant and sediment of bacterial lysate. However, P-HFn in the supernatant
precipitated 0.5 h after cell disruption at 4 °C, as shown in lane 10 and 11. The precipitates
after re-centrifuge had similar protein composition as in IBs. This means the expressed P-HFn

in supernatant was not stable and was very likely to precipitate.

In summary, P-HFn was expressed as IBs. Other 7 HFn-based proteins were expressed in both
stable soluble forms and 1Bs. However, because of the influence of inserted peptides on HFn
monomer and assembly structure, the proteins expressed in soluble forms were assemblies or
not needs to be further confirmed.
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3.3.4 Expression conformation comparison of soluble expression of HFn-based proteins

TEM analysis aimed to confirm if the 7 HFn-based proteins expressed in soluble forms were
self-assemblies. In Figure 3.11, hollow spherical structures were observed in 5 types of
bacterial lysate supernatants, including HFn, sHFn, HFn-PAS, HFn-GFLG-PAS-RGDK and
HFN-PLGLAG-PAS-RGDK. Their sizes are close to each other and also close to theoretical
HFn size, 12 nm in diameter. This indicates these 5 HFn-based proteins self-assembled when
being expressed in E. coli. sHFn assembly demonstrates that the truncation of E helix did not
affect the assembly of subunits. This has also been proven by a previous research.?® In the cases
of 3 PAS fused HFns, results show that the insertion of PAS peptide and RGDK peptide did
not affect HFn assembly. This is because although PAS peptide is long, its residues are
hydrophilic and bear no net charge at neutral pH. It is a flexible random coil and very likely to
pose a minor impact on HFn inter-subunit interactions. RGDK peptide only consists of 4
residues and is away from the HFn subunit residues because of the flexible linkers and PAS
peptide, it, therefore, has a negligible influence on HFn inter-subunit interactions. In contrast,
in 2 soluble expressed P fused HFns, sHFn-P and sHFn-P-RGDK, clusters of fragment-like
structures were observed, and no spherical structure existed, as is shown in Figure 3.11.
Therefore, it must be the functional peptide P that has negatively affected self-assembling, and
it is worth further investigation of the mechanism.

sHFn sHFn-P sHFn-P-RGDK

»

HFn-PLGLAG-PAS-RGDK
i3 ¥® .

Figure 3.11 TEM images of bacterial lysate supernatants.
Red arrows indicate some of the self-assembled spheres, no spherical structures were found in sHFn-P
and sHFn-P-RGDK.
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In order to further analyse if the expressed forms of sHFn-P and sHFn-P-RGDK in bacterial
supernatants were soluble monomers or soluble aggregates, SEC was adopted to separate
proteins in supernatants according to their hydrodynamic volumes. The SEC fractions were
collected according to retention volumes and fraction protein compositions were analysed
using reducing SDS-PAGE. In Superose 6 10/100 gl column (column volume 25 mL, GE
Healthcare, USA), chromatogram of supernatants containing HFn has a peak at 13.9 mL, which
was confirmed to be HFn assembly (SDS-PAGE result not shown) (Figure 3.12A). In theory,
if sHFn-P and sHFn-P-RGDK are soluble aggregates, their retention volumes would be lower
than 13.9 mL, and if they were soluble monomers or oligomers, due to the small sizes, their
retention volume would be greater than 13.9 mL. As is shown in Figure 3.12D and E, both
proteins were eluted between 16-21 mL and peaked at 17-19 mL, indicating that they were
probably soluble monomers. Combined with the IBs expression result of P-HFn, it proves that
the pro-apoptotic peptide has made a significant negative impact on HFn inter-subunit

interactions and HFn assembly, even though the pro-apoptotic peptide is just 13 aa long.
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Figure 3.12 SEC of bacterial lysate supernatants of sHFn-P and sHFn-P-RGDK and reducing SDS-
PAGE results of SEC fractions.

A, chromatogram of bacterial lysate supernatant of HFn. B, chromatogram of bacterial lysate
supernatant of sHFn-P. C, chromatogram of bacterial lysate supernatant of sHFn-P-RGDK. D, SDS-
PAGE results of sHFn-P bacteria lysate supernatant SEC fractions. E, SDS-PAGE results of sHFn-P-
RGDK bacteria lysate supernatant SEC fractions. Lane 1: bacterial lysate supernatant (D) and protein
marker (E); lane 2:7-11 mL SEC fraction; lane 3: 11-13 mL fraction; lane 4: 13-14 mL fraction; lane 5:
14-15 mL fraction; lane 6: 15-16 mL fraction; lane 7: 16-17 mL fraction; lane 8: 17-18 mL fraction;
lane 9: 18-19 mL fraction; lane 10: 19-21 mL fraction.
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3.3.5 Impact of pro-apoptotic peptide on HFn and sHFn biochemical property and structure by

computational analysis

As there were 2 assumptions where the mechanism behind the impact of P on HFn structure is
different, computational analysis included both cases. In the first step of computational
analysis, stable 3D structures of P, HFn subunit, sHFn subunit, P3HFn and sHFn3P were
obtained from MD simulation. During the 5 ns MD simulation, the root mean square diameter
(RMSD) and radius of gyrate (Rg) over time imply the stability of the structure in water at
neutral pH. The greater the RMSD value and the more fluctuated Rg is, the less stable the
structure is. Figures 3.13 and 3.14 show the RMSD and Rg during the 5 ns MD simulation of
all raw structures. Comparing HFn with P3HFn, and sHFn with sHFn3P, the addition of P has
decreased the stability of HFn/sHFn subunit. P3HFn subunit has the highest RMSD and most
fluctuated Rg. sHFn3P subunit was the second unstable structure. HFn and sHFn subunit are
quite similar. The a-helix structure of P obtained from PEP-FOLD server was also quite stable

during the simulation.
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Figure 3.13 RMSD of structures in 5 ns Gromacs MD simulation.
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Figure 3.14 Radius of gyration of structures in 5 ns Gromacs MD simulation.

3.3.5.1 Assumption of P and HFn/sHFn interaction

In the interaction assumption, because of the long flexible linker, P is able to freely interact
with any surface residues of HFn or sHFn subunits in P-HFn and sHFn-P. Docking was adopted
to analyse the possible complexes. The top 4 docking complexes of P with HFn subunit are
illustrated in Figure 3.15. The hydrogen bond, salt bridge and pi (r) effects interactions of HFn
subunit with P in the complex with the highest probability are listed in Table 3.3. Many of the
interactions within other complexes are the same as in top 1 complex (data not shown), and top
1 complex has the most interactions, therefore its interactions are presented as an exemplar.

Figure 3.15 3D structure of top 4 complexes of HFn subunit and P obtained from HADDOCK 2.4
docking analysis.
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The yellow molecule is P, dotted lines are the interactions between HFn subunit and P. Structures were
visualised using discovery studio.

Table 3.3 Interacted residues of HFn and interaction types in top 1 complex.

HFn residue  Residue Interaction type HFn residue  Residue Interaction type
location location

Glu107 Helix C H-bond, salt bridge GIn141 Helix D H-bond

Glu62 Helix B H-bond, salt bridge His60 Helix B H-bond

Glu6l Helix B H-bond, salt bridge His65 Helix B H-bond, pi-alkyl

Glue4 Helix B H-bond, salt bridge His128 Helix D Pi-cation

Glu147 Helix D H-bond, salt bridge Lys68 Helix B Alkyl

Aspl31 Helix D Salt bridge Alal44 Helix D Alkyl

GIn58 Helix B H-bond, alkyl, pi-alkyl  lys143 Helix D Alkyl

His136 Helix D H-bond leu148 Helix D Alkyl

Leul75 C terminal ~ H-bond Tyr54 Helix B Pi-alkyl

Gly176 C terminal ~ H-bond His57 Helix B Pi-alkyl

Thrl74 Helix E H-bond Phe132 Helix D Pi-alkyl

Tyr34 Helix B H-bond

As is shown in Figure 3.15, in the top 4 complexes, P is bound to the four-helix bundle of HFn
with slightly different orientations. In Table 3.3, the majority of interacted residues of HFn
subunit in top 1 complex is from helix B and D, many of which have been proven to be involved
in HFn assembling. Interactions in the top 1 complex include 14 hydrogen bonds and 6 salt
bridges, showing the binding between HFn subunit and P is quite strong. The cationic Lys
residues (Lysl, Lys4, Lys7, Lys8, Lysll, Lysl14) in P are primarily responsible for the
hydrogen bonds and salt bridges with HFn residues.

Figure 3.16 is the top 4 complexes of P with sHFn subunit and Table 3.4 lists the interaction
types and sHFn residues in the top 1 complex. Binding location and orientation of P in top 4
complexes are quite similar to those of P to HFn subunit. This can be explained by the similar
structure of HFn and sHFn subunit. Even the interacted residues resemble those in top 1

complex of HFn with P. Most of the sHFn subunit residues involved are from helix B and D.
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Interacted residues in P are also mainly the multiple Lys residues. 15 hydrogen bonds and 7

salt bridges are formed in the top 1 complex.

Figure 3.16 3D structure of top 4 complexes of sHFn subunit and P obtained from HADDOCK 2.4

docking analysis.

The yellow molecule is P, dotted lines are the interactions between sHFn subunit and P. Structures
were visualised using discovery studio.

Table 3.4 Interacted residues of sHFn and interaction types in top 1 complex.

sHFn residue  Residue Interaction type sHFnN residue Residue Interaction type
location location

Glu147 Helix D H-bond, salt bridge Tyrl37 Helix D H-bond

Glu62 Helix B H-bond, salt bridge His60 Helix B H-bond

Glu107 Helix C H-bond, salt bridge GIn75 Helix B H-bond

Glu6l Helix B H-bond, salt bridge His136 Helix D H-bond, pi-alkyl
Glu64 Helix B H-bond, salt bridge Tyr54 Helix B H-bond, pi-alkyl
Glu67 Helix B H-bond, salt bridge Alald4 Helix D Alkyl

Glu27 Helix A H-bond, salt bridge His57 Helix B Pi-alkyl

Lys68 Helix B H-bond His65 Helix B Pi-alkyl

Lys143 Helix D H-bond, pi-alkyl His128 Helix D Pi-alkyl

Lys53 Helix B H-bond Phel32 Helix D Pi-alkyl

Figure 3.17 illustrates the surface hydrophobicity and charge property of the top 1 complex of

P with HFn and sHFn subunit. In contrast to HFn or sHFn, due to the addition of P, hydrophilic

surface turns into hydrophobic (yellow box area), and negatively charged surface becomes
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neutral in neutral pH. The reduction of charge and increase of hydrophobicity possibly decrease
the repulsion force of this local area between monomers and increase the likelihood of by-

product subunit aggregate such as IBs rather than correct assembly.

3D structure Surface hydrophobicity Surface Charge

HFn subunit

sHFn subunit

Top 1
complex of P
with HFn

Top1l
complex of P
with sHFn

Figure 3.17 Surface hydrophobicity and charge comparison of top 1 complexes with HFn and sHFn

subunit.
Yellow helix in 3D structure is P, the area in yellow box is surface of P in complex. Structures were

visualised using discovery studio.

3.3.5.2 Assumption of no interaction between P and HFn/sHFn
In the no interaction assumption, when linker bends, SHFn3P and P3HFn were used for analysis
of property changes in sHFn-P and P-HFn. Figure 3.18 illustrates the view from C terminal to

compare the C-terminal structure, hydrophobicity and charge at neutral pH of sHFn3P with
sHFn and HFn subunit.
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Figure 3.18 Comparison of sHFn3P with HFn and sHFn subunit after Gromacs MD simulation.

A, subunit structure. B, C-terminal hydrophobicity. C, C-terminal charge. Structures were
visualised using discovery studio.

In HFn subunit, the E-helix is hydrophobic and bears almost no charge. In HFn assembly, 4 E-
helix gather together around the hydrophobic channel, the hydrophobic attractions of which
contribute to the stability of the whole assembly.?® In sHFn subunit, the E-helix and the
hydrophobic attraction are missing but due to other inter-subunit non-covalent bonds, sHFn
can still assemble but with a relatively low structural stability. In contrast, in SHFn3P subunit,
P is overall quite hydrophilic, suggesting no possible hydrophobic attractions. Additionally, P
bears positive charges, leading to a repulsion between C-terminals when in an assembly. Plus,
the helix structure of P adds steric hindrance to the C-terminal area. All the above 3 factors are
responsible for the failure of sHFn-P subunit to self-assemble. As a result, sHFn-P was

expressed as monomers.

Figure 3.19 illustrates the structure comparison of P3HFn, HFn and sHFn subunit N-terminal.
In HFn and sHFn subunits, the N-terminal extension is a short random coil and floating outside
the HFn assembly, with no interactions of each other. As is shown in Figure 3.19B and C, it

is hydrophilic and has no charge at neutral pH. In P3HFn subunit, P is half hydrophobic and
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half hydrophilic (Figure 3.19B), with hydrophobic part of P facing outwards, which could
cause unwanted aggregation with other P3HFn subunits. In terms of charge, positive charges
are distributed in the half of P that faces the other subunit N terminal in an assembly in theory.
Repulsion caused by these charges may impose a negative effect on self-assembly. In addition,
the steric hindrance of the rigid helix structured P at the N-terminal can negatively affect
assembly. These could explain the fact that P-HFn is expressed in aggregated IBs instead of

soluble assembly.

HFn subunit sHFn subunit

A

Figure 3.19 Comparison of P3HFn with HFn and sHFn subunit N-terminal after Gromacs MD
simulation.

A, subunit structure. B, N-terminal hydrophobicity. C, N-terminal charge. Structures were
visualised using discovery studio.

Except for the hydrophobicity, charge and structural changes at fusion sites, there are other
structural changes found in comparison of sHFn3P and P3HFn with HFn and sHFn subunits.
As is shown in Figure 3.20, the transition of helix to random coil of a-helix exists in SHFn3P
and P3HFn subunit. SHFn3P has helix-to-random coil transition in helix B and C whilst P3HFn
has in helix B, C and D. The change of helix in these areas can also contribute to a disruption
of inter-subunit non-covalent bonds and the stability decrease when forming an assembly,

because helix bundle residues are essential for HFn assembling.
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HFn subunit sHFn subunit

sHFn3P

Figure 3.20 Structures of HFn, sHFn, sHFN3P and P3HFn subunit after MD simulation, front view.
Red ribbons are o-helix and green and white lines are random coil. Arrows show the structural
differences.

In no interaction assumption, when linker does not bend and P floats around, P is very likely
to repel each other to negatively affect HFn or sHFn assembling. Figure 3.21 shows the surface
charge property of P. The positive charges can result in an electrostatic repulsion. However,
this assumption is actually the least possible interruption mechanism compared with the
interaction assumption and the other possible no interaction assumption, as P has posed the

least damage to HFn or sHFn assembling.

Figure 3.21 Surface charge property of P.

To conclude, in the interaction assumption, P probably interacts with multiple four-helix
bundle residues of HFn and sHFn subunit by forming hydrogen bonds and salt bridges to block
the assembling related interactions. In no interaction assumption, when linker bends, P mainly
affects HFn and sHFn terminal hydrophobicity and charge property and impose steric
hindrance to impair the stability of assembly. With the least possibility, P repels each other
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through charge repulsion if P floats around HFn or sHFn subunit and does not interact with
subunit. The multiple Lys residues which bear positive charges and tend to form hydrogen
bonds are the main cause of assembling failure, and the half outer surface hydrophobicity and
rigid structure of P also make a difference.

3.4 Conclusions

Six functionalised HFns in two functionalisation strategies were expressed by E. coli and the

expression level and form were compared.

Based on the results in this chapter, there are 6 key findings:

1. Three PAS functionalised HFns, designed in the first functionalisation strategy, HFn-PAS,
HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK, together with 2 controls, sHFn and
HFn, were successfully expressed in self-assembled nanoparticles in E. coli. The random coil
structured long PAS peptide and the short four residue peptide RGDK did not significantly

affect HFn self-assembly and the expression level.

2. In the second strategy, P functionalisation strategy, the soluble expression level of sHFn-P,
sHFn-P-RGDK and P-HFn were lower than controls (HFn and sHFn) and 3 PAS functionalised
HFns in the first functionalisation strategy, showing a stronger impact of P on HFn in contrast
with PAS.

3. Three P functionalised HFns failed in self-assembly in E. coli. sHFn-P and sHFn-P-RGDK
were found to be in soluble monomers whilst P-HFn was expressed as inclusion bodies in both

37 and 30 °C induction fermentation.

4. In the design of the P functionalised strategy, there are 2 possible mechanisms of P impacting
HFn assembling, therefore 2 assumptions, the interaction and no interaction assumption were
proposed. Computational analysis demonstrates that in interaction assumption, the multiple
Lys residues are the main cause for the assembling failure. They form hydrogen bonds, salt
bridges with HFn or sHFn subunit residues to pre-occupy the HFn assembling related
interactions. The hydrophobicity and the charge property change in complexes of P with HFn

or sHFn also increase the possibility of aggregation, possibly leading to IBs formation.

91



5. In the no interaction assumption, when the flexible linker bends, the local charge and
hydrophobicity change caused by P together with the steric hindrance result in the failure of
assembling. The insertion of P at terminal of HFn or sHFn subunit also cause minor structural
change in 4-helix bundle. With the least possibility, in no interaction assumption, when linker
does not bend, P floats around HFn or sHFn subunit and repel each other due to the high

positive charge density.

6. Based on the results of the computational analysis and the comparison of P and PAS
functionalised HFns, the self-assembly impairment is mainly derived from the high positive
charge density and the rigid structure of the inserted P. In the design of functionalised HFn by

fusion, a non-charged, non-structured peptide will be preferred.

As was reviewed in Chapter 2, the assembly structure of HFn lays the foundation of HFn as
an anti-tumour drug delivery platform. Without the assembly structure, HFn would not have
the passive tumour targeting ability, the shelter-like protective ability of drugs and the
relatively long half-life in circulation compared with small molecule drugs and peptide drugs.
Its potentials as an anti-tumour drug delivery platform will be significantly compromised. In
this chapter, it was found that 3 P functionalised HFn assembling failed whilst 3 PAS
functionalised HFns succeeded. P functionalised HFns are very likely to be unable to form
correct assembly due to the significant negative impact of P, as is analysed in computation
analysis. Therefore, in the following chapters, the study of P functionalised HFns is not

continued, and PAS functionalisation strategy is the research focus.

In Chapter 4, purification procedure is established for 3 PAS functionalised HFns and control

HFn, and structures of these are characterised and compared using multiple techniques.
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Chapter 4

PURIFICATION PROCESS DEVELOPMENT AND STRUCTURE
COMPARISON OF HUMAN HEAVY-CHAIN FERRITIN AND
FUNCTIONALISED HUMAN HEAVY-CHAIN FERRITINS
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4.1 Introduction

The purity and conformation of human heavy-chain ferritin (HFn) and functionalised HFns are
crucial to their bioactivity in application as an anti-tumour drug delivery platform. Escherichia.
coli (E. coli) expressed HFn and functionalised HFns are in co-existence with host cell proteins
(HCPs) and nucleic acid contaminants.! Residual HCPs and nucleic acid contaminants in HFn
products are likely to cause safety risks in real-life application and problems in characterisation.
Purification of HFn and functionalised HFns to remove HCPs and nucleic acid contaminants
is essential. In addition, the maintaining of the native assembly conformation in purification

procedure matters, because the assembly is the basis of HFn drug delivery.

In recombinant HFn purification process, its high thermal stability has inspired researchers to
heat E. coli lysate to precipitate host cell proteins (HCPs). Also its nanometre-scale size allows
for a usage of size-exclusion chromatography (SEC) and ultra-centrifugation to separate HCPs.
lon exchange chromatography (IEC), and DNase and RNase treatment are commonly used to
remove host cell nucleic acid. Li et al. used a 70 °C 15 min heating of E. coli lysate followed
by sucrose density ultra-centrifugation or Ammonium sulphate (AS) precipitation with SEC.?
3 Masuda et al. first heated lysate at 60 °C for 10 min and then did AS precipitate, prior to Q
Sepharose IEC and Superdex 200 SEC.* A 4 step purification pathway comprising 70 °C
heating, Q Sepharaose IEC, ultra-centrifugation and AS precipitation was adopted in two
previous studies.> ® In other research, lysate heating followed by AS precipitation, plus DNase
and RNase treatment and SEC were performed to remove HCPs and nucleic acid.”® Currently,
most HFn purification process is long and consists of 3 to 4 steps. Time-consuming steps such
as ultracentrifugation and SEC, and cost-inefficient step as DNase and RNase treatment are

also frequently included.

The purification process of recombinant HFn was generally directly adopted in the purification
of functionalised ferritin.X% 1! However, in some cases, adjustments in purification pathway of
functionalised HFns are reported but the mechanisms were not clearly investigated. For
example, IEC was used instead of heating at 60 °C for 15 min for purification of GE11 peptide
fused ferritin before SEC.'? This is probably due to a thermal stability decrease after fusion.
The concentration of AS in AS precipitation decreased to 30%-50 % from 40 %-60 %

saturation in mutated HFn purification.®® It is likely to result from the hydrophobicity
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difference caused by the mutation. Overall, the adjustments in purification pathway are closely
related to the genetic modifications. Although PAS and RGDK peptide do not affect HFn
assembly in E. coli, as has been shown in Chapter 3, it is possible that these would influence
HFn biochemical properties and affect purification performance.

In terms of molecular structures of functionalised HFns, PAS peptide can bind to the
surrounding water molecules and lead to the increase of HFn hydrodynamic volume.'*
Structure comparison are needed to confirm this. Additionally, the confirmation of assembly
conformance maintenance of all HFn-based proteins after purification, and the investigation of

RGDK functionalisation impact are necessary.

In this chapter, different purification processes of HFn and functionalised HFns were developed
and structures of purified HFn and 3 PAS functionalised HFns were compared. In purification,
a heat-acid precipitation followed by chromatography process was explored to remove HCPs
and nucleic acid from HFn. HFn purification pathway was also applied in 3 functionalised
HFns (HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK) to compare
purification performance of these with HFn. In the first step, heat-acid precipitation, HFn,
HFn-PAS and HFn-GFLG-PAS-RGDK were studied as examples to screen temperature and
pH factors. In the second step, Q fast flow (FF) IEC and hydrophobic interaction
chromatography (HIC) were compared in nucleic acid removal efficiency of HFn and
functionalised HFns. However, the final purity of PAS functionalised HFns using HFn
purification pathway were undesirable. Therefore, mono Q IEC was also explored after heat-

acid precipitation for functionalised HFn purification.

Structures of purified HFn and 3 PAS functionalised HFns were compared on multiple levels
using analytical techniques inclusive of Polyacrylamide Gel Electrophoresis (PAGE), Circular
Dichroism (CD), Intrinsic Fluorescence spectroscopy (IF), Dynamic Light Scattering (DLS),
Transmission Electron Microscopy (TEM) and High-Performance Size Exclusion
Chromatography coupled with Multiple Angle Laser Light Scattering (HPSEC-MALLYS).
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4.2 Materials and methods
4.2.1 Materials

E. coli lysate supernatants containing HFn and 3 PAS functionalised HFns were prepared as
was described in Chapter 3, and used as the initial purification samples in this chapter. All
materials involved in preparation of the E. coli lysate supernatants are listed in Chapter 3,
Section 3.2.1. All chromatography columns used in this chapter were bought from GE
Healthcare (USA). All reagents of analytical grade were purchased from Chem-Supply
(Australia). Milli Q water was obtained from a Millipore purification system (Merck, USA)
and used throughout the whole process.

4.2.2 Comparison of host cell proteins (HCPs) removal by heat-acid precipitation

A 2-step purification, heat-acid precipitation followed by chromatography, was explored for
HFn and 3 PAS functionalised HFns.

To obtain a high protein purity and protein recovery, buffer pH and heating temperature in
heat-acid precipitation of HFn, HFn-PAS and HFn-GFLG-PAS-RGDK were screened to find
the optimal conditions. This optimal condition of HFn-GFLG-PAS-RGDK was also applied to
HFNn-PLGLAG-PAS-RGDK. Briefly, 0.5 mL E. coli lysate supernatant (8 mg mL*) was mixed
at a volume ratio of 1:1 (v/v) with acidic buffer, 200 mM acetic acid-sodium acetate, 2 M NaCl,
with pH of 4.0, 4.5 and 5.0. Then the mixtures were heated at 50 or 60 °C for 5 min. Samples
were mixed with a stir bar at 100 rpm throughout the heating process. Following the heating,
the mixture was centrifuged at 12,000 rpm, 4 °C for 15 min to remove precipitated proteins.
Supernatant protein concentrations after centrifugation were measured through Bradford assay.
The protein compositions in supernatants after centrifugation was analysed by 12 % reducing
SDS-PAGE (Bio-Rad, USA). Densitometry scan was used to determine the purity of target
protein after purification. Software Image J was adopted.’® Recovery yield (step) was
calculated using Equation 4.1. In heat-acid precipitation, ‘the amount of target protein at
purification stage n” means the amount of target protein in heat-acid precipitation supernatant.
‘The amount of target protein at purification stage n-1’ means the target protein amount in

sample before heat-acid precipitation.

the amount of target protein at purification stage n

Recovery yield (step) (%) = 100 % x

the amount of target protein at purification stage n—1
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4.1)
4.2.3 Nucleic acid removal by Q FF IEC

Q FF IEC and HIC were compared in the second step to remove nucleic acid contaminants.

AKTA pure (GE Healthcare, USA) was employed for all following chromatography.

In regard to IEC, Hitrap Q fast flow (FF) column (1 mL, GE Healthcare, USA), was explored
for HFn, HFn-PAS and HFn-GFLG-PAS-RGDK. Three pH conditions were examined, pH 7,
8 and 9. Equilibration buffers and elution buffers at pH 7 and 8 were 20 mM phosphate buffer
(PB) without and with 1 M NaCl. 20 mM Tris-HCI without and with 1 M NaCl buffers were
pH 9 equilibration and elution buffer. Supernatants obtained after heat-acid precipitation
underwent Hitrap G25 desalting chromatography (5 mL, GE Healthcare, USA) into
corresponding equilibration buffer before being loaded onto Q FF column. Protein loading
amount in each chromatography run was approximate 10 mg. After sample loading and flow
through (FT) peak, the column was eluted from 0 - 1 M NaCl linearly within 5 column volume
(CV). Absorbance at 280 and 260 nm were recorded. Flow rate was 1 mL min*. Collected
peaks underwent Bradford protein concentration determination (Bio-Rad, USA) and Quan-iT
1 xdsDNA HS assay kit nucleic acid concentration determination (Invitrogen, Thermo Fisher
Scientific, USA) and 12% reducing SDS-PAGE (Bio-Rad, USA) analysis. Purity of target
peaks were obtained from densitometry scan and protein recovery yields (step) were calculated
as in Equation 4.1. In chromatography step, ‘the amount of target protein at purification stage
n’ means the amount of target protein in peak. ‘The amount of target protein at purification
stage n-1’ means the target protein amount in loading sample. Nucleic acid removal ratio of
the optimal peaks was calculated as in Equation 4.2:

Nucleic acid removal ratio (%) =

loading sample nuclecid acid amount (mg)—final product nucleic acide amount (mg)

100 (%) >

loading sample nucleic acid amount (mg)

(4.2)

4.2.4 Nucleic acid removal by HIC

HIC screening was done for HFn and HFn-GFLG-PAS-RGDK. The optimal condition was
applied to the other 2 proteins HFn-PAS and HFn-PLGLAG-PAS-RGDK. Prior to HIC, the
supernatants after heat-acid precipitation were diluted 5 times with 100 mM phosphate buffer
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(PB), 1.2 M AS, incubated at 4 °C for 0.5 h and then filtered using 0.45 pm membrane. During
HIC, absorbance at 260 and 280 nm was recorded. Hitrap Octyl FF or Hitrap Butyl FF column
(1 mL, GE Healthcare, USA) was equilibrated with 100 mM PB, 1.0 M AS, pH 6.5 before
loading the diluted supernatant. After FT peak finished, column was washed with 0 - 100 %
elution buffer (20 mM PB, pH 6.5), 1 CV gradient. Flow rate was 1 mL min. Peaks collected
from HIC were collected and protein concentrations were determined using Bradford assay.
Protein purities in peaks were analysed using densitometry scan of SDS-PAGE gel. Recovery
yield (overall), the recovery yield after heat-acid precipitation and chromatography, was
calculated as in Equation 4.3:

Recovery yield (overall) (%) = 100 % x<

the amount of target protein after chromatography

the amount of target protein in bacterial lysate (supernatant)
(4.3)

Purity, protein recovery yield (step), and nucleic acid removal ratio were also calculated.
4.2.5 Scale up purification of HFn

In a larger scale of HFn purification, sample volume for heat-acid precipitation increased to
100 mL. Prior to HIC, supernatant after heat-acid precipitation was diluted 5 times using 100
mM PB, 1.2 M AS, placed at 4 °C for 30 min and then centrifuged at 12,000 rpm, 4 °C for 30
min. In HIC, a 20 mL XK16 self-packed Butyl FF column (GE Healthcare, USA) and AKTA
pure (GE Healthcare, USA) were used. Buffers and loading sample treatment were exactly the
same as in small scale Butyl FF purification. Elution pattern was conducted with one step using
100 % elution buffer. Flow rate was 3 mL min. Eluted peaks were collected and analysed by
reducing 12 % SDS-PAGE and Bradford assay. Purity, protein recovery yield (overall) for

heat-acid precipitation and HIC, and the nucleic acid removal ratio in HIC were calculated.
4.2.6 Mono Q purification of functionalised HFns after heat-acid precipitation

The supernatants after heat-acid precipitation of 3 functionalised HFns underwent buffer
exchange to 20 mM PB, pH 7 using Hitrap G25 desalting column (GE Healthcare, USA). Mono
Q 5/50 GL column (GE Healthcare, USA) was equilibrated with 20 mM PB, pH 7 and loaded
with approximate 10 mg desalted sample. When flow through peak finished, the column was

washed with a linear gradient from 0- 0.5 M NaCl, 8CV, followed by another 2 steps of washing
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using 1 M NaCl and 2 M NacCl, respectively. Absorbance at 280 and 260 nm were recorded.

Purity and protein recovery yield of target peaks were calculated.
4.2.7 Secondary and tertiary structural comparison

Purified HFn-based proteins (HFn, HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-
PAS-RGDK) were buffer exchanged into 20 mM PB, pH 7 through Hitrap G25 desalting
chromatography (GE Healthcare, USA). Protein concentrations were adjusted to 0.2 mg mL™.
CD spectroscopy was measured on a J-810 spectrometer (Jasco, Japan) at 25 °C using a 1.0
mm path length quartz cuvette. The wavelength scanning was conducted from 260 to 190 nm
at a rate of 500 nm min"t with a bandwidth of 1 nm. The average of 3 scans of each sample was
presented. IF spectroscopy was performed on F-4500 fluorescence spectrophotometer (Hitachi,
Japan). The excitation wavelength was 280 nm, and the emission was recorded from 300 to
400 nm with a scanning rate of 1200 nm min™. 1.0 cm path length cuvette was used. Each
sample was also subjected to scan for 3 times.

4.2.8 Nanoparticle structural comparison

Purified HFn, HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK were
buffer exchanged into 20 mM PB, pH 7 through Hitrap G25 desalting column (GE Healthcare,
USA) for nanoparticle structural characterisations by DLS, 5 % native-PAGE, HPSEC-
MALLS and TEM.

DLS aimed to characterise protein sizes and zeta potentials. These were measured on a
Zetasizer Nano ZS90 (Malvern, UK). Before measurement, purified protein samples were
adjusted to 0.5 mg mL™ and centrifuged at 10, 000 rpm, 4 °C for 20 min. Instrument was
equilibrated at 25 °C and every sample was measured 3 times.

6 g of each protein was loaded to 5 % native-PAGE gel and run at 90 V for 5 h in Bio-Rad
electrophoresis set (USA). Loading buffer and gel pH were 6.8.

HPSEC-MALLS was utilised for protein hydrodynamic volume comparison and molecular
weight determination. In HPSEC-MALLS analysis, TSK G4000 SWxI column (Tosoh
bioscience, Japan) was connected to high performance liquid chromatography (HPLC)
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(Shimadzu, Japan) coupled with DAWN MALLS (Wyatt, USA) and Optilab refractive index
(R1) detector (Wyatt, USA). Equilibration buffer was 20 mM PB, 0.1 M NaxSOa, pH 7.0. Flow
rate was 0.8 mL mint. Absorbance of fractions at 280 nm was monitored. Equilibration buffer
was 20 mM PB, pH 7.0. For TEM analysis, 5 puL of each purified HFn-based protein were

applied and the method was the same as in Chapter 3, Section 3.2.6.
4.3 Results and discussion
4.3.1 Optimisation of HCPs removal by heat-acid precipitation

Bacterial lysate supernatants containing HFn and functionalised HFns underwent heat-acid
precipitation to remove HCPs. Figure 4.1 shows the SDS-PAGE images, and recovery yield
and purity. Table 4.1 lists the detailed purity and protein recovery yield (step) data. Because
HFn has a relatively high thermal and pH stability than most of HCPs, it remained in the
supernatant after thermal and acidic treatment while HCPs precipitated (Figure 4.1A). As the
decrease of pH, the amount of precipitated HCPs increased and thus the purity of HFn increased.
HFn achieved the best purities under 50 °C pH 4.0 (64.77%) and 60 °C pH 4.5 (65.50 %)
(Figure 4.1A and D). Because of the greater recovery yield (step) in 60 °C pH 4.5 (99.69 %)
than in 50 °C pH 4.0 (88.70 %) (Figure 4.1A and F), 60 °C pH 4.5 was chosen as the first step
purification of HFn. Protein concentrations were calculated using the Bradford standard curve
in Figure B1 (Appendix B).
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Figure 4.1 Heat-acid precipitation of HFn and functionalised HFns.

A, HFn SDS-PAGE image. B, HFn-PAS SDS-PAGE image. C, HFn-GFLG-PAS-RGDK SDS-PAGE
image. D, HFn-PLGLAG-PAS-RGDK SDS-PAGE image. Lane 1, bacterial lysate supernatant; 2, 50
°C pH 4.0 heat-acid precipitation supernatant; 3, 50 °C pH 4.5 heat-acid precipitation supernatant; 4,50
°C pH 5.0 heat-acid precipitation supernatant; 5, 60 °C pH 4.5 heat-acid precipitation supernatant;6, 60
°C pH 5.0 heat-acid precipitation supernatant. E, Purity of HFn, HFn-PAS and HFn-GFLG-PAS-RGDK
in heat-acid precipitation. F, Protein recovery yield (step) of HFn, HFn-PAS and HFn-GFLG-PAS-
RGDK in heat-acid precipitation.

Table 4.1 Purity and protein recovery yield (step) in heat-acid precipitation.

Protein Conditions 50 °C pH 50 °C pH 50 °C pH 60 °C pH 60 °C pH
4.0 45 5.0 45 5.0

HFn Purity (%) 64.77 55.77 47.87 65.50 58.92

Recovery yield (%)  88.70 91.58 93.82 99.69 99.22
HFn-PAS Purity (%) 27.31 41.43 50.77 15.02 45.01

Recovery yield (%)  4.98 13.14 68.41 2.26 8.56
HFN-GFLG-PAS-  Purity (%) 40.85 43.98 50.41 9.50 41.10
RGDK .

Recovery yield (%)  0.32 12.55 61.45 0.88 9.19
HFN-PLGLAG- Purity (%) / / 59.63 / /
PAS-RGDK

Recovery yield (%)  / / 66.78 / /

Interestingly, 3 functionalised HFns show the increasing purity with the increase in pH (Figure

4.1E). The reason is that compared with HFn, 3 functionalised HFns have a significantly
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weaker resistance against the combination of acidic pH and heat. At the conditions of pH 4.0,
50 T and pH 4.5, 60 <C, functionalised HFns cannot resist to the acid condition and precipitate
together with HCPs. No obvious target protein can be observed in supernatant indicated by
Figure 4.1B and C lane 2 and 5. The purities, therefore, were very low. As pH increased to the
level which modified HFns could resist, the modified HFns remained in supernatant, whilst the
majority of HCPs precipitated and the purity of modified HFns increased. Recovery yield (step)
of functionalised HFns was in the range of 1% to 15 % under all tested conditions, except 50
€ pH 5.0 (above 60 %), in contrast with that of HFn, above 85 % at all tested conditions
(Figure 4.1F). Particularly, at 60 €€ pH 4.5, recovery yield (step) of HFn was around 100 %.

This significant stability drop results from the C-terminal insertion of foreign peptides. Stability
decrease after insertion of foreign peptide has been reported several times in different
proteins.'®® Comparing HFn-PAS with HFn-GFLG-PAS-RGDK, recovery yield differences
under all conditions were within 5 %, showing that the short RGDK peptide did not
significantly affect stability, and the property change mainly stemmed from PAS peptide

insertion.
4.3.2 Nucleic acid removal by Q FF IEC

In the heat-acid precipitation, many HCPs were removed, but most of the host cell nucleic acid
remained in supernatants and co-existed with target proteins. Therefore, the second step

focused on the nucleic acid removal.

lon exchanger has been commonly applied to separate protein and nucleic acids based on the
differences of their binding strengths.'® In this research, an anion exchanger, Q FF, was
selected, because of the stability and the isoelectric point (P1) of HFn and functionalised HFns.
HFn nanocage remains stable in pH range of 3.4-10.%° Functionalised HFns have a significant
lower tolerance against acidic pH, as is observed in heat-acid precipitation. HFn P1 is around
4.5-5.0, and the inserted PAS peptide theoretical Pl is around 5.2, calculated by Expasy Pl
calculation tool (Swiss Institute of Bioinformatics).?! Therefore, it is very likely that the
functionalised HFns and HFn nanocage will be damaged to some degree, if using cation
exchanger, because pH in use would be at least below 4.0. As a result, Q FF and pH 7, 8 and 9

were selected to separate nucleic acid and HFn based on binding strength difference.

104



Figure 4.2 shows SDS-PAGE images of HFn, HFn-PAS and HFn-GFLG-PAS-RGDK at pH
7, 8 and 9. Figure 4.3 shows the Q FF chromatograms and the purity, recovery yield and
nucleic acidic removal. Table 4.2 lists all the purity, protein recovery yield and nucleic acid
removal ratio of peaks. Nucleic acid concentrations of peaks were calculated using the standard
curve in Figure B2 (Appendix B). Theoretically, HFn and functionalised HFns can bind to Q
FF because of their acidic PI. As is shown in Figure 4.3J, surprisingly, in all tested pH values,
the majority (65 %-92 %) of 3 HFn-based proteins were in FT peaks, especially HFn. This
shows a very weak binding of HFn and functionalised HFns to Q FF column. All FT and elution
peaks had greater OD260 than OD280 values, which indicates the presence of nucleic acid in
both FT and elution peaks (Figure 4.3A-1). Therefore, the nucleic acid removal was not
satisfactory. In pH 9 FT peaks, nucleic acid removal was 46.00 % of HFn, 65.17 % of HFn-
PAS and 46.81 % of HFn-PAS-RGDK.

Figure 4.2 12 % reducing SDS-PAGE images of peaks collected from Q FF column.

A, 12 % reducing SDS-PAGE results of HFn Q FF chromatography. B, 12 % reducing SDS-PAGE
results of HFn-PAS Q FF chromatography. C, 12 % reducing SDS-PAGE results of HFn-GFLG-PAS-
RGDK Q FF chromatography. Lane 1, heat-acid precipitation supernatant; 2, pH 7 flow through peak;
3, pH 7 eluted peak 1; 3, pH 8 flow through peak; 4, pH 8 eluted peak 1; 5, pH 9 flow through peak; 6,
eluted peak 1; 7: pH 9 eluted peak 2.
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Figure 4.3 Q FF chromatography purification of HFn, HFn-PAS and HFn-GFLG-PAS-RGDK.

A, pH 7 HFn chromatogram. B, pH 8 HFn chromatogram. C, pH 9 HFn chromatogram. D, pH 7 HFn-
PAS chromatogram. E, pH 8 HFn-PAS chromatogram. F, pH 9 HFn-PAS chromatogram G, pH 7 HFn-
GFLG-PAS-RGDK chromatogram. H, pH 8 HFn-GFLG-PAS-RGDK chromatogram. I, pH 9 HFn-
GFLG-PAS-RGDK chromatogram. J, recovery yield of all peaks from Q FF chromatography. K, purity
of all peaks from Q FF chromatography. L, nucleic acid removal of pH 9 FT peaks.

Table 4.2 Purity, recovery yield (step) and nucleic acid removal of all peaks in Q FF chromatography.

Protein Q FF Peak pH7 pH7P1 pHS8 pH8P1 pH9 pHO9P1 pHI9P2
FT FT FT

HFn Purity (%) 94.27 85.69 95.56 95.08 97.98 18.00 67.73
Recovery yield (%) 82.12 16.34 80. 07 18.47 91.68 0.14 2.01
Nucleic acid removal (%) / / / / 46.00 / /

HFn-PAS Purity (%) 70.96 50.45 70.95 44.95 80.13 16.41 42.06
Recovery yield (%) 81.40 17.17 68.93 21.33 79.06 1.59 13.83
Nucleic acid removal (%) / / / / 65.17 / /
Purity (%) 69.92 51.72 75.60 49.40 83.96 32.75 45.96
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HFN-GFLG- Recovery yield (%) 63.47 23.17 69.17 2221 70.25 2.67 13.55

PAS-RGDK .
Nucleic acid removal (%) / / / / 46.81 / /

10 mg protein loaded in each run. FT: flow through peak. ‘/’: no measurement.

The phenomenon of nucleic acid appearing in FT and elution fractions indicates the non-
uniform charge distribution, which may be caused by the nature of digested nucleic acid
fragments resulting from heat-acid condition. The observation that all 3 HFn-based proteins
appeared in FT peaks in tested pH shows that nanometre sized proteins are hard to diffuse
inside resin spheres to interact with the functional groups on resin and the binding is generally
weaker compared with small sized proteins, because of the lower value of surface net
charge/weight.?> 22 What is more, HFn is more negatively charged in inner surface than outer

surface because more acidic residues were buried inside HFn assembly. 24

pH 9 FT peak had the highest purity and recovery yield (Table 4.2 and Figure 4.3J and K),
compared with pH 7 and 8. This is probably because the increase of binding affinity from pH

7 to 9 of the contaminants was greater than that of target proteins.

In comparison of HFn with functionalised HFns, the Q FF column binding strength of
functionalised HFns was greater than that of HFn, according to the protein recovery yield (step)
of eluted peaks in Table 4.2 and Figure 4.3J. The difference of recovery yield (step) in
comparison of HFn-PAS and HFn-GFLG-PAS-RGDK, was smaller than the difference
between HFn and HFn-PAS. This is perhaps because PAS peptide is much longer than RGDK
peptide and makes a stronger impact on HFn. PAS peptide theoretically bears negative charges
at pH 8 and 9 and is primarily responsible for charge difference between HFn and

functionalised HFns.
4.3.3 Nucleic acid removal by HIC

In HIC, the strategy is the binding of target proteins and the flow through of nucleic acids.
Nucleic acids are highly hydrophilic and hypothetically cannot bind to hydrophobic interaction
columns. HFn, by contrast, has been proven to be able to bind to hydrophobic interaction
column in a previous study.® Figure 4.4 is the SDS-PAGE images of peaks form HIC. Figure
4.5 lists the chromatograms and nucleic acid removal, purity and recovery yield (step) in HIC.
Table 4.3 list the detailed results of HIC. As shown in Figure 4.5A-D, OD260 nm of the FT
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peaks from butyl and octyl columns were greater than twice of OD280, suggesting they were
mainly composed of nucleic acids. The eluted peaks containing target proteins, on the contrary,
had greater OD280 than OD260. Both butyl and octyl FF achieved an above 98 % nucleic acid
removal for HFn and HFn-GFLG-PAS-RGDK (Figure 4.5E and Table 4.3), which was
significantly greater than in Q FF IEC. This indicates HIC is very efficient in nucleic acid

removal.

A B C D
1 2 34mmsee 3 23dcng GEE o .

wp s S . . — - -

butyl octyl butyl octyl

Figure 4.4 SDS-PAGE images of HFn and 3 PAS functionalised HFns after HIC.

A, 12 % reducing SDS-PAGE results of peaks from HFn-GFLG-PAS-RGDK HIC chromatography. B,
12 % reducing SDS-PAGE results of peaks from HFn-PLGLAG-PAS-RGDK butyl FF
chromatography. C, 12 % reducing SDS-PAGE results of peaks from HFn-PAS butyl FF
chromatography. D, 12 % reducing SDS-PAGE results of peaks from HFn-PLGLAG-PAS-RGDK
butyl FF chromatography. Lane 1, heat-acid precipitation supernatant; 2, Loading sample for HIC; 3,
flow through peak of butyl FF; 4, eluted peak of butyl FF; 5, flow through peak of octyl FF; 6, eluted
peak of octyl FF.
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Figure 4.5 HIC chromatography purification for HFn and functionalised HFns.

A, HFn butyl chromatogram. B, HFn octyl chromatogram. C, HFn-GFLG-PAS-RGDK butyl
chromatogram. D, HFn-GFLG-PAS-RGDK octyl chromatogram. E, nucleic acid removal in
HIC peaks. F, purity in HIC peaks. G, recovery yield (step) in HIC peaks.

Table 4.3 Purity, protein recovery yield (step) and nucleic acid removal in HIC.

Protein Chromatography peak Butyl FF FT Butyl FF P1 Octyl FF FT Octyl FF P1
HFn Purity 96.09 95.24 98.02 95.94
Recovery yield (%) 3.18 93.87 7.13 75.65
Nucleic acid removal (%) / 99.93 / 99.95
HFn-PAS Purity 83.48 82.32 / /
Recovery yield (%) 5.05 93.46 / /
Nucleic acid removal (%) / 99.81 / /
HFn-GFLG-PAS- Purity 80.78 83.74 83.75 82.83
RGDK .
Recovery yield (%) 3.68 94.54 8.79 76.66
Nucleic acid removal (%) / 99.81 / 99.78
HFn-PLGLAG-PAS-  Purity 85.88 85.03 / /
RGDK .
Recovery yield (%) 4.26 92.64 / /
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Nucleic acid removal (%) / 99.89 / /

Purity of FT peak is not as highly accurate as eluted peak purity because of the much lighter bands in
gel. ‘/’: no measurement.

In terms of purity, the 100 mM PB 1.2 M AS 5 xtime dilution treatment of supernatant after
heat-acid precipitation removed part of HCPs in both HFn and HFn-GFLG-PAS-RGDK
(Figure 4.4A and B). Purity after HIC was above 95 % of HFn. However, purity of HFn-
GFLG-PAS-RGDK was below 90 % (Table 4.3). This is primarily because 1) HIC was not
effective in HCPs removal but focused on nucleic acid removal and 2) purity of HFn-GFLG-
PAS-RGDK after heat-acid precipitation was lower than that of HFn due to the lower purity in
heat-acid precipitation, which results from the decreased stability.

Comparing recovery yields (step) of functionalised HFns and HFn in HIC (Figure 4.5G and
Table 4.3), there is no significant differences. This shows that the inserted PAS and RGDK
peptide did not affect HFn HIC behaviour. This is probably because 1) both the inserted
functional peptides were at C-terminal of the E-helix, and residues constituting the nanocage
outer surface undergo no changes, and 2) both functional peptides are random coils and highly

hydrophilic, which do not interact with resins.

In comparison of butyl and octyl resins, the total recovery yield of eluted peak plus flow
through peak from butyl was greater than from octyl (Table 4.3). Some tightly bound target
proteins were eluted in column washing step (chromatogram not shown). However, flow
through peaks of octyl column contained more target protein than butyl column. This shows
that HFn and HFn-GFLG-PAS-RGDK behaved more diversely in octyl column compared with
in butyl column. Because of the greater protein recovery yield in eluted peak and more uniform
binding behaviour, butyl HIC was considered better than octyl. It was tried in HFn-PAS and
HFNn-PLGLAG-PAS-RGDK and SDS-PAGE images are shown in Figure 4.4C and D.
Chromatograms of HFn-PAS and HFn-PLGLAG-PAS-RGDK were the same as that of HFn-
GFLG-PAS-RGDK (not shown).

In summary, purity of HFn after heat-acid precipitation followed by butyl FF HIC was above
95 % but purities of functionalised HFns were below 90 %. Recovery yields (overall) were:
92.98 % (HFn), 63.93 % (HFn-PAS), 58.09 % (HFn-GFLG-PAS-RGDK) and 61.86 % (HFn-
PLGLAG-PAS-RGDK), respectively. Therefore, heat-acid precipitation followed by butyl FF
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HIC was effective in HFn but failed to achieve desirable purification performance in
functionalised HFns. Other purification methods should be explored to improve functionalised
HFn purity. The final HFn amount per gram of wet E. coli cell was 32.25 mg. Nucleic acid
removal by butyl FF HIC decreased nucleic acid amounts from 2000-3000 g in loading
sample to 2-4 |y in the final products.

4.3.4 Scalable HCPs and nucleic acid removal pathway of HFn

Figure 4.6 is the butyl FF chromatogram and 12 % reducing SDS-PAGE result. In this scale
up of purification of HFn, heat-acid precipitation and dilution step has increased HFn purity to
97.25 %. After the butyl chromatography, the final HFn purity reached 98.52 %, greater than
that in small scale. HFn recovery yield (overall) was 98.18 %. Nucleic acid removal ratio was
99.97 %. Remaining nucleic acid concentration was 0.58 g mLt. These results show that the

two-step purification pathway is scalable for HFn purification.
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Figure 4.6 Large-scale butyl chromatogram and SDS-PAGE image.
A, butyl chromatogram. B, 12 % reducing SDS-PAGE image. Lane 1, cell lysate supernatant; 2, loading
sample for butyl FF chromatography; 3, flow through peak of butyl FF; 4, eluted peak of butyl FF.

4.3.5 Functionalised HFns purification by Mono Q IEC after heat-acid precipitation

In order to obtain functionalised HFns with desirable purity, mono Q IEC was explored. Figure
4.7 shows the chromatograms and SDS-PAGE images of purified functionalised HFns. Three
functionalised HFns had similar mono Q chromatograms and were all eluted when the
conductivity was around 7- 20 mS cm, showing the same binding strength. As is shown in
Figure 4.7D, purity of functionalised HFns reached above 95 % after mono Q chromatography.
Consequently, it was selected as the second step of functionalised HFn purification. The
recovery yield (overall) after heat-acid precipitation followed by mono Q IEC were 59.27 %
(HFNn-PAS), 55.45 % (HFn-GFLG-PAS-RGDK) and 57.61 % (HFn-PLGLAG-PAS-RGDK).
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Final protein amounts per gram of biomass were 19.21 mg (HFn-PAS), 19.30 mg (HFn-GFLG-
PAS-RGDK) and 18.87 mg (HFn-PLGLAG-PAS-RGDK).
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Figure 4.7 Mono Q chromatogram and SDS-PAGE image.

A. HFn-PAS chromatogram. B, HFn-GFLG-PAS-RGDK chromatogram. C, HFn-PLGLAG-PAS-
RGDK chromatogram. P1 indicates the peak containing target protein. D, SDS-PAGE image of P1 from
mono Q chromatography. Lane 1, HFn-PAS. 2, HFn-GFLG-PAS-RGDK. 3, HFn-PLGLAG-PAS-
RGDK.

4.3.6 Functionalisation effect on HFn secondary and tertiary structure

Far-UV circular dichroism (CD) analysis aims to compare the secondary structures of PAS
functionalised HFns with that of HFn. In HFn subunit, approximate 68 % residues form a-helix
and the rest are non-structured loops.2* As shown in Figure 4.8A, similar CD profiles indicate
the protein conformation does not undergo significant secondary structural changes after
fusion. Two negative bands at 208 and 222 nm prove that all 4 HFn-based proteins are mainly
a-helix. This is because flexible linker and functional peptides are random coils, and fused to
one end of HFn subunit, without disrupting subunit main structure of 4-helix bundle

conformation.
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(Fég);]u re 4.8 Circular dichroism spectra (A) and intrinsic fluorescence spectra of four HFn-based proteins
However, in the protein intrinsic fluorescence spectra (Figure 4.8B), 3 PAS functionalised
HFns (peaked at 333 nm) have a 7 nm red shift compared to HFn (326 nm). Protein intrinsic
fluorescence spectrum is related to the microenvironment of Trp, Tyr and Phe residues.?® This
red shift is probably caused by the polarity increase of microenvironment, which results from
a subtle conformational change in proteins.?’ This indicates that PAS functionalised HFns have

conformational differences from HFn due to the C-terminal insertion.
4.3.7 Functionalisation effect on HFn nanoparticle structure

Protein particle sizes and zeta potentials were measured by DLS (Figure 4.9 and Table 4.4).
The particle sizes of HFn, HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-
RGDK are 11.9, 13.7, 14.1 and 14.1 nm, which proves that 24 subunits of all 4 proteins self-
assemble into nanocages. Inserted PAS and RGDK both increase protein particle size, and PAS
leads to a larger size increase than RGDK. Surface charges of proteins detected in zeta potential
arise primarily from ionization of surface groups, such as acidic and basic side chains of
exposed amino acid residues and associated counter ions bounding to protein surface.?2 Under
the same buffer condition, a minor zeta-potential difference between HFn and the PAS

functionalised HFns was detected (Table 4.4).
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Figure 4.9 Size distributions of proteins from DLS

Table 4.4 Protein particle sizes and zeta potentials measured from DLS.

Protein Size (nm) Zeta potential (mV)
HFn 11.9+0.1 -7.98 £0.23
HFn-PAS 13.3+0.2 -5.73 £0.40
HFn-GFLG-PAS-RGDK 141 +0.2 -5.21 £0.22
HFn-PLGLAG-PAS-RGDK 141+0.1 -5.20 £0.25

In Native-PAGE analysis, proteins remain in natural form and the migration distances depend
on both particle size and surface negative charge density. HFn migrated fastest and HFn-PAS
ranked second (Figure 4.10), followed by HFn-GFLG-PAS-RGDK and then HFn-PLGLAG-
PAS-RGDK. The migration distance order is in alignment with the order of protein sizes. As
detected in DLS, the charge difference at neutral pH was minor, so the size difference between
all proteins was the main cause. All PAS-containing HFns show relatively fuzzy bands than

HFn, which possibly be ascribed to the flexible non-structured functional peptides and linkers.

BSA
| m—

Figure 4.10 5 % Native-PAGE analysis results of purified proteins.
Lane 1: HFn, 2: HFn-PAS, 3: HFn-PLGLAG-PAS-RGDK, 4: HFn-GFLG-PAS-RGDK.
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Figure 4.11 shows the HPSEC chromatograms of assembly expressed HFn-based proteins and
molecular weight distribution of main peaks in chromatograms. MALLS determined proteins
molecular weights order was in accordance with theoretical order: HFn-PLALAG-PAS-RGDK
> HFn-GFLG-PAS-RGDK > HFn-PAS > HFn, and average molecular weights of all proteins
determined were similar to their theoretical Mw (Table 4.5). The order of the particle
hydrodynamic radius follows the order detected in DLS.
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Figure 4.11 HPSEC-MALLS chromatograms of proteins.
A, HFn. B, HFn—PAS. C, HFn-GFLF-PAS-RGDK. D, HFn-PLGLAG-PAS-RGDK.
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Table 4.5 High performance size exclusion chromatography and multi-angle laser light scattering
(HPSEC-MALLYS) analysis result.

Protein Particle hydrodynamic Measured average Theoretical molecular
radius (nm) molecular weight (kDa)  weight (kDa)

HFn 6.31 (+0.53%) 493.3(0.07%) 506.0

HFn-PAS 7.72 (+0.54%) 608.6(-2.18%) 625.1

HFn-GFLG-PAS- 8.06 (+0.55%) 630.8(::0.12%) 636.1

RGDK

HFn-PLGLAG-PAS- 8.22 (£0.55%) 638.7(0.11%) 6393

RGDK
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TEM analysis demonstrates that all PAS functionalised HFns are assembled hollow spheres,
same as HFn. Cages of all proteins are around 12 nm in diameter no matter with or without

functionalisation (Figure 4.12).

Figure 4.12 TEM images of purified proteins.
A, HFn. B, HFn-PAS. C, HFn-GFLG-PAS-RGDK. D, HFn-PLGLAG-PAS-RGDK.

Combining the results in purification and structural characterisations, there emerged 2
interesting findings. 1) The 12 nm of functionalised HFns and HFn spheres observed under
TEM contradict to the different hydrodynamic sizes detected in DLS and HPSEC-MALLS. 2)
Binding strengths of modified HFns to Q FF column were generally higher than HFn although
their predicted PI is higher than HFn PI, as the recovery yield (step) of Q FF eluted peaks of
modified HFns was greater than that of HFn. We, therefore, reasonably speculate that some or
all of the inserted peptides together with the E-helix are exposed outside HFn nanocage. In this
case, the exposed PAS peptides can bind to surrounding water molecules, so the hydrodynamic
size of modified HFns were enlarged whilst the nanocage diameters observed under TEM
remained the same as HFn. Binding strength to Q FF column has to do with the local negative
charge density of the potential binding sites. The exposed E-helices in modified HFns are
probably responsible for the increase of the binding strength to Q FF column, because predicted
PI of E-helix is 3.84. Predicted PI values of E-helix with PAS and E-helix with PAS-RGDK

are 3.84 and 4.2, respectively. All these PI values are lower than HFn PI. This turnover of E-
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helix with the C-terminal inserted peptide has been observed in previous work. HFn with a red
fluorescence protein (25.9 kDa) or 36 aa intrinsically disordered proteins at C-terminal haven
been proven to be in flipped conformation.?® * The HFn conformation with E-helix buried
inside is the native conformation (as shown in Figure 4.13A and B). If all 24 E-helix are
outside, HFn is in the flipped conformation. Previously, a whole barrel-like red fluorescence
protein (25.9 kDa) was fused to HFn subunit at C-terminal and proven to be exposed outside
HFn cage.?® If all 24 modified subunits in functionalised protein are extruded outside,

theoretical structures of subunits and assemblies would be as shown in Figure 4.13C and D.

Figure 4.13 Schematic illustration of assumed protein structures.

A, native HFn subunit. B, native HFn assembly. C, flipped functionalised subunit (HFn-GFLG-PAS-
RGDK/HFn-PLGLAG-PAS-RGDK/HFn-PAS). D fully flipped assembly. Light grey parts represent
HFn, red parts represent enzyme-cleavable site GFLG or PLGLAG, green parts are PAS peptides and
blue parts are RGDK peptides. Structure of HFn was originally obtained from PDB (5N27) and then
modified and visualized using Chimera.?*

Average volume of residues is about 100 A® and average residue molecular weight is about
100 Da. The inner cavity of ferritin is 8 nm across and thus it can only accommodate 24 of
foreign peptides with maximum Mw of 9.2 kDa, when peptide structure and repulsive forces
between peptides are not considered. Although in our case, inserted PAS-RGDK or PAS only
weights 5-6 kDa, the water-binding ability and repulsive forces between PAS peptides may

make it impossible for HFn cavity to accommodate 24 inserted peptides simultaneously.
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This turnover of the E-helix with the inserted functional peptide could be the cause for the
structural difference detected in tertiary structure and the decrease of stability discovered in
heat-acid precipitation. This is because, in native conformation, the hydrophobic interactions
between 4 E-helices surrounding the hydrophobic channels have been proven to contribute to
the stability of HFn assembly.®! In the flipped conformation, however, the 4 E-helices are not
physically confined as a bundle, but more likely to be floating around. Additionally, the
inserted hydrophilic PAS peptide can reduce the hydrophobic attractions between E-helix.

4.4 Conclusions

Based on the purification and structural characterisation results of all proteins, the following 5
important findings emerge:

1. A two-step purification pathway (heat-acid precipitation + butyl FF HIC) was established
for HFN. The first step aims for the removal of HCPs and, the second focuses on nucleic acid
separation.

2. Purity process of HFn failed to achieve purity above 90 % in 3 PAS functionalised HFns.
Pure PAS functionalised HFns were obtained through heat-acid precipitation followed by
mono Q IEC.

3. A significant decline in stability against heat and acidic pH of all PAS functionalised HFns
was found in heat-acid precipitation in contrast with HFn. Q FF binding strengths of HFn was
lower than PAS functionalised HFn because PAS peptide was negatively charged in tested pH
(7, 8 and 9). In HIC comparison, there was no significant difference between HFn and PAS

functionalised HFns.

4. PAS peptide insertion at HFn C-terminal has caused the turnover of E-helix. Three PAS
functionalised HFns are in fully or partially flipped conformation according to the differences
in purification and structure in comparison with HFn. The turnout of E-helix with functional
peptide could be the reason for the decrease of stability in PAS functionalised HFns in heat-

acid precipitation and the difference in tertiary structure observed in IF analysis.

5. RGDK peptide did not make any significant difference in purification process and HFn

conformation.
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After the obtaining of pure and correctly structured HFn and PAS-functionalised HFns, the

next step is anti-tumour drug loading. Thermally induced passive drug loading was applied to

HFn and functionalised HFns for the first time and optimisation of drug loading conditions is

reported in the following Chapter 5.
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Chapter 5

THERMALLY INDUCED DOXORUBICIN LOADING OF HUMAN
HEAVY-CHAIN FERRITIN AND FUNCTIONALISED HUMAN
HEAVY-CHAIN FERRITIN
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5.1 Introduction

As was reviewed in Chapter 2, because of human heavy-chain ferritin (HFn)’s unique structure
and high biocompatibility, it has been widely recognised as a potent drug nanocarrier.! Through
decades of efforts, diverse drug loading approaches have been developed, including: 1)

disassembly/reassembly; 2) and passive diffusion.

Disassembly/reassembly approach involves a dissociation/re-association of HFn assembly
induced by pH or 8 M urea. This approach is suitable for loading drugs either smaller or larger
than ferritin channels. However, the disassembly-reassembly process in pH-induced pathway
has been criticized by Kim et al. Their study has proven that the process damaged ferritin
structure and led to random aggregation, in which small aggregates were soluble and huge ones
became precipitates.? This results in 2 problems in drug loading performance: 1) precipitation
causes the unsatisfactory protein recovery yield; 2) soluble drug-ferritin aggregates can affect
drug performance. Condition optimisation was often required to mitigate these problems. For
example, Kilic et al. and Ruozi et al. critically investigated the pH adjustment course in drug
loading and used a stepwise pH adjustment or optimisation of final pH to boost protein recovery
yield to 55 %.>* The 8 M urea-based approach is less frequently used in contrast with the pH-
induced one. In 2 previous studies, it showed a doxorubicin (DOX) loading ratio comparable
with that of optimised pH-induced approach (around 33 DOX per HFn nanocage), but the

protein recovery yield was still undesirable, around 64.8 %.% ¢

Passive diffusion loads drugs through the hydrophobic or hydrophilic channels on ferritin shell,
after incubating ferritin and drugs together under suitable mixing conditions. Different stressors
such as high temperature, additives, and pressure have been introduced to expand the channels
and facilitate drug loading. This approach poses minor effects on ferritin structure. Even though
this approach causes relatively low ferritin aggregation and loss compared with the
disassembly-reassembly approach, the loading efficiency is low.” In the study of Yang et al,
soybean ferritin was heated with rutin at 60 °C for 1 h, resulting in a loading ratio of 10.5 rutin
molecules per ferritin.® They also used chaotropic chemicals, urea and guanidine chloride, to
expand soybean ferritin channels and load molecules.” '° To boost passive loading performance,
Wang et.al has successfully applied high hydrostatic pressure, explored different levels of

variables, such as: pressure values, buffer pH and additives, to finally achieve a 99 % of HFn
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recovery and high doxorubicin (DOX) loading ratio (32 DOX per HFn nanocage).!! However,
the high pressurised device is expensive and possesses a number of potential safety risks in
operation. Therefore, it is challenging to achieve concomitantly a desirable drug loading ratio

and a protein recovery yield in ferritin drug loading process.

In theory, after drug enters ferritin, it retains in ferritin either by physical entrapment or
chemical interaction or both. For small molecule drugs such as DOX (molecular weight < 600
Da), the chemical interaction type and strength are critical to the stability of drug loaded ferritin
to prevent drug leakage from ferritin channel. Currently, the interactions have not been
investigated in detail. An investigation on these interactions can help understand the drug
loading mechanism, interpret the findings in drug loading and eventually lead to an
improvement of drug loading performance. In the investigation of protein-ligand binding
mechanism, computational tools, molecular docking and molecular dynamic (MD) simulation
are significantly regarded and widely used. Molecular docking provides multiple reliable
models of protein-ligand complexes, based on a searching algorithm, whist MD simulation can
help assess the validity of these complexes by stability evaluation.!? 1> Shahwan et al. used
AutoDock Vina, a molecular docking service, to find out the most possible human ferritin
(PDB ID: 3AJO)-enzyme inhibitor Donepezil complex, and ran a MD simulation of the
complex to assess its stability.}* These 2 tools are potentially capable of analysing the chemical

interactions between ferritin and drug in loading process.

In Chapter 4, pure control HFn and 3 PAS functionalised HFns were obtained. In this chapter,
a thermally induced passive diffusion was introduced to load DOX to 3 PAS functionalised
HFns and HFn. It is expected to obtain desirable loading results. Condition optimisation in drug
loading for HFn and HFn-GFLG-PAS-RGDK were conducted. Size-exclusion
chromatography (SEC) and transmission electron microscopy (TEM) were used to detect the
structures of proteins after drug loading. DOX loaded proteins (protein/DOX) stability test was
performed to check whether drug loaded HFn-based proteins would be stable during storage.
For the first time, computational analysis, molecular docking and MD simulation, were adopted
to analyse chemical interactions contributing to drug loading and aggregation in thermally

induced DOX loading process.
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5.2 Materials and methods
5.2.1 Materials

All HFn-based proteins (HFn, HFn-PAS, HFn-GFLG-PAS-RGDK, HFn-PLGLAG-PAS-
RGDK) were purified in our laboratory using the optimal conditions, as is described in
Chapter 4. Doxorubicin hydrochloride (DOX) was purchased from Dalian Meilun
Biotechnology (China). Chromatography columns were bought from GE Healthcare (USA).
All other reagents of analytical grade (Chem-Supply, Australia) were used directly. Milli Q

water was obtained from a Millipore purification system (Merck, USA).
5.2.2 Thermally induced passive loading of DOX into HFn and HFn-GFLG-PAS-RGDK

DOX was loaded to HFn-based nanocages through thermally induced passive diffusion.
Temperature, buffer pH and incubation time are the 3 main factors affecting drug loading. An
orthogonal test was designed to optimise thermally induced drug loading condition for HFn
and HFn-GFLG-PAS-RGDK. Variables and levels tested are listed in Table 5.1.

Table 5.1 Levels of variables used in the orthogonal tests for optimisation of thermally induced DOX
loading to HFn and HFn-GFLG-PAS-RGDK.

Variables Level
Temperature 45, 50 and 60 °C
Phosphate buffer pH 7.0and 7.5
Incubation time length 2,4and 6 h

Initial protein concentration (1 mg mL™) and DOX concentration (0.2 mg mL™) were used in
all conditions to ensure DOX is excessive. Sample buffer was 20 mM phosphate buffer with 5
mM guanidinium chloride, pH 7 or 7.5. After thermal incubation of DOX and HFn-based
nanocages, samples were centrifuged at 1,000 rpm 10 min at 4 °C to remove precipitates.
Protein recovery yields were calculated as in following equation.

Protein recovery yield (%)

rotein amount in supernatant after centrifugation
_Pp p f fug % 100%

protein amount before thermal treatment

(5.1)
Unloaded DOX was removed using Hitrap Sephadex G-25 column (GE healthcare, USA) and

DOX loaded HFn-based protein (protein/DOX) were collected. All protein/DOX peaks then
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underwent SEC by Superose 6 increase 10/300 GL column (GE Healthcare, USA) to detect if
any soluble HFn-DOX aggregates existed.

SEC can separate DOX loaded in HFn-based nanocages (DOX loaded in nanocage) from
soluble HFn-DOX aggregates. Peak areas (absorbance at 480 nm) can be used to determine the
proportion of DOX loaded in nanocage.

Proportion of DOX loaded in nanocage (%)
0D480 area of nanocage peak

~ 0D480 area of HFn — DOX aggregate peak + OD 480 area of nanocage peak
X 100%
(5.2)

Drug loading ratio, protein recovery yield and the proportion of DOX loaded in nanocages
under various conditions were compared to find the optimal condition. Drug loading ratio, i.e.,
the number of DOX per HFn or functionalised HFn nanocage (N), was determined by
measuring the OD480 and OD280 of protein/DOX peaks collected from the Sephadex G25
column, as is described in Equation 5.3.

number of DOX  Cpox ® MWnanocage

number of nanocage  Cpanocage ®* MWpox

(5.3)

Where C is the concentration (mg mL™), and Mw is molecular weight. The DOX concentration
(Cpox) and the concentration of protein nanocage (Cnanocage) Were determined by measuring
absorbance at 480 and 280 nm, respectively. DOX has absorbance at both 280 and 480 nm, and
protein only has absorbance at 280 nm. Therefore, 2 assumptions were made: 1)
OD480nanocagerpox = OD480pox; 2) OD280nanocagerpox = OD280pox + OD280nanocage. Standard
OD vs. C linear curves of DOX and HFn-based nanocages were determined by serial

concentrations of DOX (1 - 40 ug mL?) and protein nanocages (0.1 - 1.2 mg mL™).

5.2.3 Thermally induced passive loading of DOX into HFn-PLGLAG-PAS-RGDK and HFn-
PAS

For HFn-PAS and HFn-PLGLAG-PAS-RGDK, DOX loading was conducted at the optimal
loading condition of HFn-GFLG-PAS-RGDK. Briefly, 0.2 mg mL™ DOX was added to protein

solutions (1 mg mL™) and mixed thoroughly. Mixtures were then heated at 50 °C for 6 h,
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followed by Hitrap Sephadex G25 (GE Healthcare, USA) chromatography to remove excessive
free drugs. Drug loading ratio, proportion of DOX loaded in nanocage, and protein recovery
yield were calculated using Equation 5.1 and 5.2. DOX loaded HFn-PAS and HFn-PLGLAG-
PAS-RGDK were also analysed using SEC.

5.2.4 TEM analysis of protein/DOX

TEM was conducted to analyse the conformation of HFn/DOX, HFn-PAS/DOX, HFn-GFLG-
PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK/DOX. A DOX loaded HFn aggregate
collected from Superose 6 chromatography was also analysed. TEM procedure was the same
as described in Chapter 3, Section 3.2.6.

5.2.5 Stability of DOX loaded HFn and PAS functionalised HFns

After drug loading, the buffer of DOX loaded HFn and PAS functionalised HFns samples were
exchanged into either phosphate-buffered saline (PBS) pH 7.4 or 20 mM sodium acetate- acetic
acid (NaAc-HAc) pH 5.5 buffer. Buffer exchanged samples were placed at 37 °C or 4 °C.
Aliquots were taken from samples at certain time points (0, 2, 4, 8, 24, 72, 120, 168, 336 h)
and desalted using Hitrap Sephadex G25 column (GE Healthcare, USA) to remove leaked

DOX, followed by N value calculation.
5.2.6 Computational study of interactions of HFn and DOX in thermally induced drug loading

PyRx molecular docking and Gromacs MD simulation analysis were used to identify the
potential HFn and DOX interactions to explain the formation of HFn/DOX and soluble HFn-
DOX aggregates. Molecular docking was performed to analyse the possible poses of HFn
subunit and DOX interactions. MD simulation of the docking complexes aimed to find out the

most stable HFn subunit-DOX complex structures.

Computational analysis was based on 2 assumptions: 1) HFn subunit was used as a
representative of HFn assembly. This is because the assembly was theoretically 24 repetitions
of the monomer. DOX is very small, even smaller than HFn channels, which makes it unlikely
to simultaneously interact with more than one subunit of the same HFn assembly. 2) The
computational analysis focus was on the interactions between DOX and the residues located
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on HFn assembly outer surface and inner surface. All interactions with interface residues of

HFn assembly were ignored.

In molecular docking analysis, PyRx software was used. DOX 3D structure was from Pub
Chem and HFn subunit structure file (PDB file) from RCSB PDB (ID: 2FHA). DOX was
energy minimized before conducting docking. Top 9 docking HFn-DOX complexes were
obtained and saved as PDB files. PDB files from docking results underwent Gromacs MD
simulation and analysed using Gromacs 2018.

In MD simulation, CHARMMS36 force field was used. The HFn-DOX complex structure was
solvated in a dodecahedral box of size 460.73 nm? with water molecules and the box was charge
neutralised by replacing 8 water molecules with 8 Na* ions. Energy minimization was
conducted using the steepest descent integrator for 50,000 steps, until a tolerance of 10 kJ mol
1. After this, temperature (NVT) and pressure equilibration (NPT) of the full system were
performed at 323 K (approximate 50 °C). Finally, 10 ns 323 K simulation were conducted with
5,000,000 steps and 2 fs each step. Lincs constraint algorithm, Verlet cut-off scheme, Particle
Mesh Ewald coulomb type were used in this MD simulation. Root-mean-square
deviation (RMSD) and short-range non-bonded interaction energy of each complex in MD
simulation were analysed for the stability assessment. 3D structures of 9 complexes after MD
simulation were saved and the interactions of HFn subunit and DOX within were visualised by
Discovery studio visualizer. Interactions analysed include hydrogen bond, salt bridge and Pi
(m) effects. Possible hydrophobic interaction was evaluated by analysing the residue

hydrophobicity in DOX binding area.
5.3 Results and Discussion
5.3.1 Optimisation of HFn thermally induced passive loading to increase drug loading

Thermally induced strategy mainly takes advantage of the thermal energy mediated structural
perturbation of selective hydrophilic channel areas. Theil and co-workers used Circular
Dichroism to analyse the a-helix content change of HFn following heat treatment at different
temperatures, and found that a small amount of secondary structure began to transition into
random coil when temperature is greater than 45 °C, and it is very likely to take place in channel

areas and expand channels.™ Heating also accelerates Brownian motion of proteins and drug
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molecules so that greater efficiency could be achieved than in non-heated passive diffusion. In
this work, pH 7.0 and 7.5 were chosen to ensure that DOX carries positive charge (DOX pKa
8.3) and HFn exterior surface has the opposite charge (HFn pl 4.8). Temperature conditions
are selected based on thermal stability of HFn.

Figure 5.1 summarises the changes of drug loading ratios, proportions of DOX loaded in
nanocage and HFn recovery yields with varying thermal induction time, temperature and buffer
pH. Drug loading ratios (Ns) were calculated using the standard curves in Figure B3
(Appendix B). Table 5.2 lists all drug loading ratios (Ns), proportions of DOX loaded into
nanocage and protein recovery yields for HFn. As is shown in Figures 5.1A, 5.1C, 5.1E and
Table 5.2, with the increase of thermal induction duration from 2 to 6 h, N increased at all
tested temperatures. At 45, 50 and 60 °C, the highest N was 30.3, 41.6 and 56.7, respectively.
N at pH 7.5 was slightly greater than that at pH 7 in most of the time regardless of temperature.
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Figure 5.1 Thermally induced DOX loading to HFn under different experimental conditions

A, drug loading ratios (Ns) and proportions of DOX loaded in nanocage at 45 °C. B, HFn recovery
yields at 45 °C. C, loading ratios (Ns) and proportions of DOX loaded in nanocage at 50 °C. D, HFn
recovery yields at 50 °C. E, loading ratios (Ns) and proportions of DOX loaded in nanocage at 60 °C.
F, HFn recovery yields at 60 °C.

Table 5.2 Drug loading ratios (Ns), proportions of DOX loaded in nhanocage and protein recovery yields
in HFn thermally induced drug loading optimisation.

Temperature Thermal induction  BufferpH N Proportion of DOX Protein recovery
(°C) duration (h) loaded in nanocage (%) yield (%)
45 2 7.0 19.06 95.2 99.5
75 26.30 95.6 99.3
4 7.0 23.88 94.1 96.3
7.5 28.51 93.7 98.7
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6 7.0 28.62 92.0 95.1

7.5 30.26 88.5 98.2

50 2 7.0 27.04 95.6 99.2
7.5 28.28 945 98.9

4 7.0 38.69 91.6 98.7

7.5 40.8 90.7 97.5

6 7.0 41.24 89.8 98.1

7.5 41.64 87.2 97.2

60 2 7.0 34.60 81.7 82.1
7.5 37.53 69.5 81.5

4 7.0 49.25 70.1 79.8

7.5 55.69 56.1 73.3

6 7.0 56.67 58.9 74.2

7.5 54.56 43.4 71.2

In terms of proportions of DOX loading, at 45 and 50 °C, the values were at least 85 % whilst
at 60 °C values were below 85 %. At all 3 temperatures, proportion of DOX loaded into
nanocage decreased with the duration of thermal induction. The proportions are significantly
pH-dependent, and the extent of pH-dependency is subject to temperature, hence they
decreased by 0.4 - 3.5 % at 45 and 50 °C, and by 10 - 15 % at 60 °C as pH increased from 7.0
to 7.5.

For the HFn recovery yields shown in Figures 5.1B, 5.1D, 5.1F and Table 5.2, at 45 and 50
°C, they were above 90 %, and at 60 °C, they were mostly below 85 %. These results suggest
that in the thermally induced drug loading process, DOX loaded in individual HFn nanocages,
soluble HFn-DOX aggregates and HFn-DOX precipitates were simultaneously produced as in
previous research using disassembly/reassembly drug loading approaches. At 45 °C, proportion
of drug loaded in nanocage and HFn recovery yield decreased slowly and N increased slowly
over time, whilst at 60 °C, proportion of drug loaded in nanocage, HFn recovery yield and N
behaved in the opposite manner. These results confirm that 45 °C may not be effective to
accelerate drug loading. In addition, at 60 °C, the local structures of HFn nanocages undergo

excessive changes, resulting in massive formation of aggregates of HFn with DOX.
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Considering N, proportion of DOX loaded in nanocage and HFn recovery yield together, 50
°C, pH 7.5, 6 h is the best drug loading condition (N of 41.6, proportion of DOX loaded in
nanocage of 87.2 % and HFn recovery yield of 97.2 %).

Table 5.3 indicates the comparison of HFn drug loading performance between this work and
published studies. In this study, N of HFn (41.6) is greater than previously published results,
which adopted 8 M urea or optimised stepwise pH-induced disassembly-reassembly
approaches. Recovery yield of HFn in this study is 97.2 %, similar to high hydrostatic pressure
passive diffusion approach (99 %) and significantly greater than the pH-induced (25 %, 55 %)
or 8 M urea-based approach (64.8 %). Disassembly/reassembly approach has been questioned
to be not fully reversible because 2 holes were detected by synchrotron small-angle X-ray
scattering, and the author argued that this structural damage may result in protein loss and
aggregation in the drug loading process.? To the contrary, at 50 °C, HFn nanocage remains

intact throughout the thermally induced drug loading process, which involves less structural

changes.

Table 5.3 Comparison on DOX loading to HFn in this work and previous studies.
Protein Loading approach Average number of DOX per Protein recovery Reference

protein cavity (N) yield (%)

HFn Thermal induction 41.6 97.2
Horse spleen ferritin Stepwise pH induction 28 55 +7 Ref 3
HFn pH induction 28.3 / Ref 16
Equine spleen ferritin ~ pH induction 22 1 25 Ref 17
Ferritin Urea-based 325 64.8 Ref ¢
HFn Urea-based 33 / Ref ®
HFn High hydrostatic pressure 32 =2 99 Ref 1

5.3.2 Optimisation of HFn-GFLG-PAS-RGDK thermally induced passive loading

For HFn-GFLG-PAS-RGDK, DOX loading optimization results are shown in Figure 5.2 and
Table 5.4. Figure B7, 8 and 9 (Appendix B) list size-exclusion chromatograms of HFn-
GFLG-PAS-RGDK/DOX obtained under 45, 50 and 60 °C. The relations between drug loading
performance indicators (N, proportion of DOX loaded in nanocage and HFn-GFLG-PAS-
RGDK recovery yield) and experimental variables (induction time, pH and temperature) are

similar to those in HFn.
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In Figures 5.2A, 5.2C, 5.2E and Table 5.4, N positively responded to thermal induction

duration and temperature. pH 7.5 showed greater Ns than pH 7.0 in most of time. Proportion

of DOX loaded in nanocage was negatively related to temperature and incubation time. At 45

and 50 °C, proportions of DOX loaded in nanocage were greater than 75 %. At 60 °C, they
were lower than 70 %. As is shown in Figures 5.2B, 5.2D, 5.2E and Table 5.4, HFn-GFLG-
PAS-RGDK recovery yields were greater than 75 % except at 60 °C 4 h and 6 h. The best DOX
loading condition is obtained at 50 °C, pH 7.5 and 6 h, with an N of 45.2, proportion of DOX
loaded in nanocage of 78.5 % and HFn-GFLG-PAS-RGDK recovery yield of 76.0 %.

A 5
- m- 7.0, proportion of DOX loaded in nanocage
6571 o- 7.5, proportion of DOX loaded in nanocage
60+ O =ccmcana ]
55+ S O 1
8! S
45 ]
—a—7.0,N g
Z 401 0o-75N ]
35+ ]
30 1
254 A
20 4
15 T T T
2 4 6
Time (h)
(: 70 S
- m- 7.0, proportion of DOX loaded in nanocage:
651- 0- 75, proportion of DOX loaded in nanocage
60 ]
15 T T T
2 4 6
E Time (h)
70
65 ®- 7.0, proportion of DOX loaded in nanocage ]
ol O- 7.5, proportion of DOX loaded in nanocage ]
55
50
45
Z 40
354
304
25
20

Time (h)

190
180
170
{60
150
J40
130
420
110

12
1
100
90
80
70
60
50
40
30
20
10

&
[0
(o))
©
[&]
o
=
©
=
£
°
(5}
T
]
A=
X
(e}
fa)
—
(e}
[ =
kel
£
[o]
Q
o
o
120 2
[0}
110 S
100 ©
2
%0 £
80 <
£
70 3
60 ©
o
50 O
40 X
O
30 A
=
20 ©
10 &
o
0 &
o
(o]
o
120 &
(0]
110 o
100 ©
o
c
(]
c
£
kel
[
©
©
K}
x
o
e
—
o
c
ke
£
0 g
Q
[}
o

B

()

-n

Protein recovery percentage (%) Protein recovery percentage (%)

Protein recovery percentage (%)

-
N
o

-
=
o

-

o

o
1

©
o
L

@
o
1

~
o
1

[=2]
o
1

o
o

] E 7.0, HFn-PAS-RGDK recovery percentage

7.5, HFn-PAS-RGDK recovery percentage

120

110

100 +

90

801

70

60

50

7.0, HFn-PAS-RGDK recovery percentage

1 7.5, HFn-PAS-RGDK recovery percentage

Time (h)

e =% e
o - N
o o o
1

©
o
1

801

704

60

) E 7.0, HFn-PAS-RGDK recovery percentage

50

7.5, HFn-PAS-RGDK recovery percentage

il

2 4 6
Time (h)

Figure 5.2 Thermally induced DOX loading to HFn-GFLG-PAS-RGDK under different experimental

conditions.
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A, loading ratios (Ns) and proportions of DOX loaded in nanocage at 45 °C. B, HFn-GFLG-PAS-
RGDK recovery yields at 45 °C. C, loading ratios (Ns) and proportions of DOX loaded in nanocage at
50 °C. D, HFn-GFLG-PAS-RGDK recovery yields at 50 °C. E, loading ratios (Ns) and proportions of
DOX loaded in nanocage at 60 °C. F, HFn-GFLG-PAS-RGDK recovery yields at 60 °C.

Table 5.4 Ns, proportions of DOX loaded in nanocage and protein recovery yields in HFn-GFLG-PAS-
RGDK thermally induced drug loading optimisation

Temperature Thermal induction  BufferpH N Proportion of DOX Protein recovery
(°C) duration (h) loaded in nanocage (%)  yield (%)
45 2 7.0 18.10 96.7 85.5
7.5 23.20 96.5 83.7
4 7.0 20.92 94.3 83.3
7.5 29.43 93.3 81.3
6 7.0 31.13 81.3 80.7
7.5 30.84 85.8 79.5
50 2 7.0 25.35 95.3 83.7
7.5 30.44 88.4 80.0
4 7.0 35.29 90.2 80.2
7.5 36.54 87.1 79.3
6 7.0 43.60 80.2 77.4
7.5 45.16 78.5 76.0
60 2 7.0 33.37 68.5 78.5
7.5 37.41 43.7 78.9
4 7.0 42.73 40.5 73.4
7.5 49.28 20.6 72.5
6 7.0 56.03 51 70.4
7.5 59.68 5.0 69.9

Compared with HFn, under most experimental conditions, especially at 50 and 60 °C, HFn-
GFLG-PAS-RGDK shows relatively low protein recovery yields and low proportions of DOX

loaded in nanocage, implying a lower stability caused by the functional peptide insertion.
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5.3.3 Conformation characterisation of optimal protein/DOX

Figure 5.3 shows the size-exclusion chromatograms of HFn/DOX and functionalised
HFns/DOX obtained from 50 °C, pH 7.5 6 h condition. All of these have low proportions of
DOX loaded aggregates. As is shown in Table 5.5, HFn-PAS, HFn-GFLG-PAS-RGDK and
HFn-PLGLAG-PAS-RGDK have reduced proportions of DOX loaded in nanocage and protein
recovery yields, in contrast to HFn at the same condition. Therefore, all 3 PAS functionalised
HFns have been more prone to aggregation in the heating process, suggesting the functionalised
HFns are less stable. This is in agreement with the conformational changes of HFn after
functional peptide insertion and stability decrease, as was discovered in Chapter 4. The E-
helix turnover and the impact on hydrophobic interactions of 4 helices E are probably the

reasons.
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Figure 5.3 Size-exclusion chromatograms of HFn and functionalised HFns/DOX.
A, HFn/DOX. B, HFn-PAS/DOX. C, HFn-GFLG-PAS-RGDK/DOX. D, HFn-PLGLAG-PAS-
RGDK/DOX.

Table 5.5 DOX loading efficiency of HFn and functionalised HFns

Protein N Proportion of DOX loaded in  Protein recovery
nanocage (%0) yield (%)

HFn 41.6 87.2 97.2

HFn-PAS 38.4 73.4 75.1

HFn-GFLG-PAS-RGDK 45.2 78.5 76.0
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HFn-PLGLAG-PAS-RGDK  36.9 79.1 76.1

After drug loading, TEM images in Figure 5.4 demonstrate that the heating process did not
affect ferritin nanocage. Most of the protein/DOX were hollow spheres. Nanocage sizes were
still around 12 nm, which are the same as before thermally induced passive drug loading

process.

Figure 5.4 TEM images of protein/DOX.
A, HFn/DOX. B, HFn-PAS/DOX. C, HFn-GFLG-PAS-RGDK/DOX. D, HFn-PLGLAG-PAS-
RGDK/DOX. Red arrows indicate some of the protein/DOX structures.

5.3.4 Stability study of DOX loaded proteins

Protein/DOX stability test was designed to reflect the stability of protein/DOX in the storage
condition (4 °C, pH 7.4) and blood circulation environment (37 °C). In storage condition, drug
leakage profiles for all protein/DOX were consistent, where around 20 % of loaded drug leaked
over 2 weeks (Figure 5.5). At pH 5.5, 4 °C, around 25 % of DOX leaked out in 2 weeks. At
37 °C, protein/DOX were less stable, with around 30 % of drug loss detected in HFn/DOX and
35 % of drug leaking in other 3 groups for 2 weeks. In all 4 DOX loaded proteins, drug leaked
fast during the initial 12 h, then slowed down. Perhaps some of the loaded drugs are just loosely
attached or physically trapped inside protein nanocages. Hence these drugs are more prone to
dissociation from protein, while drugs strongly interact with HFn remain within ferritin. The
drug loss difference detected at 37 °C between functionalised HFns and HFn can be explained

by the conformation difference.
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Figure 5.5 DOX leakage over time at different conditions.

A, HFn-GFLG-PAS-RGDK/DOX. B, HFn-PAS/DOX. C, HFn-PLGLAG-PAS-RGDK/DOX. D,
HFn/DOX.

5.3.5 Interactions between HFn and DOX in thermally induced drug loading by computational
analysis

From molecular docking results, 9 different HFn subunit-DOX complexes were obtained. They
underwent 10 ns 50 °C MD simulation for stability assessment. 3D structures of 9 complexes
after simulation are shown in Figure 5.6. Among them, only in Complex 1, the location DOX
binds to is the inner surface in HFn assembly. In the other 8 complexes, DOX binds to areas
corresponding to the outer surface in HFn assembly. This implies that Complex 1 is very likely
to be the structure of DOX loaded in individual HFn nanocage, while the interaction ways in
the other complexes could form drug loading, soluble HFn-DOX aggregates, and HFn-DOX
precipitates in thermally induced drug loading process. This is because when DOX is bound to
the residues on inner surface of HFn assembly, it can only interact with one HFn assembly.
However, when DOX is bound on the surface of HFn assembly, it is possible to work as a

corss-linker between HFn assemblies to induce HFn aggregation.
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Figure 5.6 3D structures of 9 complexes after 10 ns MD simulation.
A-l are Complex 1 to Complex 9.

To evaluate the stabilities of these structures, the RMSD and the short-range non-bonded
interaction energy of HFn subunit and DOX molecule in 9 complexes during simulation were
monitored and are presented in Figure 5.7 and 5.8. The smaller the RMSD and the lower the
energy is, the more stable the complex structure is. The stability orders of structures

demonstrated in RMSD and energy are consistent.
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Figure 5.7 RMSD of HFn subunit and DOX in complexes during MD simulation
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Figure 5.8 Short-range non-bonded interaction energy of HFn subunit and DOX in complexes during
MD simulation.

Complex 1 was the most stable structure in 50 °C MD simulation, with RMSD lower than 1
nm and energy below -350 kJ mol™. This result is in accordance with the experiment result
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conducted under 50 °C, that more DOX was being loaded to individual HFn nanocage than
forming soluble aggregates and precipitates. Complex 4 and 5 were the second most stable
structures, of which the RMSD were below 1 nm and the energies were below -200 kJ mol*
most of the time. Complex 3 was the third most stable structure. Its RMSD was lower than 1.2
nm. RMSD of Complex 7, 6, 8, 9 and 2 were greater than 1.5 nm and energies of them were
above -50 kJ mol?, indicating relatively unstable structures and possibly weak interactions.

Based on the stability results, Complex 1, 4, 5 and 3 are the focus in interaction analysis.

Table 5.6 lists the hydrogen bond, salt bridge and Pi effect interactions between HFn subunit
and DOX in Complex 1, 4, 5 and 3 at 10 ns of the simulation. Figure B9 (Appendix B) lists
the 2D diagrams of 9 complexes of HFn subunit with DOX after 10 ns MD simulation.
Hydrogen bonds and salt bridges are strong non-covalent bonds, in contrast with van der Waals
interaction such as Pi effects. The more of them there are, the more stable the complex structure
is. Complex 1 has the most hydrogen bonds and salt bridges.

Table 5.6 List of residues in HFn subunit that interacts with DOX in complexes and the interaction
type.

Complex  Residues forming hydrogen Residues forming salt Residues have Pi effects
bond with DOX bridge/attractive charge with with DOX
DOX
1 GLN58, GLU62, HIS65, GLU27, GLU62 (2), GLU107 HIS57 (Pi-Pi stacked),
GLN141 2) TYR54(Pi-alkyl)

4 ARG43, ASPI1 ASP91 TYR39 (Pi-Pi stacked),
TYR39 and PRO88 (Pi-
alkyl)

5 TYR40, ASP45, GLU94, ASP45 /

GLU167
3 / / TYR29 (Pi-Pi T shaped),

LEU26 (Pi-alkyl)

Numbers in the brackets after the residue are the number of the interactions involving the residue.

Regarding the possible hydrophobic interactions between HFn subunit and DOX in Complex

1, 4, 5 and 3, the 5 residue average hydrophobicity to reflect the hydrophobicity level of

residues in DOX binding area was used. This is because in a protein, the hydrophobicity of

residues can be affected by the nearby residues. Local area hydrophobicity reflects the possibly

of hydrophobic interaction better than considering individual residue hydrophobicity. The

calculation of 5 residue average hydrophobicity has considered the impact of nearby residues
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and its value demonstrates how hydrophobic the local area of the residue is. Hydrophobicity
values in Table 5.7 were calculated using Discovery Studio Visualiser. The greater the value
is, the more likely it would interact with the hydrophobic DOX molecule. In all four (4)
complexes, there are at least three (3) residues at the binding pocket available for hydrophobic
interactions with DOX,

Table 5.7 Five (5) residue average hydrophobicity of residues in DOX binding area in complex 1, 4, 5
and 3.

Complex 5-residue average hydrophobicity values of hydrophobic residues in DOX binding pocket

1 TYR34 (0.92), TYR54 (0.64), LYS143 (0.62), ALA144 (0.54), GLU147 (0.1).
4 TYR32 (0.52), SER36 (0.56), TYR39 (0.26).

5 VALA46 (0.56), ALAA7 (0.48), LEU48 (0.48).

3 LEU26 (1.02), GLN83 (0.82), GLN112 (0.04), GLU116 (0.94).

Numbers in brackets following the residue are the five (5) residue average hydrophobicity value of the
residue.

According to the computational analysis, in DOX loaded individual HFn nanocage, DOX was
mostly bound to HFn subunit as in Complex 1. Relatively weak binding ways found in
Complex 4, 5 and 3 and physically trapped DOX also existed. Therefore, the loading ratio
could reach above 24. However, DOX remained in HFn by these weaker ways are more prone
to be dissociated during storage. Physically trapped DOX probably accounts for the burst
release of DOX in the initial 12 h, and the weakly bounded DOX on HFn surface in Complex

4, 5 and 3 would gradually be released, as is shown in Figure 5.5.

Because no aggregates nor precipitates were found in 50 °C 6 h heated HFn, it is reasonable to
infer that the interaction of DOX and HFn assembly has led to HFn and DOX aggregation.
Small aggregates are still soluble while huge ones turn into HFn-DOX precipitates. TEM image
in Figure 5.9A demonstrates that the HFn in soluble HFn-DOX aggregates were still intact
spheres but clumped into a large particle. Interaction ways in Complex 4, 5 and 3 and others,
except Complex 1, are theoretically possible to cause aggregation in a way that DOX works as
a cross linker (Figure 5.9B). In each HFn assembly, there are 24 subunits for DOX to bind to,
and the large aggregate can stem from multiple DOX molecules.

141



Figure 5.9 TEM image of soluble HFn-DOX aggregates (A) and schematic of conformation of soluble
HFn-DOX aggregates (B).
Cyan part is HFn assembly and brown part is DOX molecule.

5.4 Conclusion

Main findings from this chapter include:
1. Thermally induced passive drug loading approach has achieved a desirable DOX loading
ratio and a greater protein recovery for HFn than disassembly-reassembly approach used in

previous approaches.

2. Thermally induced passive drug loading also demonstrates desirable results in functionalised
HFns, HFN-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK. This approach

holds the potential to be a widely applicable alternative of drug loading for HFn-based proteins.

3. The protein recovery yields of functionalised HFns were lower in comparison with that of
HFn due to the E-helix turnover and the stability decrease, as was described in Chapter 4.

4. According to molecular docking and MD simulation analysis, hydrogen bonds, and slat
bridges are the main interactions between HFn and DOX molecules contributing to DOX
loading. Interactions as in Complex 1 are the most dominant. Interactions in other complexes

together with physical entrapment also contributes to DOX loading.

5. Multiple DOX molecules work as a cross-linker to form aggregates of DOX and HFn.

Based on the results of previous chapters and this chapter, HFn and 3 PAS functionalised HFns
were successfully prepared and loaded with anti-tumour drug DOX. The evaluation of ant-

tumour performances is necessitated to examine if the PAS and RGDK peptide can improve
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HFn as in theory. Chapter 6 focuses on employing in vitro and in vivo assays to compare DOX
loaded HFn and PAS functionalised HFns.
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Chapter 6

ENGINEERED HUMAN HEAVY-CHAIN FERRITINS PERFORMANCE
AS AN ANTI-TUMOUR DRUG DELIVERY PLATFORM IN VITRO
AND IN VIVO
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6.1 Introduction

It has been reviewed in detail in Chapter 2, that human heavy-chain ferritin (HFn) is
intensively used as an anti-tumour drug delivery system in research.!® Its hollow sphere
structure, high stability, readily available drug loading approaches and capability of
functionalisation have laid a solid foundation as a highly promising anti-tumour drug delivery
paltform.*

However, in tumour therapy, its short half-life in circulation and limited tumour targeting
ability have drawn back this practical application. Its half-life in circulation in Sprague Dawley
rats was 2-3 h, thus requiring a frequent administration in real practice.®> Human transferrin
receptor 1 (TfR1), which HFn selectively binds to, is ubiquitous in healthy cells such as liver
tissue and blood brain barrier, which perhaps causes unwanted drug accumulation and therefore

side-effects.®

To address 1) the short half-life, and 2) the limited tumour targeting ability of HFn, 2 functional
peptides were fused to HFn subunit C-terminal to construct 3 PAS functionalised HFns (HFn-
PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK). As has been mentioned in
Chapter 3 introduction, PAS peptide binds to the surrounding water molecule and enlarges
particle size to extend half-life, and RGDK peptide achieves tumour targeted delivery through
the selective affinity towards neuropilin-1 and integrin avf3/5.” 8 The GFLG and PLGLAG in
HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK are enzyme cleavable sites
corresponding to cathepsin B and matrix metalloproteinase-2 (MMP-2), respectively.® 1° Both

enzymes have been found overexpressed in tumours.

In Chapter 3, HFn and 3 PAS functionalised HFns were expressed in soluble self-assemblies.
In Chapter 4, they were further purified through a two-step reproducible and scalable
purification process to remove host cell proteins (HCPs) and host cell nuclear acid in high
efficiency. In Chapter 5, a wide spectrum anti-tumour drug, doxorubicin hydrochloride (DOX)
was loaded onto 3 PAS functionalised HFns and HFn by thermally induced passive diffusion.
The impacts of PAS and RGDK functionalisation on HFn in expression, purification,

conformation and drug loading process have already been studied in detail. However, the
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engineered HFns performance as an anti-tumour drug delivery platform in vitro and in vivo

remains uncertain.

Therefore, the aims of this chapter are to 1) investigate the mechanism behind the anti-tumour
performance difference, and 2) compare HFn and functionalised HFns anti-tumour

performance after being loaded with DOX. In vitro and in vivo tests were employed.

To investigate the mechanism behind RGDK peptide impact on HFn anti-tumour drug delivery
performance, intracellular distribution assay and cytotoxicity assay were conducted in 3 tumour
cell lines, 4T1, MDA-MB-231 and MCF7. 4T1 is BALB/c mice breast tumour cell line. It has
been validated to overexpress neuropilin-1 and integrin avB3/5, but does not express human
TfR1.1 2 MDA-MB-231 and MCF7 are human breast tumour cells and have been proven to
overexpress human TfR1, express neuropilin-1 and integrin avp3/5, with MDA-MB-231
possessing greater expression levels of neuropilin-1 and integrin avB3/5 than MCF7.52%° The
different expression levels of related receptors in cell lines would result in performance
differences between HFn-based proteins, because of the different cellular internalisation
efficiency. Comparing results from MDA-MB-231 and MCF7 cell line can assess whether
RGDK peptide can improve tumour targeting ability. Comparing 4T1 with MDA-MB-231 cell
line can confirm whether RGDK functionalisation is able to compensate in tumour cell lines
that HFn fails to target and achieve desirable anti-tumour efficacy. Intracellular distribution
assay detected whether DOX carried by HFn-based proteins could enter nucleus to kill tumour
cells and roughly compared in vitro drug accumulation in cell nucleus. ICs against 3 tumour
cell lines was determined in cytotoxicity test to compare in vitro anti-tumour proliferation
ability of drug carried by each HFn-based protein. Cellular uptake test was conducted in 4T1
cell line. It aimed to prove RGDK peptide’s function, enhancement of tumour cell uptake

efficiency.

To compare HFn and functionalised HFns anti-tumour performance in vivo after being loaded
with DOX, pharmacokinetic study was conducted to examine the function of PAS peptide by
determination of half-lives in circulation of DOX carried by HFn and PAS functionalised HFns.

4T1 tumour cell line was selected in biodistribution and in vivo anti-tumour inhibition assay to
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mimic tumours where HFn cannot achieve desirable targeting ability, and test RGDK and PAS
peptide function. Biodistribution study assessed tumour targeting ability by monitoring the
accumulation of HFn and functionalised HFns in tumour area over time after intravenously
injection. In vivo anti-tumour test was conducted by comparing the tumour growth inhibition

efficacy of DOX carried HFn and functionalised HFns.
6.2 Materials and methods
6.2.1 Materials

4T1 cell line was purchased from ATCC (USA), MDA-MB-231 cells was purchased from
Cellbank (Australia). MCF7 cell line was kindly offered by Dr Nicholas Eyre from the
University of Adelaide. Doxorubicin hydrochloride (DOX) was purchased from Dalian Meilun
Biotechnology (China). RPMI-1640 medium, L-15 medium, penicillin-streptomycin solution
(100 =) (PS), fetal bovine serum (FBS), 0.25 % trypsin-EDTA (1 ) solution, Hoechst 33258
reagent and MTT reagent were purchased from Invitrogen (Thermo Fisher Scientific, USA).
RGDK peptide was synthesised by Gene Script (China). Propidium iodide and trypan blue
solution were bought from Sigma-Aldrich (USA). Sulfo-cy5 NHS ester was synthesised by
Lumiprobe (USA). All other reagents of analytical grade were obtained from Chem-Supply

(Australia). Milli Q water was obtained from a Millipore purification system (Merck, USA).

Four HFn-based proteins (HFn, HFn-PAS, HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-
RGDK) were purified by heat-acid precipitation followed by chromatography, as is described
in Chapter 4. DOX loaded HFn-based proteins (protein/DOX) were prepared as in Chapter
5.

6.2.2 Intracellular distribution analysis in tumour cells

DOX is an anthracycline topoisomerase inhibitor and exerts its function mainly inside cell
nucleus.® Free DOX directly diffuses into nucleus and disrupts cell division after
internalisation, whilst the protein/DOX are supposed to first be broken down by enzymes in
lysosome to release loaded DOX and then DOX reaches nucleus. Intracellular distribution test
was designed to check if DOX loaded on HFn-based proteins could enter cell nucleus to kill
tumour cells. Three tumour cell lines, 4T1, MDA-MB-231 and MCF7, were selected to
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compare the effect of receptor expression levels on drug distribution to understand inserted

peptide function.

4T1 and MCF7 cells were cultured in RPMI-1640 medium supplemented with 10 % FBS and
1% PS. MDA-MB-231 cells were cultured in L-15 medium with 10 % FBS and 1 % PS. All
three types of cells were cultivated in Contherm Miltre 4000 culture incubator (Thermo Fisher
Scientific, USA) at 37 °C in a 5 % CO; atmosphere. All 3 types of tumour cells in exponential
growth phase were placed on 6-well plates at a density of 4 %< 10° cells per well and cultured
for 24 h. One cover-glass slide was put in each well prior to seeding. The medium was then
discarded, and cells were treated with fresh media containing protein/DOX or free DOX (20
uM DOX-equivalent) in 2 mL per well for 3 h. After that, drugs were removed, and the cells
were washed 3 times using 1 > phosphate-buffered saline (PBS) and then cultured with fresh
complete medium for another 36 h. Subsequently, the cells were washed 3 times with 1 <xPBS
and fixed with 4 % paraformaldehyde for 10 min at 25 °C. Following another 3 washes with 1
xPBS, cells were stained with 0.5 ng mL™ Hoechst 33258 for 5 min and washed 5 times with
1x PBS, then visualized under a ZOE fluorescence cell imager (Bio-Rad, USA). Images of
cells under green channel (Excitation: 480/17 nm, Emission: 517/23 nm) and blue channel
(Excitation: 355/40 nm, Emission: 433/36 nm) were then captured.

6.2.3 Cytotoxicity against tumour cells

The cytotoxicity of 4 protein/DOX and free DOX against 4T1, MDA-MB-231 and MCF7 cell
lines was evaluated by MTT assay. Exponential growth-phase cells were digested by 0.25 %
trypsin-0.05 % EDTA, and the cell density was adjusted to 1 < 10° cells per mL by complete
medium. 100 pL of cells were seeded to each well in 96-well plates. After incubation for 24 h,
previous medium was replaced with fresh complete medium separately containing either free
DOX or protein/DOX, whose concentrations of DOX were 0.0096, 0.048, 0.24, 1.2, 6 and 30
ng mL™L. Each concentration was repeated in 4 wells. After incubation with drug for 60 h, the
media were removed, and cells were washed 3 times by 1 <PBS. Then, 90 uL of fresh complete
medium with 10 pL of MTT solution was added to each well and incubated for another 4 h.
100 pL dimethyl sulfoxide (DMSQO) was added to wells to ensure complete solubilisation of
the formed formazan crystals. Finally, the absorbance of each well was measured at 595 nm
(background: 630 nm) by a Microplate Reader (Biotek, USA). 4 wells with 0 ug mL™? DOX
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equivalent incubation were regarded as cell control wells and 4 wells without cells were
regarded as blank control wells. Absorbance and cell viability of each well was calculated by
the Equation 6.1 and 6.2:

Awell = Asgs - As30 (6.1)

Cell viability (%) = (Awell - Ablank)/(Acell - Ablank) <100 (%) (6.2)
6.2.4 Cellular uptake assay of 4T1 cell line

Cellular uptake test procedure has been adapted from a previous paper on 4T1 cell line.2® 4T1
cell line was selected because it does not express human TfR1 and the results specifically
reflect RGDK related receptor effect. For each protein/DOX group, 3 different treatments were
done to obtain 3 fluorescence intensities, total fluorescence, internalised fluorescence,
fluorescence after RGDK peptide pre-incubation.

The procedure was as followings: 1) Cell seeding. 4T1 Cells in the exponential growth phase
were seeded in 24-well plates at a density of 1 %< 10° cells per well and cultured for 48 h for
attachment. 2) RGDK peptide pre-incubation in wells for fluorescence after RGDK peptide
pre-incubation determination. To investigate the impact of fused RGDK on cellular uptake
characteristics, 500 uM free RGDK peptide was pre-incubated with the cell for 1 h at 37 °C to
saturate RGDK specific receptors. 3) Drug incubation. The media with or without RGDK
peptide in all wells were discarded and cells were washed with PBS 3 times, prior to adding
100 puL serum-free culture medium containing free DOX or protein/DOX (15 pg mL™* DOX-
equivalent). Then the cells were incubated for 90 min at 37 °C and washed 3 times with PBS
to remove drugs. 4) Trypan blue quenching. In wells for internalised fluorescence and
fluorescence after RGDK peptide pre-incubation determination, cells were incubated with
trypan blue (0.25 % in 0.85 % NaCl) for 5 min at 25 °C, and then washed 5 times with PBS to
remove trypan blue. 5) Detachment of cells for flow cytometry analysis. 400 puL of 0.25 %
trypsin-0.05 % EDTA solution was added to all wells for digestion for 5 min at 37 °C and 2
mL of complete medium was added to stop the digestion. Detached cells were spun at 1,000
rpm for 3 min at 4 °C and resuspended in 1 mL PBS. 5 uL. working propidium iodide (PI) was
added to incubate with cells for 10 min at 25 °C for differentiation of alive and dead cells in

flow cytometry detection. 6) Flow cytometry analysis. A Csampler flow cytometry (Becton
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Dickinson, USA) was employed to determine the mean fluorescence of 5,000 cells in each
sample. A cell control underwent PI staining but without drug incubation, trypan blue and
RGDK peptide treatment was used for gating and parameter setting prior to sample detection.
PE channel (Excitation laser light: 488 nm, Emission: 578 nm) was utilised for DOX

fluorescence detection. Mean fluorescence intensity of each sample was recorded.
6.2.5 Pharmacokinetic study

All animal experiments were performed with the approval of the medical ethics committee of
Shanxi University of Chinese Medicine (Approval Number 2019LL137). 18 Male Sprague
Dawley rats weighing 230-250 g (specific-pathogen free, SPF Biotechnology Co., Ltd. Beijing,
China) were randomly assigned to 6 groups, and administrated with PBS, free DOX and
protein/DOX (3.0 mg kg™ DOX equivalent) separately via intravenous injection at tail vein.
After injection, blood samples were collected from the retro orbital sinus at fixed time points
(10, 30 min, 1, 2, 4, 8, 12, 24, 36, 48 h) and followed by clotting for at least 0.5 h at 37 °C.
Serum was obtained by centrifugation at 6,000 rpm for 30 min at 4 °C. Finally, 100 uL of serum
of each sample was transferred to a 96-well microplate, and the DOX contents were determined
using SpectraMax i3x microplate reader (Molecular devices, USA). Excitation and emission
wavelength were set at 480 nm and 580 nm, respectively. Meanwhile, the standard curve of the
fluorescence intensity with varying concentration of DOX in rat serum was also measured for

quantitative analysis.
6.2.6 Biodistribution study in 4T1 tumour bearing mice

As 4T1 is a BALB/c breast tumour cell line, female BALB/c mice were chosen to establish
tumour-bearing animal model. 1 x10° 4T1 cells in 100 uL of PBS were injected into right
armpit of 8-week-old female BALB/c mice (specific-pathogen free, SPF Biotechnology Co.,
Ltd. Beijing, China) to form mice tumour model for both biodistribution study and anti-tumour
growth study. All 4 HFn-based proteins were first labelled by Sulfo-cy5 NHS ester with a molar
ratio of 1:30 (Protein to Cy5) and the uncoupled Cy5 was removed by Hitrap G25 desalting
column (GE Healthcare, USA). When tumour volume reached about 300 mm3, a 150 pL
sample of Cy5 or protein-Cy5 conjugates (0.2 mg kg?* Cy5 equivalent) was intravenously
injected into the tumour-bearing mice via tail vein. After treatment, the mice were anesthetized

using isoflurane at 2, 4, 6.5, 12, 24, and 52 h and fluorescence images were taken under
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excitation wavelength of 646 nm and emission wavelength of 662 nm using FX Pro in vivo

imaging system (Bruker BioSpin, USA).
6.2.7 Anti-tumour study in 4T1 tumour bearing mice

1 %< 10° 4T1 cells in 100 pL of PBS were injected into right armpit of 8-week old female
BALB/c mice (specific-pathogen free, SPF Biotechnology Co., Ltd. Beijing, China). For in
vivo tumour growth inhibition assessment, female BALB/c mice bearing 4T1 tumours of
approximate 250 mm? in size were randomly assigned to 6 groups (n = 6 mice in each group)
and treated with protein/DOX (3 mg kg DOX equivalent), free DOX (3 mg kg™?), or PBS via
200 pL intravenous injection. The drug injection was carried out every 4 days for 2 doses. The
volumes of tumours were measured every other day. Mice were monitored for up to 17 days

post-implantation and then sacrificed. Primary tumours were harvested for ex vivo imaging.
6.2.8 Statistical analysis

All data are expressed as mean =+ standard deviation (SD). The statistical significance was
assessed via unpaired T test and defined as P > 0.05, *P < 0.05, **P <0.01, ***P <0.001. ICso
values were calculated using Origin 9.0 software. Half-life of all protein/DOX was calculated

using DAS 2.0 software and fitting data in a single-compartment mode.
6.3 Results and discussion
6.3.1 DOX intracellular distribution after cellular internalisation in 3 cell lines

Intracellular distribution analysis was conducted to prove whether DOX could accumulate in
tumour cell nucleus. In Figure 6.1, blue colour indicates cell nucleus and green colour
represents the fluorescence from DOX. Clearly, the cyan colour in merged images
demonstrates that in all 4 protein/DOX groups, DOX has entered and accumulated inside cell
nucleus of all 3 tumour cell lines. Amongst all groups in all cell lines, the drug fluorescence
detected in free DOX group was the strongest. This is attributed to the advantage of the highly
efficient small molecule passive diffusion in direct incubation with tumour cells. This
advantage only occurs in in vitro tests because of the lack of biodistribution, metabolism and
elimination process. In contrast, protein/DOX theoretically enter tumour cells through

receptor-mediated mechanism, which is relatively slow in vitro.
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Figure 6.1 Intracellular distribution of DOX in tumour cells.

Under the Bio-Rad Zoe cell imager, blue: nucleus after being stained with Hoechst 33258. Green: DOX
because of its intrinsic fluorescence. Cyan: merged florescence signal.

A, 4T1 cells. B, MDA-MB-231 cells. C, MCF7 cells.

Comparing 3 cell lines, in 4T1 and MDA-MB-231 cell lines, which both have greater
expression level of integrin avp3/5 and neuropilin-1, drug fluorescence intensity detected in
HFn-GFLG-PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK/DOX were significantly
greater (Figure 6.1A and B) than those in MCF7 cell line (Figure 6.1C), which has lower
expression level. It could be inferred that the uptake efficiency of protein/DOX depends on the

expression level of integrin avB3/5 and neuropilin-1.
6.3.2 Functionalisation impact on anti-proliferation efficacy of protein/DOX in vitro

In order to test the inhibition of 4 HFn-based proteins/DOX on tumour cell proliferation, MTT
assay was adopted. As is shown in Figure 6.2, all protein/DOX groups demonstrate anti-
proliferation abilities against 3 types of tumour cells. In all cell lines, the order of 1Cso value of
each group are the same (Table 6.1). Free DOX group has the lowest ICso and t-test show it
was significantly lower than all the rest groups in all cell lines. This is due to its relatively high
cellular internalisation efficiency through passive diffusion in vitro, as is also shown in
intracellular distribution result. Inhibition impact of HFn-GFLG-PAS-RGDK/DOX and HFn-
PLGLAG-PAS-RGDK/DOX on all tumour cells growth were the second strongest. T-test
shows that significant differences exist when comparing 2 PAS-RGDK functionalised
HFn/DOX groups with HFn/DOX and HFn-PAS/DOX groups (P < 0.05). This demonstrates
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the RGDK peptide in HFn-GFLG-PAS-RGDK and HFn-PLGLAG-PAS-RGDK has
significantly enhanced HFn performance in terms of drug cytotoxicity against all 3 cell lines.
No statistical difference was found in 2 PAS-RGDK fused HFns in all cell lines. HFn-
PAS/DOX ICso ranked the third, and HFn/DOX showed the worst anti-proliferation effect in
all cell lines. In MDA-MB-231 and MCF7 cell lines, no statistical difference was found
between HFn-PAS/DOX and HFn/DOX. This could be explained by the mechanism of PAS
peptide. It requires a blood circulation to achieve half-life extension.
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Figure 6.2 Proliferation inhibition effects on tumour cells.
Data were mean =standard deviation (n = 4).
A, 4T1 cells. B, MDA-MB-231 cells. C, MCF7 cells.

Table 6.1 1Cs, values of all groups.

Group ICs0 (ug mLY) against 4T1  1Cso (ng mL™?) against ICso (ng mL™?) against
MDA-MB-231 MCF7

DOX 0.08 +£0.03 0.15+0.01 0.20 +0.03

HFn/DOX 0.49 +0.11 0.57 +£0.02 1.31 +0.22
HFn-PAS/DOX 0.38 +0.09 0.46 +=0.01 0.98 +0.14
HFn-GFLG-PAS- 0.17 £0.01 0.34 £0.01 0.59 +£0.05
RGDK/DOX

HFn-PLGLAG- 0.18 +0.04 0.33+£0.01 0.55 +0.10

PAS-RGDK/DOX

ICso values of DOX and protein/DOX were different in 3 cell lines (Table 6.1). 4T1 cell line
had the lowest free DOX ICso, showing it was the most sensitive cell line to DOX. MDA-MB-
231 was the second sensitive cell line, and MCF7 was the least. In comparison of protein/DOX

ICso, 4T1 cell line has the lowest values in all 4 groups, and MBA-MD-231 cell line values
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were lower than those of MCF7. HFn/DOX and HFn-PAS/DOX ICso values in MCF7 were
significantly greater than those in the other cell lines. The ICso values of 2 PAS-RGDK
functionalised HFn/DOX in 4T1 cell line were approximate a half of those in MDA-MB-231
and a third of those in MCF7. The protein/DOX cytotoxicity difference between cell lines stems
from a combinative effect of their expression levels of integrin avp3/5, neuropilin-1 and TfR1
receptors, and their sensitivity towards DOX. The greater the receptor expression level the cell
line has and the more sensitive it is to DOX, the lower the ICso of protein/DOX would be.
Overall, 2 PAS-RGDK functionalised HFn/DOX and HFn-PAS/DOX achieved the best anti-

proliferation effect on 4T1 cell line.

6.3.3 RGDK functionalisation impact on 4T1 uptake efficiency of protein/DOX in vitro

In cellular uptake test, the DOX uptake efficiencies carried by 4 HFn-based proteins by 4T1
cells to study the RGDK functionalisation effect were compared. Total fluorescence of DOX
measured in flow cytometry came from 2 sources, DOX internalised by cells and un-
specifically bound to cell membranes. Trypan blue treatment quenched the signal from
membrane bound DOX, and lower mean fluorescence intensities are observed in all groups
(Figure 6.3).

70000 4 [___]Total [ZZ]Internalized RGDK pre-incubation
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Figure 6.3 Mean DOX fluorescence intensity in cellular uptake test.

Data were represented as mean =xstandard deviation (n = 3), *P < 0.05, **P <0.01, ***P <0.001. *on
top of the column represents the significance of P value between this column and the white column
(total DOX fluorescence) in the same group.
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With regard to total fluorescence and internalised fluorescence intensity, free DOX shows
significantly greater internalised cellular uptake than others, in accordance with the findings in
intracellular distribution and MTT assays. DOX is a small molecule and enters cells via passive
diffusion. HFn-GFLG-PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK had the second
highest efficiencies and were significantly different from the HFn/DOX and HFn-PAS/DOX.
Because 4T1 does not express human TFR1, HFn/DOX and HFn-PAS/DOX enter the cell

through pinocytosis.

RGDK peptide pre-incubation treatment, with the use of excessive amount of free RGDK, is
intended to mask RGDK-specific receptors, integrin avp3/5 and neuropilin-1, on cells to
hamper RGDK-related cellular uptake. As is demonstrated in Figure 6.3, the uptake of 2 PAS-
RGDK functionalised HFns groups, were significantly inhibited by RGDK peptide pre-
incubation while in other groups no obvious difference occurred. This proves that it was the
RGDK peptide that helped improve 4T1 cells internalisation of HFn-GFLG-PAS-RGDK/DOX
and HFn-PLGLAG-PAS-RGDK/DOX.

6.3.4 PAS Functionalisation impact on pharmacokinetic profile in vivo

Pharmacokinetic profile of all 4 protein/DOX and free DOX were obtained through tail vein
injection of healthy Sprague Dawley rats. Standard curve for DOX concentration calculation
is in Appendix B, Figure B11. Line chart of DOX concentrations in plasma over time (10 min
- 48 h) is shown in Figure 6.4, and half-life in circulation of all protein/DOX are listed in Table
6.2. Plasma drug concentrations of free DOX group rats reduced rapidly right after
administration (Figure 6.4). At 10 min, average plasma drug concentration was 15 pg mL™. 8
h later, almost all free DOX was eliminated from circulation. In terms of HFn/DOX group rats,
the plasma drug cleaning out speed ranked the second, with average drug concentration of 21.6
g mL? at 10 min and below 5 pg mL* after 12 h. Average plasma drug concentrations in 3
functionalised HFn/DOX group rats (approximate 35 pg mL™t) were more than double of those
in free DOX group at 10 min. 48 h after administration, more than 5 g mL* drug still remained

in plasma of functionalised HFn/DOX group rats.
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Figure 6.4 Plasma concentrations of protein/DOX and free DOX in SD rats of different groups.
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Data were expressed as mean £SD (n = 3).

Table 6.2 Half-life in circulation of each protein/DOX in SD Rats (n = 3)

Sample Tae(h)
DOX 0.42 +£0.03
HFn/DOX 3.07 =0.06
HFn-PAS/DOX 14.96 £0.29
HFn-GFLG-PAS-RGDK/DOX 17.61 £0.39
HFNn-PLGLAG-PAS-RGDK/DOX 18.93 +£0.61
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Single compartment fitting of the drug concentration-time curve was applied to evaluate drug
half-life in circulation. The results showed free DOX only had about 25 min of half-life in
circulation (Table 6.2), similar to reported value in previous research.!” HFn/DOX half-life,
approximate 3 h, was 7.3 times of free DOX. PAS peptide in HFn-PAS/DOX has increased
half-life almost 4.9 times (14.96 h) compared with HFn/DOX and the extra residues in HFn-
GFLG-PAS-RGDK/DOX further extended the half-life to 17.61 h. HFn-PLALGA-PAS-
RGDK/DOX possessed the longest half-life, 18.93 h. Differences in half-life of all PAS
functionalised HFns compared with HFn and free DOX are statistically significant in t-test (P

Comparing the differences of half-life in circulation between groups, the increase of half-life

mainly came from the insertion of PAS peptide. Constituted by repetitive P, A and S residues,



PAS peptide is hydrophilic and uncharged in neutral solutions and plasma. Circular dichroism
shows it is a flexible random coil.” Its properties are similar to PEG, but it is advantageous in
terms of biodegradability and biocompatibility. When it is attached to HFn, it can attract more
water molecules to increase molecule hydrodynamic volume. PAS peptide usually has to be
over 200 residues to achieve half-life extension, but because of the repetitive and organized
presentation manner on ferritin shell, 40 aa and 75 aa PAS peptides have been proven to be

long enough to significantly increase half-life when fused onto N-terminal of ferritin subunit.t’
6.3.5 Functionalisation impact on protein biodistribution in vivo

To monitor biodistribution of all HFn-based proteins in 4T1 tumour-bearing mice after tail vein
administration over time, in vivo imaging was used. In this analysis, fluorescence label Cy5
was attached to all employed proteins and free cy5 worked as control. Real-time biodistribution
of Cyb5 attached proteins and free Cy5 were visualised in BALB/c mice with 4T1 tumour in
right armpit, and fluorescence intensities of tumour areas were recorded. Two control groups,
mice injected with free cy5 and HFn-cy5 were scanned at the same time, and mice in other 3
groups (HFn-PAS, HFn-PLALGA-PAS-RGDK and HFn-GFLG-PAS-RGDK) were scanned
together.

As is shown in Figure 6.5A, free cy5 preferred to accumulate in liver, perhaps because liver is
the main organ for metabolism. After 12 h, fluorescence could not be captured by camera.
Theoretically, as a nanoparticle, HFn has passive tumour targeting ability. However, from the
results in Figure 6.5A, signal of fluorescence was observed in liver rather than in tumour at 2
to 12 h. It seems that HFn-cy5 did not show desirable tumour targeting ability and it preferred
liver. Probably the particle size of HFn is still too small to achieve desirable passive tumour
targeting ability. HFn-PAS-cy5 did not show any obvious accumulation in mice at all times in
Figure 6.5A, but as is shown in Figure 6.5B, there actually was fluorescence detected in
tumour area. Perhaps because of the sharp contrast between signal intensities of HFn-PAS-cy5
and 2 PAS-RGDK fused proteins, lower intensity of HFn-PAS-cy5 failed to be captured by the
machine camera under the same exposure time. In 2 PAS-RGDK fused HFns, proteins were
distributed in both tumour and liver, but tumour area always had stronger signals (Figure

6.5A). In addition, 52 h after injection, whilst HFn-cy5 and free cy5 were almost completely
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eliminated, PAS-RGDK fused proteins were still detectable in region of tumour site, implying

functionalised HFns were retained in tumour by longer and stronger accumulation.
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Figure 6.5 Biodistribution results of HFn and PAS functionalised HFns in 4T1 tumour bearing mice.
A, invivo fluorescence imaging of tumour-bearing mice at different time points, from left to right: HFn-
PAS-cy5, HFn-GFLG-PAS-RGDK-cy5, HFn-PLGLAG-PAS-RGDK-cy5, HFn-cy5 and free cy5. B,
the sum fluorescent intensity of region of interest (ROI, tumour area) at each time point.

As is presented in Figure 6.5B, free cy5 and HFn-cy5 always had the lowest tumour
florescence intensity. At 2 h, free cy5 had a greater intensity than HFn-cy5 but was surpassed
by HFn-cy5 afterwards. Free cy5 tumour area fluorescence intensity peaked at 4 h and
decreased rapidly after that, suggesting a fast clearance. HFn-cy5 achieved the highest
concentration in tumour at around 4 h after injection (Figure 6.5B). The difference in free cy5
and HFn-cy5 is likely to be due to a quicker distribution and a shorter half-life of small
molecule cy5 than HFn nanoparticle. HFn-PAS-cy5 demonstrated significantly stronger and
longer lasting tumour intensities than HFn-cy5 at all detected time points (P < 0.001). As
proven in the pharmacokinetic study, the insertion of the PAS peptide could lead to a longer
half-life in circulation and probably result in the slower clearance of HFn-PAS-cy5 than HFn-
cy5. The best drug targeting delivery results are from 2 PAS-RGDK functionalised HFns. They
had significantly greater signal intensities in tumour area at all times than all the other groups
(P <0.001). This shows that the RGDK peptide can significantly improve HFn biodistribution.

A previous study of RGDK fused Albumin binding domain has also proven the tumour
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targeting ability improvement of RGDK peptide in vivo.> Overall, both PAS and RGDK
functionalisation, and particularly RGDK functionalisation, improved the tumour
biodistribution of HFn.

6.3.6 Functionalisation impact on protein/DOX anti-tumour efficacy in vivo

To compare tumour treatment efficacies of all protein/DOX and free DOX, 4T1 tumour bearing
BALB/c mice model was built and 36 mice with around 250 mm? tumour were randomly
assigned into 6 groups. Intravenous injections of 4 HFn-based protein/DOX, free DOX and
PBS were conducted at day 0 and day 5. As is shown in Figure 6.6A, the fastest mice tumour
growth rate was observed in PBS control group rats which underwent no drug treatment. The
average tumour volume reached 2,030 mm?3 after 17 days. The second fastest tumour growth
rate was in free DOX group mice and their average group tumour volume were 1,667 mm? at
day 17. HFn/DOX showed a better tumour growth inhibition and at day 17, tumour volume
grew to 1,521 mm?3. In HFn-PAS/DOX group, mice tumour volume reached 1,432 mm?in the
end. 2 PAS-RGDK functionalised HFn/DOX treated group had the strongest tumour-growth
inhibition. In spite of just 2 administrations, average tumour volume of these 2 group mice at

day 17 were just around 1,100 mm?, close to half of the volume of PBS group tumour.
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Figure 6.6 In vivo tumour inhibitory effects on 4T1 tumour-bearing mice.

A, tumour volume change over time, arrows indicated the injection days. B, the average tumour masses
on Day17. C, the photo of excised tumour tissues on Day17. Data are mean £RSD (n = 6). **P < 0.01,
***p < 0.001.

On day 17, the corresponding average tumour weights were measured (Figure 6.6B) and the
photo of excised tumour tissues were captured (Figure 6.6C). T-test results demonstrate that
there were significant statistical differences between final tumour masses of protein/DOX and
free DOX group. Both HFn and functionalised HFns had significantly increased DOX anti-
tumour efficacy (P < 0.001). Compared with HFn/DOX group, HFn-PAS/DOX did not show
statistical distinction (P = 0.468), showing that PAS functionalisation alone was not enough to
significantly improve anti-tumour efficacy. Masses of tumours from 2 PAS-RGDK
protein/DOX groups, however, were significantly lower than those of both HFn/DOX group
and HFn-PAS/DOX group. This indicates RGDK functionalisation primarily accounts for the
significant improvement of growth inhibition efficacy of 4T1 tumour. Difference between
HFn-GFLG-PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK/DOX (P = 0.977) was not
significant in statistical analysis. Two different enzyme-cleavable sites did not make a

difference in anti-tumour efficacy.
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Based on all 6 assessments in this chapter, PAS and RGDK functionalisation have both
improved HFn anti-tumour performance. PAS functionalisation impacts HFn mainly by
extension of half-life in circulation and it was because of an enlargement of the hydrodynamic
volume, as was characterised in Chapter 4. RGDK functionalisation improves tumour targeted
delivery through its specific affinity to integrin av33/5 and neuropilin-1 receptor. A schematic
illustration of molecular mechanism behind RGDK functionalisation impact on anti-tumour
efficacy is presented in Figure 6.7. It is the assumed tumour cell internalisation pathways of
HFn and functionalised HFns in human tumour tissues. Free DOX enters tumour cells via
passive diffusion due to its small size (Figure 6.7A). Because 4T1 tumour cell does not
overexpress human TfR1, HFn and HFn-PAS were likely to enter cells through non-specific

pinocytosis as in other nanoparticles (Figure 6.7B).18
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Figure 6.7 Schematics of different tumour cellular internalization mechanisms of DOX and
protein/DOX.

A, free DOX passive diffusion. B, HFn/DOX and HFn-PAS/DOX pinocytosis internalization. C, two
possible receptor-mediated internalization pathways of HFn-GFLG-PAS-RGDK/DOX and HFn-
PLGLAG-PAS-RGDK. (Created with Biorender).

HFn-GFLG-PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK/DOX have different drug
internalisation mechanisms from free DOX, HFn/DOX and HFn-PAS/DOX. In theory, GFLG
responds to cathepsin B, which is located in perinuclear vesicles and vesicles, functional
peptide PAS-RGDK is supposed to be removed after HFn-GFLG-PAS-RGDK/DOX enters
tumour cell.® *° The other enzyme cleavable linker PLGLAG is specifically cleaved by MMP-
2/9, which are secreted outside tumour cells.?® ?* However, the two enzyme-cleavable sites,

GFLG and PLGLAG, did not show any significant differences in cellular uptake efficiency,
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and in any other in vitro and in vivo tests. This suggests the PLGLAG enzyme-cleavable site
was probably not digested by MMP-2/9 before cell internalisation. It could be caused by the
insufficient activity of MMP-2/9 in vitro and in vivo and/or the low accessibility of PLGLAG
to enzymes. In this case, HFn-GFLG-PAS-RGDK/DOX and HFn-PLGLAG-PAS-RGDK were

very likely to follow the same cellular internalisation pathways, as shown in Figure 6.7C.

Both made use of the RGDK peptide to be internalised by tumour cells. The cellular
internalisation mechanism of iRGD, RGDK’s cyclic analog, has been well studied and it is
reasonable to assume RGDK follow a similar pattern. Since RGDK has RGD motif and an
exposed free C-terminal K residue, it can be directly recognized by both integrin av3/5 and
neuropilin-1. As shown in Figure 6.7C, when HFn-GFLG/PLGLAG-PAS-RGDK/DOX
reaches tumour tissue, there are 2 possible internalisation pathways. RGDK can either directly
bind to NRP1 or firstly interact with integrin avp3/5 and then be transferred to NRP1, followed
by endocytosis. After that, some of the HFn-GFLG/PLGLAG-PAS-RGDK/DOX inside
tumour cells would be digested in lysosome while some will travel to other cells nearby via

paracellular pathway or transcytosis.??

Regarding the improved tumour targeting ability and anti-tumour efficacy of PAS-RGDK
dually functionalised HFns, it was reckoned that some or all of functional peptides (PAS-
RGDK) at subunit C-terminal should be accessible to receptors and are extruded outside of
HFn cage instead of buried inside. This is in accordance with the flipped ferritin conformation
characterised in Chapter 4. However, fully flipped or partially flipped conformation of
functionalised HFns need to be further confirmed.

6.4 Conclusion

Conclusions from this chapter include:

1. DOX carried by HFn and 3 PAS functionalised HFns could be released and accumulate in

cell nucleus as free DOX to kill tumour cells.
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2. Both PAS and RGDK functionalisation have improved HFn anti-tumour performance.
RGDK peptide has significantly promoted DOX internalisation efficiency to tumour cells
because of its selective affinity of integrin av33/5 and neuropilin-1 receptor. It has significantly
decreased the I1Cso values of DOX in 4T1, MDA-MB-231 and MCF7 cell lines, enhanced
tumour biodistribution, and also significantly inhibited tumour growth in 4T1 tumour bearing
BALB/c mice.

3. PAS has improved HFn performance by increasing HFn half-life around 4.9 times. It also
improved HFn biodistribution because of the half-life extension.

4. PAS functionalised HFns are probably in flipped conformation based on the assessment

results, as was also shown in Chapter 4.

5. Two enzyme—cleavable sites GFLG and PLGLAG did not make any significant differences
in all in vitro and in vivo tests. Results suggests that PLGLAG might not be cleaved by MMP-
2/9. A further detailed investigation of the cleavage of PLGLAG is needed.

6. Overall, 3 PAS functionalised HFn constructs (HFn-PAS, HFn-GFLG-PAS-RGDK, HFn-
PLGLAG-PAS-RGDK), especially 2 PAS-RGDK fused HFns, hold great potentials as anti-

tumour drug delivery nanoparticles.
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7.1 Conclusions

Table 7.1 lists a brief summary of procedure and results in this thesis.

Key conclusions from this thesis work include:

1.

2.

Three PAS functionalised HFns were expressed successfully as self-assemblies in
Escherichia coli (E. coli). By contrast, pro-apoptotic peptide (P) has negatively affected
HFn self-assembling because of its high density of positive charges, its rigid helix structure
and its hydrophobicity. In the design of functionalised HFn, the avoidance of functional

peptide with high positive charge and rigid structure is necessary.

A two-step purification process has been developed for recombinant HFn and PAS
functionalised HFns to remove host cell proteins (HCPs) and nucleic acids. Functional
peptide has impacted HFn conformation, leading to difference in performance. PAS peptide
insertion has caused an E-helix turnover of HFn, resulting in a significant stability decrease

in 3 functionalised HFns. Therefore, purification performance differed from HFn.

The thermally induced passive diffusion approach applies to both HFn and PAS
functionalised HFns. It can be a desirable alternative for loading other small molecule drugs
to HFn and modified HFns. Molecular docking combined with molecular dynamic (MD)
simulation has shed light on the drug loading mechanism by study of the interactions

between drug and HFn.

Both PAS and RGDK peptide have improved HFn anti-tumour drug delivery performance.
PAS has extended HFn half-life in circulation through its hydration ability to enlarge HFn
hydrodynamic volume, RGDK has significantly improved tumour targeted delivery and
anti-tumour growth efficacy. Two dually functionalised HFns, HFn-GFLG-PAS-RGDK
and HFn-PLGLAG-PAS-RGDK hold greatest practical potential as anti-tumour drug

carriers.
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Table 7.1 Experiment procedure and brief result summary of all HFn-based proteins in this thesis.

HFn-based Aim Expression Purification pathway Drug loading study Anti-tumour drug delivery
protein conformation performance
HFn Control for both Self-assembly and 1Bs Heat-acid precipitation 1. Thermally induced passive loading Significantly better anti-tumour
functionalisation +HIC 2. Condition optimisation performance than free DOX in vivo
strategies 3. Computation analysis of drug
loading mechanism
HFn-PAS PAS Functionalised Self-assembly and 1Bs Heat-acid precipitation 1. Thermally induced passive loading Significantly better anti-tumour
strategy, DOX loading +Mono Q IEC performance than DOX loaded HFn
and DOX in vivo
HFn-GFLG- PAS Functionalised Self-assembly and IBs Heat-acid precipitation + 1. Thermally induced passive loading Significantly better anti-tumour
PAS-RGDK strategy, DOX loading Mono Q IEC 2. Condition optimisation performance than all the other groups
in vivo
HFn-PLGLAG-  PAS Functionalised Self-assembly and 1Bs Heat-acid precipitation + 1. Thermally induced passive loading Significantly better anti-tumour
PAS-RGDK strategy, DOX loading Mono Q IEC performance than all the other groups
in vivo
P-HFn Peptide drug P IBs, / / /
functionalised strategy computation analysis
SHFn-P Peptide drug P Monomer and IBs, / / /
functionalised strategy computational analysis
SHFn-P-RGDK Peptide drug P Monomer and IBs / / /
functionalised strategy
sHFn Control for Peptide drug Self-assembly and 1Bs / / /

P functionalised strategy

IBs: inclusion bodies; HIC: hydrophobic interaction chromatography; IEC: ion exchange chromatography; DOX: doxorubicin hydrochloride.
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7.2 Future research directions

Future research directions will necessarily include:

1.

Although pro-apoptotic peptide has a significantly negative impact on HFn, different length
of linkers and perhaps the addition of other functional peptide are worth trying to form
assemblies with pro-apoptotic peptide. Hybridisation of sHFn-P with HFn by
disassembly/re-assembly has been tried but unsuccessful. However, hybridisation by co-
expression or the change of expression host to mammalian cells can be alternative means

to obtain assemblies with pro-apoptotic peptide.

Molecular docking combined with MD simulation analysis can be applied to screen suitable
drugs to be loaded to HFn. A database of small molecule anti-tumour drugs (molecular
weight < 600 Da) can be employed as ligand in a high throughput screening. The drugs that
can form a dominant and strongly interacted complex with HFn inner surface would be the

most likely ones to achieve a desirable loading performance.

MD simulation can be used to assess the impact of additives and stressors (temperature,
pH, pressure) on HFn drug loading by analysing the stability of HFn subunit-drug complex
obtained from molecule docking screening. The result can potentially guide experimental

optimisation of drug loading.

Protein-peptide molecular docking combined with MD simulation can be used to assess
functional peptide impact on HFn, and screen important factors in design of functionalised

HFn, such as the linker length, functional peptide type, insertion site.
Ferritin in different species have distinct properties from HFn and are worth exploration as

drug delivery platform. A combination of advantages of ferritin from other species with

HFn can be achieved by gene technology or hybridisation.
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Appendix A-— Supporting tables

Table Al lists the primary sequence of all designed HFn-based proteins in Chapter 3.

Table Al Primary sequences of 8 HFn-based protein subunits.

Protein

Subunit primary sequence and molecular weight

sHFnN

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD

VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC

DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
HYLNE QVKAI KELGD HVTNL RKMGA (18.69 kDa)

sHFn-P

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD
VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC
DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
HYLNE QVKAI KELGD HVTNL RKMGA
GGSGGGGSGGGGSGG KLAKLAKKLAKLAK (21.14 kDa)

SHFn-P-RGDK

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD
VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC
DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
HYLNE QVKAI KELGD HVTNL RKMGA GGSGGGGSGGGGSGG
KLAKLAKKLAKLAK GGG RGDK (21.77 kDa)

HFn

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD

VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC

DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET

HYLNE QVKAI KELGD HVTNL RKMGA PESGL AEYLF DKHTL GDSDN
ES (21.08 kDa)

P-HFn

KLAKLAKKLAKLAK GGGSGGGTGGGSGGG GGGSGGGTGGGSGGE

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD

VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC

DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET

HYLNE QVKAI KELGD HVTNL RKMGA PESGL AEYLF DKHTL GDSDN
ES (24.52 kDa)

HFn-PAS

TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD
VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC
DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
HYLNE QVKAI KELGD HVTNL RKMGA PESGL AEYLF DKHTL GDSDN
ES GGGSG GGTGG GSGGG GFLG ASPAA
PAPASPAAPAPSAPAASPAAPAPASPAAPAPSAPA GGSGG (26.05 kDa)
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TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD
VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC
HFn-GFLG-PAS- DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
RGDK HYLNE QVKAI KELGD HVTNL RKMGA PESGL AEYLF DKHTL GDSDN
ES GGGSG GGTGG GSGGG GFLG ASPAA PAPAS
PAAPAPSAPAASPAAPAPASPAAPAPSAPA GGSGG RGDK (26.50 kDa)
TTAST SQVRQ NYHQD SEAAI NRQIN LELYA SYVYL SMSYY FDRDD
VALKN FAKYF LHQSH EEREH AEKLM KLQNQ RGGRI FLQDI KKPDC
HFn-PLGLAG- DDWES GLNAM ECALH LEKNV NQSLL ELHKL ATDKN DPHLC DFIET
PAS-RGDK HYLNE QVKAI KELGD HVTNL RKMGA PESGL AEYLF DKHTL GDSDN
ES GGGSG GGTGG GSGGG PLGLAG ASPAA PAPAS
PAAPAPSAPAASPAAPAPASPAAPAPSAPA GGSGG RGDK (26.64 kDa)

Residues in green are flexible linkers, residues in bold are enzyme-cleavable sites, residues
underlined are PAS peptide, residues in red are RGDK.

172



Table A2 lists the sequencing results of bacterial colonies picked from agarose plates in heat-
shock transformation in Chapter 3. It proves that the grown bacterial strains contained pET30a

expressing all HFn-based proteins.

Table A2 Sequencing results from BGI Company (China)
HFn sense strand sequencing result:

GTTGGCATGTGAGCGGAACATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATAT
ACATATGACTACTGCTTCTACCTCTCAAGTTCGTCAAAACTATCATCAGGATTCTGAAGCAGCAA
TTAATCGTCAGATTAACCTGGAGCTGTATGCTTCCTACGTTTATCTGTCTATGTCCTACTACTTCG
ATCGTGATGATGTAGCGCTGAAAAACTTCGCGAAATATTTTCTGCACCAGTCCCACGAGGAACG
CGAACACGCCGAAAAACTGATGAAACTGCAGAACCAGCGCGGTGGTCGTATCTTTCTGCAGGA
CATCAAGAAACCGGACTGCGACGACTGGGAAAGCGGTCTGAACGCTATGGAATGCGCGCTGCA
TCTGGAGAAAAACGTGAACCAGAGCCTGCTGGAACTGCATAAACTGGCGACCGATAAAAACGA
CCCTCACCTGTGTGACTTCATTGAAACCCACTACCTGAATGAACAGGTTAAAGCGATCAAAGAA
CTGGGCGACCACGTTACCAACCTGCGTAAAATGGGCGCCCCGGAATCCGGCCTGGCGGAATAC
CTGTTCGACAAACACACCCTGGGCGATTCTGACAACGAAAGCTAACTCGAGCACCACCACCACC
ACCACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTG
AGCAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGG
AGGAACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGT
GTGGTGGTTACGCGCAGCGTGACCG

sHFn sense strand sequencing result:
ATTGGCATGTGAGCGGAACATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATAT
ACATATGACTACTGCTTCTACCTCTCAAGTTCGTCAAAACTATCATCAGGATTCTGAAGCAGCAA
TTAATCGTCAGATTAACCTGGAGCTGTATGCTTCCTACGTTTATCTGTCTATGTCCTACTACTTCG
ATCGTGATGATGTAGCGCTGAAAAACTTCGCGAAATATTTTCTGCACCAGTCCCACGAGGAACG
CGAACACGCCGAAAAACTGATGAAACTGCAGAACCAGCGCGGTGGTCGTATCTTTCTGCAGGA
CATCAAGAAACCGGACTGCGACGACTGGGAAAGCGGTCTGAACGCTATGGAATGCGCGCTGCA
TCTGGAGAAAAACGTGAACCAGAGCCTGCTGGAACTGCATAAACTGGCGACCGATAAAAACGA
CCCTCACCTGTGTGACTTCATTGAAACCCACTACCTGAATGAACAGGTTAAAGCGATCAAAGAA
CTGGGCGACCACGTTACCAACCTGCGTAAAATGGGCGCCTAACTCGAGCACCACCACCACCACC
ACTGAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGC
AATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGG
AACTATATCCGGATTGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTG
GTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTT
CCTTCCTTT

sHFn-P sense strand sequencing result:

GGCCACGGGCCTTGCCACCATTACCCACGCCGAAACAAGCGCTCATGAGCCCGAAGTGGCGAG
CCCGATCTTCCCCATCGGTGATGTCGGCGATATAGGCGCCAGCAACCGCACCTGTGCGCCGGTG
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ATGCCGGCCACGATGCGTCCGGCGTAGAGGATCGAGATCGATCTCGATCCCGCGAAATTAATAC
GACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCTCTAGAAATAATTTTGTTTAACTTT
AAGAAGGAGATATACATATGACCACCGCAAGTACCAGCCAGGTTCGCCAGAATTATCATCAGG
ATAGCGAAGCCGCCATTAATCGCCAGATTAATCTGGAACTGTATGCAAGTTATGTGTATCTGAG
TATGAGCTATTATTTCGATCGCGATGATGTTGCCCTGAAAAATTTTGCAAAATATTTCCTGCACC
AGAGCCATGAAGAACGCGAACATGCAGAAAAACTGATGAAACTGCAGAATCAGCGCGGCGGC
CGCATTTTTCTGCAGGATATTAAGAAACCGGATTGCGATGATTGGGAAAGTGGTCTGAATGCCA
TGGAATGCGCCCTGCATCTGGAAAAGAATGTGAATCAGAGCCTGCTGGAACTGCATAAACTGGC
CACCGATAAAAATGATCCGCATCTGTGTGATTTTATTGAAACCCATTATCTGAACGAACAGGTT
AAAGCCATTAAGGAACTGGGTGACCATGTGACCAATCTGCGTAAAATGGGCGCAGGCGGTAGT
GGTGGCGGCGGTAGTGGCGGTGGTGGCAGTGGTGGCAAACTGGCAAAACTGGCCAAAAAACTG
GCAAAGCTGGCAAAATGACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAACAAA
GCCCGAAAGAAGGCGATTTTGGCCA

sHFn-P-RGDK sense strand sequencing result:
CGGGGGTCGGCGTTAGGGGGAGCGTCATTCCCTCTAGAATAATTTTGTTTAACTTTAAGAAGGA
GATATACATATGACCACCGCAAGTACCAGCCAGGTTCGCCAGAATTATCATCAGGATAGCGAAG
CCGCCATTAATCGCCAGATTAATCTGGAACTGTATGCAAGTTATGTGTATCTGAGTATGAGCTAT
TATTTCGATCGCGATGATGTTGCCCTGAAAAATTTTGCAAAATATTTCCTGCACCAGAGCCATGA
AGAACGCGAACATGCAGAAAAACTGATGAAACTGCAGAATCAGCGCGGCGGCCGCATTTTTCT
GCAGGATATTAAGAAACCGGATTGCGATGATTGGGAAAGTGGTCTGAATGCCATGGAATGCGC
CCTGCATCTGGAAAAGAATGTGAATCAGAGCCTGCTGGAACTGCATAAACTGGCCACCGATAA
AAATGATCCGCATCTGTGTGATTTTATTGAAACCCATTATCTGAACGAACAGGTTAAAGCCATT
AAGGAACTGGGTGACCATGTGACCAATCTGCGTAAAATGGGCGCAGGCGGTAGTGGTGGCGGC
GGTAGTGGCGGTGGTGGCAGTGGTGGCAAACTGGCAAAACTGGCCAAAAAACTGGCAAAGCTG
GCAAAAGGTGGTGGTCGCGGTGACAAATAACTCGAGCACCACCACCACCACCACTGAGATCCG
GCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCA
TAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGCTGAAAGGAGGAACTATATCCG
GATTGGCGAATGGGACGCGCCCTGTAGCGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGC
AGCGTGACCGCTACACTTGCCAGCGCCCTAAGCGCCGCTCCTTTCGCTTCTTCCCTTCTTTCTCG
CACGTTCGCCGGCTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTAA

P-HFn sense strand sequencing result:
AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGAAGCTGGCAAAACTGGCCAAAAAAC
TGGCAAAATTAGCCAAAGGTGGCGGTAGCGGTGGCGGTACCGGTGGTGGTAGCGGTGGTGGCG
GCGGTGGTAGTGGTGGCGGTACAGGCGGCGGTAGTGGTGGTGGCACCACCGCAAGCACCAGCC
AGGTTCGTCAGAATTATCATCAGGATAGTGAAGCAGCAATTAATCGCCAGATTAATCTGGAACT
GTATGCCAGTTATGTTTATCTGAGTATGAGCTATTACTTCGATCGTGATGATGTTGCCCTGAAAA
ATTTTGCAAAATATTTCCTGCACCAGAGCCATGAAGAACGCGAACATGCCGAAAAACTGATGAA
ACTGCAGAATCAGCGTGGTGGTCGTATTTTTCTGCAGGATATTAAGAAACCGGATTGTGATGAT
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TGGGAAAGTGGCCTGAATGCCATGGAATGCGCACTGCATCTGGAAAAGAATGTTAATCAGAGT
CTGCTGGAACTGCATAAACTGGCAACCGATAAAAATGATCCGCATCTGTGCGATTTTATTGAAA
CCCATTATCTGAATGAGCAGGTGAAAGCAATTAAGGAACTGGGCGATCATGTTACCAATCTGCG
TAAAATGGGCGCCCCGGAAAGCGGCCTGGCAGAATATCTGTTTGATAAACATACCCTGGGCGAT
AGTGATAATGAAAGCTAACTCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAA

HFn-PAS sense strand sequencing result:
AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGACCACCGCAAGCACCAJCCAGGTTC
GTCAGAATTATCATCAGGATAGTGAAGCAGCAATTAATCGCCAGATTAATCTGGAACTGTATGC
CAGTTATGTTTATCTGAGTATGAGCTATTACTTCGATCGTGATGATGTTGCCCTGAAAAATTTTG
CAAAATATTTCCTGCACCAGAGCCATGAAGAACGCGAACATGCCGAAAAACTGATGAAACTGC
AGAATCAGCGTGGTGGTCGTATTTTTCTGCAGGATATTAAGAAACCGGATTGTGATGATTGGGA
AAGTGGCCTGAATGCCATGGAATGCGCACTGCATCTGGAAAAGAATGTTAATCAGAGTCTGCTG
GAACTGCATAAACTGGCAACCGATAAAAATGATCCGCATCTGTGCGATTTTATTGAAACCCATT
ATCTGAATGAGCAGGTGAAAGCAATTAAGGAACTGGGCGATCATGTTACCAATCTGCGTAAAAT
GGGCGCCCCGGAAAGCGGCCTGGCAGAATATCTGTTTGATAAACATACCCTGGGCGATAGTGAT
AATGAAAGCGGTGGCGGCAGTGGCGGCGGTACCGGCGGTGGTTCTGGCGGTGGTGGCTTTCTGG
GCGCCAGCCCTGCCGCTCCTGCCCCTGCAAGTCCGGCAGCACCGGCTCCTAGCGCCCCTGCAGC
AAGTCCGGCCGCTCCTGCTCCGGCAAGCCCTGCAGCTCCGGCACCTAGTGCCCCGGCATAACTC
GAGCACCACCACCACCACCACTGAGATCCGGCT

HFn-GFLG-PAS-RGDK sense strand sequencing result:
AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGACCACCGCAAGCACCAGCCAGGTTC
GTCAGAATTATCATCAGGATAGTGAAGCAGCAATTAATCGCCAGATTAATCTGGAACTGTATGC
CAGTTATGTTTATCTGAGTATGAGCTATTACTTCGATCGTGATGATGTTGCCCTGAAAAATTTTG
CAAAATATTTCCTGCACCAGAGCCATGAAGAACGCGAACATGCCGAAAAACTGATGAAACTGC
AGAATCAGCGTGGTGGTCGTATTTTTCTGCAGGATATTAAGAAACCGGATTGTGATGATTGGGA
AAGTGGCCTGAATGCCATGGAATGCGCACTGCATCTGGAAAAGAATGTTAATCAGAGTCTGCTG
GAACTGCATAAACTGGCAACCGATAAAAATGATCCGCATCTGTGCGATTTTATTGAAACCCATT
ATCTGAATGAGCAGGTGAAAGCAATTAAGGAACTGGGCGATCATGTTACCAATCTGCGTAAAAT
GGGCGCCCCGGAAAGCGGCCTGGCAGAATATCTGTTTGATAAACATACCCTGGGCGATAGTGAT
AATGAAAGCGGTGGCGGCAGTGGCGGCGGTACCGGCGGTGGTTCTGGCGGTGGTGGCTTTCTGG
GCGCCAGCCCTGCCGCTCCTGCCCCTGCAAGTCCGGCAGCACCGGCTCCTAGCGCCCCTGCAGC
AAGTCCGGCCGCTCCTGCTCCGGCAAGCCCTGCAGCTCCGGCACCTAGTGCCCCGGCAGGTGGT
AGCGGCGGTCGTGGTGACAAATAACTCGAGCACCACCACCACCACCACTGAGATCCGGCT

HFn-PLGLAG-PAS-RGDK sense strand sequencing result:

AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGACCACCGCAAGCACCAGCCAGGTTC
GTCAGAATTATCATCAGGATAGTGAAGCAGCAATTAATCGCCAGATTAATCTGGAACTGTATGC
CAGTTATGTTTATCTGAGTATGAGCTATTACTTCGATCGTGATGATGTTGCCCTGAAAAATTTTG
CAAAATATTTCCTGCACCAGAGCCATGAAGAACGCGAACATGCCGAAAAACTGATGAAACTGC
AGAATCAGCGTGGTGGTCGTATTTTTCTGCAGGATATTAAGAAACCGGATTGTGATGATTGGGA
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AAGTGGCCTGAATGCCATGGAATGCGCACTGCATCTGGAAAAGAATGTTAATCAGAGTCTGCTG
GAACTGCATAAACTGGCAACCGATAAAAATGATCCGCATCTGTGCGATTTTATTGAAACCCATT
ATCTGAATGAGCAGGTGAAAGCAATTAAGGAACTGGGCGATCATGTTACCAATCTGCGTAAAAT
GGGCGCCCCGGAAAGCGGCCTGGCAGAATATCTGTTTGATAAACATACCCTGGGCGATAGTGAT
AATGAAAGCGGTGGCGGCAGTGGCGGCGGTACCGGCGGTGGTTCTGGCGGTGGTCCGCTGGGT
CTGGCTGGTGCCAGCCCTGCCGCTCCTGCCCCTGCAAGTCCGGCAGCACCGGCTCCTAGCGCCC
CTGCAGCAAGTCCGGCCGCTCCTGCTCCGGCAAGCCCTGCAGCTCCGGCACCTAGTGCCCCGGC
AGGTGGTAGCGGCGGTCGTGGTGACAAATAACTCGAGCACCACCACCACCACCACTGAGATCC
GGCT

Nucleotides in red are Nde I and Xho I recognition sites, codon in bold is the stop codon and
nucleotides underlined are the codons for target protein residues.
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Appendix B — Supporting figures

Figure B1 is the standard curve for Bradford protein concentration determination in Chapter
3,4 and5.
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Figure B1 Standard curve for Bradford assay.
Asgs = 0.6365 Cprotein +0.3946, R?= 0.999.
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Figure B2 is the standard curve for nucleic acid concentration determination in IEC and HIC
in Chapter 4.
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Figure B2 Standard curve for nucleic acid concentration determination.
Intensity = 6,000,000 Cpona + 497456, R?=0.997.
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Figure B3 is the standard curves for concentration determination of HFn-based protein and

DOX in Chapter 5. All the equations obtained from standard curves are for the calculation of

loading ratio in thermally induced drug loading.
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Figure B3 Standard linear curves of correlations between DOX or HFn-based protein nanocages

concentrations and optical densities.

A, OD480-Cpox and OD280-Cpox correlation curves.
0D280=0.0126 Cpox, R?=0.999,
0OD480= 0.0185 Cpox, R?=0.999

B, OD280-Chanocage COrrelation curves.
HFn, OD280= 1.0561 C, R?= 0.999,

HFn-PAS, OD280= 0.9258 C, R*=0.998
HFn-PAS-RGDK, OD280=0.8529 C, R?=0.999
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Figure B4, B5, and B6 show Superose 6 size-exclusion chromatograms of DOX loaded HFn

(HFn/DOX) under all 18 tested conditions in Chapter 5. Chromatograms prove that DOX was

loaded in HFn.
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Figure B4 Size-exclusion chromatograms of 45 °C HFn/DOX samples.

A,pH7.0,2h.B,pH7.52h.C,pH7.0,4h. D,pH7.54h.E,pH7.06h. F, pH 7.56 h.
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Figure B5 Size-exclusion chromatograms of 50 °C HFn/DOX samples.
A,pH7.0,2h.B,pH752h.C,pH7.0,4h. D,pH7.54h.E,pH7.06h. F,pH7.56 h.
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Figure B6 Size-exclusion chromatograms of 60 °C HFn/DOX samples.
A,pH70,2h.B,pH752h.C,pH7.0,4h. D,pH754h.E,pH7.06h.F,pH7.56 h.
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Figure B7, B8, and B9 show Superose 6 size-exclusion chromatograms of DOX loaded HFn-
GFLG-PAS-RGDK (HFn-GFLG-PAS-RGDK/DOX) under 18 tested conditions in Chapter 5.
Chromatograms prove that DOX was loaded in HFn-GFLG-PAS-RGDK.
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Figure B7 Size-exclusion chromatograms of 45 °C HFn-GFLG-PAS-RGDK/DOX samples.
A,pH7.0,2h.B,pH752h.C,pH7.0,4h. D,pH7.54h.E,pH7.06h. F,pH7.56 h.
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Figure B8 Size-exclusion chromatograms of 50 °C HFn-GFLG-PAS-RGDK/DOX samples.
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Figure B9 Size-exclusion chromatograms of 60 °C HFn-GFLG-PAS-RGDK/DOX samples.
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Figure B10 is the 2D diagram of 9 complexes of HFn subunit and DOX after 10 ns MD
simulation in computational analysis in Chapter 5. The Hydrogen bond, salt bridge and Pi
effect interactions are illustrated. Complexes are in the order of stability from high to low.
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6) Complex 6
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Figure B10 2D diagrams of 9 complexes of HFn subunit with DOX after 10 ns MD simulation.
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Figure B11 is the standard curve of fluorescence intensity-for determination of DOX

concentration in SD rat plasma in pharmacokinetic study in Chapter 6.
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Figure B11 Standard curve of fluorescence intensity-doxorubicin concentration in SD rat plasma.
Fluorescence intensity = 49656 Cpox +353005, R*=0.996.
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