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Abstract 

 

This thesis explores the total chemical synthesis and characterization of three target proteins, EspC, 

ORFV002 and SHONα, to probe their biophysical and biochemical properties with the goal of 

producing racemic X-ray crystal structures. 

EspC, a novel Mycobacterium tuberculosis (Mtb)-secreted antigen (103 amino acids, 10.8 kDa), 

displays  immunodominance similar to CFP-10 and ESAT-6, the two specific immunodiagnostic T-

cell antigens of Mtb. Following the effective synthesis of native, linear L-EspC using Boc solid phase 

peptide synthesis (SPPS) and native chemical ligation (NCL), the protein was screened by differential 

scanning fluorimetry yielding a useful folding buffer in which the protein was successfully folded into 

its α-helical native structure as evidenced by circular dichroism and size-exclusion chromatography 

(SEC). All polypeptide building blocks could be prepared in tens of milligram amounts and 

underwent near quantitative single-step ligation to yield the full EspC sequence, which did not require 

any post-NCL modifications. The analysis of the protein by SEC, circular dichroism (CD) and SEC-

MALS (size-exclusion chromatography-multiangle light scattering) identified the formation of 

oligomeric species, the largest of which was estimated at containing 7-12 EspC monomers. This 

oligomer appeared thermally unstable in some experiments, potentially disassociating into a number 

of smaller oligomeric species at a temperature as low as 30 ºC. Using either L-EspC or a racemic 

mixture of L-/D-EspC, various trials of crystallization were attempted at 18 ºC, a temperature at which 

the large oligomer of EspC appeared stable.  

ORFV002, an orf virus-encoded protein (117 amino acids, 11.8 kDa), is involved in modulation of the 

nuclear function of nuclear factor kappa B (NF-κB), the master regulator of human gene transcription 

that plays a central role in the integration of stress-inducing stimuli and innate immune responses in 

the epidermis. Native, linear ORFV002 was successfully synthesized using the techniques of Boc 

SPPS and NCL – all three polypeptide building blocks could be prepared in tens of milligram 

amounts and underwent near quantitative ligation reactions. A final desulfurization step afforded 

linear ORFV002 in an overall yield of 7.1 %. Following folding buffer screening, it was hypothesized 

that the protein may be intrinsically unfolded. This hypothesis was supported by the ORFV002 

protein undergoing induced-folding upon addition of osmolytes such as trimethylamine N-oxide 

(TMAO) and 2,2,2-trifluoroethanol (TFE). Upon successful recombinant expression and purification 

of NF-κB p6519-320, the natural binding partner of ORFV002, pull-down assays demonstrated that the 

unfolded, synthetic ORFV002 binds the expressed His6-NF-κB p6519-320 and presumably forms a 

folded structure. Further characterization of the binding event, for example, by isothermal titration 
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calorimetry (ITC) or co-crystallization experiments was not possible, due to intrinsic instability 

associated with the purified His6-NF-κB p6519-320.  

SHONα is the major secreted protein isoform of a human protein translated from the secreted 

hominoid-specific oncogene (SHON). This novel hominoid-specific oncogene appears to play an 

important role in the oncogenicity of breast cancer. Native SHONα (93 amino acids, 9.6 kDa) and its 

non-disulfide forming alanine-analogue were successfully synthesized in a multi-milligram scale 

using protein chemical synthesis methodologies. The native SHONα was successfully folded into its 

native structure and the foldedness was confirmed by circular dichroism and differential scanning 

fluorimetry studies. The folded, native SHONα and its alanine-analogue were tested for their activity 

in estrogen receptor positive (ER
+
) breast cancer cell lines, MCF-7 and T47D, upon exogenous 

treatment. The folded, native SHONα stimulated AKT/PKB, ERK1/2 and GSK3α/β intracellular 

growth stimulating pathways in both of the cell lines tested, while the alanine-analogue of SHONα did 

not seem to similarly stimulate the growth signalling pathways.  
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α  alpha 
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BRCA1  breast cancer 1, early onset 
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cal  calorie 

Calc.  calculated 
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deg  degree 
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DMAP  dimethylaminopyridine  

Dmb  4,5-dimethoxy-2-mercaptobenzyl 

DMF  dimethylformamide  

DMSO  dimethylsulfoxide  

DNA  deoxyribonucleic acid 

DNP  2,4-dinitrophenyl 

DSC  differential scanning calorimetry 

DSF  differential scanning fluorimetry 
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DTT  dithiothreitol  

E2  17β-estradiol 
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+
  estrogen receptor-positive 

ERBB2  erb-b2 receptor tyrosine kinase 2 (= HER2) 

ERE  estrogen response element 

ERK  extracellular signal-regulated kinase 

ESAT-6 6-kDa early secretory antigenic target of Mycobacterium tuberculosis 

ESI  electron spray ionization  

EspC  ESX-1 substrate protein C 

ESMS  electrospray mass spectrometry 

EtOH  ethanol 

ESX-1  ESAT-6 system 1 

FAB  fast atom bombardment  

FCS  fetal calf serum 

FID  free induction decay 

Fmoc  fluorenylmethyloxycarbonyl  

FOXO  Forkhead box O  

FPLC  fast protein liquid chromatography 

γ  gamma 

GF  growth factor 

Gly  glycine  

Gln  glutamine  

Glu  glutamic acid  

GnHCl  guanidine hydrochloride  

GP  G protein 

GPCR  G protein-coupled receptor 

Grb2  growth factor response binding element 2 

GSH  glutathione, reduced 

GSK3  glycogen synthase kinase-3 

GSSG  glutathione, oxidized 

GST  glutathione S-transferase 
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HBTU  N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium  

  hexafluorophosphate N-oxide 

HCTU  N-[(1H-6-chloro-benzotriazol-1-yl)(dimethylamino)methylene]-N- 

  methylmethanaminium hexafluorophosphate N-oxide 

HDX  amide hydrogen exchange 

HEPES  4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 

HER2  human epidermal growth factor receptor 2 (= ERBB2) 

HF  hydrogen fluoride  

His  histidine  

HIV  human immunodeficiency virus 

HOBt  1-hydroxy-1H-benzotriazole  

HRP  horseradish peroxidase 

HPLC  high performance liquid chromatography  

HYCRON hydroxycrotyloligoethyleneglycol-n-alkanoyl 

Hz  hertz 

IEC  ion-exchange chromatography 

IGFR  insulin-like growth factor 1 receptor 

IGRA  interferon-gamma release assay 

IκB  inhibitory kappa B protein 

IKK  inhibitory kappa B protein kinase 

Ile  isoleucine  

IMAC  immobilized metal-ion affinity chromatography 

IPTG  isopropylthiogalactopyranoside 

ITC  isothermal titration calorimetry 

ITS  insulin-transferrin-sodium selenite supplement 

k  kilo 

KAHA  ketoacid-hydroxylamine 

L  litre 

LB  lysogeny broth 

LC  liquid chromatography  

LC-MS  liquid chromatography mass spectrometry 

Leu  leucine  

LPS  lipopolysaccharide 

Lys  lysine  
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m  milli 

M  molar  

MALDI matrix-assisted laser desorption/ionization 

MALS  multi-angle light scattering 

MAPK  mitogen activated protein kinase 

MCL-1  induced myeloid leukemia cell differentiation protein 

MDM2  murine double minute 2 

MDR  multidrug-resistant 

MBHA  p-methylbenzhydrylamine  

Me  methyl 

MEK  mitogen-activated protein kinase kinase 

MEM  minimum essential medium 

MES  2-(N-morpholino)ethanesulfonic acid 

Met  methionine  

micro-DSC microscale differential scanning calorimetry 

min  minute  

MITF  microphthalmia transcription factor 

MM  molecular mass 

MPAA  mercaptophenylacetic acid  

MPD  2-methyl-2,4-pentanediol 

MQ  milli-Q 

mRNA  messenger ribonucleic acid 

MS  mass spectrometry  

Mtb  Mycobacterium tuberculosis 

MTBC  Mycobacterium tuberculosis complex 

mTOR  mammalian target of rapamycin 

m/z  mass-to-charge ratio 

MW  molecular weight 

NCBI  National Centre for Biotechnology Information 

NCL  native chemical ligation  

NDSB  non-detergents sulfobetaine 

NEt3  triethylamine  

NF-κB  nuclear factor kappa-light-chain-enhancer of activated B cells 

nm  nanometre 

NMP  N-methylpyrrolidinone 

NMR  nuclear magnetic resonance  
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 P40 substitute 

NOESY nuclear Overhauser effect spectroscopy 

Obs.  Observed 

OD600  optical density at 600 nm 

ORF  open reading frame 

ORFV  orf virus 

P70S6K ribosomal protein S6 kinase of 70 kDa 

PAM  4-(hydroxymethyl)phenylacetamidomethyl  

PBS  phosphate buffered-saline 

PCR  polymerase chain reaction 

PEDAC phenolic ester directed amide coupling 

PEG  polyethylene glycol 

PEM  photo-elastic modulator 

PG  protecting group 

pH  -log[H
+
] 

Phe  phenylalanine  

PI3K  phosphatidylinositol 3-kinase 

PIP2  phosphatidylionsitor 4,5-bisphosphate 

PIP3  phosphatidylinositol 3,4,5-triphosphate 

pKa  -log(Ka) 

PKB  protein kinase B (= AKT) 

PMT  photo-multiplier tube 

PPI  peptidyl-prolyl isomerase 

ppm  parts per million 

PR  progesterone receptor 

Pro  proline   

iPr2NEt  N,N-diisopropylethylamine  

PS  polystyrene  

PTEN  phosphatase and tensin homologue 

PVDF  polyvinylidene fluoride 

PyBOP  benzotriazol-1-yl-oxy-tripyrrolidinophosphonium hexafluorophosphate  

RD1  region of difference 1 

RE  response element 

RF  radio frequency 

RHD  Rel homology domain 

RP-HPLC reverse phase high performance liquid chromatography  

rt  room temperature  
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SDS  sodium dodecyl sulphate 

SDS-PAGE sodium dodecyl sulphate polyacrylamide gel electrophoresis 

SEA  bis(2-sulfanylethyl)amino 

SEC  size-exclusion chromatography 

SEC-MALS size-exclusion chromatography multi-angle light scattering 

Ser  serine  

SERM  selective estrogen-receptor modulator 

SHON  secreted hominoid-specific oncogene 

SHONα  secreted hominoid-specific oncogene protein-alpha 

siRNA  short interfering ribonucleic acid 

SOS  Sons of Sevenless 

SP1  specificity protein 1 

SPPS  solid-phase peptide synthesis  

SRC  steroid receptor co-activator 

TATU  O-(7-azabenzotriazole-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate  

TB  tuberculosis 

TB medium terrific broth medium 

TBS  tris-buffered saline 

TBS-T  tris-buffered saline with Tween 

TBTU  O-(1H-benzotriazole-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate  

TCEP  tris(2-carboxyethyl)phosphine  

TCEP.HCl tris(2-carboxyethyl)phosphine hydrochloride 

TEMED N,N,N',N'-tetramethylethylenediamine 

TF  transcription factor 

TFA  2,2,2-trifluoroacetic acid  

TFE  2,2,2-trifluoroethanol  

TFET  2,2,2-trifluoroethanethiol 

TfOH  trifluoromethanesulfonic acid 

Thr  threonine  

Thz  thiazolidine  

TIPS  triisopropylsilane  

TLC  thin layer chromatography  

Tm  melting temperature 

TMAO  trimethylamine N-oxide 

Tmb  4,5,6-trimethoxy-2-mercaptobenzyl 

TNF-α  tumour necrosis factor alpha 
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TSC1/2  tuberous sclerosis complex 1/2 

Tyr  tyrosine  

Ub  ubiquitin 

UL  ubiquitin ligase 

UV  ultra violet  

V  volt 

Val  valine  
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WB  western blot 

WHO  World Health Organization 
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1          Introduction: Chemical Synthesis and Characterization of Naturally-Occurring Proteins 

 

1.1 Modern Biophysical Techniques for Protein Characterization 

Proteins are the “working molecules” of life, orchestrating a remarkable diversity of processes with 

extraordinary specificity. Despite their diversity, proteins share the same fundamental biochemical 

composition and rules that dictate their architecture, implying that the protein structure plays a crucial 

role in governing the protein function. Hence, understanding the characteristic three-dimensional 

structures of proteins provides the key to deciphering their myriad functions and it remains one of the 

central goals in structural biology. In this section, we will discuss modern techniques for 

characterizing the biochemical and biophysical properties of proteins (Figure 1.1).  

 

Figure 1.1 Examples of techniques used in protein characterization in terms of (i) mass and size; (ii) structure; (iii) 

thermodynamics; (iv) biochemistry; and (v) molecular dynamics: SEC-MALS (size-exclusion chromatography multi-angle 

light scattering), EM (electron microscopy), MS (mass spectrometry), NMR (nuclear magnetic resonance), CD (circular 

dichroism), DSF (differential scanning fluorimetry), and ITC (isothermal titration calorimetry). 

 

1.1.1 Mass Spectrometry (MS) 

Mass spectrometry (MS) is an analytical technique used to identify and quantify proteins, and to 

probe aspects of protein structure.
1
 The technique involves the processes of: (i) ionization of protein 

species in an injected sample; (ii) deflection of the ionized protein species by a magnetic field 

according to mass and charge; and (iii) measurement of abundance of gas-phase ions (%) as a 

function of mass-to-charge ratio (m/z) (Figure 1.2).  
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Figure 1.2 Basic structure of a mass spectrometer. Protein species in an injected sample are ionized, accelerated, and 

subsequently deflected by a magnetic field according to mass and charge. Abundance of gas-phase ions (%) is measured as a 

function of mass-to-charge ratio (m/z) 2 

For a long time, MS was solely useful for analysis of small and thermostable compounds due to the 

lack of effective techniques to gently ionize and transfer the ionized molecules from the condensed 

liquid phase into the gas phase without excessive fragmentation.
3
 The scope of MS practice was 

expanded to proteins, polypeptides and other biological macromolecules following the development 

of electrospray ionization (ESI)
4
 and matrix assisted laser desorption/ionization (MALDI)

5
 techniques 

in the late 1980s.
3,6

 These techniques are renowned for soft ionization, meaning that the proteins 

under analysis do not undergo fragmentation into smaller charged particles, rather they are ionized to 

generate molecular ions of intact protein species. Currently, liquid chromatography (LC) combined 

with MS is the most routinely performed technique in protein chemical synthesis to examine the 

purity and identity of synthesized peptide fragments, and to monitor various reactions of synthesized 

peptides such as native chemical ligation (NCL).  

Recent advances that combine MS with other techniques such as affinity purification (AP) provide a  

versatile means to study protein complexes
7
 and protein-protein interactions

8, that enables isolation of 

a protein of interest based on its specific binding affinity to a particular ligand that has been 

immobilized on a solid support. MS can also be performed in conjunction with amide hydrogen 

exchange (HDX) methods and hydroxyl radical (∙OH) labelling to monitor dynamic and structural 

aspect of solution-phase proteins dynamics.
9,10
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1.1.2 Differential Scanning Fluorimetry (DSF) 

Differential scanning fluorimetry (DSF) is a technique used to follow the thermal unfolding of a 

protein. This experiment comprises the folded target protein in an assay solution supplemented with a 

fluorescent dye (often Sypro Orange), which is heated from ~25 °C to ~95 °C. As the protein slowly 

unfolds, hydrophobic patches buried in its core become available for dye binding; and  the dye 

fluoresces upon exposure to a hydrophobic environment.
11

 The flourescence is measured and plotted 

as a function of increasing temperature to give a sigmoidal-shaped curve in the idealized situation 

(Figure 1.3). The temperature at which the protein unfolds, the melting temperature (Tm), is a measure 

of its thermal stability, and this temperature can vary depending on the buffer conditions or on the 

presence of ligands. Although this indirect measurement of the unfolding event by a dye molecule can 

introduce interference in Tm measurement, DSF has a strong advantage of being high-throughput 

particularly in screening buffer conditions (96 or more conditions can be screen in a little over 1 

hour).  

 

Figure 1.3 An example of a protein thermal unfolding curve produced by DSF: as the temperature increases, the dye starts to 

bind to hydrophobic patches of the protein that become exposed. The fluorescence peaks when the protein completely 

denatures. The melting temperature (Tm), also known as the temperature of hydrophobic exposure, is the midpoint of the 

curve height. As the temperature increases beyond the fluorescence peak, the protein starts to aggregate and the dye 

dissociates. 

The technique is commonly used to screen for solubility and stability of recombinant proteins against 

a library of solutions with different buffers, pH, salt and/or additives (e.g. chaotropes, redox agents). 

In our work, DSF was used to check foldedness of synthetic proteins after folding denatured samples.  

Microscale differential scanning calorimetry (micro-DSC) is a complementary technique that avoids 

indirect measurement using a dye, and can measure binding interactions, purity (sample 
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homogeneity), stability, and release from a drug delivery mechanism.
12

 By comparison with DSF, 

DSC is a slower experiment and so lower throughput (although it can be automated and screen 96 

conditions overnight), and uses much larger quantities and concentrations of a protein.
13

 For the work 

outlined in this thesis, DSF was considered an adequate method by which to screen for ‘foldedness’ 

and for the best choice of buffering condition.  

 

1.1.3 Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) spectroscopy is a valuable structural technique for: (i) evaluating secondary 

structure content of proteins; (ii) determining temperature/buffer conditions under which the protein is 

most stable (i.e. measuring temperature dependence of protein secondary structure); and (iii) 

measuring the rates of structural changes of proteins.
14

 Circular dichroism refers to the differential 

absorption of plane polarized light that is comprised of two circularly polarized components of equal 

magnitude but with opposing rotation of either clockwise (R) or counter-clockwise (L) directions 

(Figure 1.4). Also known as elliptical polarization, this phenomenon can be observed when plane 

polarized light is passed through a protein sample having optically active chromophores that result 

from: (i) the intrinsic chirality from its structure (e.g. a disulfide bond with dihedral angles of the C-S-

S-C bridge); (ii) the covalent linkage to a chiral centre in the molecule; or (iii) the placement of the 

chromophore in an asymmetric environment as a consequence of the 3-dimensional structure adopted 

by the protein.
14

  

 

Figure 1.4 Schematic of a CD spectropolarimeter: the plane polarized radiation, made of left (L) and right (R) circularly 

polarized components with the same amplitude oscillating at 50 kHz, is produced when a beam of linearly polarized light is 

passed through a photo-elastic modulator (PEM). An optically active sample preferentially absorbs either left or right 

circularly polarized light, resulting in a reduced intensity of the corresponding transmitted light. The difference in the 

intensity of the two circular polarization signals (vAC) is amplified by a photo-multiplier (PMT) detector that is tuned to the 

PEM frequency. Raw CD signals in millidegrees (S) are calculated using S = [(vAC)/(vCD)] × G, where vCD is the average 

total light intensity across many PEM oscillations and G is the calibration-scaling factor.15 
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A CD spectrum is obtained when circular dichroism is measured as a function of wavelength. Raw 

CD signals in millidegrees (S) are generally reported in terms of the mean residue ellipticity (θ) 

(deg.cm
2
/dmol), calculated using θ = S / (10 × c × L × n), where c is the protein concentration in M, L 

is the cuvette path length in cm, and n is the number of peptide bonds in the protein. 

From the context of structural biology, protein secondary structure is largely classified into α-helical, 

β-sheet or random coil structures, each of which display a characteristic CD signal with amide 

chromophores of peptide bonds dominating the CD spectra below 250 nm (Figure 1.4). In the CD 

spectra of α-helical proteins, a negative band near 222 nm is observed due to the strong hydrogen-

bonding environment of the α-helical conformation; and this transition is relatively independent of the 

length of the helix.
15

 The intensity of a second transition that is split into a negative band near 208 nm 

and a positive band near 192 nm, is proportional to the length of the helix.
15

 In the CD spectra of β-

sheet proteins, the position and magnitude of the bands that are characteristic for this secondary 

structure are variable, hence CD structural predictions for β-sheets are much less accurate than for α-

helices.
15

 In general, however, β-sheets feature a negative band near 216 nm, a positive band between 

195 and 200 nm, and a negative band near 175 nm. Finally, the CD spectra of random coils feature a 

significant negative band near 200 nm.
16

 

 

1.1.4 Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is widely used in studying protein to determine 

three-dimensional structures of small proteins or to measure other properties of larger proteins such as 

molecular dynamics and the progress of biochemical reactions. Protein structure determination by 

NMR, as first carried out by Wüthrich and co-workers
17

 in 1985, is typically conducted in a solution 

phase to allow a non-destructive, direct study of the native protein without a phase alteration that is, 

for example, required by other structural techniques such as X-ray crystallography.
18

 However, full 

structure determination is limited to proteins of ~5-35 kDa due to their molecular tumbling properties 

in solution. Typically, structures of proteins smaller than 10 kDa can be determined by standard 
1
H 

COSY, TOCSY and NOESY experiments. Structural determination of larger proteins (>10 kDa) can 

benefit from heteronuclear NMR experiments, enabled by the use of NMR-active isotopes of nitrogen 

(
15

N) and carbon (
13

C) that have spin states of ½ as opposed to spins states of 0 that are possessed by 

the most naturally abundant nitrogen (
14

N) and carbon (
12

C) isotopes. Both cell-based recombinant 

expression and cell-free chemical synthesis methods are available for 
15

N/
13

C isotope-labelling of the 

protein of interest. 

The principle of NMR is based on a physical phenomenon in which the magnetic nuclear spins of 

molecular nuclei that are aligned (polarized) with an applied, constant magnetic field (B0) absorb and 
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re-emit electromagnetic radiation at a specific resonance frequency, known as the Larmor frequency 

(ω) (A, Figure 1.5). The initial alignments of the nuclear spins are perturbed by employing a radio 

frequency (RF) pulse to the sample. The nuclear spins excited by the RF pulse subsequently revert to 

their equilibrium state and induce measurable signals known as free induction decay (FID). 

  

Figure 1.5 The concepts underlying NMR: (a) a magnetic nucleus precesses with Larmor frequency (ω) in a static magnetic 

field (B0); and (b) the bulk magnetization (M0) of a protein sample aligned parallel to the magnetic field (B0) under 

equilibrium conditions and the spins precess with different Larmor frequencies due to their various chemical environments 

with the protein molecule. 

When a protein sample is placed in a constant magnetic field (B0) under equilibrium conditions, it 

possesses more spins in the lower energy state (spin = +½), resulting in bulk magnetization (M0) that 

is aligned with the magnetic field (B, Figure 1.5). Moreover, the spins precess with marginally 

different Larmor frequencies (ω), reflecting the different strength of the magnetic field experienced by 

individual nuclei surrounded by different chemical and structural microenvironments within the 

protein molecule. These resonant frequency variations in the active nuclei are eventually translated 

into different chemical shifts (or resonance positions), which are analyzed using software to 

accurately predict protein secondary structures. To probe different molecular properties of a sample 

protein, a range of NMR experiments are available to simultaneously excite spins with different 

frequencies or spins within a selected frequency range.
19

 

Simple one-dimensional 
1
H NMR spectra can be acquired to quickly assess foldedness of 

proteins/peptides. The signals in the chemical shift range between 6.0 and 10.3 ppm, corresponding to 

protons of side-chain HN (~6.0-7.5 ppm), aromatic group (~6.7-8.0 ppm) and backbone HN (~6.8-

10.3), appear with a greater dispersion for folded proteins in contrast to more clustered peaks for 

unfolded proteins (Figure 1.6). The more dispersed signal distribution reflects atomic nuclei of the 

folded protein being exposed to a wider variety of structural microenvironments. 
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Figure 1.6 1H NMR spectra of a protein in its unfolded (left) and folded states (right). Unfolded proteins feature more 

clustered peaks, whereas folded proteins display a greater dispersion of signals.20 

 

1.1.5 X-Ray Crystallography 

X-Ray crystallography is one of few techniques that can define three-dimensional protein structures at 

atomic resolution, transforming our understanding of protein structure and function. The number of 

macromolecular structures deposited in the Protein Data Bank now exceeds 113,000, with nearly 90% 

of the protein structures determined using crystallographic methods.
21

  

The X-ray crystallographic methodology can be largely divided into three steps: (i) crystallization of a 

pure and homogenous protein sample; (ii) diffraction of a protein crystal using X-rays; (iii) structure 

solution and; (iv) interpretation of an electron density map and structure refinement. The initial step of 

protein crystallization involves extensive screening of the protein against a range of crystallization 

buffers that contain different precipitants – this process can be automated by using a robotic liquid 

dispensing system for higher throughput and reproducibility.
22

 Protein crystals are most often grown 

using the vapour diffusion method, where a protein droplet containing purified protein, buffer and 

precipitant is enclosed in a micro-well with a reservoir comprising a higher concentration of 

precipitant – this promotes the slow concentration of the protein in the sample drop and thereafter 

crystal nucleation and growth. Typically, crystallization trays are set up in hanging-drop or sitting-

drop formats (Figure 1.7).  
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Figure 1.7 Types of vapour diffusion protein crystallization: a protein droplet is set up in a closed micro-well by mixing a 

concentrated protein solution with a screen that contains a high concentration of precipitant. In both hanging-drop and 

sitting-drop formats, water from the protein drop slowly diffuses to the crystallization screen reservoir with a higher 

precipitant concentration. Consequently, the protein concentration in the drop slowly increases over time to promote 

crystallization. In comparison with the sitting-drop method, a larger surface area associated with a hanging-drop may assist 

in the growth of larger protein crystals. 

The primary result of the X-ray diffraction experiment, is a diffraction pattern formed from the 

constructive/destructive interference of X-rays passing through a crystal (Figure 1.8). This 

interference between waves reflected from different crystal planes results in diffraction that follows 

Bragg’s law and appears as ‘spots’ on the X-ray detector. Using the pattern of diffraction and relative 

intensity of each spot, an electron density map is eventually calculated (after solving the so called 

phase problem), which in turn is fitted with an atomic model of the protein. Lastly, the structural 

model is ‘refined’ by adjusting all model parameters to achieve the best agreement between the 

observed reflection amplitudes (Fobs) and those calculated from the model (Fcalc).
23
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Figure 1.8 Production of diffraction pattern as a consequence of X-ray interacting with atoms of a protein. 

Despite the outstanding advantages that X-ray crystallography can offer, protein crystallization is the 

critical bottleneck of the technique with a low success rate (~5-10%).
24

 Naturally-occurring proteins, 

built only from L-amino acids, are chiral molecules and cannot be incorporated into crystal arrays that 

include mirror planes or inversion centres. They are thus limited to only 65 of the 230 crystal space-

groups. In contrast, all 230 space-groups, including 165 achiral space-groups, are accessible for a 

racemic mixture of D- and L-forms of a protein, suggesting that such a mixture should be much easier 

to crystallize.
25,26

 This technique involving a protein racemate for crystallization is known as ‘racemic 

protein crystallography’. The prediction of enhanced crystallization has gained strong support from 

recently published experimental evidence.
27,28,29 

In addition to facile crystallization, racemic protein 

crystals are potentially advantageous in phasing and structure determination, another critical 

bottleneck of the technique.  

Since all naturally occurring proteins are L-forms (as they are built from L-amino acids), racemic 

protein crystallography relies on chemical synthesis in producing the unnatural D-form of the target 

protein. The establishment of a synthetic pathway for a protein can also benefit from performing 

facile modifications that are achieved by altering the covalent structure of a protein molecule in a site-

specific manner; and in terms of racemic protein crystallography, special atoms such as selenium (Se), 

bromine (Br) and iodine (I) can be incorporated to aid phasing during crystallographic structure 

analysis.
30
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1.1.6 Size-Exclusion Chromatography (SEC) 

Size-exclusion chromatography (SEC), also known as gel filtration, is a routinely performed 

technique that separates crude protein mixtures based on their hydrodynamic radii. The SEC medium 

or the stationary phase, comprises small beads made from a porous matrix that is usually derived from 

agarose or dextran. The porosity of the beads enables smaller proteins to travel into the bead, while 

the larger proteins do not enter and travel around the beads, eluting first from the column (Figure 1.9). 

 

Figure 1.9 Schematic of a column used in size-exclusion chromatography. Larger proteins do not enter the beads (stationary 

phase), eluting earlier from the column and smaller proteins travel into the beads, eluting later from the column. 

Estimation of molecular mass using SEC uses a calibration curve prepared from the elution volumes 

of a set of protein standards of known mass, limited by the assumption that all proteins samples 

behave as globular proteins, hence only an approximate measurement can be made. 

Multi-angle light scattering (MALS) coupled to SEC, commonly known as SEC-MALS, is a 

technique that both separates proteins by their hydrodynamic radii and then measures the molecular 

mass of individual protein species based on their light scattering behaviour at different angles, 

eliminating the need for elution volume-based estimation of molecular masses.  

 

1.1.7 Other Techniques 

Recent software developments in the field of electron microscopy (EM) have allowed us to view large 

protein complexes under an electron microscope at resolutions spanning from molecular (about 2-3 

nm) to near atomic (0.3 nm).
31

 The main advantage of electron microscopy is that many of the 

restrictions of X-ray crystallography or NMR spectroscopy do not apply to the technique; and since 

the technique does not require sample fixation, a step that is susceptible to artefact generation, a 

protein sample can preserve a near-native state.
31,32

 Cryo-tandem electron microscopy (cryo-TEM) is 
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the preferred method for producing high-resolution images of protein samples that consist of multiple 

structures with different morphology and size.
33,34

  

Isothermal titration calorimetry (ITC) is a routinely used technique to study protein-protein or ligand-

protein binding interactions by measuring the heat generated or absorbed when the molecules interact.  

In an ITC experiment, a solution containing one of the binding partners is placed in a reaction 

chamber while the other ligand is placed at higher concentration in a syringe apparatus (Figure 1.10). 

The solution in the chamber is titrated with the solution placed into the syringe through a series of 

injections. At each injection, a peak measuring the heat generation or absorption during the binding is 

recorded and expressed in μcal/sec, as the heat required to return the temperature of the reaction 

chamber to the value preceding the reactant injection.  

 

Figure 1.10 Illustration of the configuration of an ITC reaction cell. The cell is filled with the protein solution (dark blue) 

and the injection syringe filled with ligand (light blue). The titrant is injected into the reaction cell at set times and the heat 

generated at each injection is measured in μcal/mol, described as the heat due to the reset the temperature back to the value 

of the reference cell. The peaks associated with each injection are plotted as a function of the time in a raw data plot. 

 

1.2 Methods to Produce Proteins: The Place of Chemical Protein Synthesis 

Recombinant protein expression can yield a large amount of a target protein in its native form to 

enable the analysis of its structure and function, provided that the target protein demonstrates good 

expression and solubility profiles. Protein engineering has also been useful in modifying the 

recombinant gene sequence that can lead to consequent changes to the phenotype of a protein in order 

to study structure-activity relationships.
35

 However, the major limitations to this are that only the 

twenty genetically encoded amino acids can be readily incorporated into a protein molecule. 

Furthermore, site-specific post-translational modifications of the protein molecule are difficult to 
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carry out and control. Efforts to overcome these limitations have been made with varying success, but 

so far have had limited impact and are not widely used for the investigation of protein function. 

These limitations can be overcome by the total chemical synthesis technique – upon establishment of 

an optimized synthetic strategy, target proteins can be modified in a site-specific manner
36

 to 

incorporate: fluorophores
37

; isotopic labels
38

; non-genetically encoded amino acids
39

; and post-

translational modifications such as glycosylation
40

 and phosphorylation
41

. The integration of such 

moieties allows us to further delineate the precise molecular basis of protein function through the use 

of various biophysical techniques
42

, including nuclear magnetic resonance (NMR) spectroscopy and 

X-ray crystallography. 

 

1.2.1 Recombinant Protein Expression in Escherichia Coli 

Prokaryotic systems are well-studied and widely used for protein expression, especially the bacterium 

Escherichia coli (E. coli). The use of the E. coli system for protein expression is advantageous, owing 

to: (i) simple and well-understood genetics; (ii) facile genetic modification; (iii) minimal culturing 

cost; (iv) fast expression with a doubling time of ~20-40 min; (v) well-established labelling protocols 

for stability studies; and (vi) easy scale-up. Various E. coli strains are available for selection based on 

the specific nature of the work; for example, the DH5α strain is best for cloning and the BL21 (DE3) 

strain is widely used for protein expression.  

An overview of recombinant protein expression in E. coli is depicted in Scheme 1.1. A foreign gene is 

constructed by laboratory methods such as molecular cloning or polymerase chain reaction (PCR) and 

is inserted into a vector. The vector is a recombinant plasmid that is used as a vehicle to transfer the 

DNA into bacterial cells. The recombinant cloning vector is inserted into a protein-expressing strain 

of E. coli, most commonly by heat shock or electroporation. The plasmid inserted cells are subjected 

to protein expression trials to determine the best expression conditions. The expressed target proteins 

are harvested from the cells and purified by a series of purification techniques such as immobilized-

metal affinity chromatography (IMAC), ion-exchange chromatography (IEC) and size-exclusion 

chromatography (SEC). 
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Scheme 1.1 Overview of recombinant protein expression in Escherichia coli. A recombinant cloning vector is constructed 

and inserted into a protein-expressing strain of E. coli. The plasmid inserted cells are subjected to protein expression under 

the best expression conditions. The expressed target proteins are harvested from the cells and subsequently purified. 

 

1.2.2 Total Chemical Synthesis of Proteins  

Modern innovations in the total chemical synthesis of proteins can overcome the intrinsic challenges 

of recombinant protein expression. Facile yet versatile techniques such as solid-phase peptide 

synthesis (SPPS) developed by Merrifield
43

 and thioester-mediated ligation chemistry allow for 

practical chemical synthesis of larger proteins with exceptional purity and in high quantity.
44,45

  

In SPPS, suitable side-chain and N
α
-protected amino acids are sequentially coupled in a C- to N- 

direction on an insoluble polymeric solid support (resin) that is functionalized (Scheme 1.2) with a 

suitable chemical handle. The C-terminal amino acid is covalently attached to the solid resin via a 

cleavable chemical linker, and then subsequent amino acid residues are coupled by repeating a 

coupling cycle consisting of: (i) deprotection of the N
α
-protecting group; (ii) washing of the resin to 

remove excess reagents; (iii) coupling of the subsequent amino acid; and (iv) washing of the resin. 

Upon completion of a target peptide by elongation, the side-chain protecting groups are removed 

either prior to, or simultaneously with cleavage of the chemical linker to release the crude, 

unprotected peptide from the resin. The success of the solid phase method is dependent on the use of a 

large excess of reagents that permits for rapid yet complete reactions, thereby minimizing 

racemization of susceptible residues.
43, 46
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Scheme 1.2 Overview of total chemical synthesis of a protein: (a) a functionalized insoluble polymeric support is attached 

with a chemical linker that is resistant to hydrolysis during peptide assembly until the final release of the completed peptide; 

(b) SPPS is carried out to synthesize a peptide fragment and the steps (a) and (b) are repeated to produce a required number 

of peptide fragments; (c) the synthesized fragments are covalently joined using chemo-selective ligation; and (d) the 

purified, fully-ligated peptide is folded in a suitable buffer and intramolecular disulfide bonds are also formed at this stage.  

Although vastly superior over solution-phase peptide synthesis, the maximum length of polypeptide 

synthesizable by SPPS is limited to ~50 amino acids, owing to accumulation of by-products from 

incomplete coupling reactions and/or deprotections. Most naturally-occurring proteins are larger than 

50 amino acids
47

, implying that the vast majority of proteins targeted by total synthesis requires a 

further method to ligate peptide fragments; this is enabled by utilizing a chemo-selective ligation 

between two peptide fragments (C, Scheme 1.2).
48

  

 

1.2.3.1 Peptide Synthesis using Boc (tert-Butyloxycarbonyl) SPPS 

The Fmoc (9-fluorenylmethoxycarbonyl) and Boc (tert-butyloxycarbonyl) SPPS protocols are the 

most widely utilized solid-phase strategies, that are named by their corresponding N
α
-protection 

groups (Table 1.1). These two strategies complement each other and they have their own advantages 

and disadvantages. The most prominent advantages of Boc SPPS over Fmoc SPPS are: (i) the 

capability to synthesize ‘difficult sequences’; and (ii) in regards to the preparation of C-terminal 

thioesters that are susceptible to repetitive piperidine treatments, steps of which are required for Fmoc 

deprotection.
49,50

 Total syntheses of the three target proteins explored in this thesis exclusively utilized 

Boc SPPS, which will be discussed in detail for the remainder of this introduction. 
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 Boc SPPS Fmoc SPPS 

N
α
-protecting group 

 

 

 

 

 

 

 

 

Reagent used for N
α
-

deprotection 
trifluoroacetic acid (TFA) 

secondary amines 
(e.g. piperidine) 

Side-chain protecting groups benzyl derived tert-butyl or trityl derived 

Reagent used for linker cleavage 
and side-chain deprotection 

anhydrous hydrogen fluoride (HF) TFA 

Table 1.1 Comparison of Boc and Fmoc SPPS 

The Boc/benzyl strategy was the first SPPS protocol developed by Merrifield
43

 and significantly 

optimized by Kent and co-workers
51

, particularly by the introduction of in situ neutralization (Scheme 

1.3). The most common linker used in Boc SPPS is the 4-(hydroxymethyl)phenylacetamidomethyl 

(PAM) and the C-terminal amino acid is anchored to the solid support through a benzyl ester link  

forming a (PAM)-PS resin that affords peptide-
α
COOH upon cleavage by anhydrous hydrogen 

fluoride (HF) (structure shown in Table 1.2, Section (ii)). Alternatively a p-methylbenzhydrylamine 

(MBHA)-linker is used for the synthesis of peptide-
α
CONH2 (structure shown in Table 1.2, Section 

(ii)). Temporary N
α
-protection uses the tert-butyloxycarbonyl (Boc) group (Table 1.1) that is removed 

by short trifluoroacetic acid (TFA) treatments.
43,46c

 The resulting unprotected N
α
-ammonium group is 

neutralized with N,N-diisopropylethylamine (DIPEA) and the subsequent amino group is acylated 

with the next Boc –protected amino acid using various reagents described in Section (iv). For masking 

of the side chains of amino acids, a range of benzyl-based protecting groups have been developed, 

chemically fine-tuned to meet the requirements of particular functional groups by substitution of the 

benzyl ring with appropriate electron donating or withdrawing groups.
52

 After the completion of 

peptide elongation, base-labile side-chain protecting groups can be removed on resin prior to the 

release of the peptide from the resin with simultaneous removal of the acid-labile side-chain 

protecting groups using anhydrous hydrogen fluoride (HF).
43,46c

 Each of the steps involved in Boc 

SPPS will be further detailed in the following sections (i)-(iv). 
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Scheme 1.3 Synthesis of thioester and cysteinyl peptide fragments using Boc SPPS 
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(i) Solid Support used in Boc SPPS 

To perform SPPS, a polymeric solid support that provides a microenvironment for all reactions is 

required. The solid support must be chemically inert and insoluble in all of the solvents used during 

SPPS, yet its physical properties should allow easy filtration, as well as good solvation and swelling 

under the reaction conditions to enable efficient diffusion of the reagents to reaction sites.
43

  

The most widely used solid support that satisfies these criteria is polystyrene (PS) resin cross-linked 

with 1% divinylbenzene (DVB), which is prepared via free radical polymerization between styrene 

and divinylbenzene monomers as cross-linking elements (Scheme 1.4).
43

 During SPPS, the 

divinylbenzene cross-links minimize aggregation of the covalently attached peptide chain to 

maximize its solubility; and this is one of the major advantages of SPPS over solution phase peptide 

synthesis, where the growing peptide chain exhibits poor solubility often due to aggregation.
43

 

 

Scheme 1.4 Free radical polymerization of styrene and divinylbenzene to produce polystyrene (PS) resin. 

The solid support requires a suitable functional group to which the first protected amino acid can be 

covalently linked.
43

 One of the most widely used functional groups is the aminomethyl group, which 

can be incorporated onto the PS resin via direct aminomethylation.
53

  

The synthesis of the aminomethylated resin uses N-(hydroxymethyl)phthalimide and catalytic 

trifluoromethanesulfonic acid (TfOH) in TFA/CH2Cl2 (1:1 v/v) to react with PS resin to produce the 

phthalimidomethyl-PS resin 1.1 (Scheme 1.5). This functionalized resin is then heated under reflux in 

ethanol containing 5% hydrazine to afford the desired aminomethyl-resin 1.2
43

, and a virtually 

insoluble by-product 1.3, 2,3-dihydrophthalazine-1,4-dione,  that is difficult to remove. However, for 

the work reported in this thesis, an improved preparation of aminomethyl polystyrene resin 1.2 

described by Harris et al.
54

 was used (Blue, Scheme 1.5). This synthetic method replaces toxic 

hydrazine with 2-aminoethanol, thereby facilitating purification of the resultant aminomethyl-

functionalized-PS resin from the highly soluble by-product 1.4 via filtration that involves minimal 

solvent washing. 
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Scheme 1.5 Improved synthesis (blue) of aminomethyl-PS resin 

PS resin can be incorporated with other functional groups for different uses, including chloromethyl 

and hydroxymethyl groups for further functionalization. Moreover, installation of a 2-chlorotrityl 

chloride group
55

 can achieve higher sensitivity towards acidic cleavage, and a p-

methylbenzhydrylamine (MBHA) group
56

 is incorporated to yield a C-terminal amide upon cleavage 

(Figure 1.11). 

 

Figure 1.11 Different functional groups that can be installed on PS resin 

 

(ii) Linkers used in Boc SPPS 

A chemical linker between the first amino acid of the peptide sequence and the resin must be installed 

in order to release the peptide upon completion of sequential elongation. The linker is typically a 

bifunctional molecule, attached to the solid support, anchoring the first amino acid of the peptide 

sequence and behaves as a cleavable C-terminus protecting group. Linkers are commonly categorized 

according to the reagent used for cleavage of the peptide. The linkers used in Boc SPPS need to 

withstand repetitive treatments of TFA that are required for N
α
-Boc group removal, and cleaved to 

release the peptide when they are treated with anhydrous hydrogen fluoride (HF). Other chemical 
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linkers may be used to effect non-acidic methods for cleavage. A summary of a selection of the most 

commonly used solid phase linkers for Boc SPPS is described in Table 1.2.
57

 

Linker resins Cleaved by Cleavage product 

 

4-(hydroxymethyl)phenylacetamidomethyl (PAM) resin 

 

HF 

 

C-terminal acid 

 

Hydroxycrotyloligoethyleneglycol-n-alkanoyl (HYCRON) resin 

 

Pd(0) 

 
C-terminal acid 

 
(Also Fmoc compatible) 

 

Benzylhydrylamine (BHA) resin 

 

HF 

 
 
 

C-terminal amide 

  

p-methylbenzhydrylamine (MBHA) resin 

 

HF 

 
 
 

C-terminal amide 

Table 1.2 Chemical linkers utilized in Boc SPPS. 

 

(iii)  Coupling Reagents and Conditions 

During peptide chain assembly, coupling reagents activate the carboxyl group of the subsequent 

amino acid in order to facilitate amide bond formation with the unmasked N
α
-amino group of the 

proceeding residue on the solid support. Boc SPPS most commonly utilizes pre-activation of the 

carboxyl group, and this technique was used throughout the current work. 

The first coupling reagents utilized in peptide coupling were the carbodiimides that form symmetrical 

anhydrides of carboxylic acids, which in turn, readily react with a range of nucleophiles such as 

alcohols, thiols and amines. Of the carbodiimides, N,N'-dicyclohexylcarbodiimide (DCC)
58

 and N,N'-

diisopropylcarbodiimide (DIC)
59

 are widely used. In the first step of the coupling reaction, the amino 

acid reacts with DCC/DIC to form an O-acylurea.
60

 This intermediate can either form an amide bond 

directed by reaction with the N
α
-amino group of the resin-bound peptide, or it can react with another 

molecule of the amino acid to form the symmetrical anhydride with the formation of a 
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dicyclohexylurea (DCU)/diisopropylurea (DIU) by-product. The anhydride can then react with the 

N
α
-amino group of the resin-bound peptide to form the amide bond (Scheme 1.6).  

 
Scheme 1.6 Amide bond formation using DCC/DIC 

As DCC is a potent allergen and generates the insoluble DCU by-product that is difficult to remove by 

filtration and chromatography, several other carbodiimides have been developed to overcome these 

limitations by incorporating different substituents on the nitrogen atoms of the urea moiety.
59 

DIC, 

which contains isopropyl groups, has become popular for on-resin peptide coupling as the DIU by-

product is a liquid that is soluble in most organic solvents and is readily removed from the solid 

support by filtration.
61

 DIC is not an allergen and is safer to handle in contrast to DCC.  

One family of coupling reagents based on benzotriazoles is the uronium salts such as N-[(1H-

benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-

oxide (HBTU)
62

, which are frequently used in Boc SPPS.
63

 The driving force of the condenzation 

reaction is the generation of the urea by-product (Scheme 1.7). The aza analogues of HBTU and 

TBTU, namely HATU
64

 and TATU
64a

 respectively, are recognized to achieve faster, more efficient 

couplings with less epimerization. 



21 
  

 

Scheme 1.7 Amide bond formation using TATU/TBTU or HATU/HBTU/HCTU 

One disadvantage is that the uronium coupling reagents can cause peptide truncation via 

guanidylation of the free amino group of the resin-bound peptide (Scheme 1.8).
65

 To avoid this 

unwanted side-reaction, the amino acid pre-activation step should use less than stoichiometric 

amounts of the coupling reagents (e.g. 0.95 equivalent of HBTU to 1 equivalent of amino acid). 

Alternatively, the corresponding phosphonium reagents, BOP and PyBOP can be used which even 

when used in excess do not react with the N-terminal amino group.   

 

Scheme 1.8 Guanidylation of peptide by HBTU resulting in peptide truncation 

In the work described herein, apart from the linker attachment to the resin that used DIC, uronium 

based reagents have been used exclusively to synthesize target peptides using SPPS. A wide variety of 

coupling reagents are also available, including phosphonium salts
66

, ammonium salts
67

, Mukaiyama’s 

reagent
68

, pentafluorophenol-based coupling reagents
69

, and oxime-based carbonates
70

. The reaction 

conditions and mechanisms for these coupling reagents are detailed in several excellent reviews.
58, 60, 

65-66, 71,72 
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(iv) Boc Deprotection and In Situ Neutralization 

Prior to each coupling step, the temporary N
α
-Boc protecting group of the resin-bound N-terminal 

amino acid needs to be removed. For this step, the resin-bound peptide is treated with neat TFA, 

resulting in production of an α-ammonium species that has to be neutralized to facilitate coupling of 

the subsequent Boc-protected amino acid (Scheme 1.9). 

 

Scheme 1.9 Deprotection of Nα-Boc group by TFA resulting in α-ammonium species 

TFA is an excellent solvent for protected peptide chains, and its fast and quantitative α-deprotection 

suggests that it might be involved in breaking up secondary structures that have formed.
51

 

Aggregation occurs when the protonated α-ammonium peptide-resin intermediate is neutralized.
73

 

Therefore, it is desirable to avoid prior neutralization and instead perform this simultaneously with the 

amino acid coupling in a one-pot manner. The in situ neutralization protocol does exactly this, by 

adding an excess of DIPEA to the pre-activated mixture of amino acid and coupling agent, then 

adding the entire mixture to the α-ammonium peptide-resin. Studies carried out by Kent et al.
51

 

comparing the coupling reagents DIC/HOBt not generated in situ, DIC/HOBt in situ, and 

HBTU/DIPEA in situ confirmed that the latter method was the method of choice for amino acid 

coupling. In all cases, no significant racemization (less than 3%) was observed.
51

  

 

1.2.3.2 Strategies to Ligate Peptide Fragments 

Owing to the limited length of polypeptide able to be synthesized by SPPS, significant efforts towards 

the development of ligation methods that could chemically join the synthesized peptide fragments 

have been undertaken. The iteration from a fringe technique and transition to the widely used ligation 

methods, is summarized in Table 1.3. 
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β-halo-α-aminoketone 

Technique Advantages Disadvantages 

Hydrazone 
Ligation74,75,76,77 

 

 Greater hydrolytic stability 

 Good water solubility 

 Highly chemo-selective 

 DMSO co-solvent accelerates reaction rate by 
20× 

 Bond is stable at neutral pH (5-7) 

 Reaction rate not affected by 
pH 

 Rate only mildly affected by 
temperature (37 ºC) 

Oxime 
Ligation76,78,79,77 

 
 Stable at room temperature at pH 2-7 

 Fragments self-assemble under relatively mild 
conditions 

 Reaction goes close to completion (~90%) 

 Good yield 

 Polyoximes are easily purified and water soluble 

 Long reaction time (16-18 h) 

 Basic pH leads to more side 
reactions 

Thiazolidine 
Ligation79,80,81 

 

 Can create longer polypeptides (>50 residues) 

 Good yield 

 Retains KD similar to native 

 Acidic conditions prevents side reactions of 
aldehydes 

 Ring formation is quick and complete (5-15 min) 

 No protection groups 

 Highly selective reaction 

 Heavy metal catalyst needed 
(Ag

+
) 

 Highly acidic conditions (TFA) 

 Possible reduction in Vmax 

 O,N-Acyl rearrangement is slow 
and dependent on steric 
hindrance 

Thioester 
Ligation80,48b,82 

 

 Ligation of N and C-terminal fragments occurs 
rapidly via SN2 reaction 

 Ligation product was indefinitely stable at pH 4.3 
(ligation conditions) 

 Easily purified by RP-HPLC 

 Ligation site can be replaced with any amino acid 

 HF is neccesary for Boc 
deprotection 

 Thioester bond is labile at 
higher pH, with hydrolysis 
occurring at ~7.5, leading to a 
half-life of ~2 h 

 Must account for inversion of 
configuration that occurs with 
SN2 reactions 

Table 1.3 Highlighting the advantages, disadvantages, and underlying mechanism of hydrazine, oxime, thiazolidine and 

thioester ligation.83 
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1.2.3.3 Native Chemical Ligation of Peptide Fragments 

Early ligation methods described in Section 1.2.3.2 involved incorporation of non-native moieties (i.e. 

hydrazine, oxime, thiazolidine and thioester) in place of one or more native amide bonds in synthetic 

proteins, which may invalidate any structural and/or biological studies using the synthesized proteins. 

Kent and co-workers
84

 devised a reaction where two unprotected peptides, a peptide containing a C-

terminal thioester moiety and an N-terminal cysteine-containing peptide, undergo chemo-selective 

ligation to produce a native amide bond (Scheme 1.10). This reaction has become the most widely 

used ligation method of unprotected peptides, and was given the term ‘native chemical ligation’ 

(NCL).
84

 The entire reaction is carried out in aqueous chaotrope-containing solutions, typically 6 M 

GdHCl, at neutral pH (6.8-7.0). The initial step is the thiol-thiol exchange between the alkyl thioester 

and an endogenous thiol to form the more reactive phenyl thioester. A reversible exchange between 

the C-terminal phenyl thioester (Red, Scheme 1.10) and N-terminal cysteine thiol (Blue, Scheme 

1.10) of two unprotected peptides then occurs which is the rate-determining step. The rate of NCL can 

be enhanced by the addition of excess amounts of the thiol additive, which consequently increases the 

yields of the ligated product. Aryl thiols are more frequently utilized as they promote the trans-

esterification much faster than alkyl thiols (due to their lower pKa values which make them better 

leaving group).
85

 Therefore, a phenyl is more reactive than a benzyl thiol and can be generated in situ 

by the large excess of a thiophenol (or derivative).
86,85

 The high conversion to the final ligation 

product can be attributed to the irreversibility of the second S to N acyl shift amide bond formation 

step. A highly water-soluble version of thiophenol, 4-mercaptophenylacetic acid (MPAA) was 

developed by Kent et al.
85

, which enhances the rate of formation of the phenyl thioester and 

consequently it has found widespread use in NCL. 
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Scheme 1.10 Mechanism of native chemical ligation 

 

(i) Native Chemical Ligation-Desulfurization Strategy 

Owing to the relatively low abundance of cysteines in naturally-occurring proteins, several methods 

have been developed to produce native amide bonds at non-cysteine containing ligation sites.
82,87

 Of 

these, the most useful strategy was pioneered by Yan and Dawson
88, 

which combines NCL with 

desulfurization of cysteine in the ligated product. This allows disconnections to be made at Xaa-Ala 

sites for NCL (Xaa = any amino acid).
89,90

 In this strategy, the native alanine residue is substituted 

with a non-native cysteine residue to effect NCL, followed by selective desulfurization of the cysteine 

at the ligation site to produce the native alanine (Scheme 1.11).  
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Scheme 1.11 Non-cysteine mediated NCL at aa-Ala site using desulfurization 

Conventional desulfurization protocols involve the use of metals such as Pd/Al2O3 in neutral 

buffers
91,92

 and Raney nickel
88,93

. However, the use of a large excess of metal and metal sponges 

frequently cause adsorption of the ligated peptide onto the large metal surfaces and/or peptide 

aggregation, resulting in low recovery yields.
90

 Undesired side reactions such as hydrogenation of 

tryptophan or demethylation of methionine-residues have also been reported.
88

 To compensate for 

these disadvantages, Danishefsky et al.
88

 have developed a mild metal-free desulfurization strategy 

that uses tris(2-carboxyethyl)phosphine (TCEP) as a phosphine source, 2,2’-azobis[2-(2-imidazolin2-

yl)propane]dihydrochloride (VA-044) as a radical initiator, and addition of tBuSH and EtSH that  

increases the rate of hydride donation and retards telomerization. Later, Seitz and co-workers 

exploited the use of a slightly modified protocol for desulfurization from β-mercaptovaline to valine, 

which involved increased amounts of VA-044, and glutathione in place of malodorous tBuSH/EtSH 

as the hydride source (Scheme 1.12).
94

 Achieving a successful desulfurization by the use of either 

metal-based or metal-free protocols is always dictated by the sequence and the specific amino acids of 

the product.
94,95

 Furthermore, since both of the protocols are not chemo-selective in the presence of 

other thiol groups, any native cysteine(s) in the sequence must be protected prior to desulfurization. 

 

Scheme 1.12 Metal-free desulfurization method and its proposed mechanism89b,89a 



27 
  

In the past decade, the NCL-desulfurization strategy has been further expanded and now includes 

numerous thiolated amino acids for NCL (Figure 1.12). In 2007, the Xaa-Phe ligation
96

 using β-

mercaptophenylalanine (1.5) as the NCL precursor was developed by Crich and Banerjee. In 2008, the 

Xaa-Val ligation using β-mercaptovaline (penicillamine) (1.6a) and γ-mercaptovaline (1.6b) were 

reported by Seitz et al.
90

 and Danishefsky et al.
97

, respectively. In 2009, Liu et al.
98

 developed the 

Xaa-Lys ligation using γ-mercaptolysine (1.7a), with the possibility of ‘dual ligation’ at both α- and ε-

amine on the same mercaptolysine residue
99

, followed by the subsequent development of δ-

mercaptolysine (1.7b) by Brik et al.
100

. Further amino acid junctions were investigated which led to 

the development of γ-mercaptothreonine (1.8) by Danishefsky et al.
101

, β-mercaptoleucine (1.9) by 

Danishefsky et al.
102

 and Brik et al.
100

, γ-mercaptoproline (1.10) by Danishefsky et al.
103

, γ-

mercaptoglutamine (1.11) by Brik et al.
104

, β-mercaptoarginine (1.12) by Payne et al.
105

, and 2-thiol 

tryptophan (1.13) by Payne et al.
106

 for the Xaa-Thr, Xaa-Leu, Xaa-Pro, Xaa-Gln, Xaa-Arg, and Xaa-

Trp ligations, respectively.   

It should be noted that most of the cysteine surrogates, with exceptions of the valine 1.6a, the proline 

1.10, and the tryptophan 1.13, are not commercially available and require multiple synthetic steps, 

limiting routine application of these surrogates. 

 

Figure 1.12 Synthetic thiol-derived amino acids for use in ligation 
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(ii) Post-Native Chemical Ligation Alkylation on Cysteines to Produce Amino Acid Mimics 

A fully functional protein may be synthesized by substituting a non-native cysteine residue as needed 

at the desired ligation site, which in many cases, does not significantly affect the function of proteins. 

In addition to the desulfurization of the cysteine at the ligation site, several other strategies of post-

ligation modifications on the cysteine were developed to mimic the side-chain functionalities of other 

amino acids (Scheme 1.13).
87

  The thioalkylation of cysteine with methyl methanethiosulfonate (1.14) 

affords methionine analogues
107,108,109,110

 1.15, including other bioconjugates such as disulfide-linked 

glycoconjugates
111,112

. Furthermore, glutamate or glutamic acid derivatives 1.16 can be generated by 

respective reactions with α-iodoacetamide (1.17) or α-iodoacetic acids (1.18), while lysine analogue 

1.19 can be obtained by reaction with bromoethylamine (1.20).
113,114

 In 2008, Kajihara et al.
115

 

developed a protocol to convert the cysteine residues at the NCL sites into serine residues (1.21) 

through sequential reactions of: (i) the methylation of cysteine residue with methyl-4-

nitrobenzenesulfonate; (ii) the activation and intramolecular rearrangement with CNBr in formic acid; 

and (iii) the O to N acyl transfer under slightly basic conditions (pH 7–8) (Scheme 1.13). This 

protocol may be useful for the synthesis of N-linked glycopeptides that contain consensus sequence 

made of Asn-Xaa-Ser or Asn-Xaa-Thr (Xaa = any amino acid except proline), despite the non-

selectivity associated with the CNBr activation step for methionine residues.
116,115
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Scheme 1.13 Amino acid mimic synthesized using alkylated cysteine87 

Additionally, methionine-containing peptides can be assembled at the Xaa-Met ligation site using an 

N-terminal homocysteine to facilitate NCL-like ligation, then selectively methylated to yield the 

native methionine.
117

  

 

(iii) Auxiliary-Mediated Native Chemical Ligation 

An alternative approach incorporates a thiol-containing auxiliaries that mimics the presence of an N-

terminal cysteine residue, which can be chemo-selectively removed upon completion of NCL.
118

 The 
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thiol group of the auxiliary reacts with the thioester in an NCL-like rearrangement (Scheme 1.14). A 

range of auxiliary groups have been developed such as an ethanethiol substituent at the N-

terminus
119,120

, glycans of glycopeptides
121

 and the photocleavable 1-aryl-2-mercaptoethyl auxiliary 

system
87

. 

 

Scheme 1.14 Non-cysteine mediated NCL using temporary auxiliaries containing thiol groups 

The most successful electron-rich auxiliaries include 2-mercaptobenzyl derivatives such as 4,5-

dimethoxy-2-mercaptobenzyl
122,123 

(Dmb) (1.22a) and 4,5,6-trimethoxy-2-mercaptobenzyl
124

 (Tmb) 

(1.22b), and the N
α
-(1-aryl-2-mercaptoethyl) system such as 1-(2,4-dimethoxyphenyl)-2-

mercaptoethyl
125,126

 (1.23) (Figure 1.13). The auxiliaries 1.22a and 1.22b have found wider use in 

extended NCL, but the S to N acyl shift becomes reversible when tertiary amide bonds are exposed to 

acidic conditions required for auxiliary removal.
127

 Alternatively, the auxiliary 1.23 contains a 

branching point at the C
α
 atom, which dramatically decreases the rate of S to N acyl transfer at non-

glycine ligation junctions.
128

 Generally, the use of these thiol-containing auxiliaries in practice is 

greatly affected by the nature of the amino acids at the ligation site. Hence, the ligation is strictly 

limited to glycine-containing ligation junctions, with only Gly-Gly, Phe-Gly, Ala-Gly, His-Gly, and 

Lys-Gly sites have been assembled using these auxiliaries.
87
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Figure 1.13 Examples of currently used (1.22a/b and 1.23) and recently developed (1.24) thiol-containing auxiliaries 

Recently, Seitz and co-workers
128

 have developed a new benzyl derivative of the ethanethiol auxiliary, 

namely 2-mercapto-2-phenethyl (1.24) that does not contain C
α
-branching to effect more rapid 

reaction (Figure 1.13). Furtherrmore, the selective removal of the 2-mercapto-2-phenethyl moiety was 

demonstrated using mildly basic conditions (pH 8.5) in the presence of TCEP and morpholine, 

implying that in contrast to previously reported auxiliaries, use of the auxiliary 1.24 is not limited to 

Gly-containing ligation sites.
128

 

 

(iv) Thiol-Free Ligation Methods 

Direct aminolysis, that is, a direct ligation between the α-amino group of non-cysteinyl residues at the 

N-terminus and C-terminal thioesters, can generate a natural amide bond. The reaction utilizes the 

inherent nucleophilicity associated with the α-amino group that directly reacts with the N-acyl group 

of the thioester. (Scheme 1.15). This direct coupling method was pioneered by Kemp et al.
129

, 

whereby an activated C-terminal peptide ester efficiently reacted with a peptide containing a free 

amine in dimethyl sulfoxide (DMSO) or N,N-dimethylformamide (DMF). Although the reaction could 

be conducted in the absence of an N-terminal cysteine residue, and a thiol auxiliary, or exogenous 

activating reagents, further exploitation of the protocol was prevented due to the limited solubility and 

potential racemization of peptides.
130

  

 

Scheme 1.15 General scheme of direct aminolysis 

In 1999, inspired by a seminal report by Blake
131

, Aimoto et al.
132

 demonstrated the activation and 

subsequent reaction of the C-terminal thioester with the N-terminal amine of a peptide in the presence 
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of silver(I) and a suitable activating agent. Danishefsky et al.
133

 further exploited the method and 

reported phenolic ester directed amide coupling (PEDAC) that can be performed in both a metal-

assisted (AgCl) and metal-free (TCEP) manner. The o-thiol-containing phenolic ester (1.25) used in 

the procedure acts as a masked thioester to enhance the acyl donor effect. Unfortunately, the thioesters 

undergo epimerization in the reaction conditions and also demonstrate poor chemoselectivity in the 

presence of cysteine and lysine residues, requiring respective protection with acetamidomethyl (Acm) 

and 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl (Dde) groups.  

In the following year, Wong et al.
130

 reported a metal-free direct ligation of C-terminal thioesters with 

N-terminal amino groups in a mixed-solvent system containing N-methylpyrrolidinone (NMP) and 

GnHCl/HEPES buffer, which proceeded with minimal hydrolysis of the thioester and no 

epimerization (Scheme 1.16). Overall, although the direct aminolysis procedure necessitates 

protection of ε-amino side-chain of lysine that can compete with N-terminal amines, the method has 

proven fruitful in the synthesis of complex peptides and proteins, including biomedically relevant 

glycoproteins such as MUC1.
132,134,133,130
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Scheme 1.16 Phenolic ester directed amide coupling (PEDAC) using Ag(I) and phenolic ester (1.25) (bottom) by 

Danishefsky et al.133 and improved direct aminolysis condition by Wong et al.130 (top) 

Recently, Payne et al. have shown that the use of some N-terminal amino acids residues such as 

phosphoserine and phosphothreonine
135

, as well as glutamic and aspartic acid
136

, improves the rate of 

ligation to C-terminal thioesters (Scheme 1.17). The technique is envisaged to serve as a useful tool 

for the construction of biologically relevant phosphopeptides, phosphoproteins, and glycoproteins.
135

 

Also, the ligated product can be enzymatically dephosphorylated using alkaline phosphatases. 
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Scheme 1.17 Proposed mechanism of phosphate-assisted ligation 

 

(v) Native Peptide Ligation using the Bis(2-sulfanylethyl)amino (SEA) Group 

The bis(2-sulfanylethyl)amino (SEA) ligation protocol reported by Melnyk et al.
137

 utilizes the C-

terminal SEA thiol group that acts as an alkyl thioester precursor (Scheme 1.18). The reduced, 

nucleophilic SEA thiol group rearranges into an alkyl thioester via N to S acyl transfer, which then 

reacts with an N-terminal cysteinyl or homocysteinyl group. The final S to N acyl shift affords a 

natural amide bond. The SEA ligation has a few advantages over the conventional NCL protocol in: 

(i) convenient preparation of the thioester precursor using the standard Fmoc-SPPS 

protocol
138,139,140,141

; and (ii) achieving self-protection from intermolecular reaction of the thioester 

when oxidized into its cyclic disulfide form (SEA
OFF

), while it can also undergo facile reduction to 

continue SEA ligation (SEA
ON

).
137,142,143,144,145
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Scheme 1.18 Bis(2-sulfanylethyl)amido native peptide ligation (SEA ligation) and SEAon/off concept143,137, 142,144,142 

 

(vi) Native Peptide Ligation using the Ketoacid-Hydroxylamine (KAHA) Ligation 

The ketoacid-hydroxylamine (KAHA) ligation developed by Bode et al.
146

 utilizes a mechanistically 

unique approach to produce a natural amide bond, involving a reaction between a C-terminal α-

ketoacid and an N-terminal hydroxylamine (Scheme 1.19).  This method has met with limited 

applications as the two reactive partners require separate syntheses which are not available for all 

canonical amino acids.  
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Scheme 1.19 α-Ketoacid-hydroxylamine ligation 

Bode et al.
147

,
148

 later reported the KAHA ligation with 5-oxaproline that replaces the O-unsubstituted 

hydroxylamine, and facilitates an effective incorporation of the hydroxylamine moiety as an α-

homoserine into peptides upon ligation (Scheme 1.20).  

 

Scheme 1.20 Modified α-Ketoacid-hydroxylamine ligation using 5-oxaproline 

Despite a variety of novel ligation methods being invented in the past 20 years, NCL still serves as the 

most dominant technique in the present advances of peptide/protein ligation, which is empowered by 

the high chemoselectivity and largely quantitative reactions. The versatility of NCL is justified by 

over 2,300 citations of the original paper
84

 since its first introduction in 1994, and thus we 

incorporated this technique as our preferred peptide ligation method throughout the present study.  
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1.3 Folding Synthetic Proteins  

Although the composition of most proteins is restricted to 20 natural amino acids, the diversity of 

their roles as biological macromolecules remains limitless. The role of a particular protein is derived 

from its unique three-dimensional structure, which in turn is defined by the amino acid sequence of 

the polypeptide chains from which the protein is comprised. 

In the cell, a newly translated, linear polypeptide chain is often organized into a compact and globular 

three-dimensional structure, the formation of which is driven by the hydrophobic effect. Hydrophobic 

amino acids mostly compose the internal core of a globular protein, held together by van der Waals 

forces, and predominantly charged and polar side-chains constitute the surface of the three-

dimensional structure. While proteins exist in this compact shape, the specific conformation is mostly 

governed by the flexibility of the polypeptide backbone and the specific interactions of amino acid 

side-chains.
149

 

Since all steps involved in the protein chemical synthesis and purification by reverse-phase high 

performance liquid chromatography (RP-HPLC) are conducted in denaturing conditions, the final 

protein product needs to be folded into its native structure to enable structural and functional studies. 

The folding screening can be approached with similar methods and conditions adopted for refolding 

of recombinantly expressed proteins that are produced as aggregates in inclusion bodies of bacterial 

cells. 

 

1.3.1 Strategies for Synthetic Protein Folding 

As the initial step of protein folding, pure, lyophilized protein is dissolved in a buffer containing a 

denaturant (e.g. guanidine hydrochloride (GnHCl) or urea) at a high concentration, to ensure complete 

linearization of possible protein aggregates. Efficient recovery of the folded proteins depends on 

selecting a procedure that can effectively remove the denaturant from the denatured proteins.
150

  

Conventionally, dialysis and dilution are two methods of protein folding/refolding. In dialysis, a semi-

permeable membrane bag containing the denatured protein sample in concentrated denaturant solution 

is dialyzed against a folding buffer. The protein is exposed to a decreasing concentration of the 

denaturant, slowly promoting folding. The protein concentration is almost constant during the folding 

procedure. In a one-step dialysis, as suggested by the name, the complete dialysis is achieved in a 

single experiment using a large volume of diluting buffer. A consequence of the high protein 

concentration is that as the denaturant concentration is decreased, misfolding or aggregation can 

become prevalent. In particular, if the rate of folding is slow, aggregation can be greatly enhanced, 

since the moderate to low denaturant concentration may not be enough to keep the unfolded or 
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intermediate structures soluble.
151

 As an alternative, a step-wise dialysis experiment can be employed 

where the unfolded protein sample is brought to three different equilibrium states in steps of high, 

middle and low denaturant concentrations. The technique may be particularly advantageous for 

folding multi-domain proteins that feature different folding or stability profiles for each domain.
151

 

The rapid dilution method is also widely used for the removal of denaturant due to the simplicity of 

the procedure that delivers protein samples at high denaturant concentration into a large volume of 

folding buffer. In the dilution method, the denaturant concentration decreases immediately to a low 

level at which the protein folds; folding occurs at low protein concentration, with the protein rapidly 

collapsing into a folded structure upon introduction to the large volume of folding buffer.
151

 It is 

recommended to include some level of denaturant at the folding step at a concentration that is 

contingent on the stability of the protein; and this technique is often applied in a step-wise dilution 

method to achieve this.
151

 Furthermore, since the diffusion coefficient of denaturants are generally 

larger than that of proteins, denaturants diffuse faster than proteins at the early stage of the dilution 

method, which may lead to immediate aggregation of the protein.
150

 To prevent this, rapid mixing is 

required upon addition of the denatured protein sample to the diluting buffer. For folding of 

oligomeric proteins, this rapid dilution method is recommended over slow dilution that may result in 

insufficient concentration of refolded, monomeric state for a prolonged period.
151

 Finally, as 

aggregation is also known to be a function of the protein concentration, a low concentration of the 

protein is recommended to avoid intermolecular aggregation during the dilution.
150

  

In the present study, we incorporated the step-wise rapid dilution method for protein folding and 

differential scanning fluorimetry (DSF)
11

 for rapid screening of protein ‘foldedness’, the combination 

of methods providing a rapid screen of a candidate protein against a large variety of folding buffers. 

The detailed experimental procedures are described in Section 2.19.3. In some cases, the dialysis 

method was also trialled in attempts to improve recovery of the folded protein in some promising 

conditions demonstrated by the step-wise rapid dilution method. 

A number of other refolding approaches using chromatographic or non-chromatographic strategies, 

such as size-exclusion chromatography
152

, reversed micelle systems
153

, zeolite absorbing systems
154

, 

and the natural GroEL–GroES chaperone system
155

 have been reported and are introduced in several 

reviews
156,157,158

. Although these methods have been reported to work well for denatured model 

proteins and many proteins extracted from bacterial inclusion bodies, in most cases there is a 

significant amount of protein precipitation that results in a low recovery yield. Consequently, any 

protein folding/refolding procedure is performed and assessed empirically by a series of trial-and-

error experiments. 

 



39 
  

1.3.1.1 Proteins with Disulfide Bonds 

To ensure the proper folding and biological function of chemically synthesized proteins, the correct 

formation and pairwise configuration of disulfide bonds where present, is essential. The formation of 

disulfide bridge establishes conformational constraints within the protein, which increases its 

thermodynamic stability.
159 However, the constrained movement of the polypeptide chain also means 

pre-formed disulfide bonds may prevent the correct folding of the protein during folding 

experiments.
149

 From the folding study using bovine pancreatic trypsin inhibitor by Creighton, et al. 

160
, the native‐like disulfide bridges that are formed too early during folding needed to be reduced to 

allow the folding process to continue. The use of a redox couple (e.g. oxidized glutathione and 

reduced L-glutathione pair) in the folding buffer can promote correct folding. In such cases, a 

sufficiently low protein concentration should be used to prevent intermolecular disulfide formation. 

For proteins that contain more than one disulfide bond, misfolding may occur owing to incorrect 

disulfide pairing. Disulfides formed randomly in early folding intermediates may cause kinetic 

complications during the later folding steps.
161,162

 In such a case, pre-formation of the correct 

disulfides prior to folding experiments may be recommended, and can be achieved during the 

chemical synthesis where precise control over specific disulfide pairing is possible. 

 

1.3.2 Designing Folding Buffers 

Unfortunately, there is no ‘universal folding buffer’ that is applicable to all proteins – a buffer suitable 

to one may also be equally detrimental to another. Therefore, discovering the most suitable folding 

buffer for a candidate protein primarily requires an extensive screening of varied buffers.  

While pH and redox chemicals are often the primary stabilizing agents of a folding buffer, chemical 

additives can also have beneficial effects. The chemical additives can be classified as either 

denaturants (strong chaotropic reagents), aggregation inhibitors (moderate chaotropic reagents) or 

stabilizers (osmotic reagents).
150

 Most commonly used chaotropes are guanidine hydrochloride and 

urea, which mostly denature proteins at a high concentration. However, at low concentrations, they 

can also act as protein stabilizers that inhibit aggregation.
163,164

 Several amino acids such as arginine 

can be used as aggregation inhibitors through a molecular mechanism that still remains 

unclear.
165,166,167

 The protein stabilizers such as glycerol
163,168

, polyethylene glycol
169,170

, and 

sugars
171,172

, enhance the hydrophobic interactions with the candidate protein. 
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1.3.3 Intrinsically Disordered Proteins 

Intrinsically disordered proteins are a class of proteins that exist as either completely unstructured (i.e. 

random coils) or partially unstructured (i.e. molten globules), conflicting with the traditional view on 

proteins requiring a rigid structure in order to be functional. Such proteins are prevalent in eukaryotes, 

and are also observed in some viruses and bacteria. In spite of being predominantly unstructured, 

natively unfolded proteins in the cell can avoid degradation because: (i) they exist as a complex with 

their binding partner(s) and, as a consequence, are at least partially folded; and (ii) they may be 

sequestered in protease-deficient regions of the cell.
173

 The most popular hypothesis behind the 

prevalence of natively unstructured proteins is that the disorder provides flexibility for the proteins, 

leading to advantages with respect to regulation and binding of diverse ligands.
173

 

Despite these natively unfolded proteins being devoid of extensive structural order, they nevertheless 

are functional and are often characterized by synchronized binding and folding. These proteins often 

exhibit preformed elements that may be critical to the initial recognition of the proteins with their 

structured partner(s). It is now widely recognized that a protein has a greater chance of being natively 

unfolded when: (i) its amino acid composition shows a high abundance of glutamate, lysine, arginine, 

glycine, glutamine, serine and proline, hence making it highly water soluble; (ii) its amino acid 

composition is low in isoleucine, leucine, valine, tryptophan, phenylalanine, tyrosine, cysteine and 

asparagine; and (iii) the role of the protein is associated with cell cycle control, transcriptional or 

translational regulation.
173
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2 EspC: ESX-1 Substrate Protein C (Rv3615c)ace 

dfb 

2.1 Mycobacterium Tuberculosis (Mtb), the Causative Agent of Tuberculosis (TB) 

Tuberculosis (TB), a disease that primarily affects the lungs of an infected host, is the second leading 

cause of death in humans from a single infectious agent, after human immunodeficiency virus (HIV). 

In 2012, 8.6 million were diagnosed with active TB and 1.3 million people died from the disease, a 

quarter of those were also HIV-positive. More than 95% of TB-related deaths occur in the developing 

countries with low- to middle-income. The World Health Organization (WHO) estimates that one-

third of the world’s population is currently infected by TB bacteria. 

Mycobacterium tuberculosis (Mtb), the most common causative agent of TB, is transmitted through 

airborne respiratory fluid particles expelled by an infected host (Figure 2.1). Mtb evades pulmonary 

defence systems and starts intracellular replication within macrophages and dendritic cells that 

engulfed the bacterium via phagocytosis during the early stages of infection that occur prior to any 

host immune response.
174

  

 

Figure 2.1 Mycobacterium tuberculosis, courtesy of Indiana University. 

When host immune responses are triggered in later stages of infection, T lymphocytes, fibroblasts and 

macrophages are activated. These immune cells confine Mtb into cavities known as granulomas, 

where in the majority of cases the trapped bacterium is consequently eradicated.
175,176

 In some cases, 

Mtb can develop strategies to evade the immune response and persist within granulomas, leading to 

what is known as a latent TB infection.  

Mtb may be a slow growing bacterium with a doubling time of 12-24 h, but possesses other critical 

factors that promote its infection and persistence including, a remarkable cell wall structure that 

functions as a physical barrier to harsh environmental conditions within host cells, and virulence 

factors secreted by finely-controlled secretion systems that are generally unique to Mycobacteria.
174,177

 

Mtb is recognized as one of the most successful intracellular pathogens to persist inside the host 

macrophages, as implicated in the striking annual death rate. 
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2.2 Bacillus Calmette-Guérin (BCG) Vaccination and TB Resistance 

In 1921, French researchers Albert Calmette and Camille Guérin developed the Bacillus Calmette-

Guérin (BCG) vaccine from a Mycobacterium bovis strain that had been subcultured in vitro for 13 

years to reduce its virulence.
178

 Currently, this attenuated virus is administered to young children in 

most countries and provides protection against TB for 10-15 years.
179

 The BCG vaccine provides 

some protection against non-pulmonary TB in children, but is ineffective against adult pulmonary TB, 

the most widespread form of the disease worldwide. There are a few vaccine candidates in the 

development phase, although the BCG is the only available vaccine against TB at the present time. 

In addition to the lack of practicable vaccines, the emergence of multidrug- and extensively drug-

resistant TB (MDR-TB and XDR-TB, respectively) classifies TB as a major threat for human health. 

The number of people diagnosed with MDR-TB doubled between 2011 and 2012, with almost 14% of 

TB deaths in 2012 due to MDR-TB. In addition, almost 10% of MDR-TB cases have XDR-TB, with 

no treatments available.  

 

2.3 Significance of Region of Difference 1 (RD1) in Mtb Virulence 

Mycobacterium tuberculosis (Mtb) belongs to the Mycobacterium tuberculosis complex (MTBC), the 

genetically related group of Mycobacterium species that can cause tuberculosis disease in humans or 

other organisms. MTBC includes six other species, namely M. bovis, M. africanum, M. microti, M. 

pinnipedii, M. caprae and M. canetti, although TB is mainly caused by Mtb.  

The availability of the complete genome sequences of several mycobacterial species has provided 

insights into the virulence of Mtb.
180,181

 Comparative genomic analysis between Mtb and BCG has 

revealed that several chromosomal regions of deletion exist in the latter, including region of 

difference 1 (RD1) that is absent in all strains of BCG.
182,183,184

 Gene knock-in and knock-out studies 

on avirulent (M. microti) and virulent (Mtb, M. bovis and M. africanum) members of mycobacterial 

species suggest that the RD1 region plays a role in mycobacterial virulence (Figure 2.2).
185,186,187,188

  

 

 

Figure 2.2 Genomic organization of Mtb. Open reading frames (ORFs) are coloured according to their putative functions: 

red ORFs encode AAA domains; orange ORFs encode putative transmembrane proteins; yellow ORFs encode FtsK/SpoIIIE 

domains; green ORFs encode PE proteins; cyan ORFs encode PPE proteins; purple ORFs encode members of COG0455. 

The functions of the gray ORFs are unclear. Copyright © 2015, reproduced with permission from the National Academy of 

Sciences.189 



43 
  

The RD1 locus of Mtb comprises nine genes (Rv3871-Rv3879c). Rv3874 and Rv3875 encode two 

small proteins, the 10-kDa culture filtrate antigen (CFP-10)
190

 and the 6-kDa early secretory antigenic 

target of Mtb (ESAT-6)
191

, both of which are the most immunodominant and highly Mtb-specific 

antigens secreted by the ESAT-6 system 1 (ESX-1) secretion system. ESAT-6 alone, or as a 1:1 

heterodimeric complex with its chaperone CFP-10, is known to modulate host immune responses. 

Previous structural and functional studies of these proteins suggest they may be instrumental in 

creating a favorable niche inside the host macrophages through non-enzymatic or non-DNA-binding 

methods such as inhibition of NF-κB transactivation.
192,193

 However, the detailed molecular 

mechanisms of the immune modulation involving these proteins are not known. 

 

2.3.1 ESAT-6 System 1 (ESX-1) Secretion System in Mtb 

ESAT-6 system 1 (ESX-1) is the mycobacterium-specific paradigm of type VII systems, with the 

majority of ESX-1 genes of Mtb being encompassed by the RD1 genome segment. The ESX-1 

secretion system exports virulence proteins such as ESAT-6 and CFP-10 across the bacterium’s lipid-

rich cell wall, which controls host-cell immune responses to Mtb infection especially during early 

stages of macrophage infection.
194,195,196,197 

Furthermore, the entire ESX-1 system has been implicated 

in permeabilization of the host’s macrophage phagosomal membrane
198

, facilitating bacterial escape 

and cell-to-cell spread of Mtb.
199,200,201,202

  

The core components of the ESX-1 system include an integral membrane protein known as Rv3877 

(EccD1), and two ATPases associated with diverse cellular activities (AAA ATPases) termed Rv3870 

and Rv3871 (EccCa1 and EccCb1) (Figure 2.3).
182,187,201

 Secretion of the CFP-10/ESAT-6 heterodimer 

is mediated by these core components as well as a set of specialized secreted Esp proteins (described 

in Section 2.4), initiated via site-specific interaction between the C-terminus of CFP-10 and Rv3871. 

However, actual mechanistic details by which individual ESX-1 components mediate secretion are 

unknown.   
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Figure 2.3 Conserved components of the ESX-1 secretion system utilized by Mtb for CFP-10/ESAT-6 secretion 

 

2.4 ESX-1 Substrate Protein C (EspC)
203

 

In 2011, Lalvani and co-workers described ESX-1 Substrate Protein C (EspC) as a novel Mtb-secreted 

antigen that is at least immunodominant as CFP-10 and ESAT-6. Also known as Rv3615c, EspC is a 

103 amino acid protein with molecular mass 10.8 kDa (Figure 2.4), assigning it to the small fraction 

of proteins with a molecular mass of 6-12 kDa that is strongly recognized by T cells isolated from 

patients with TB.
204

 As suggested by its name, secretion of the protein is dependent on the ESX-1 

secretion system, the mode unique to Mtb that also secrets ESAT-6 and CFP-10. Unlike the two RD1 

encompassed antigens however, EspC is part of the espA-espC-espD gene cluster that is encoded for 

outside of RD1. This implies that the gene is present in the BCG genome, but is not secreted due to 

absence of RD1 that contains most ESX-1 genes.
182

 Therefore, EspC is significant as a previously 

unrecognized example of an Mtb antigen where high diagnostic specificity is conferred by RD1-

dependent secretion.
203

 

 1
MTENLTVQPE 

11
RLGVLASHHD 

21
NAAVDASSGV 

31
EAAAGLGESV 

41
AITHGPYCSQ 

51
FNDTLNVYLT 

61
AHNALGSSLH 

71
TAGVDLAKSL 

 81
RIAAKIYSEA 

91
DEAWRKAIDG 

101
LFT 

Figure 2.4 Sequence of EspC 

EspC and EspA encoded by the gene cluster are co-transcribed then co-secreted with ESAT-6 and 

CFP-10 (Figure 2.5).
205

 Although the secretion of EspC and EspA is dependent on the secretion of the 

CFP-10/ESAT-6 complex and vice versa
206

, there seems to be little or no direct interaction between 
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EspC and EspA.
207

 Prior to secretion, EspC engages in multiprotein complex formation to ensure 

proper targeting of the substrates to the secretion apparatus for translocation; one important initial 

event is binding to Rv3868, an AAA ATPase that specifically recognizes the C-terminus of EspC, but 

not CFP-10 (A, Figure 2.5).
203,207

 Although the C-terminus of EspC is crucial for the initial targeting, 

subsequent secretion requires different domains of the protein.
207

 

 

Figure 2.5 Mediation of EspC secretion by ESX-1  

The in vitro transcription of EspC is up-regulated at low pH
208

 and in low-iron conditions
209

, 

environments which pertain in the macrophage phagosome, implying that EspC is actively expressed 

and therefore is accessible to antigen-processing pathways during intracellular infection in vivo.
203

 

Therefore, it has been hypothesized that EspC may be recognized by T cells from patients infected 

with Mtb. 

 

2.4.1 Sequence Homology and Predicted Structure of EspC 

EspC displays a Tyr-Xaa-Asp/Glu secretion motif towards the C-terminus, which is typical for 

mycobacterial ESX substrates. The protein is similar in length and sequence homology to the two 

fore-mentioned Mtb-specific antigens, CFP-10 and ESAT-6, both of which form a characteristic 

helix-turn-helix hairpin structure owing to the presence of Trp-Xaa-Gly motif (red, Figure 2.6).
210

 A 

BLAST search also shows that the N-terminal motif of EspC (Met
1
-Asp

20
) is conserved in several 

ESAT-6 family members, including ESAT-6 itself, suggesting that EspC may be distantly related to 

the ESAT-6 family of proteins (Figure 2.6).
206
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      N-terminus  1           11          21          31          41          51          61          71          81          91          101  C-terminus 

             |---------|---------|---------|---------|---------|---------|---------|---------|---------|---------|-- 

EspC (103 aa):    MTENLTVQPERLGVLASHHDNAAVDASSGVEAAAGLGESVAITHGPYCSQFNDTLNVYLTAHNALGSSLHTAGVDLAKSLRIAAKIYSEADEAWRKAIDGLFT 

CFP-10 (100 aa):  MAEMKTDAATLAQEAGNFERISGDLKTQIDQVESTAGSLQGQWRGAAGTAAQAAVVRFQEAANKQKQELDEISTNIRQAGVQYSRADEEQQQALSSQMGF 

ESAT-6 (95 aa):  MTEQQWNFAGIEAAASAIQGNVTSIHSLLDEGKQSLTKLAAAWGGSGSEAYQGVQQKWDATATELNNALQNLARTISEAGQAMASTEGNVTGMFA       

Figure 2.6 Sequences of EspC (Rv3615c), CFP-10 (Rv3874) and ESAT-6 (Rv3875): Sequences of the proteins with shaded 

areas indicating motifs with high sequence similarity, as identified by BLAST. Underlining indicates identical amino acids 

between the proteins. 

 

The C-terminus of both EspC and CFP-10 is critical for the initial targeting of AAA ATPases prior to 

their secretion by ESX-1, but they are not functionally equivalent; EspC and CFP-10 respectively bind 

to Rv3868 and Rv3871 (Figure 2.5).
207

 Nevertheless, the peptide mapping analysis that showed 

particularly frequent recognition of T-cell epitopes toward the C-terminus of EspC in both active and 

latent TB infection, correlates with the concentration of frequently recognized epitopes near the C-

terminus of CFP-10.
211

 Collectively, these findings reflect the 75% similarity and 33% identity at 

amino acid level between the C-terminal motifs of EspC (Asp
75

-Ile
98

) and CFP-10 (Glu
71

-Leu
94

) 

(Figure 2.7).
203

 

EspC (Asp
75

-Ile
98

):  DLAKSLRIAAKIYSEADEAWRKAI 

CFP-10 (Glu
71

-Leu
94

): EISTNIRQAGVQYSRADEEQQQAL 

Figure 2.7 Comparison of the C-terminal motifs of EspC and CFP-10. 

 

2.5 Significance of EspC Investigation 

As previously described, ESX-1 membranolytic activity depends on a set of specialized secreted Esp 

proteins, the structure and specific roles of which are not currently understood. With EspC not being 

an exception, detailed knowledge on the function of EspC in ESX-1 secretion remains scarce. It is 

now important to delineate the precise contributions of EspC and the other ESX-1 substrates to 

pathogenesis, on account of the significant role of ESX-1 in the virulence of Mtb. 

The prominent significance of EspC as a novel immunodominant and specific immunodiagnostic T-

cell antigen implies that the protein could readily replace ESAT-6 in Hybrid 1, a leading vaccine 

candidate that is composed of ESAT-6-based fusion protein.
203

 Such replacement could provide a 

practical immunological solution to the emerging strategic challenge in global TB control by 

maintaining diagnostic sensitivity and specificity of the interferon-gamma release assay (IGRA), the 

regularly performed diagnostic test for both active and latent TB that essentially relies on ESAT-6 and 

CFP-10.
212,213
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2.6 Research Objectives 

We envisaged total chemical synthesis would be the key procedure to acquiring the target protein and 

broadening opportunities for novel structural discoveries, aided by techniques such as racemic protein 

crystallography to help solve the three-dimensional structure of the protein. The following aims were 

set to: 

(1) explore chemical synthesis of the protein via Boc SPPS and native chemical ligation 

protocols; 

(2) fold the synthesized protein, guided by differential scanning fluorimetry (DSF) and/or 

circular dichroism (CD); 

(3) characterize the secondary and tertiary structure of the protein via modern biophysical 

techniques such as circular dichroism and X-ray crystallography; and 

(4) investigate the chemical synthesis of the D-form of the protein and to produce a racemic 

crystal structure. 

 

2.7 Proposed Synthesis of EspC using Native Chemical Ligation 

A synthetic strategy was devised using the NCL reaction as the means to “stitch together” synthesized 

polypeptide fragments to generate the full length sequence of EspC (Scheme 2.1). A native cysteine 

containing Tyr
47

-Cys
48

 was chosen as the single ligation site as it could avoid any post-ligation 

modifications and also disconnected the sequence into two polypeptide fragments, the thioester 

fragment 2.1 and the cysteinyl fragment 2.2, which were of similar lengths (47 aa and 54 aa). 

 

Scheme 2.1 Synthetic strategy of EspC using NCL 
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2.7.1 Attempted Synthesis of the Thioester Fragment 2.1 

An exploratory synthesis and purification of the thioester fragment 2.1 was attempted on a 0.1 mmol 

scale using HATU/DIPEA as coupling reagents. Using Boc SPPS protocols (Section 2.19.1.2), the 

HF-cleaved crude 2.1 was analyzed by LC-MS (A, Figure 2.8). The major peak of the crude profile 

contained the desired product, as evidenced by the corresponding [(M+5H)
5+

]
 
value of 978.7 Da, 

closely matching the calculated value of 978.9 Da. The purification of crude 2.1 on a C4 semi-

preparative column resulted in a single peak (B, Figure 2.8); however, as judged by the MS 

chromatogram, extensive amounts of by-products formed during the synthesis, co-eluted with the 

desired product (C, Figure 2.8). 

 

Figure 2.8 Analytical LC-MS chromatograms of the synthesis of thioester fragment 2.1: (A) LC chromatogram of the crude 

thioester fragment 2.1; (B) LC chromatogram of the purified thioester fragment 2.1; (C) MS chromatogram of the purified 

thioester fragment 2.1: [(M+5H)5+] Calc. 978.7 Da, Obs. 978.9 Da. The analytical RP-HPLC was carried out using an 

analytical column (Grace Vydac, 219TP diphenyl, 300 Å, 2.1 mm × 50 mm; 5 μm) using a linear gradient of 5-80% buffer B 

over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 

1.2.3.1) for the peptide synthesis scheme. 
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2.7.1.1 Synthesis of the Thioester Fragment 2.1a 

To circumvent the formation of unwanted by-products and to improve HPLC recovery of the thioester 

2.1, the C-terminal glycine residue in the thioester moiety was replaced with a penta-arginine tag to 

afford the thioester 2.1a (Figure 2.9). An arginine tag is reported to be efficient in removal of 

undesired by-products and is also easily removed by transthioesterification during the ligation 

reaction.
214

 

 

 

Figure 2.9 Installation of a solubilising arginine tag on 2.1 to devise 2.1a. 

The synthesis of the thioester 2.1a was carried out using the same conditions trialled for the thioester 

2.1, using HATU/DIPEA as coupling reagents. Pleasingly, an improvement in sample purity was 

observed in the crude HPLC profile of the thioester 2.1a, as the early eluting shoulder seen previously 

in the crude profile of the thioester 2.1 was completely absent (A, Figure 2.10). The crude thioester 

2.1a was then purified by RP-HPLC to produce the highly pure thioester 2.1a (B, Figure 2.10) in 

12.8% yield, as characterized by the [(M+8H)
8+

] charge state (Calc. 702.7 Da, Obs. 702.5 Da) in the 

MS chromatogram (C, Figure 2.10).  
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Figure 2.10 Analytical LC-MS chromatograms of the synthesis of thioester fragment 2.1a: (A) LC chromatogram of the 

crude thioester fragment 2.1a; (B) LC chromatogram of the purified thioester fragment 2.1a; (C) MS chromatogram of the 

purified thioester fragment 2.1a: [(M+8H)8+] Calc. 702.7 Da, Obs. 702.5 Da. The analytical RP-HPLC was carried out using 

an analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 

26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) 

for the peptide synthesis scheme. 

 

2.7.2 Synthesis of the Cysteinyl Fragment 2.2 

The cysteinyl fragment 2.2 was synthesized using Boc SPPS protocols and HATU/DIPEA as coupling 

reagents. The HF-cleaved crude 2.2 was analyzed by LC-MS, which identified the major product as 

the desired cysteinyl fragment 2.2 (A, Figure 2.11) albeit with several earlier eluting by-products. The 

crude cysteinyl fragment 2.2 was then able to be purified effectively on a semi-preparative C4 column 

and its identity was confirmed by the presence of an [(M+6H)
6+

] ion in the mass spectrum 

([(M+6H)
6+

] Calc. 1012.5 Da, Obs. 1012.2 Da) (B, C, Figure 2.11). 
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Figure 2.11 Analytical LC-MS chromatograms of the synthesis of cysteinyl fragment 2.2: (A) LC chromatogram of the 

crude cysteinyl fragment 2.2; (B) LC chromatogram of the purified cysteinyl fragment 2.2; (C) MS chromatogram of the 

purified cysteinyl fragment 2.2: [(M+6H)6+] Calc. 1012.5 Da, Obs. 1012.2 Da. The analytical RP-HPLC was carried out 

using an analytical column (Grace Vydac, 219TP diphenyl, 300 Å, 2.1 mm × 50 mm; 5 μm) using a linear gradient of 5-80% 

buffer B over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 

(Section 1.2.3.1) for the peptide synthesis scheme. 

 

2.8 Assembly of the Peptidyl Fragments using Native Chemical Ligation 

With the purified polypeptide fragments in hand, NCL between the thioester 2.1a and the cysteinyl 

fragment 2.2 was conducted in 6 M GnHCl/0.2 M Na2HPO4 containing MPAA (100 mM) and 

TCEP.HCl (20 mM) at pH 7.0 (Figure 2.12). The reaction was monitored by LC-MS, which revealed 

formation of the ligated peptide 2.3 after 12 h of reaction time (A, B, Figure 2.12). The desired 

ligation product 2.3 was purified on a semi-preparative diphenyl column and the identity of the 

desired product was confirmed by the presence of an [(M+11H)
11+

] ion in the mass spectrum 

([(M+11H)
11+

] Calc. 982.4 Da, Obs. 982.3 Da) (C, D, Figure 2.12). 
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Figure 2.12 Analytical LC-MS chromatograms of NCL between the purified thioester 2.1a and the purified cysteinyl 

fragment 2.2: (A) LC chromatogram of the crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction 

mixture at T=12 h; (C) LC chromatogram of the purified EspC 2.3; (D) MS chromatogram of the purified EspC 2.3 

[(M+11H)11+; Calc. 982.4 Da, Obs. 982.3 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, 

Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% 

formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

 

2.9 Initial Folding Screen of EspC 2.3 

Upon successful synthesis of the ligated product 2.3, the linear sequence was tested for folding into its 

native structure, guided by a modified protocol from Niesen, et al.
11

 A total of 95 buffer conditions 

were designed with different combinations of stabilizing additives such as common salts, polymers 

and metal ions over a pH range between 5 and 9. Given the protein is known to oligomerize, rapid 

dilution was chosen as the preferred folding method over a dialysis method at high protein 
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concentration and each folding experiment was analysed using differential scanning 

fluorimetry.
206,151,11 

A set of 6-8 different conditions was tested during a single round of 

experimentation - all buffer conditions tested against 2.3 are listed in Table 2.1.  

# Buffer Component Additives 

1 50 mM MES pH 5.0 None 

2 50 mM MES pH 6.0 None 

3 50 mM Tris pH 7.0 None 

4 50 mM Tris pH 7.5 None 

5 50 mM Tris pH 8.0 None 

6 50 mM MES pH 5.0 
100 mM NaCl,  

50 mM KCl 

7 50 mM MES pH 6.0 
100 mM NaCl,  

50 mM KCl 

8 50 mM Tris pH 7.0 
100 mM NaCl,  

50 mM KCl 

9 50 mM Tris pH 7.5 
100 mM NaCl,  

50 mM KCl 

10 50 mM Tris pH 8.0 
100 mM NaCl,  

50 mM KCl 

11 1X PBS pH 7.2 None 

12 50 mM MES pH 6.0 5% glycerol 

13 50 mM MES pH 6.5 5% glycerol 

14 50 mM Tris pH 7.0 5% glycerol 

15 1X PBS pH 7.2 5% glycerol 

16 50 mM Tris pH 7.5 5% glycerol 

17 50 mM MES pH 6.0 800 mM arginine 

18 50 mM MES pH 6.5 800 mM arginine 

19 50 mM Tris pH 7.0 800 mM arginine 

20 1X PBS pH 7.2 800 mM arginine 

21 50 mM Tris pH 7.5 800 mM arginine 

22 50 mM MES pH 6.0 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

23 50 mM MES pH 6.5 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

24 50 mM Tris pH 7.0 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

25 1X PBS pH 7.2 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

26 50 mM Tris pH 7.5 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

27 50 mM MES pH 6.0 0.05% PEG 400 

28 50 mM MES pH 6.5 0.05% PEG 400 

29 50 mM Tris pH 7.0 0.05% PEG 400 

30 1X PBS pH 7.2 0.05% PEG 400 

31 50 mM Tris pH 7.5 0.05% PEG 400 

32 50 mM MES pH 6.0 0.05% PEG 4000 

33 50 mM MES pH 6.5 0.05% PEG 4000 

34 50 mM Tris pH 7.0 0.05% PEG 4000 

35 1X PBS pH 7.2 0.05% PEG 4000 

36 50 mM Tris pH 7.5 0.05% PEG 4000 

37 50 mM MES pH 6.0 500 mM glucose 

38 50 mM MES pH 6.5 500 mM glucose 

39 50 mM Tris pH 7.0 500 mM glucose 

40 1X PBS pH 7.2 500 mM glucose 

41 50 mM Tris pH 7.5 500 mM glucose 

42 50 mM MES pH 6.0 100 mM NDSB 201 

43 50 mM MES pH 6.5 100 mM NDSB 201 

44 50 mM Tris pH 7.0 100 mM NDSB 201 

45 1X PBS pH 7.2 100 mM NDSB 201 

46 50 mM Tris pH 7.5 100 mM NDSB 201 

47 50 mM MES pH 6.0 100 mM NDSB 195 

48 50 mM MES pH 6.5 100 mM NDSB 195 

49 50 mM Tris pH 7.0 100 mM NDSB 195 
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50 1X PBS pH 7.2 100 mM NDSB 195 

51 50 mM Tris pH 7.5 100 mM NDSB 195 

52 50 mM MES pH 6.0 100 mM NDSB 256 

53 50 mM MES pH 6.5 100 mM NDSB 256 

54 50 mM Tris pH 7.0 100 mM NDSB 256 

55 1X PBS pH 7.2 100 mM NDSB 256 

56 50 mM Tris pH 7.5 100 mM NDSB 256 

57 50 mM MES pH 6.0 5 mM GSH, 2 mM GSSG 

58 50 mM MES pH 6.5 5 mM GSH, 2 mM GSSG 

59 50 mM Tris pH 7.0 5 mM GSH, 2 mM GSSG 

60 1X PBS pH 7.2 5 mM GSH, 2 mM GSSG 

61 50 mM Tris pH 7.5 5 mM GSH, 2 mM GSSG 

62 50 mM MES pH 6.0 

anion mix (50 µM each 

of NaCl, 

NaNO3,vNa2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

63 50 mM MES pH 6.5 

anion mix (50 µM each 

of NaCl, NaNO3, 

Na2SO4, Na2CO3, 

NaHCO3, NaH2PO4, 

Na2HPO4) 

64 50 mM Tris pH 7.0 

anion mix (50 µM each 

of NaCl, NaNO3, 

Na2SO4, Na2CO3, 

NaHCO3, NaH2PO4, 

Na2HPO4) 

65 1X PBS pH 7.2 

anion mix (50 µM each 

of NaCl, NaNO3, 

Na2SO4, Na2CO3, 

NaHCO3, NaH2PO4, 

Na2HPO4) 

66 50 mM Tris pH 7.5 

anion mix (50 µM each 

of NaCl, 

NaNO3,vNa2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

67 50 mM MES pH 6.0 10 mM TCEP 

68 50 mM MES pH 6.5 10 mM TCEP 

69 50 mM Tris pH 7.0 10 mM TCEP 

70 1X PBS pH 7.2 10 mM TCEP 

71 50 mM Tris pH 7.5 10 mM TCEP 

72 50 mM MES pH 6.0 5 mM TCEP 

73 50 mM MES pH 6.5 5 mM TCEP 

74 50 mM Tris pH 7.0 5 mM TCEP 

75 1X PBS pH 7.2 5 mM TCEP 

76 50 mM Tris pH 7.5 5 mM TCEP 

Table 2.1 A list of buffer conditions tested for folding of EspC. 

Of the 76 conditions tested, a few encouraging conditions were found that contained NaCl, KCl and 

TCEP; fine-screening around these conditions produced the final folding buffer comprising 100 mM 

NaCl, 50 mM KCl, 50 mM Tris pH 7.2, and 2 mM TCEP. This buffer provided a sufficiently stable 

sample to assess the secondary structure of the folded protein at 4 ºC by circular dichroism (CD) 

spectroscopy.   

 

2.10 Secondary Structure Measurement of the Folded EspC by CD Spectroscopy 

The linear sequence of EspC 2.3 was allowed to fold in the designed final folding and was 

characterized by far-UV circular dichroism (CD) spectroscopy (195-285 nm) at 4 °C. The buffer-

corrected circular dichroism spectrum recorded between 285 nm and 195 nm reveals a clear indication 

of α-helical structure
215

 within the native EspC, evidenced by the appearance of minima at 222 nm 

and 208 nm and a positive signal at ~195 nm (Figure 2.13). 
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Figure 2.13 Circular dichroism spectrum of the folded synthetic EspC at 4 °C. 

A thermal stability experiment was carried out using circular dichroism on an instrument fitted with a 

Peltier heating block. The advantage of measuring thermal denaturation by CD over DSF is that 

denaturation is observed directly from the CD spectra as opposed to being measured indirectly via a 

fluorescent dye. Spectra were recorded at a fixed wavelength of 208 nm, with the temperature ramped 

over a range of 8-80 °C (red, Figure 2.14), followed by a declining temperature over the same range 

(blue, Figure 2.13). In the forward ramp direction, the ellipticity value rapidly increased to reach a 

plateau at ~38 °C, indicating a clear loss of the α-helicity in the folded protein at this temperature. The 

partial recovery of α-helicity in the protein is demonstrated by the cooling curve (blue, Figure 2.14). 

Overall, the CD results show an α-helical secondary structure for synthetic EspC but the relatively 

low melting temperature (Tm) of ~25 ºC demonstrated by the melting curve, indicates a thermally 

unstable protein and this may limit the use of this protein in other experiments. 

 

Figure 2.14 Thermal stability of the folded EspC: melting curves showing the temperature range used in the experiment 

measured by circular dichroism spectroscopy recorded at 208 nm. 
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2.11 Size Exclusion Chromatographic Analysis of the Folded EspC 

To check for monodispersity of the folded EspC, a freshly folded protein sample (1 mg) was purified 

by size exclusion chromatography (SEC) using a Superdex 75 10/300 GL column. Pure, linear EspC 

2.3 was folded in the folding buffer at 4 °C and concentrated to 200 μL. For a single run, 100 μL of 

the concentrated sample was loaded onto the column that was pre-equilibrated in the folding buffer at 

4 °C.  Two separate runs were carried out on the same protein sample, giving intriguing results 

(Figure 2.15). 

 

Figure 2.15 Size exclusion chromatography analyses of 2 × 100 μL injections of the same folded sample of EspC. 

Despite the same sample origin of the two consecutive injections, the chromatograms appeared to be 

vastly different. The profile from the first injection displayed two distinct peaks, Peak (a) at ~8.8 mL 

elution volume and Peak (b) at ~10.2 mL elution volume, followed by an indistinguishable cluster of 

peaks at various elution volumes (A, Figure 2.15). Interestingly, the profile from the second injection, 

the concentrated sample of which had spent ~2 more hours at 4 °C than the first injected sample, 

featured only a single peak namely Peak (a') eluting around the same volume as Peak (a) and with the 

disappearance of the other successive peaks that were previously seen in the profile from the first 

injection (B, Figure 2.15). To identify species corresponding to these peaks, respective fractions for 

Peaks (a), (b) and (a') were pooled separately, concentrated and subjected to DSF and CD analyses. 

 

2.11.1 Further Analyses using Differential Scanning Fluorimetry and Circular Dichroism 

With the concentrated samples of Peak (a), (b) and (a') in hand, a DSF experiment was conducted 

over a temperature range of 25-95 °C and CD spectra were recorded from 285 nm to 195 nm at 4 °C 

(Figure 2.16). 
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Figure 2.16 DSF profiles and CD spectra of Peaks (a), (b) and (a'): (A) DSF profile of Peak (a); (B) DSF profile of Peak (b); 

(C) DSF profile of Peak (a'); (D) CD spectrum of Peak (a); (E) CD spectrum of Peak (b); (F) CD spectrum of Peak (a'). 

The DSF profile of Peak (b) displayed a monophasic transition curve, with an approximate Tm value 

of ~69 °C (C, Figure 2.16). On the other hand, Peak (a) displayed a non-monophasic transition curve 

with high initial fluorescence; Tm information cannot be assessed from this data but there is some 

suggestion of melting transitions at 46-51 °C and at ~68 °C (A, Figure 2.16). The DSF profile of Peak 

(a') that was suspected to have originated from the same species as that of Peak (a), also featured a 

non-monophasic transition curve, with high initial fluorescence; Tm information cannot be assessed 
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from this data but there is some suggestion of melting transitions at 25-30 °C and at ~60 °C (C, Figure 

2.16).  

Despite the variability in the number of phase transitions between each of the Peak (a), (b) and (a') 

samples, all CD spectra indicate the presence of α-helices in all of the samples (D, E, F, Figure 2.16).  

 

2.11.2 Comparison of the Acquired Peaks with Bovine Serum Albumin (BSA) Standard  

Since the size exclusion chromatograms featured Peaks (a) and (a') eluting very close to the 

approximated void volume of the column (~7.2 mL), we conducted a crude calibration of the 

molecular mass of these peaks using SEC and bovine serum albumin (BSA). The SEC experiment 

was carried out using the EspC folding buffer at 4 ºC and the same Superdex 75 10/300 GL column 

that was used for all SEC experiments on folded EspC samples. When SEC profiles of the BSA 

standard and the folded EspC are superimposed, it is clear that the EspC elutes (~8.8 mL) before the 

major monomeric BSA peak at ~7.9 mL, but after the dimer BSA peak at ~9.3 mL (Figure 2.17). 

Thus it was concluded from this study that: (i) protein species underlying Peaks (a) and (a') are not 

protein aggregates but are likely to be oligomers of EspC; and (ii) as judged by molecular masses 

(MM) of monomeric BSA (66.5 kDa) and dimeric BSA (133.0 kDa), the oligomers are likely to be 

composed of 7-12 EspC monomers (Figure 2.17). 

 

Number 
of EspC 

subunit(s) 

MM of the 
EspC 

oligomer 
(kDa) 

 
MM of 

BSA (kDa) 

1 10.8  

2 21.6  

3 32.4  

4 43.2  

5 54.0  

6 64.8 66.5 
(monomer) 

7 75.6  
   possible 
   oligomers of       
   EspC as  
   judged by SEC 

8 86.4 

9 97.2 

10 108.0 

11 118.8 

12 129.6 

13 140.4 133.0 (dimer) 

 

Figure 2.17 Comparison between the SEC profiles of the BSA standard and the folded EspC.  
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2.12 Analysis of the Folded EspC by SEC-MALS  

The SEC experiments describing oligomerization above are a very crude analysis of the system and 

suggested further investigation was warranted. Multiangle light scattering (MALS) coupled to SEC 

(SEC-MALS) provides a means to calculate the molecular molar mass of proteins based on light 

scattering at different angles, eliminating the estimation of the molecular weight from elution volumes. 

Since it was established that the folded EspC forms a large oligomeric structure at a higher 

concentration, a SEC-MALS study was conducted to determine the accurate molecular mass(es) of 

the EspC oligomer(s). For the first run, 100 μL sample of the folded EspC (1 mM) was loaded onto a 

Superdex 75 10/300 GL column and eluted using the EspC folding buffer added with 3 mM NaN3. 

Disappointingly, the SEC-MALS chromatogram featured multiple peaks that eluted very close to one 

another, impeding calculations of the exact molecular weights of the underlying oligomeric species 

(black, Figure 2.18). Each of the peaks were roughly estimated to be assigned as: (c) a likely tetramer; 

(d) a likely trimer; (e) a likely dimer; (f) a likely monomer; and (g) non-peptidyl species (Figure 2.18). 

 

Figure 2.18 SEC-MALS analysis of EspC: (c) a likely tetramer of EspC; (d) a likely trimer of EspC; (e) a likely dimer of 

EspC; (f) a likely monomer of EspC; and (g) non-peptidyl species. Size information is not included in the diagram as a 

dilution series of EspC was not able to run. 

In conclusion, the studies of the folded EspC by SEC-MALS and SEC alone suggest the protein forms 

a range of oligomeric species, ranging from monomers to tetramers and perhaps larger.  

 

2.13 Structural Prediction of EspC using I-TASSER 

ESAT-6 and CFP-10, the potent Mtb-specific antigens, feature a Trp-Xaa-Gly motif about in the 

middle of their linear sequences, creating a turn that joins two α-helices. A three-dimensional 
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structure of EspC was predicted based on its linear sequence using I-TASSER
216

, and displays a 

hairpin structure closely resembling the structures of ESAT-6 and CFP-10 (Figure 2.19). This 

prediction is strongly supported by the CD measurements that are indicative of α-helical structures in 

the folded EspC (Figur 2.13). 

 
 

 

 

 

 

 

 

 

 

Figure 2.19 The predicted structure of EspC (Rv3615c) by I-TASSER216 (left) and the crystal structures of CFP-10 

(Rv3874) and ESAT-6 (Rv3875) (right), copyright © 2015, reproduced with permission from Nature Publishing Group.202 

The two hairpins of ESAT-6 and CFP-10 form a 1:1 heterodimer that is stabilized via hydrophobic 

interactions.
210

 In the case of EspC in Mtb, although there is no known hetero-multimeric partner 

protein, the protein has been shown to interact with itself by yeast-two hybrid analysis.
206

 This finding 

is consistent with our SEC and SEC-MALS analyses, where the formation of various multimeric 

species was evident (Figures 2.17 and 2.18). 

 

2.14 Initial Crystallization Screening of the Folded EspC 

From the studies of EspC so far, it was established that: (i) the linear, synthetic EspC folds up into an 

α-helical structure, which in turn assembles into oligomers made of 2-12 EspC monomers; and (ii) the 

DSF experiments suggest a relatively thermal stable protein/complex (Tm = ~68 °C). This suggested 

the samples of EspC may be suitable for crystallization. Robotic crystallization screening was 

performed at 18 ºC using an in-house library of 576 conditions. A freshly folded sample of EspC was 

purified by SEC at 4 ºC to ensure its homogeneity. The fractions containing pure, folded EspC of the 

largest oligomer (identified in Section 2.11.2) were pooled together and concentrated at 4 ºC. Sitting 

drops were set up in 96-well Intelliplates that were sealed and stored at 18 °C. All crystallization 

drops were monitored under a light microscope on a regular basis. Several conditions yielded crystals 

(Figure 2.20) within 1 week and several of the crystals were taken to the Australian Synchrotron to 

obtain X-ray diffraction data; all of the crystals were determined by diffraction to be non-protein salt 
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crystals. A new set of crystallization screens were set up using a highly concentrated protein stock 

solution (~25 mg/mL), which also did not produce protein crystals. 

 

Figure 2.20 A typical example of crystals obtained from the initial crystallization screening of L-EspC. 

 

2.15 Racemic Protein Crystallography and the Proposed Synthesis of D-EspC 

Since no protein crystals were obtained from the initial crystallization screening using only the natural 

L-isomer of EspC, it was decided to explore structural characterization of EspC by racemic protein 

crystallography, the technique that is suggested to greatly improve the chances of crystallization by 

using the unnatural D-isomer (paired with the L-isomer) of a target protein.
30

 Racemic protein 

crystallography utilizes a racemic mixture of a target protein for the crystallization step. Hence, the D-

isomer of EspC was required to be chemically synthesized. 

We adopted the same synthetic strategy we established for the synthesis of L-EspC as in theory, the D-

amino acids have the same reactivity as the L-amino acids (Scheme 2.2).  

 

Scheme 2.2 Synthetic strategy of D-EspC using NCL 
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2.15.1 Synthesis of the D-Thioester Fragment 2.1d 

The synthesis of the thioester 2.1d was carried out using the same synthesis conditions for the 

thioester 2.1a, using Boc SPPS with HATU/DIPEA as coupling reagents. LC-MS identified a peak in 

the crude profile of 2.1d as the desired D-thioester although the elution profile suggested significant 

impurities. Nevertheless, the crude thioester 2.1d was able to be purified on a semi-preparative C18 

column and the molecular mass of the thioester 2.1d was confirmed by the presence of an [(M+8H)
8+

] 

ion in the mass spectrum ([(M+8H)
8+

] Calc. 702.7 Da, Obs. 702.6 Da) (B, C, Figure 2.21).  

 

 

Figure 2.21 Analytical LC-MS chromatograms of the synthesis of thioester fragment 2.1d: (A) LC chromatogram of the 

crude thioester fragment 2.1d; (B) LC chromatogram of the purified thioester fragment 2.1d; (C) MS chromatogram of the 

purified thioester fragment 2.1a: [(M+8H)8+] Calc. 702.7 Da, Obs. 702.6 Da. The analytical RP-HPLC was carried out using 

an analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 

26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) 

for the peptide synthesis scheme. 

 

2.15.2 Synthesis of the D-Cysteinyl Fragment 2.2d 

To enable preparation of the D-fragment 2.2d, D-Thr attached to the PAM linker was required. Unlike 

Boc-L-Thr(Bzl)-PAM linker, Boc-L-Thr(Bzl)-PAM linker is not commercially available, thus an 
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alternative procedure was used to prepare the Boc-D-Thr(Bzl)-PAM linker-resin by sequential 

coupling of (i) PAM linker to aminomethyl resin; then (ii) Boc-D-Thr(Bzl)-OH to the PAM linker-

resin via esterification, (Figure 2.22) using DIC. To ensure a high level of amino acid loading, the 

esterification was repeated in triplicate.  

 

Figure 2.22 Comparsion of installation procedures for L-/D-amino acid-PAM linker-resin: (A) Preparation of BocHN-L-

Thr(Bzl)103-PAM-resin; (B) Preparation of BocHN-D-Thr(Bzl)103-PAM-resin. 

Following the preparation of Boc-D-Thr(Bzl)
103

-PAM linker-resin construct, the cysteinyl fragment 

2.2d was synthesized using Boc SPPS protocols and HATU/DIPEA as coupling reagents. The HF-

cleaved crude peptide 2.2d was analyzed by LC-MS, which identified the product as the minor 

component (A, Figure 2.23). Nonetheless, the cysteinyl fragment 2.2d was able to be purified on a 

semi-preparative C4 column and the mass of the cysteinyl fragment 2.2d was confirmed by the 

presence of an [(M+6H)
6+

] ion in the mass spectrum ([(M+6H)
6+

] Calc. 1012.5 Da, Obs. 1012.3 Da) 

(B, C, Figure 2.23). 
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Figure 2.23 Analytical LC-MS chromatograms of the synthesis of cysteinyl fragment 2.2d: (A) LC chromatogram of the 

crude cysteinyl fragment 2.2d; (B) LC chromatogram of the purified cysteinyl fragment 2.2d; (C) MS chromatogram of the 

purified cysteinyl fragment 2.2d: [(M+6H)6+] Calc. 1012.5 Da, Obs. 1012.3 Da. The analytical RP-HPLC was carried out 

using an analytical column (Grace Vydac, 219TP diphenyl, 300 Å, 2.1 mm × 50 mm; 5 μm) using a linear gradient of 5-80% 

buffer B over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 

(Section 1.2.3.1) for the peptide synthesis scheme. 

 

2.16 Assembly of the D-Peptidyl Fragments using Native Chemical Ligation 

With the purified D-fragments in hand, NCL between the thioester 2.1d and the cysteinyl fragment 

2.2d was conducted in 6 M GnHCl/0.2 M Na2HPO4 containing MPAA (100 mM) and TCEP.HCl (20 

mM) at pH 7.0 (Figure 2.24). The reaction was monitored by LC-MS, which revealed formation of 

the ligated peptide 2.3d after 12 h of reaction time (A, B, Figure 2.24). The desired ligation product 

2.3d was purified on a semi-preparative diphenyl column and the identity of the desired product was 

confirmed by the presence of an [(M+11H)
11+

] ion in the mass spectrum ([(M+11H)
11+

] Calc. 982.4 

Da, Obs. 982.1 Da) (C, D, Figure 2.24). 
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Figure 2.24 Analytical LC-MS chromatograms of NCL between the purified thioester 2.1d and the purified cysteinyl 

fragment 2.2d: (A) LC chromatogram of the crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction 

mixture at T=12 h; (C) LC chromatogram of the purified EspC 2.3d; (D) MS chromatogram of the purified EspC 2.3d 

[(M+11H)11+; Calc. 982.4 Da, Obs. 982.1 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, 

Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% 

formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

 

2.17 Crystallization of L-/D-EspC using Racemic Protein Crystallography 

Both the purified, linear L- and D-EspC were folded into their native structure using the established 

EspC folding buffer and protocols. The protein samples were concentrated separately until they 

reached the desired volume and their concentrations measured by nanodrop. Based on their 

concentrations, the protein solutions were mixed in exactly a 1:1 molar ratio to yield a racemic protein 
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sample that was used to set up initial crystallization trays in 576 different conditions. The trays were 

stored at 18 ºC and monitored on a regular basis under a light microscope. After 3 weeks, formation of 

fine needles from phase-separation in a few crystallization conditions were observed (Figure 2.25).  

 

Figure 2.25 Crystals formed from the initial crystallization screens using racemic mixture of EspC: (A) 0.2 M sodium 

formate, 20% PEG3350; (B) 0.8 M NaH2PO4/KH2PO4, 0.1 M HEPES pH 7.5; (C) 0.1 M bicine pH 9.0, 2.0 M magnesium 

chloride hexahydrate; and (D) 0.8 M NaH2PO4/K2HPO4 pH 7.0. 

Crystal staining tests using a Hamptom Research Izit Crystal Dye
™

 were not clearly indicative of 

whether the formed crystals were salt components of the buffer or the protein. Subsequently, all of the 

selected conditions were fine-screened in sitting drop vapour diffusion format with varying 

concentrations of salt and buffer components of the conditions. None of the conditions produced 

larger-size crystals suitable for X-ray diffraction analysis. 

In order to acquire larger, better-diffracting crystals, a micro-seeding method was trialled. A new set 

of initial crystallization screens were set up using a racemic protein stock (~8 mg/mL) and a seed 

stock made of the crystals from the condition consisting of 0.8 M NaH2PO4/K2HPO4 pH 7.0 (D, 

Figure 2.25). Unfortunately, no crystals at the desirable standard were produced. 

 

2.18 Conclusions and Future Work 

Following the effective synthesis of native, linear L-EspC using Boc SPPS and NCL, the protein was 

screened by differential scanning fluorimetry yielding a useful folding buffer in which the protein was 

successfully folded into its α-helical native structure as evidenced by CD and SEC. All polypeptide 

building blocks could be prepared in tens of milligram amounts and underwent near quantitative 

single-step ligation to yield the full EspC sequence, which did not require any post-NCL 

modifications.  
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The analysis of the protein by SEC, CD and SEC-MALS identified the formation of oligomeric 

species, particularly the largest EspC oligomer made of an estimated 7-12 EspC monomers at 4 ºC. 

This oligomer appeared thermally unstable in some experiments, potentially disassociating into a 

number of smaller oligomeric species at a temperature as low as 30 ºC. Using either L-EspC or a 

racemic mixture of L-/D-EspC, various trials of crystallization were attempted at 18 ºC, the 

temperature at which the large oligomer of EspC was relatively stable. Disappointingly, no protein 

crystals of sufficient size or quality were produced, but we are currently in the process of further 

optimizing the conditions of crystal growth.  

Designing a working buffer that provides a more stable environment for the folded EspC protein will 

be highly desirable for further structural characterization and oligomerization studies of the protein 

using techniques such as SEC-MALS, cryo-electron microscopy (cryo-EM), and nuclear magnetic 

resonance (NMR). Furthermore, a better working buffer may improve the chances of protein 

crystallization and the quality of protein crystals. Coupled with structural characterization, assessing 

the in vivo activity of the folded synthetic EspC will determine potential applications of this 

significant Mycobacterium tuberculosis antigen in TB vaccine development although this is beyond 

the scope of this thesis. 
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2.19 Experimental Data 

  

2.19.1 Peptide Synthesis 

 

2.19.1.1 General 

All solvents and reagents for peptide synthesis were used as supplied. N-[(Dimethylamino)-1H-1,2,3-

triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide 

(HATU) was purchased from GL Biochem (Shanghai, China). Dichloromethane (DCM) (AR grade), 

N,N'-dimethylformamide (DMF) (AR grade) and acetonitrile (HPLC grade) were purchased from 

Scharlau (Barcelona, Spain). N,N'-Diisopropylcarbodiimide (DIC), N,N'-diisopropylethylamine 

(DIPEA), piperidine, triisopropylsilane (TIPS) and thiophenol were purchased from Aldrich (St 

Louis, MO). Trifluoroacetic acid (TFA) was purchased from Oakwood chemicals (West Columbia, 

SC). Anhydrous hydrogen fluoride (HF) was obtained from Matheson Trigas (Basking Ridge, NJ). 

Aminomethyl polystyrene (AM-PS) resin was synthesized “in house” as described.
217

 Boc-Arg(Tos)-

PAM∙DCHA (Tos = p-toluenesulfonyl, DCHA = dicyclohexylammonium) and Boc-Thr(Bn)-

PAM∙DCHA (Bn = benzyl) linker were purchased from Polypeptides (Strasbourg, France). Boc-

amino acids were purchased from Polypeptides and with the following side-chain protection: Boc-

Arg(Tos)-OH, Boc-Asn(Xan)-OH (Xan = 9-xanthenyl), Boc-Asp(cHex)-OH (cHex = cyclohexyl), 

Boc-Cys(4-MeBn)-OH, Boc-Glu(cHex)-OH, Boc-His(Bom)-OH (Bom = benzyloxymethyl) for 

Fragment 1, Boc-His(DNP)-OH (DNP = 2,4-dinitrophenyl) for Fragment 2, Boc-Ser(Bn)-OH, Boc-

Thr(Bn)-OH, Boc-Trp(CHO)-OH (CHO = formyl), Boc-Tyr(2-Br-Z)-OH (Z = benzyloxycarbonyl). 

 

2.19.1.2 General Procedures for Peptide Synthesis 

Peptides were prepared manually by “in-situ neutralization” Boc-chemistry stepwise solid phase 

peptide synthesis (SPPS).
218

 To a solution of reagent (0.4 M, 1.31 mL, 0.53 mmol), was added Boc-

Xaa
1
-OH (0.55 mmol) and DIPEA (199 μL, 1.14 mmol). The mixture was vigorously shaken and 

incubated for 1 min for activation. To the DMF-washed and drained NH2-Xaa
2
-PAM linker-resin (0.1 

mmol), was added the activated solution of Boc-Xaa
1
-OH. Depending on the coupling reagent used, 

the coupling time was adjusted to: (i) 5 min for HATU; (ii) 7 min for HCTU; and (iii) 10 min for 

HBTU. Upon completion of the coupling, Boc-Xaa
1
-Xaa

2
-PAM linker-resin was drained, washed 

with DMF, and treated with neat TFA (10 mL) for 2 min to deprotect the N
α
-Boc-protecting group. 

Upon completion of the Boc deprotection, NH2-Xaa
1
-Xaa

2
-PAM linker-resin was drained, washed 

with DMF. The coupling and deprotection cycles were repeated until the desired peptidyl fragment 

was synthesized. Following the coupling of Boc-Gln-OH, an additional CH2Cl2 wash was performed 

before and after N
α
-Boc-deprotection step using neat TFA in order to prevent pyrrolidinone 
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carboxylic acid formation.
219

 Following on-resin side-chain deprotection and a final Boc-deprotection, 

the resin was thoroughly washed with DMF then CH2Cl2 and air-dried. 

 

2.19.1.3 Analysis and Purification 

The crude peptide products were analysed for purity by analytical RP-HPLC Dionex (Sunnyvale, CA) 

Ultimate 3000 system equipped with a 4 channel UV detector at 210, 225, 254 and 280 nm using 

either an Agilent (Santa Clara, CA) Zorbax C3 (3.5 μm; 3.0 × 150 mm) column or a Grace (Deerfield, 

IL) Vydac 219TP diphenyl (5 μm; 2.1 × 50 mm), both with a linear gradient of 5% to 80% B over 26 

min (ca. 3% B per min) at a flow rate of 0.3 mL/min. The solvent system used was A (0.1% TFA in 

H2O) and B (0.1% TFA in acetonitrile).  

The product peaks from the crude product profiles were determined by LC-MS (Agilent Technologies 

1120 Compact LC equipped with a Hewlett Packard 1100 MSD mass spectrometer) at 214 nm using 

an Agilent Zorbax C3 (3.5 μm; 3.0 × 150 mm) column or a Grace Vydac 219TP diphenyl (5 μm; 2.1 

× 50 mm), both with a linear gradient of 5% to 80% B over 26 mins (ca. 3% B per min) with a 5 min 

divert  at a flow rate of 0.3 mL/min. The solvent system used was A (0.1% formic acid in H2O) and B 

(0.1% formic acid in acetonitrile). Peptide masses were confirmed using ESI in the positive mode. 

Purification of crude peptides was performed by semi-preparative RP-HPLC (Dionex Ultimate 3000 

system equipped with a 4 channel UV detector using wavelengths of 210, 225, 254 and 280 nm and a 

Foxy Jr fraction collector) using either a Grace Vydac MS C4 (5 μm; 10.0 × 250 mm) column, a 

Grace Vydac 219TP diphenyl (5 μm; 10.0 × 250 mm), or a Phenomenex (Torrance, CA) Gemini C18 

(5 μm; 10.0 × 250 mm) column. A shallow gradient of increasing concentrations of solvent B at a 

flow rate of 5 mL/min was employed to elute the polypeptide. The solvent system used was A (0.1% 

TFA in H2O) and B (0.1% TFA in acetonitrile). Fractions containing the pure target peptide were 

identified by LC-MS and/or analytical RP-HPLC, then combined and lyophilized. 
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2.19.1.4 Synthesis of EspC 2.1a 

 

Boc-Arg(Tos)-PAM∙DCHA linker (0.2 mmol) was liberated from its DCHA salt
220

, and coupled to 

AM-PS resin (0.1 g, 0.1 mmol, 1 mmol/g loading) with DIC (0.2 mmol) in CH2Cl2 (2 mL) for 1 h, 

drained and washed with CH2Cl2. The Kaiser test was negative. The Boc group was removed by 1 × 2 

min treatment with TFA (5 mL) and thoroughly washed with DMF. To this NH2-Arg(Tos)-PAM 

linker resin, was coupled Boc-Arg(Tos)-OH four times as part of a penta-arginine tag by Boc in situ 

neutralization procedure
218

 using 100% TFA as deblocking reagent and HATU/DIPEA as coupling 

reagents. The Boc group was removed by 1 × 2 min treatment with TFA (5 mL) and thoroughly 

washed with DMF.  To the deprotected H2N-[Arg(Tos)]5-PAM linker-resin, were added S-trityl-β-

mercaptopropionic acid (0.55 mmol) in HATU (0.4 M, 1.31 mL, 0.52 mmol) and DIPEA (1.14 mmol) 

and the mixture was shaken for 16 min.
221

 The trityl group was removed by 2 × 1 min treatment with 

a deprotection solution consisting of 1:1:38 (v/v/v) TIPS:H2O:TFA.
221

 SPPS was performed manually 

by the Boc in situ neutralization procedure described in Section 2.19.1.2, using 100% TFA as 

deblocking reagent and HATU/DIPEA as coupling reagents. The resulting peptide was then side-

chain deprotected and simultaneously cleaved from the resin support by treatment with anhydrous HF 

containing 5% (v/v) p-cresol at 0 °C for 1 h. After evaporation of the HF under reduced pressure, the 

crude product was precipitated and triturated with chilled diethyl ether, and the peptide product 

recovered by centrifugation, dissolved in 50% aqueous acetonitrile containing 0.1% TFA and 

lyophilized. Purification by RP-HPLC (Phenomenex Gemini C18, 5 µm; 4.6 × 250 mm) afforded 

thioester 2.1a (34.9 mg). The total yield was 12.8%. MS (ESI+) for EspC 2.1a [(M+8H)
8+

] Calc. 

702.7 Da, Obs. 702.5 Da; LC-MS data shown in Figure 2.10 (Section 2.7.1.1). 
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2.19.1.5 Synthesis of EspC 2.1d 

 

D-EspC 2.1d was synthesized using the same procedures for the synthesis of L-EspC 2.1a described in 

Section 2.19.1.4, except for step (f) where D-isomer equivalent of the amino acids were used.  

Purification by RP-HPLC (Phenomenex Gemini C18, 5 µm; 10.0 × 250 mm) afforded thioester 2.1d 

(26.8 mg). The total yield was 9.8%. MS (ESI+) for EspC 2.1d [(M+8H)
8+

] Calc. 702.7 Da, Obs. 

702.6 Da; LC-MS data shown in Figure 2.21 (Section 2.15.1). 

 

2.19.1.6 Synthesis of EspC 2.2 

 

Boc-Thr(Bn)-PAM∙DCHA linker (0.2 mmol) was liberated from its DCHA salt
220

, which was coupled 

to AM-PS resin (0.1 g, 0.1 mmol, 1 mmol/g loading) with DIC (0.2 mmol) in CH2Cl2 (2 mL) for 1 h, 

drained and washed with CH2Cl2. The Kaiser test was negative. The Boc group was removed by 1 × 2 

min treatment with TFA (5 mL) and thoroughly washed with DMF. SPPS was performed manually by 

the Boc in situ neutralization procedure described in Section 2.19.1.2, using 100% TFA as deblocking 
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reagent and HATU/DIPEA as coupling reagents. Upon completion of the peptide assembly, the DNP 

protecting groups on His
62

 and His
70 

and the formyl protecting group on Trp
94

 were removed on-resin 

by a 2 × 1 h treatment with a solution of 2:1:17 (v/v/v) piperidine:H2O:DMF at 0 °C. The resulting 

peptide was then side-chain deprotected and simultaneously cleaved from the resin support by 

treatment with anhydrous HF containing 5% (v/v) p-cresol for 1 h at 0 °C. After evaporation of the 

HF under reduced pressure, crude product was precipitated and triturated with chilled diethyl ether, 

isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water 

containing 0.1% TFA and lyophilized. Purification by RP-HPLC (Grace Vydac MS C4, 5 µm; 10.0 × 

250 mm) afforded cysteinyl fragment 2.2 (41.1 mg). The total yield was 10.2%. MS (ESI+) for EspC 

2.2 [(M+6H)
6+

] Calc. 1012.5 Da, Obs. 1012.2 Da; LC-MS data shown in Figure 2.11 (Section 2.7.2). 

 

2.19.1.7 Synthesis of EspC 2.2d 

 

HO-PAM-COOH linker (0.3 mmol) was coupled to AM-PS resin (0.1 g, 0.1 mmol, 1 mmol/g 

loading) with DIC (0.3 mmol) and HOBt (0.4 mmol) in 1:1 CH2Cl2:DMF (1 mL) for 1 h, drained and 

washed with CH2Cl2. The Kaiser test was negative. Boc-D-Thr(Bzl)-OH (0.4 mmol) was coupled to 

HO-PAM linker-resin (0.1 mmol), with DIC (0.4 mmol) and DMAP (0.04 mmol) in a mixture of 

minimal DMF in CH2Cl2 (1 mL) for 1 h, drained and washed with DMF. This process was repeated 2 

times more. A small sample was removed from the washed resin, dried, the Boc group deprotected 

and a Kaiser test was performed which gave a positive result. The Boc group was removed from the 

washed resin by 1 × 2 min treatment with TFA (5 mL) and thoroughly washed with DMF. SPPS was 

performed manually by the Boc in situ neutralization procedure described in Section 2.19.1.2, using 

100% TFA as deblocking reagent, HATU/DIPEA as coupling reagents and Boc-D-amino acids. Upon 

completion of the peptide assembly, the DNP protecting groups on His
62

 and His
70 

and the formyl 

protecting group on Trp
94

 were removed on-resin by a 2 × 1 h treatment with a solution of 2:1:17 
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(v/v/v) piperidine:H2O:DMF at 0 °C. The resulting peptide was then side-chain deprotected and 

simultaneously cleaved from the resin support by treatment with anhydrous HF containing 5% (v/v) 

p-cresol for 1 h at 0 °C. After evaporation of the HF under reduced pressure, crude product was 

precipitated and triturated with chilled diethyl ether, isolated by centrifugation, washed with cold 

diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water containing 0.1% TFA and lyophilized. 

Purification by RP-HPLC (Grace Vydac MS C4, 5 µm; 10.0 × 250 mm) afforded cysteinyl fragment 

2.2d (38.8 mg). The total yield was 9.6%. MS (ESI+) for EspC 2.2d [(M+6H)
6+

] Calc. 1012.5 Da, 

Obs. 1012.3 Da; LC-MS data shown in Figure 2.23 (Section 2.15.2). 

 

2.19.2 Native Chemical Ligation (NCL) 

 

2.19.2.1 General 

Guanidine hydrochloride (GnHCl) was purchased from MP Biomedicals (Auckland, New Zealand). 

Sodium hydroxide (NaOH) was purchased from Scharlau (Barcelona, Spain). Disodium hydrogen 

phosphate (Na2HPO4) was purchased from ECP Ltd (Auckland, New Zealand). 4-

Mercaptophenylacetic acid (MPAA), tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl) was 

purchased from Sigma Aldrich (St Louis, MO).  

 

2.19.2.2 Analysis and Purification 

The ligation reactions were monitored by LC-MS using an Agilent Technologies 1120 Compact LC 

equipped with a Hewlett Packard (Palo Alto, CA) 1100 MSD mass spectrometer at 214 nm using an 

Agilent Zorbax C3 (3.5 μm; 3.0 × 150 mm) column with a linear gradient of 5% to 80% B for 26 min 

(ca. 3% B per min) with a 5 min divert at a flow rate of 0.3 mL/min. The solvent system used was A 

(0.1% formic acid in H2O) and B (0.1% formic acid in acetonitrile). Peptide masses were confirmed 

using ESI in the positive mode. 

Purification of crude peptides was performed by semi-preparative RP-HPLC (Dionex Ultimate 3000 

system equipped with a 4 channel UV detector using wavelengths of  210, 225, 254 and 280 nm and a 

Foxy Jr fraction collector) using a Grace Vydac 219TP diphenyl (5 μm; 10.0 × 250 mm) column. A 

shallow gradient of increasing concentrations of solvent B at a flow rate of 5 mL/min was employed 

to elute the polypeptide. The solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in 

acetonitrile). Fractions containing the pure target peptide were identified by LC-MS and/or analytical 

RP-HPLC, then combined and lyophilized. 
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2.19.2.3 Synthesis of L-EspC 2.3 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (1.5 mL) was degassed for 20 min with argon. To 

the degassed buffer was added a mixture of MPAA (25.2 mg, 0.15 mmol) and TCEP.HCl (7.5 mg, 

26.3 μmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear solution 

was added thioester 1 (9.2 mg, 1.63 µmol) and cysteinyl fragment 2 (9.83 mg, 1.62 µmol). The 

reaction mixture was separated into 2 × 0.75 mL batches and both batches were shaken at room 

temperature for 12 h to give the ligated product, which was purified by semi-preparative RP-HPLC 

(Grace Vydac, TP diphenyl, 5 µm; 10.0 × 250 mm) to afford 2.3 (3.7 mg, 21.1% based on 2.2). MS 

(ESI+) for EspC 2.3 [(M+11H)
11+

] Calc. 982.4 Da, Obs. 982.3 Da; LC-MS data shown in Figure 2.12 

(Section 2.8). 

 

2.19.2.4 Synthesis of D-EspC 2.3d 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (1.5 mL) was degassed for 20 min with argon. To 

the degassed buffer was added a mixture of MPAA (25.2 mg, 0.15 mmol) and TCEP.HCl (7.5 mg, 

26.3 μmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear solution 

was added thioester 2.1d (9.2 mg, 1.63 µmol) and cysteinyl fragment 2.2d (9.83 mg, 1.62 µmol). The 

reaction mixture was separated into 2 × 0.75 mL batches and both batches were shaken at room 

temperature for 12 h to give the ligated product, which was purified by semi-preparative RP-HPLC 

(Grace Vydac, 219TP diphenyl, 5 µm; 10.0 × 250 mm) to afford 2.3d (3.5 mg, 20.0% based on 2.2d). 

MS (ESI+) for EspC 2.3d [(M+11H)
11+

] Calc. 982.4 Da, Obs. 982.1 Da; LC-MS data shown in Figure 

2.24 (Section 2.16). 

 

2.19.3 Initial Folding Screening using Differential Scanning Fluorimetry 

 

2.19.3.1 General Procedures for Protein Sample Preparation 

Protein sample solutions were prepared via a step-wise rapid dilution method. An in-house library of 

100 folding conditions that were designed based on the scientific literature was used for initial 
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screening.
11

 For a single round of experiments, 16 different buffer conditions composed of different 

pH, salt and/or additives were freshly prepared, filtered and chilled to 4 ºC. To prepare a denatured 

protein stock solution, purified linear peptide (0.8 mg) was dissolved in 6 M GnHCl (64 μL). A 

volume of 4 μL of the protein stock solution was rapidly diluted into each of the cold folding buffer 

solutions (1 mL) to give a final GnHCl concentration of 24 mM. The resulting mixtures were gently 

shaken overnight at 4 ºC. Following incubation, each of the mixtures was concentrated to ≤ 50 μL at 4 

ºC and diluted again with respective cold fresh folding buffer (0.55 mL) to further dilute GnHCl to < 

2 mM. Following a 1 h incubation, each of the mixtures was concentrated to ~50 μL.  

All folding buffer conditions tested for EspC are listed in Table 2.1 in Section 2.9. 

 

2.19.3.2 General Procedures for Plate Set-up and Analysis 

A 45 μL volume each of the mixtures prepared in Section 2.19.3.1 and their respective folding buffers 

was pipetted into a Bio-Rad iQ
™ 

96-Well Semi-Skirted PCR plate. To each of the pipetted solutions, a 

solution of 1:24 (v/v) Sigma-Aldrich SYPRO
®
 Orange Protein Gel Stain:H2O (5 μL) was added, and 

the plate sealed. Fluorescence of the SYPRO
®
 Orange dye was measured in real-time by scanning the 

temperature between 25 and 95 degrees at intervals of 1 ºC per minute. The fluorescence signal was 

plotted against temperature, enabling the melting temperature of the protein (Tm) to be determined. 

The experiment was performed using a Bio-Rad MyiQ
™

 Single-Colour Real-Time PCR Detection 

System. Data analyses were performed using Microsoft Excel. The appearance of a sigmoidal-shaped 

curve and significant increase in protein Tm were used as criteria to assess suitable buffer components 

for protein folding and stabilization. Selected buffer conditions were subjected to fine-screening over 

a range of buffer concentrations. 

 

2.19.4 Folding of EspC 2.3 

Using the EspC folding buffer consisting of 100 mM NaCl, 50 mM KCl, 50 mM Tris pH 7.2 and 2 

mM TCEP, EspC 2.3 was folded into its native structure via a step-wise rapid dilution method. The 

linear peptide 2.3 (1 mg, 0.09 µmol) was dissolved in 6 M GnHCl (50 μL), then rapidly diluted with a 

cold folding buffer (10 mL) to give a final GnHCl concentration of 30 mM. The mixture was gently 

shaken overnight at 4 ºC. Following incubation, the mixture was concentrated to ≤ 1 mL at 4 ºC and 

diluted again with the cold fresh folding buffer (10 mL) to further dilute GnHCl to < 3 mM. The 

protein solution was sufficiently concentrated and such that foldedness could be characterized by 

circular dichroism. 
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2.19.5 Circular Dichroism (CD) Spectroscopy 

All CD measurements were performed on an Applied Photophysics PiStar spectrometer. Protein 

spectra data are reported in terms of the mean residue ellipticity (θ) (deg.cm
2
/dmol), calculated as 

follows: 

θ = S / (10 × c × L × n) 

S is the raw CD signal in millidegrees, c is the protein concentration in M, L is the cuvette path length 

in cm, and n is the number of peptide bonds in the protein. The ellipticity was plotted against 

wavelength for secondary structure or temperature for thermal stability. 

Each CD spectrum measurement represents the average of 8 scans obtained with a 2 nm optical 

bandwidth and time per points of 2 s. Baseline spectra were collected with buffer alone and then 

subtracted from the raw protein spectra. The measurements were performed in a Hellma Analytics 1 

mm quartz cuvette at protein concentrations of 2-5 µM in the EspC folding buffer consisting of 100 

mM NaCl, 50 mM KCl, 50 mM Tris pH 7.2 and 2 mM TCEP at 4 °C. 

To obtain a thermal melt curve, data was collected at 208 nm (the wavelength that gives the greatest 

signal for all α-helical proteins) using a Hellma Analytics 10 mm quartz cuvette with a 2 nm optical 

bandwidth and time per points of 2 s. Baseline spectra were collected with buffer alone and then 

subtracted from the raw protein spectra. The temperature was increased from 0 °C to 80 °C at a rate of 

1 °C per min and decreased from 80 °C to 0 °C at a rate of 1 °C per min. 

 

2.19.6 Size Exclusion Chromatography of the Folded EspC 

A 1 mg sample of freshly folded EspC was concentrated to 200 μL (10 mg/mL) at 4 °C. 2 × 100 μL of 

the concentrated sample was purified by size exclusion chromatography (GE Healthcare ÄKTA Prime 

FPLC system equipped with a UV detector using a wavelength of 280 nm) using a GE Healthcare 

Superdex 75 10/300 GL column at 4 °C. The solvent system used was the EspC folding buffer 

consisting of 100 mM NaCl, 50 mM KCl, 50 mM Tris pH 7.2 and 2 mM TCEP at a flow rate of 0.3 

mL/min. Fractions containing different species of the folded EspC were pooled separately, and 

concentrated to further investigate by circular dichroism and differential scanning fluorimetry.  

 

2.19.7 Concentrating Folded EspC and Protein Quantification 

Purified protein samples were concentrated using GE Healthcare Vivaspin 500 MWCO 5000 sample 

concentrators. The concentrator was first washed with the EspC folding buffer at 4 ºC by 
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centrifugation. Folded EspC was then added to the concentrator and concentrated by centrifugation at 

10,000 g at 4°C until the desired concentration was reached.   

The protein concentration was determined spectrophotometrically by measuring the absorbance at 280 

nm using a Thermo Scientific NanoDrop ND-1000 spectrophotometer. A ε280 value of 89,730 M
-

1
cm

-1
 and a MW of 97.0 kDa that belong to a 9-mer EspC complex (an average between 7-12-mer) 

were used. Protein solution (1-2 μL) was pipetted onto the pedestal of the spectrophotometer and the 

extinction coefficient and molecular weight calculated from the amino acid sequence were entered. 

The protein concentration was calculated using Beer’s law, A = εlc, where A is absorbance at 280 nm, 

ε is the molar extinction coefficient (M
-1

cm
-1

) calculated by Protparam tool on Expasy server 

(http://web.expasy.org/protparam/) based on amino acid sequences, l is the path length of the sample 

(cm) and c is the concentration of the protein solution (M).   

 

2.19.8 Initial Crystallization Screening 

Initial crystallization screening was carried out using the sitting drop vapour diffusion method in Art 

Robbins Instrument Intelliplate
™

 96-well Plate. An in-house library of 576 conditions based on the 

scientific literature and on commercially available crystallization conditions was used for initial 

screening.
22

 Protein samples after folding step were concentrated to 10-15 mg/mL and screened 

against the entire crystallization screen. All initial crystallization screening was carried out at 18 °C. A 

PerkinElmer MultiPROBE
®
 II HT/EX liquid-handling robot was used to dispense 85 μL of the each 

of the crystallization screen solutions into the reservoirs of crystallization plates. Either a Genomic 

Solutions Cartesian Honeybee or Douglas Instrument Oryx4 robot was then used to set up 

crystallization drops by consecutive dispensing of protein solution and crystallization reservoir 

solutions. Unless specifically indicated, protein and reservoir solution were mixed in 1:1 ratio. 

 

2.19.9 Optimization of Crystallization Hit 

 

2.19.9.1 Fine Screening 

Once positive crystallization hits were identified, a fine screen was designed to fine tune different 

parameters of the crystallization condition including pH, protein, precipitant and salt concentrations. 

Proteins were subsequently screened against the fine screen using Hampton Research CrystalClear P
™ 

strips via sitting-drop vapour diffusion method. 80 μL of the mother liquor was manually transferred 

into a reservoir well. Protein and screen were mixed to a final volume of 1-3 μL, either in 1:1 or 1:2 

ratio. 
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2.19.9.2 Micro-Seeding 

To obtain bigger and better-diffracting crystals, a micro-seeding method
222

 was employed. Using a 

Hampton Research Crystal Crusher
™

 a micro-seed stock was prepared by crushing a few crystals into 

small seeds and was then transferred into an eppendorf tube. The seed stock was diluted with the 

corresponding crystallization condition and several dilutions were used to obtain the optimum amount 

of initial seed needed. The seeds were then used to set up crystallization drops consisting of 1:2:1 or 

5:5:1 (v/v/v) protein:crystallization condition:seed stock, using the sitting drop vapour diffusion 

technique at 18 °C.  

 

2.19.10 X-ray Crystallography 

 

2.19.10.1 Crystal Preparation  

To avoid the formation of ice crystals and limit crystal damage induced by X-rays, a suitable 

cryoprotectant was selected first. Cryoprotecting agents either penetrate solvent channels (e.g. 

ethylene glycol polymers) or create a barrier between air and crystal surface (e.g. oils). For crystal 

cooling, crystals were immersed in a drop of cryoprotectant solution (usually glycerol, ethylene 

glycol, MPD or PEG 400) and were then fished on to a nylon cryo–loop attached to a Hampton 

Research cryo–cap. The crystals were subsequently flash cooled using liquid nitrogen, mounted on a 

goniometer head and exposed to X–rays as described below. 

 

2.19.10.2 Data Collection using Synchrotron Source 

The collection of X-ray diffraction data for the EspC was attempted on the MX-2 beamline at the 

Australian Synchrotron (Melbourne, Australia), remotely controlled by BlueIce interface. MX-2 is 

equipped with a 315r detector and a SAM loading robot, offering cryocooling of crystals with liquid 

nitrogen. 

 

2.19.11 Characterization of EspC Multimer using Size-exclusion Chromatography-Multi-angle 

Light Scattering (SEC-MALS) 

Freshly folded EspC protein sample (1 mM, 100 μL) was loaded onto a GE Healthcare Superdex 75 

10/300 GL column. The column was connected to a Thermo Scientific Ultimate 3000 HPLC with 

inline PSS SLD7000 MALS detector and a Wyatt Instruments Shodex RI-101 differential refractive 
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detector. The system was pre-equilibrated in 100 mM NaCl, 50 mM KCl, 50 mM Tris pH 7.2, 2 mM 

TCEP and 3 mM NaN3. The samples were eluted at a flow rate of 0.5 mL/min. Data were processed 

using WinGPC UniCrom software package and a dn/dc value of 0.186 mL/g.  
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3   ORFV002: Orf Virus Protein 002  

3.1 Orf Virus 

Modern viral classification is founded on phenotypic characteristics of a virus, namely morphology, 

nucleic acid type, mode of replication, host organism, and the type of disease they cause. Poxviruses, 

morphologically resemble bricks or rounded-bricks, and are a family of viruses associated with 

diseases that produce pox lesions in the skin. Poxviruses are classified into two sub-families, 

Chordopoxvirinae or Entomopoxvirinae that infect vertebrates or insects, respectively.  

In the Chordopoxvirinae sub-family (Figure 3.1), orf virus (ORFV) is the prototype member of the 

Parapoxvirus genus and is closely related to the smallpox virus the prototypal Orthopoxvirus, and the 

vaccinia virus best known for its role as the active agent in the eradication of smallpox. 

 

 

Figure 3.1 Taxonomy of ORFV. Picture: mouth of an ORFV infected host. Copyright © 2015, reproduced with permission 

from the American Society for Microbiology.223 

 

ORFV is the causative agent of orf disease, or contagious ecthyma that is prevalent among sheep, 

goats and is also contractible by humans.
224

 The early stages of ORFV infection are characterized by 

proliferative lesions that later progress to thick crusts in the mucocutaneous tissues, particularly 

around the mouths of infected hosts.
225

 The virus-containing scabs of infected hosts can fall off, 

remain in the environment for a long time and serve as a source of infection to other susceptible hosts. 

This ubiquitous disease is most often seen in lambs but can affect sheep of all ages, as well as other 

cloven hooved-animals. ORFV infection is widespread throughout New Zealand and threatens lamb 

welfare and growth rates.  

Being a highly epitheliotropic virus, ORFV predominantly replicates in keratinocytes that comprise 

95% of the epidermis.
226

 The keratinocytes primarily function as immunomodulators and initiators of 

inflammatory responses in the epidermis. Thus, ORFV infection stimulates various signalling 

pathways that trigger immune reactions in response to the highly elevated antiviral state in the 

epidermis. One of the factors stimulated, nuclear factor kappa B (NF-κB), is the master regulator of 
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human gene transcription that plays a central role in the integration of stress-inducing stimuli and 

innate immune responses in the epidermis. 

 

3.2 Nuclear Factor Kappa B (NF-κB) and its Signal Transduction Pathway 

The wider NF-κ family of proteins is composed of two subfamilies: the ‘NF-κB’ proteins (class I) and 

the ‘Rel’ proteins (class II) (Table 3.1). All of these proteins share a highly conserved DNA-

binding/dimerization domain called the Rel homology domain (RHD) in the N-terminus.
227,228 NF-κB 

in the cytoplasm is found as either a homo-dimer where both subunit proteins are from the same NF-

κB/Rel class, or a hetero-dimer where each of the two subunits is from a different NF-κB/Rel class. 

The class I members, p50 (NF-κB1) and p52 (NF-κB2), play critical roles in modulating the 

specificity of NF-κB function, although homo-dimers of them are, in general, repressors of κB site 

transcription due to the absence of transactivation domains in their C-terminal halves. Therefore, both 

p50 and p52 form heterodimers with p65 (RelA), RelB, or c-Rel in order to participate in target gene 

transactivation. The best studied, canonical NF-κB pathway is that of the p50-p65 hetero-dimer, and 

will be the subject of the remainder of this review. 

Class Protein Alias Pro-protein Gene 

I 
NF-κB1 p50 p105 NFΚB1 

NF-κB2 p52 p100 NFΚB2 

II 

RelA p65  RELA 

RelB   RELB 

c-Rel   REL 

Table 3.1 NF-κB/Rel classification  

 

The p50-p65 hetero-dimer is inactive when bound to the inhibitory kappa B protein (IκB), an 

endogenous human binding partner of NF-κB. IκB kinase (IKK) responds to extracellular signals to 

phosphorylate the two serine residues on IκB, resulting in proteasomal degradation of IκB and nuclear 

translocation of NF-κB subunits. The NF-κB dimer then binds to its response element in DNA to 

initiate transcription cascades through association with its coactivators such as p300 and RNA 

polymerases (Figure 3.2). 
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Figure 3.2 NF-κB signalling pathway: Cytosolic NF-κB is activated via ubiquitination to translocate into the nucleus and 

bind the NF-κB response element in DNA. Various co-activators associate with the DNA-bound NF-κB complex, which 

include p300 that acetylates the lysine residues of the NF-κB. Transcription cascades are subsequently initiated to induce 

immune responses in the epidermis and also produce IκB, the repressor of NF-κB. Adapted from Diel, et al.229  

  

3.3 NF-κB Regulation in the Cytoplasm by ORFV Proteins 

Poxviruses have evolved several strategies to inhibit activation of NF-κB, predominantly in the 

cytoplasm. ORFV-encoded, cytoplasmic NF-κB inhibitors include ORFV121 and ORFV024.
224,229

 

While ORFV024 is found in all members of the parapoxvirus subfamily, ORFV121, lacks 

homologues in other chordopoxvirus genera.
224,229

  

Interestingly, each of these cytoplasmic inhibitors of NF-κB works at a different level of the 

signalling pathway. ORFV024 inhibits phosphorylation of IKK, which would otherwise promote 

ubiquitination of the inactive IκB-NF-κB complex. By contrast, ORFV121 prevents translocation of 

the IκB-dissociated NF-κB dimer to the nucleus by inhibiting phosphorylation of the p65 subunit of 

the dimer (Figure 3.3). 
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Figure 3.3 NF-κB signalling pathway regulation by ORFV proteins.229 Copyright © 2015, reproduced with permission from 

the American Society for Microbiology. 

 

3.4 ORFV002, a Nuclear Inhibitor of NF-κB
223

 

In 2011, Rock and co-workers identified ORFV002, a 117 amino acid ORFV-encoded protein (11.8 

kDa) that is involved in modulation of the nuclear function of NF-κB by a novel mechanism (Figure 

3.4). In contrast to the afore-mentioned cytoplasmic NF-κB inhibitors, ORFV002 predominantly 

localizes to the cell nucleus, binds to the p65 subunit of DNA-associated NF-κB and reduces 

acetylation of p65 by the p300 protein – a nuclear modification that ultimately leads to full 

transcriptional activity of NF-κB (Figure 3.3). 

M
1
TPTSRESLL   T

11
TLLVEHLVR A

21
RRPSPALVR  A

31
LLAAGARAA 

G
41
PDAAGRLPL A

51
ALLRAALRR G

61
GPLDARLPL  L

71
LARRGAAAS 

A
81
RARGGAGRS A

91
AGLLRAAGP R

101
WRRLAAALA A

111
AGRAAG  

Figure 3.4 Sequence of ORFV002 

A gene knock-out study of ORFV002 demonstrated that this deletion from the ORFV genome did not 

affect disease severity, progression, or time to resolution in sheep, indicating that ORFV002 is not 

essential for virus virulence in the natural host. This observation supports the hypothesis that poxviral 

inhibitors of NF-κB may exert complementary or redundant functions during poxvirus infections in 

vivo. As an alternative hypothesis, ORFV NF-κB inhibitors may play roles in less understood aspects 

of ORFV biology, such as subclinical/persistent infections, favoring virus replication and transmission 

in the absence of overt viral infection.
230,231
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The NF-κB signalling pathway plays complex, sometimes paradoxical roles in keratinocyte survival, 

differentiation, and immune homeostasis.
232

 This implies the impact of ORFV-encoded NF-κB 

inhibitors on virus virulence and pathogenesis is difficult to predict and thus remains poorly 

characterized. Unlocking structural information of unique ORFV proteins such as ORFV002 will help 

reveal the molecular mechanisms employed by parapoxviruses to modulate the NF-κB signalling 

pathway and ultimately contribute to improved understanding of poxvirus infection biology and 

disease. 
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3.5 Research Objectives 

To permit full characterization of ORFV002 via structural studies, access to the target protein in 

sufficient quantities with high purity is critical. Many target proteins, particularly in regards to ORFV 

proteins, cannot be expressed adequately by recombinant DNA methods, despite innovative 

approaches.
 
Given the difficulties experienced at the amplification and cloning stages of protein 

expression work (personal communication with Dr. Christopher Squire and Dr. Michael Herbert), the 

tertiary structure of ORFV002 remains unresolved to date. Furthermore, being identified as the first 

nuclear inhibitor of NF-κB, ORFV002 has no homologues, leading to potential difficulty in resolving 

its three-dimensional structure. To complement these intrinsic challenges, a chemical synthesis 

approach was employed with the following aims to: 

(1) explore the chemical synthesis of the protein via Boc SPPS and native chemical ligation 

protocols; 

(2) fold the synthesized protein, guided by differential scanning fluorimetry (DSF) and/or 

circular dichroism (CD); 

(3) characterize the secondary and tertiary structure of the protein using modern biophysical 

techniques such as circular dichroism and X-ray crystallography; and 

(4) investigate the chemical synthesis of the D-form of the protein and to produce a racemic 

crystal structure. 

 

3.6 Proposed Synthesis of ORFV002 using Native Chemical Ligation 

A synthetic strategy was devised using the NCL reaction to “stitch together” synthesized polypeptide 

fragments to generate the full length sequence of ORFV002 (Scheme 3.1). Ala
39

-Ala
40

 and Gly
76

-Ala
77

 

were the ligation sites of choice as they suitably divided the 117 amino acid peptide into three 

fragments of appropriate length. In order to facilitate NCL, Ala
40

 and Ala
77

 were respectively replaced 

with a masked cysteine derivative, Thz
40

 (abbreviated as Z
40

 in Scheme 3.1) and Cys
77

 during 

fragment syntheses. The Thz allows the first ligation to proceed without dimerization or 

oligomerization and is then converted to a cysteine thereby permitting the second ligation. The two 

non-native cysteines are then readily reduced to native alanines immediately following the ligation to 

regenerate the native sequence.
89b,89a 
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Scheme 3.1 Synthetic strategy of ORFV002 using NCL and reductive desulfurization 

 

3.6.1 Synthesis of the Thioester Fragments 3.1 and 3.2, and the Cysteinyl Fragment 3.3 

Peptide fragments 3.1, 3.2 and 3.3, each consisting of 39, 37 and 42 residues respectively, were 

synthesized using Boc SPPS which is superior over the complementary Fmoc SPPS method in regards 

to the preparation of C-terminal thioesters that are susceptible to repetitive piperidine treatments 

required for Fmoc-based SPPS.
49,50

 Using HBTU/DIPEA as coupling reagents, thioester 3.2 

[(M+6H)
6+

; Calc. 666.1 Da, Obs. 665.8 Da] and cysteinyl fragment 3.3 [(M+6H)
6+

; Calc. 649.1 Da, 

Obs. 648.9 Da] were obtained in excellent purity, as determined by integration of HPLC 

chromatograms of the crude peptides and were analyzed for the correct mass by electrospray mass 



87 
  

spectrometry (A-F, Figure 3.5). In the case of thioester 3.1, although the initial SPPS with HBTU as 

the coupling reagent generated the desired thioester 3.1 [(M+6H)
6+

; Calc. 724.5 Da, Obs. 724.4 Da] as 

a major product, inseparable mixtures of threonine, methionine and serine single deletion side 

products were also identified by MS. The synthesis was therefore repeated with the more active 

HCTU which resulted in no such deletions as judged by MS (I, Figure 3.5). 

Each fragment was then purified by HPLC using an appropriate gradient elution defined from the 

elution profile of the analytical HPLC chromatograms of the crude peptide (Figure 3.5). All three 

polypeptide building blocks could be obtained in tens of milligram amounts. 

 

 
Figure 3.5 Analytical HPLC-MS chromatograms for the synthesis of thioester 3.2 (left), cysteinyl fragment 3.3 (middle), 

and thioester 3.1 (right): (A) crude thioester 3.2 synthesized with HBTU; (B) purified thioester 3.2; (C) MS chromatogram 

of purified thioester 3.2 [(M+6H)6+; Calc. 666.1 Da, Obs. 665.8 Da]; (D) crude cysteinyl fragment 3.3 synthesized with 

HBTU; (E) purified cysteinyl fragment 3.3; (F) MS chromatogram of purified cysteinyl fragment 3.3 [(M+6H)6+; Calc. 

648.1 Da, Obs. 648.9 Da]; (G) crude thioester 3.1 synthesized with HCTU; (H) purified thioester 3.1; (I) MS chromatogram 

of purified thioester 3.1 [(M+6H)6+; Calc. 724.5 Da, Obs. 724.4 Da]. The analytical RP-HPLC were carried out using an 

analytical column (Phenomenex Jupiter C4, 300 Å, 2.0 mm × 50 mm; 5 μ) using a gradient of 1-65% buffer B over 26 min 

(buffer A = 0.1% TFA in H2O; buffer B = 0.1% TFA in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) for the peptide 

synthesis scheme. 
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3.6.2 Synthesis of the Ligated Cysteinyl Fragments 3.4 and 3.5 

With the purified fragments in hand, ligation of thioester 3.2 with cysteinyl fragment 3.3 was 

attempted (A, Figure 3.6). On an analytical scale using each fragment at concentrations of 1 mM in an 

aqueous buffer containing 100 mM MPAA and 40 mM TCEP, the reaction progressed with 

monitoring by LC-MS confirming successful ligation of the two fragments after 2 h, yielding peptide 

3.4 [(M+10H)
10+

; Calc. 771.2 Da, Obs. 770.9 Da] (B, Figure 3.6). Various conditions were then 

assessed with the aim of optimizing the reaction conditions – including the use of a lesser amount of 

MPAA that could potentially complicate purification of the crude reaction mixture. The HPLC 

chromatograms showed that increasing the fragment concentration of both fragments to 3 mM and 

decreasing the MPAA concentration to 40 mM consistently gave comparable conversion with no 

notable increase in the reaction time. 

Upon successful synthesis of the ligated product 3.4, the N-terminal thiazolidine was converted to 

cysteine in the one-pot for subsequent ligation with thioester 3.1. LC-MS analysis taken after 12 h 

revealed nearly quantitative conversion to cysteinyl fragment 3.5 [(M+11H)
11+

; Calc. 700.1 Da, Obs. 

699.8 Da], which was purified by RP-HPLC (mass shown at C, Figure 3.6). 
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Figure 3.6 Analytical HPLC-MS chromatograms for the native chemical ligation of the synthesized ORFV002 fragments: 

(A) ligation of thioester 3.2 and cysteinyl fragment 3.3 at T=0; (B) ligation of thioester 3.2 and cysteinyl fragment 3.3 at 

T=2 h; (C) ligation of thiazolidine converted cysteinyl fragment 3.5 (MS chromatogram shown) and thioester 3.1. The 

analytical RP-HPLC were carried out using an analytical column (Phenomenex Jupiter C4, 300 Å, 2.0 mm × 50 mm; 5 μ) 

using a gradient of 1-65% buffer B over 26 min (buffer A = 0.1% TFA in H2O; buffer B = 0.1% TFA in acetonitrile). 

 

3.6.3 Synthesis of the Ligated Peptide 3.6 

The second NCL reaction between thioester 3.1 and cysteinyl fragment 3.5 to yield peptide 3.6, was 

undertaken on an analytical scale using each fragment at 1 mM concentrations, with 100 mM MPAA 

and 40 mM TCEP. The reaction was completed after 6 h affording peptide 3.6 [(M+16H)
16+

; Calc. 

742.7 Da, Obs. 742.4 Da] in 24.4% yield based on thioester 3.1 (D, Figure 3.6).  
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Figure 3.7 Analytical HPLC-MS chromatograms for the native chemical ligation of the synthesized ORFV002 fragments: 

(A) ligation of cysteinyl fragment 3.5 and thioester 3.1 at T=0; (B) ligation of cysteinyl fragment 3.5 and thioester 3.1 at 

T=6h; (C) LC chromatogram of the purified ORFV002 3.6; (D) MS chromatogram of the purified ORFV002 3.6 

[(M+16H)16+; Calc. 742.7 Da, Obs. 742.4 Da]. The analytical RP-HPLC were carried out using an analytical column 

(Phenomenex Jupiter C4, 300 Å, 50 mm × 2.0 mm; 5 μm) using a gradient of 1-65% buffer B over 26 min (buffer A= 0.1% 

TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 

  

3.6.4 Synthesis of the Desulfurized Peptide 3.7 

Following purification of 3.6, the two non-native cysteines at the ligation sites, Cys
40

 and Cys
77

, were 

reduced to alanines to yield the native sequence of ORFV002 (3.7).  

The first desulfurization was attempted using Raney nickel
233

, which unfortunately, led to degradation 

of the peptide. Following the method reported by Danishefsky and modified by Seitz, desulfurization 

of ORFV002 was attempted using 20 mM VA-044 as a radical generator, 10 mM glutathione and 250 

mM TCEP.HCl.
89b, 94

 The reaction was conveniently monitored by LC-MS, by following a change in 
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the [M+16H]
16+

 charge state (Figure 3.8). The original m/z of 742.3 Da corresponding to non-reduced 

cysteines disappeared after 9 h to produce species of 740.3 Da and 738.4 Da mass which correspond 

to a single cysteine reduction (blue, Figure 3.8) and the expected doubly reduced product (red, Figure 

3.8), respectively. At the completion of the reaction, the ratio of the singly reduced to the doubly 

reduced species was approximately 1:9 and throughout the reaction, no shift in retention time was 

observed. Purification by HPLC afforded 4 mg of linear ORFV002 (3.7) in >99% purity, with an 

overall yield of 7.1%, based on the molar amount of thioester 3.2 used in the first NCL step.  

 

Figure 3.8 Analytical HPLC-MS chromatograms for desulfurization of peptide 3.6: (A) desulfurization of ORFV002 (3.6) at 

T=0 with MS chromatogram; (B) desulfurization of ORFV002 (3.6) at T=4 h with MS chromatogram. The analytical RP-

HPLC were carried out using an analytical column (Phenomenex Jupiter C4, 300 Å, 50 mm × 2.0 mm; 5 μm) using a 

gradient of 1-65% buffer B over 26 min (buffer A= 0.1% TFA in H2O; buffer B= 0.1% TFA in acetonitrile). 

The final product 3.7 was characterized by LC-MS using two different solvent systems ([M+16H]
16+

; 

Calc. 738.7 Da, Obs. 738.7 Da) (Figure 3.9).  
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Figure 3.9 Analytical HPLC-MS chromatograms for characterization of the purified ORFV002 (3.7): (A) The purified 

ORFV002 chromatogram using a TFA buffer system (buffer A = 0.1% TFA in H2O; buffer B = 0.1% TFA in acetonitrile); 

(B) The purified ORFV002 chromatogram using a formic acid buffer system (buffer A = 0.1% formic acid in H2O; buffer B 

= 0.1% formic acid in acetonitrile).The analytical RP-HPLC were carried out using an analytical column (Phenomenex 

Jupiter C4, 300 Å, 50 mm × 2.0 mm; 5 μ) using a gradient of 1-65% buffer B over 26 min; (C) ESI-MS of the major peaks 

[(M+16H)16+; Calc. 738.7 Da, Obs. 738.7 Da]. 

 

3.7 Folding of Linear ORFV002 into its Native Structure 

Using a phosphate buffer, a commonly used buffer for folding non-cysteine containing proteins, 

folding of ORFV002 (3.7) was initially monitored by nuclear magnetic resonance (NMR) 

spectroscopy and circular dichroism (CD) spectroscopy. Although these techniques can only be 

performed under a single buffer condition at a time, the significance of the results produced and the 

non-destructiveness of the analyzed sample makes them suitable for preliminary folding experiments. 

Unfortunately, ORFV002 did not fold in phosphate buffer, although CD spectroscopy was weakly 

indicative of possible partial folding of ORFV002 in 20 mM phosphate buffer at pH 8.0. This was 

evident as only one of the ellipticity minima characteristic of α-helix (at 208 nm and 222 nm) was 

present (top, Figure 3.10). Furthermore, a one-dimensional nuclear magnetic resonance (NMR) 

analysis revealed clustered 
1
H chemical shifts in the indicated regions, suggesting the protein is 

largely unfolded (bottom, Figure 3.10). 
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Figure 3.10 Attempted folding of ORFV002 in phosphate buffer pH 8.0 analysed by CD spectrometry (top) and 1H NMR 

(bottom): in the absence of a minimum at 208 nm, only a weak minimum at 222 nm is present in the CD spectrum; and 1H 

chemical shifts does not appear well-dispersed in the indicated regions. 

 

3.7.1 Initial Screening of Folding Conditions using Differential Scanning Fluorimetry 

Using differential scanning fluorimetry (DSF), a method capable of screening multiple folding 

conditions at once, folding of ORFV002 was further investigated using the in-house library of 95 

folding conditions together with the rapid dilution method (Section 2.19.3). Pure, linear ORFV002 

(3.7) was denatured in a 6 M guanidine hydrochloride solution which was then immediately 

introduced to a large volume of a candidate buffer condition, diluting out the denaturant in order to 

promote folding. Table 3.2 lists all of the folding conditions trialled. Unfortunately, none of the 

conditions tested suggested any folding of ORFV002 by DSF, demonstrated by melting curves with a 

high initial fluorescence that suggests unsuccessful burial of hydrophobic patches of the protein into 

its core (Figure 3.11). 
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# Buffer Component Additives 

1 50 mM MES pH 5.0 None 

2 50 mM MES pH 6.0 None 

3 50 mM Tris pH 7.0 None 

4 50 mM Tris pH 8.0 None 

5 50 mM CHES pH 9.0 None 

6 50 mM MES pH 5.0 
100 mM NaCl,  

50 mM KCl 

7 50 mM MES pH 6.0 
100 mM NaCl,  

50 mM KCl 

8 50 mM Tris pH 7.0 
100 mM NaCl,  

50 mM KCl 

9 50 mM Tris pH 8.0 
100 mM NaCl,  

50 mM KCl 

10 50 mM CHES pH 9.0 
100 mM NaCl,  

50 mM KCl 

11 50 mM MES pH 5.0 20% glycerol 

12 50 mM MES pH 6.0 20% glycerol 

13 50 mM Tris pH 7.0 20% glycerol 

14 50 mM Tris pH 8.0 20% glycerol 

15 50 mM CHES pH 9.0 20% glycerol 

16 50 mM MES pH 5.0 100 mM NDSB 201 

17 50 mM MES pH 6.0 100 mM NDSB 201 

18 50 mM Tris pH 7.0 100 mM NDSB 201 

19 50 mM Tris pH 8.0 100 mM NDSB 201 

20 50 mM CHES pH 9.0 100 mM NDSB 201 

21 50 mM MES pH 5.0 100 mM NDSB 195 

22 50 mM MES pH 6.0 100 mM NDSB 195 

23 50 mM Tris pH 7.0 100 mM NDSB 195 

24 50 mM Tris pH 8.0 100 mM NDSB 195 

25 50 mM CHES pH 9.0 100 mM NDSB 195 

26 50 mM MES pH 5.0 100 mM NDSB 256 

27 50 mM MES pH 6.0 100 mM NDSB 256 

28 50 mM Tris pH 7.0 100 mM NDSB 256 

29 50 mM Tris pH 8.0 100 mM NDSB 256 

30 50 mM CHES pH 9.0 100 mM NDSB 256 

31 50 mM MES pH 5.0 5 mM TCEP 

32 50 mM MES pH 6.0 5 mM TCEP 

33 50 mM Tris pH 7.0 5 mM TCEP 

34 50 mM Tris pH 8.0 5 mM TCEP 

35 50 mM CHES pH 9.0 5 mM TCEP 

36 50 mM MES pH 5.0 10 mM TCEP 

37 50 mM MES pH 6.0 10 mM TCEP 

38 50 mM Tris pH 7.0 10 mM TCEP 

39 50 mM Tris pH 8.0 10 mM TCEP 

40 50 mM CHES pH 9.0 10 mM TCEP 

41 50 mM MES pH 5.0 800 mM arginine 

42 50 mM MES pH 6.0 800 mM arginine 

43 50 mM Tris pH 7.0 800 mM arginine 

44 50 mM Tris pH 8.0 800 mM arginine 

45 50 mM CHES pH 9.0 800 mM arginine 

46 50 mM MES pH 5.0 500 mM glucose 

47 50 mM MES pH 6.0 500 mM glucose 

48 50 mM Tris pH 7.0 500 mM glucose 

49 50 mM Tris pH 8.0 500 mM glucose 

50 50 mM CHES pH 9.0 500 mM glucose 

51 50 mM MES pH 5.0 

divalent metal mix  

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

52 50 mM MES pH 6.0 

divalent metal mix  

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

53 50 mM Tris pH 7.0 

divalent metal mix  

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

54 50 mM Tris pH 8.0 

divalent metal mix  

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

55 50 mM CHES pH 9.0 

divalent metal mix  

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

56 50 mM MES pH 5.0 5 mM GSH 

57 50 mM MES pH 6.0 5 mM GSH 

58 50 mM Tris pH 7.0 5 mM GSH 
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59 50 mM Tris pH 8.0 5 mM GSH 

60 50 mM CHES pH 9.0 5 mM GSH 

61 50 mM MES pH 5.0 5 mM GSH, 2 mM GSSG 

62 50 mM MES pH 6.0 5 mM GSH, 2 mM GSSG 

63 50 mM Tris pH 7.0 5 mM GSH, 2 mM GSSG 

64 50 mM Tris pH 8.0 5 mM GSH, 2 mM GSSG 

65 50 mM CHES pH 9.0 5 mM GSH, 2 mM GSSG 

66 50 mM MES pH 5.0 5 mM GSH, 5 mM GSSG 

67 50 mM MES pH 6.0 5 mM GSH, 5 mM GSSG 

68 50 mM Tris pH 7.0 5 mM GSH, 5 mM GSSG 

69 50 mM Tris pH 8.0 5 mM GSH, 5 mM GSSG 

70 50 mM CHES pH 9.0 5 mM GSH, 5 mM GSSG 

71 50 mM MES pH 5.0 2 mM GSH, 5 mM GSSG 

72 50 mM MES pH 6.0 2 mM GSH, 5 mM GSSG 

73 50 mM Tris pH 7.0 2 mM GSH, 5 mM GSSG 

74 50 mM Tris pH 8.0 2 mM GSH, 5 mM GSSG 

75 50 mM CHES pH 9.0 2 mM GSH, 5 mM GSSG 

76 50 mM MES pH 5.0 5 mM GSSG 

77 50 mM MES pH 6.0 5 mM GSSG 

78 50 mM Tris pH 7.0 5 mM GSSG 

79 50 mM Tris pH 8.0 5 mM GSSG 

80 50 mM CHES pH 9.0 5 mM GSSG 

81 50 mM MES pH 5.0 0.05% PEG 4000 

82 50 mM MES pH 6.0 0.05% PEG 4000 

83 50 mM Tris pH 7.0 0.05% PEG 4000 

84 50 mM Tris pH 8.0 0.05% PEG 4000 

85 50 mM CHES pH 9.0 0.05% PEG 4000 

86 50 mM MES pH 5.0 0.05% PEG 400 

87 50 mM MES pH 6.0 0.05% PEG 400 

88 50 mM Tris pH 7.0 0.05% PEG 400 

89 50 mM Tris pH 8.0 0.05% PEG 400 

90 50 mM CHES pH 9.0 0.05% PEG 400 

91 50 mM MES pH 5.0 

anion mix (50 µM each of 

NaCl, NaNO3, Na2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

92 50 mM MES pH 6.0 

anion mix (50 µM each of 

NaCl, NaNO3,vNa2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

93 50 mM Tris pH 7.0 

anion mix (50 µM each of 

NaCl, NaNO3, Na2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

94 50 mM Tris pH 8.0 

anion mix (50 µM each of 

NaCl, NaNO3, Na2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

95 50 mM CHES pH 9.0 

anion mix (50 µM each of 

NaCl, NaNO3, Na2SO4, 

Na2CO3, NaHCO3, 

NaH2PO4, Na2HPO4) 

Table 3.2 Buffer conditions tested for folding of ORFV002 

 

 
Figure 3.11 Representative DSF spectrum of an unfolded ORFV002 

0

500

1000

1500

2000

2500

25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

F
lu

o
re

s
c
e
n
c
e
 (

A
.U

.)
 

Temperature (°C) 



96 
  

3.8 ORFV002 as an Intrinsically Unfolded Protein 

Following from the unsuccessful attempts at folding synthetic ORFV002 into a defined structure, it 

was hypothesized that the protein may natively be unstructured. Such proteins are collectively known 

as intrinsically unfolded proteins, and are prevalent in eukaryotes, and are also observed in some 

viruses and bacteria. Intrinsically unfolded proteins, existing as either random coils or molten 

globules, conflict with the traditional view on proteins requiring a rigid structure in order to be 

functional, and are often characterized by synchronized binding and folding. The above experiments 

reinforced that ORFV002 may be an intrinsically unfolded protein. The prediction is further supported 

by recent reports that show a protein has a greater chance of being natively unfolded when: (i) its 

amino acid composition shows a high abundance of glutamate, lysine, arginine, glycine, glutamine, 

serine and proline, hence making it highly water soluble; (ii) its amino acid composition is low in 

isoleucine, leucine, valine, tryptophan, phenylalanine, tyrosine, cysteine and asparagine; and (iii) the 

role of the protein is associated with cell cycle control, transcriptional or translational regulation.
173

 

The ORFV002 protein fits these criteria with; (i) a high number of glutamic acid, arginine, glycine, 

serine and proline amino acids, together comprising 42% of sequence, and reflected in its high water 

solubility in the absence of other additives; (ii) few or no isoleucine, valine, tryptophan, 

phenylalanine, tyrosine, cysteine and asparagine residues, although several leucine residues; and (iii) 

is shown to inhibit NF-κB, a master regulator of human gene transcription.
173

 

 

3.9 Aims to Test Intrinsic “Unfoldedness” of ORFV002 

To test the hypothesis of ORFV002 as an intrinsically unfolded protein, the following objectives were 

established to:  

(1) express and purify NF-κB p65, the subunit of NF-κB that ORFV002 is known to 

specifically interact with; 

(2) conduct a binding experiment using ORFV002 and the purified NF-κB p65; and 

(3) monitor the process of ORFV002 folding by calorimetric methods such as isothermal 

titration calorimetry (ITC). 

While not directly probing “foldedness”, these experiments by showing protein-protien binding would 

infer the formation of a folded ORFV002 structure in the complex formed. 
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3.10 Construct Design of a His6-tagged p65 subunit of NF-κB 

Dr Mike Herbert (School of Biological Sciences, University of Auckland) has previously cloned the 

truncated NF-κB p6519-320 with an N-terminal hexa-histidine tag sequence into multiple cloning site 1 

(MCS2 is empty) of the pETDuet plasmid for expression in E. coli (Figure 3.12). The NF-κB p6519-320 

construct is the N-terminal half of the full-length NF-κB p651-550, and encompasses the Rel homology 

domain (p6519-306), and also the relevant segments for DNA-binding, IκB-binding and dimerization. 

The C-terminal half that contains the transactivation domain was neglected. 

M G S S H H H H H H S Q D P N S P Y V E I I E Q P K Q R G M R F R Y K C E G R S A G S I P G E 

R S T D T T K T H P T I K I N G Y T G P G T V R I S L V T K D P P H R P H P H E L V G K D C R 

D G F Y E A E L C P D R C I H S F Q N L G I Q C V K K R D L E Q A I S Q R I Q T N N N P F Q V 

P I E E Q R G D Y D L N A V R L C F Q V T V R D P S G R P L R L P P V L S H P I F D N R A P N 

T A D P K I C R V N R N S G S C L G G D E I F L L C D K V Q K E D I E V Y F T G P G W E A R G 

S F S Q A D V H R Q V A I V F R T P P Y A D P S L Q A P V R V S M Q L R R P S D R E L S E P M 

E F Q Y L P D T D D R H R I E E K R K R T Y E T F K S I M K K S P F S G 

Figure 3.12 Map of p6519-320 construct; the highlighted area indicates the Rel homology domain (p6519-306), underlined 

lysines (310, 314, and 315) in red indicate sites of acetylation and underlind serine (276) in pink indicates site of 

phosphorylation 

As discussed previously, ORFV002 is known to reduce p300-mediated acetylation of p65 in vivo at 

the lysine residues 310, 314, and 315 (highlighted in red in Figure 3.12),
234,235

  steps that are required 

to exert the full transcriptional activity by NF-κB. Furthermore, ORFV002 has been reported to 

decrease p65 acetylation through inhibition of Ser
276

 (pink, Figure 3.12) phosphorylation, since it is 

the phosphorylated NF-κB p65 that recruits transcriptional co-activators such as p300 and CREB 

binding protein for subsequent acetylation.
236

 In conclusion, the NF-κB p6519-320 construct 

incorporates all of the possible sites of ORFV002 interaction. 

 

3.11 Expression Trials of His6-NF-κB p6519-320 

Using a heat shock method, chemocompetent BL21(DE3) cells were transformed with the pETDuet-

NF-κB p6519-320 plasmid that expresses the N-terminal His6-tagged protein.  The transformed cells 

were trialled for protein expression in 3 × 5 mL of TB, ZYM-5052 and ZY media supplemented with 

ampicillin, at three different temperatures (18 ºC, 28 ºC and 37 ºC) for each of the media. At the end 

of the expression, the cells were lysed in a Novagen BugBuster
®
 Protein Extraction Reagent and the 

resulting soluble and insoluble cell fractions were separately analyzed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 3.13). The greatest levels of protein 

expression were observed in the cells grown in the TB media at 28 ºC and 37 ºC (A, Figure 3.13), 

although the majority of the expressed protein appeared in the insoluble fractions (abbreviated as 

‘ins.’ in Figure 3.13) of the two conditions. The cells grown in ZYM-5052 (abbreviated as ‘ZYM.’ in 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,1
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,30
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,268
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,282
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,311
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A, Figure 3.13) and ZY (B, Figure 3.13) media at the three temperatures displayed similar levels of 

protein expression. 

 

Figure 3.13 SDS-PAGE analysis of soluble (abbreviated as ‘sol.’) and insoluble (abbreviated as ‘ins.’) fractions of the lysed 

cells at the end of His6-NF-κB p6519-320 expression trials in various media: (A) expression of the protein in either TB or 

ZYM-5052 (abbreviated as ‘ZYM.’) media at 18 ºC, 28 ºC and 37 ºC; and (B) expression of the protein in ZY medium at 18 

ºC, 28 ºC and 37 ºC. 

Since the cells grown in TB media at 28 ºC and 37 ºC expressed a large amount of the protein but 

with a large insoluble fraction, cell lysis by sonication in a buffer consisting of 20 mM Tris pH 7.5, 

150 mM NaCl, supplemented with 10% glycerol was trialled to improve the protein solubility in cell 

lysates. Additionally, isopropylthiogalactopyranoside (IPTG)-induced expression was also attempted 

to further increase the overall yield of the protein in TB media. For IPTG-induced cultures, the cells 

were initially grown in 3 × 5 mL of TB media at 37 ºC until the optical density at 600 nm (OD600) 

reached 0.7-1.0. The cells were then induced with 1 mM IPTG and each of the different media 

conditions was separately incubated for 14 h at 18 ºC, 28 ºC and 37 ºC. Following incubation, the 

cells were analyzed by SDS-PAGE to visualize soluble and insoluble fractions (Figure 3.14). 

 

Figure 3.14 SDS-PAGE analysis of soluble (abbreviated as ‘sol.’) and insoluble (abbreviated as ‘ins.’) fractions of the lysed 

cells at the end of His6-NF-κB p6519-320 expression trials in TB medium at 28 ºC and 37 ºC and IPTG-induced TB medium at 

18 ºC, 28 ºC and 37 ºC. 
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The solubility of the expressed proteins is clearly improved by lysing the cells by sonication, as 

evidenced by the appearance of thicker bands in the soluble fractions of the cell lysates in TB media 

at  28 ºC and 37 ºC when compared to previous experiments (Figure 3.14). Furthermore, the IPTG-

induced cultures in TB media at 18 ºC and 28 ºC produced a greater proportion of soluble protein than 

insoluble protein (Figure 3.14).  

 

3.12 Purification of His6-NF-κB p6519-320 

The trial expression of His6-NF-κB p6519-320 in IPTG-induced TB medium at 18 ºC was successfully 

scaled-up to a 5 L expression. Cells were pelleted by centrifugation, reconstituted in 5 mL of a lysis 

buffer (150 mM NaCl, 25 mM Tris pH=7.5, + 1 cOmplete mini EDTA-free protease inhibitor tablet 

(Sigma)) per 1 mL cell pellet and were stored at -20 °C in 30 mL aliquots. A series of purification 

techniques such as immobilized metal-ion affinity chromatography (IMAC), ion-exchange 

chromatography (IEC) and size exclusion chromatography (SEC) were explored to isolate the 

expressed protein. All of the purification experiments described were performed at 4 °C to minimize 

degradation of the protein. 

 

3.12.1 Purification by Immobilized Metal-ion Affinity Chromatography (IMAC) 

An aliquot of cell pellet was thawed and lysed by sonication on ice. The hexa-histidine-tagged NF-κB 

p6519-320 was initially purified from the soluble cell lysate by immobilized metal-ion affinity 

chromatography (IMAC). The cell lysate was loaded onto a HisTrap HP column that was freshly 

charged with Ni
2+ 

ions and equilibrated in a protein buffer consisting of 150 mM NaCl and 25 mM 

Tris pH=7.5. The column was washed with the protein buffer supplemented with 10 mM imidazole to 

elute any undesired protein products that were non-specifically bound to the column (0-60 mL, Figure 

3.15). The histidine-tagged protein was eluted using a linear imidazole gradient of 10 to 500 mM over 

60 mL (60-140 mL, Figure 3.15). 
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Figure 3.15 IMAC profile for purification of His6-NF-κB p6519-320: For 0-60 mL of elution volume (EV), a 10 mM 

imidazole wash was performed. For 60-140 mL EV, the protein was eluted from the column with a linear imidazole gradient 

of 10 to 500 mM over 60 mL. 

The fractions eluted from the column were analyzed by SDS-PAGE showing the major peak eluting at 

~110 mL contained the desired protein product His6-NF-κB p6519-320 (Figure 3.16). The fractions 

containing the protein were pooled and buffer exchanged with a low salt buffer consisting of 20 mM 

NaCl, 25 mM Tris pH=7.5, 1 mM EDTA and 2 mM DTT for subsequent purification by ion-exchange 

chromatography (IEC). 

 

Figure 3.16 SDS-PAGE analysis of protein fractions eluted from the IMAC purification: the fractions indicated as ‘product 

peak’ were pooled and buffer exchanged for IEC purification. 
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3.12.2 Purification by Ion-Exchange Chromatography (IEC) 

To separate different protein species based on their overall charge differences, ion-exchange 

chromatography was performed using Q Sepharose and SP Sepharose columns that are strong anion 

and cation exchangers, respectively. The buffer exchanged protein sample in a low salt buffer (20 mM 

NaCl, 25 mM Tris pH=7.5, 1 mM EDTA, 2 mM DTT) was loaded onto a tandem Q Sepharose and a 

SP Sepharose column. The Q column was disconnected and the protein was eluted from the SP 

column using a linear NaCl gradient of 20 to 500 mM (Figure 3.17). 

 

Figure 3.17 IEC profile for purification of His6-NF-κB p6519-320: the protein was eluted from the SP Sepharose column with 

a linear NaCl gradient of 20 to 500 mM over 60 mL. 

The fractions eluted from the column were analyzed by SDS-PAGE – the major peak eluted at ~45 

mL and contained the desired protein product His6-NF-κB p6519-320 (Figure 3.18). The fractions 

containing the protein were pooled and concentrated for further purification by size exclusion 

chromatography (SEC). 
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Figure 3.18 SDS-PAGE analysis of protein fractions eluted from the IEC purification: the fractions indicated as ‘product 

peak’ were pooled and concentrated. 

 

3.12.3 Purification by Size Exclusion Chromatography (SEC) 

The concentrated protein sample was finally purified by size exclusion chromatography (SEC), a 

technique that separates proteins according to their sizes (or most properly their hydrodynamic radii). 

A 500 μL sample was loaded onto a Superdex 200 10/300 GL column equilibrated in the protein 

buffer (150 mM NaCl, 25 mM Tris pH=7.5) and subsequently eluted using a 1.3 column volume (CV) 

of the same buffer (Figure 3.19). 
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Figure 3.19 SEC profile for purification of His6-NF-κB p6519-320: the protein was eluted from the Superdex 200 column with 

1.3 column volume of the protein buffer (150 mM NaCl, 25 mM Tris pH=7.5). 

The fractions eluted from the column were analyzed by SDS-PAGE – the major peak eluted at ~15 

mL and contained the desired protein product His6-NF-κB p6519-320 (Figure 3.20). The fractions 

containing the protein were pooled and concentrated for the subsequent pull-down assay. 

 

Figure 3.20 SDS-PAGE analysis of protein fractions eluted from the SEC purification: the fractions indicated as ‘product 

peak’ were pooled and concentrated. 
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3.13 Pull-down Assay of His6-tagged NF-κB p65 with the Synthetic ORFV002 

A pull-down assay was conducted to investigate interactions between the intrinsically unfolded, 

synthetic ORFV002 (3.7) with the purified His6-NF-κB p6519-320. The assay is based on the same 

principle as IMAC, where an immobilized nickel ion (Ni-NTA resin) selectively binds the hexa-

histidine tag of NF-κB p6519-320; NF-κB is pre-incubated with ORFV002 forming a complex and 

effectively “fishing” ORFV002 out of solution (Figure 3.21). 

 

Figure 3.21 Mechanistic details of a pull-down assay between His6-NF-κB p6519-320 and ORFV002: a Ni2+ ion immobilized 

on a NTA-solid resin coordinates to the imidazole side-chains of hexa-histidine tagged to the N-terminus of NF- κB p6519-

320. 

Linear ORFV002 (3.7) was dissolved in an assay buffer consisting of 150 mM NaCl and 25 mM Tris 

pH=7.5 and an equimolar amount of freshly purified His6-NF-κB p6519-320 was added. The resulting 

mixture was incubated for 1 h at 4 ºC and Ni-NTA resins were added prior to a further 30 min 

incubation with gentle agitation. The solid resin was retrieved from the solution, washed 3 times with 

the fresh assay buffer and analyzed by SDS-PAGE. As predicted, and consistent with the literature, 

ORFV002 was successfully pulled down from the assay buffer, as evidenced by the appearance of a 

band at 11.8 kDa that corresponds to the molecular weight of ORFV002 (A, Figure 3.22). The binding 

interaction was further assessed over a range of ORFV002 concentrations, showing a clear titratable 

pull down effect (B, Figure 3.22), and over a range of pH values, indicating strongest interactions are 

formed in slightly basic conditions, at pH 7.5 and 8.0 (C, Figure 3.22). 



105 
  

         

Figure 3.22 SDS-PAGE analysis of pull-down assays conducted using ORFV002 and His6-NF-κB p6519-320: (A) pull-down 

assay using equimolar amounts of His6-NF-κB p6519-320 and ORFV002; (B) pull-down assay using His6-NF-κB p6519-320 and 

differing amounts of ORFV002; (C) pull-down assay conducted in various assay buffers with different acidity. 

 

3.14 Characterizing ORFV002 Folding upon Binding 

From the pull-down assays, it was established that the unfolded, synthetic ORFV002 binds the 

expressed His6-NF-κB p6519-320. Since intrinsically disordered proteins are characterized by 

synchronized binding and folding events, various experiments such as circular dichroism and 

isothermal titration calorimetry (ITC) were trialled to assess the ‘foldedness’ of ORFV002 that is 

bound to His6-NF-κB p6519-320, and probe the binding event.  

Unfortunately, the purified His6-NF-κB p6519-320 protein suffered from intrinsic instability, thus 

requiring a fresh preparation for every experiment and this limited the opportunities to thoroughly 

analyze this system within the scope of the PhD. For example, assessing the ‘foldedness’ of His6-NF-

κB p6519-320-bound ORFV002 by circular dichroism required a highly pure sample of the protein 

complex, the preparation of which necessitated an incubation of His6-NF-κB p6519-320 mixed with 

ORFV002, followed by a purification of the protein mixture by size-exclusion chromatography. 

Achieving a sufficient amount of the protein complex at the end of the two preparatory steps remained 

a great challenge. With preliminary ITC, although the experiment itself could be conducted at a 

relatively low temperature (11 ºC), a required overnight dialysis step prior to the experiment caused a 

significant amount of the purified His6-NF-κB p6519-320 to precipitate even at 4 ºC. Furthermore, the 

dialyzed protein showed signs of instability over the course of the ITC experiments (~6 h), such as 

appearance of visible protein precipitates and inconsistent results from the repeated protein-protein 

titration experiments.  

Although the raw data from the ORFV002-His6-NF-κB p6519-320 ITC experiments hinted at the 

interaction between the proteins shown by a weak titration effect (Figure 3.23), improving the 

stability of purified His6-NF-κB p6519-320 is crucial for accurate probing of the binding event. 
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Figure 3.23 Attempted ITC experiment to measure KD of the binding event, where the concentrated ORFV002 was added to 

His6-NF-κB p6519-320. 

It was reasoned that the His6-NF-κB p6519-320 instability may be due to the absence of NF-κB p50 

subunits that could form the most stable NF-κB heterodimers with the p65. Although the Rel 

homology domain (RHD) is present within the NF-κB p6519-320 construct which should allow 

formation of more stable p65 homodimers, they were hardly observed during SEC purification; and 

this coincided with the seldom observation of in vivo produced p65 homodimers.
237

 

In an attempt to induce a stable structure potentially amenable to X-ray crystallography, we tested the 

effect of so-called folding inducers on ORFV002. CD experiments were conducted to monitor 

induced folding of ORFV002 upon the addition of an osmolyte. The addition of 30% 2,2,2-

trifluoroethanol (TFE) produced α-helically folded ORFV002 (A, Figure 3.24) and the addition of 200 

mM trimethylamine N-oxide (TMAO) also greatly increased the α-helical content in ORFV002 (B, 

Figure 3.24). 

 

  

Figure 3.24 CD analysis of folding-induced ORFV002: (A) TFE-induced folding of ORFV002; (B) TMAO-induced folding 

of ORFV002. 
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With some success at induced-folding, initial robotic crystallization screening was attempted using the 

TFE-folded ORFV002 protein. Sitting drops were set up using a protein stock of ORFV002 in 60% 

TFE and an in-house library of 576 conditions. The crystallization drops were set up in 96-well 

Intelliplates that were sealed, stored at 18 °C and regularly monitored under a light microscope on a 

regular basis. None of the conditions produced ORFV002 protein crystals. 

 

3.15 Structure Prediction of ORFV002 and Homology Modelling using I-TASSER 

A three-dimensional structure of ORFV002 was predicted based on its linear sequence using I-

TASSER
216

, and displays a structure consisting of three ankyrin repeats, amino acid motifs 

comprising two α-helices separated by loops (Figure 3.25). This mainly α-helical structure is 

consistent with the circular dichroism data. Interestingly, the predicted structure of ORFV002 closely 

resembles part of IκB (i.e. ANK4, ANK5, and ANK6), the natural inhibitor of NF-κB p65 and may 

bind in a similar inhibitory mode as illustrated in Figure 3.25. It is also noteworthy that ANK5 and 

ANK6 of IκB have been reported to be intrinsically unfolded.
289

 

 

Figure 3.25 Predicted structure of ORFV002 using I-TASSER216, crystal structure model of NF-κB p65-bound IκB, and 

overlay (insert) of predicted ORFV002 and IκB showing a potential inhibitory binding interaction between the viral protein 

and NF-κB.  

Taken together, ORFV002 may exist as a molten globule prior to NF-κB p65 binding, and this is 

supported by the circular dichroism study (Figure 3.10, Section 3.7) that demonstrated a weak 

indication of α-helical content within the largely unstructured ORFV002. However, validating the 

hypothesis would require further structural and binding interaction studies to be advanced. 
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3.16 Conclusion and Future Work 

Native, linear ORFV002 was successfully synthesized using the techniques of Boc SPPS and native 

chemical ligation. All three polypeptide building blocks could be prepared in tens of milligram 

amounts and underwent near quantitative ligation reactions. A final desulfurization step afforded 

linear ORFV002 in an overall yield of 7.1 %, based on the molar amount of thioester 3.2 used in the 

first NCL step. 

Following folding buffer screening, it was hypothesized that the protein may be intrinsically unfolded. 

This hypothesis was supported by the ORFV002 protein undergoing induced-folding upon addition of 

osmolytes such as TMAO and TFE. The ORFV002 protein was also mixed with the natural binding 

partner NF-κB p65 produced recombinantly in bacteria. Upon successful expression and purification 

of NF-κB p6519-320, pull-down assays demonstrated that the unfolded, synthetic ORFV002 binds the 

expressed His6-NF-κB p6519-320 and presumably forms a folded structure. Further characterization of 

binding event via ITC or co-crystallization experiments was not possible, due to intrinsic instability 

associated with the purified His6-NF-κB p6519-320.  

To probe the protein complex formation further, achieving greater stability of the purified NF-κB 

p6519-320 will be critical; using different constructs of the p65 protein, forming heterodimer NF-κB 

complexes, or replacing the hexa-histidine tag with other tags including GST (glutathione S-

transferase) that may improve the stability of the purified NF-κB p6519-320 (in the case of GST, the tag 

dimerizes and may also promote NF-κB dimerization). This is currently being investigated within our 

research group.  

In terms of studying the ORFV002-NF-κB p6519-320 complex by co-crystallization, co-expressing the 

two proteins using a single plasmid may increase the overall chance of crystallization. 
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3.17 Experimental Data 

 

3.17.1 Peptide Synthesis 

 

3.17.1.1 General 

All solvents and reagents for peptide synthesis were used as supplied. N-[(1H-Benzotriazol-1-

yl)(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HBTU) and 

N-[(1H-6-chloro-benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium 

hexafluorophosphate N-oxide (HCTU) and S-trityl-β-mercaptopropionic acid were purchased from 

GL Biochem (Shanghai, China). Dichloromethane (DCM) (AR grade), N,N'-dimethylformamide 

(DMF) (AR grade) and acetonitrile (HPLC grade) were purchased from Scharlau (Barcelona, Spain). 

N,N'-Diisopropylcarbodiimide (DIC), N,N'-diisopropylethylamine (DIPEA), piperidine, 

triisopropylsilane (TIPS) and thiophenol were purchased from Aldrich (St Louis, MO). 

Trifluoroacetic acid (TFA) was purchased from Oakwood chemicals (West Columbia, SC). 

Anhydrous hydrogen fluoride (HF) was obtained from Matheson Trigas (Basking Ridge, NJ). 

Aminomethyl polystyrene (AM-PS) resin was synthesized “in house” as described.
238

 Boc-Ala-PAM 

(PAM = phenylacetamidomethyl) linker and Boc-Gly-PAM linker were purchased from Polypeptides 

(Strasbourg, France). Boc-amino acids were purchased from Polypeptides with the following side-

chain protection: Boc-Arg(Tos)-OH (Tos = p-toluenesulfonyl), Boc-Asp(cHex)-OH (cHex = 

cyclohexyl), Boc-Cys(4-MeBn)-OH (Bn = benzyl), Boc-Glu(cHex)-OH, Boc-His(Bom)-OH (Bom = 

benzyloxymethyl), Boc-Ser(Bn)-OH, Boc-Thr(Bn)-OH, Boc-Trp(CHO)-OH.  

 

3.17.1.2 Analysis and Purification 

The crude peptide products were analyzed for purity by analytical RP-HPLC Dionex (Sunnyvale, CA) 

Ultimate 3000 system equipped with a 4 channel UV detector at 210, 225, 254 and 280 nm using a 

Phenomenex (Torrance, CA) Gemini C18 (3.5 μm; 3.0 × 150 mm) column with a linear gradient of 

1% to 65% B over 64 min (1% B per min) or a Phenomenex Jupiter C4 (5 µm; 2.0 × 50 mm) column 

with a linear gradient of 5% to 65% B over 21 min (ca. 3% B per min), both at a flow rate of 0.2 

mL/min. The solvent system used was A (0.1% TFA in H2O) and B (0.1% TFA in acetonitrile). 

The product peaks from the crude product profiles were determined by LC-MS (either Dionex 

Ultimate 3000 equipped with a Thermo Finnegan MSQ mass spectrometer, or Agilent (Santa Clara, 

CA) Technologies 1120 Compact LC equipped with a Hewlett Packard (Palo Alto, CA) 1100 MSD 

mass spectrometer) at 214 nm using a Phenomenex Jupiter C4 (5 µm; 2.0 × 50 mm) column with a 

linear gradient of 5% to 65% B with a 5 min divert for 21 min (ca. 3% B per min) at a flow rate of 0.2 
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mL/min. The solvent system used was A (0.1% formic acid in H2O) and B (0.1% formic acid in 

acetonitrile). Peptide masses were confirmed using ESI in the positive mode. 

Purification of crude peptides was performed by semi-preparative RP-HPLC (Dionex Ultimate 3000 

system equipped with a 4 channel UV detector and a Foxy Jr fraction collector) at 210, 225, 254 and 

280 nm using a Phenomenex Gemini C18 (5 μm; 10.0 × 250 mm) column with a shallow gradient of 

increasing concentrations of solvent B at a flow rate of 5.0 mL/min. The solvent system used was A 

(0.1% TFA in H2O) and B (0.1% TFA in acetonitrile). Fractions containing the pure target peptide 

were identified by LC-MS and/or analytical RP-HPLC, then combined and lyophilized. 

 

3.17.1.3 Synthesis of ORFV002 (3.1) 

 

Boc-Gly-PAM linker (0.4 mmol) was coupled to AM-PS resin (0.2 g, 0.2 mmol, loading 1 mmol/g) 

with DIC (0.4 mmol) in CH2Cl2 (4 mL) for 1 h, drained and washed with CH2Cl2. The Kaiser test was 

negative. The Boc group was removed by 1 × 2 min treatment with TFA (5 mL) and thoroughly 

washed with DMF. To the deprotected H2N-Gly-PAM linker-resin, were added S-trityl-β-

mercaptopropionic acid (1.1 mmol) in HCTU (0.4 M, 1.0 mmol, 2.6 mL) and DIPEA (2.28 mmol) 

and the mixture was shaken for 20 min.
221

 The trityl group was removed by 2 × 1 min treatment with 

a deprotection solution consisting of 1:1:38 (v/v/v) TIPS:H2O:TFA.
221

 SPPS was performed manually 

by the Boc in situ neutralization procedure described in Section 2.19.1.2, using 100% TFA as 

deblocking reagent and HCTU/DIPEA as coupling reagents. The resulting peptide was then side-

chain deprotected and simultaneously cleaved from the resin support by treatment with anhydrous HF 

containing 5% (v/v) p-cresol for 1 h at 0 °C. After evaporation of the HF under reduced pressure, 

crude product was precipitated and triturated with chilled diethyl ether, isolated by centrifugation, 

washed with cold diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water containing 0.1% TFA and 

lyophilized. Purification by RP-HPLC (Phenomenex, Gemini C18, 5 μm; 10.0 × 250 mm) afforded 
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thioester 3.1 (67.9 mg). The total yield was 13.4%. MS (ESI+) for ORFV002 (3.1) [(M+6H)
6+

] Calc. 

724.5 Da, Obs. 724.4 Da; LC-MS data shown in Figure 3.5 (Section 3.6.1). 

 

3.17.1.4 Synthesis of ORFV002 (3.2) 

 

Boc-Ala-PAM linker (0.4 mmol) was coupled to AM-PS resin (0.2 g, 0.2 mmol, loading 1 mmol/g) 

with DIC (0.4 mmol) in CH2Cl2 (4 mL) for 1 h, drained and washed with CH2Cl2. The Kaiser test was 

negative. The Boc group was removed by 1 × 2 min treatment with TFA (5 mL) and thoroughly 

washed with DMF. To the deprotected H2N-Ala-PAM linker-resin, were added S-trityl-β-

mercaptopropionic acid (1.1 mmol) in HBTU (0.4 M, 1.0 mmol, 2.6 mL) and DIPEA (2.28 mmol) 

and the mixture was shaken for 20 min.
221

 The trityl group was removed by 2 × 1 min treatment with 

a deprotection solution consisting of 1:1:38 (v/v/v) TIPS:H2O:TFA.
221

 SPPS was performed manually 

by the Boc in situ neutralization procedure described in Section 2.19.1.2, using 100% TFA as 

deblocking reagent and HBTU/DIPEA as coupling reagents. The Boc-1,3-thiazolidine-4-carboxyl 

(Boc-Thz) group was introduced to protect the N-terminal cysteine of the fragment. The resulting 

peptide was then side-chain deprotected and simultaneously cleaved from the resin support by 

treatment with anhydrous HF containing 5% (v/v) p-cresol for 1 h at 0 °C. After evaporation of the 

HF under reduced pressure, crude product was precipitated and triturated with chilled diethyl ether, 

isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water 

containing 0.1% TFA and lyophilized. Purification by RP-HPLC (Phenomenex, Gemini C18, 5 μm; 

10.0 × 250 mm) afforded thioester 3.2 (134.34 mg). The total yield was 20.0%. MS (ESI+) for 

ORFV002 (3.2) [(M+6H)
6+

] Calc. 666.1 Da, Obs. 665.8 Da; LC-MS data shown in Figure 3.5 

(Section 3.6.1). 
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3.17.1.5 Synthesis of ORFV002 (3.6)  

 

H2N-Gly-PAM linker resin was prepared according to the method described for the thioester fragment 

3.1. SPPS was performed manually by the Boc in situ neutralization procedure described in Section 

2.19.1.2, using 100% TFA as deblocking reagent and HBTU/DIPEA as coupling reagents. The 

protecting group on Trp
102

(CHO) was removed on-resin by treatment with a solution of 2:1:17 (v/v/v) 

piperidine:H2O:DMF at 0 °C for 3 h. The resulting peptide was then side-chain deprotected and 

simultaneously cleaved from the resin support by treatment with anhydrous HF containing 5% (v/v) 

p-cresol for 1 h at 0 °C. After evaporation of the HF under reduced pressure, crude product was 

precipitated and triturated with chilled diethyl ether, isolated by centrifugation, washed with cold 

diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water containing 0.1% TFA and lyophilized. 

Purification by RP-HPLC (Phenomenex, Gemini C18, 5 μm; 10.0 × 250 mm) afforded cysteinyl 

fragment 3.3 (120.5 mg). The total yield was 19.5%. MS (ESI+) for ORFV002 (3.3) [(M+6H)
6+

] Calc. 

649.1 Da, Obs. 648.9 Da; LC-MS data shown in Figure 3.5 (Section 3.6.1). 

 

3.17.2 Native Chemical Ligation (NCL) and Post-NCL Modifications 

 

3.17.2.1 General 

Guanidine hydrochloride (GnHCl) was purchased from MP Biomedicals (Auckland, New Zealand). 

Sodium hydroxide (NaOH) was purchased from Scharlau (Barcelona, Spain). Disodium hydrogen 

phosphate (Na2HPO4) was purchased from ECP Ltd (Auckland, New Zealand). 4-

Mercaptophenylacetic acid (MPAA), tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl), 

reduced glutathione (GSH) and methoxylamine hydrochloride (MeONH2·HCl) were purchased from 

Sigma Aldrich (St Louis, MO). 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) 

was purchased from Wako Pure Chemical Industries (Osaka, Japan). 
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3.17.2.2 Analysis and Purification 

The reactions were monitored by LC-MS (either Dionex Ultimate 3000 equipped with a Thermo 

Finnegan MSQ mass spectrometer or Agilent Technologies 1120 Compact LC equipped with a 

Hewlett Packard 1100 MSD mass spectrometer) at 214 nm using a Phenomenex Jupiter C4 (5 μm; 2.0 

× 50 mm) column with a linear gradient of 5% to 65% B for 21 min (ca. 3% B per min), at a flow rate 

of 0.2 mL/min. The solvent system used was A (0.1% formic acid in H2O) and B (0.1% formic acid in 

acetonitrile). Peptide masses were confirmed using ESI in the positive mode. 

Purification of crude reaction mixtures was performed by semi-preparative RP-HPLC (Dionex 

Ultimate 3000 equipped with a 4 channel UV detector and a Foxy Jr fraction collector) at 210, 225, 

254 and 280 nm using a Phenomenex Gemini C18 (5 μm; 10.0 × 250 mm) column, with a shallow 

gradient of increasing concentrations of solvent B at a flow rate of 5.0 mL/min. The solvent system 

used was A (0.1% TFA in H2O) and B (0.1% TFA in acetonitrile). Fractions containing the pure 

target peptide were identified by LC-MS and/or analytical RP-HPLC, then combined and lyophilized. 

 

3.17.2.3 Synthesis of ORFV002 (3.5) 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (1 mL) was degassed for 15 min with argon. To 

the degassed buffer was added a mixture of MPAA (16.8 mg, 0.1 mmol) and TCEP.HCl (5.0 mg, 

0.017 mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear 

solution was added thioester 3.2 (5.65 mg, 1.42 µmol) and cysteinyl fragment 3.3 (5.46 mg, 1.39 

µmol). The reaction mixture was shaken at room temperature overnight and LC-MS showed near 

quantitative formation of the ligation product 3.4 [(M+10H)
10+

; Calc. 771.2 Da, Obs. 770.9 Da], 

which was used in the subsequent Thz deprotection reaction without further purification.  

To the crude ligation mixture was added methoxylamine hydrochloride (16.7 mg, 0.2 mmol) and the 

pH was measured (pH = 3.6). The solution was shaken overnight to give the N-terminal cysteine 

peptide which was purified by semi-preparative RP-HPLC (Phenomenex, Gemini C18, 5 µm, 10.0 × 

250 mm) to afford 3.5 (4.2 mg, 39.2% based on 3.3). MS (ESI+) for ORFV002 (3.5) [(M+11H)
11+

] 

Calc. 700.1 Da, Obs. 699.8 Da; LC-MS data shown in Figure 3.6 (Section 3.6.2). 
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3.17.2.4 Synthesis of ORFV002 (3.6) 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (2 mL) was degassed for 20 min with argon. To 

the degassed buffer was added a mixture of MPAA (33.6 mg, 0.2 mmol) and TCEP.HCl (10.0 mg, 

0.034 mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear 

solution was added thioester 3.1 (8.62 mg, 1.98 µmol) and cysteinyl fragment 3.5 (17.18 mg, 2.22 

µmol). The reaction mixture was separated into 2 × 1 mL batches and both batches were shaken at 

room temperature for 12 h to give the ligated product which was purified by semi-preparative RP-

HPLC (Phenomenex C18 Gemini, 5 µm, 10.0 × 250 mm) to afford 3.6 (5.8 mg, 24.4% based on 3.1). 

MS (ESI+) for ORFV002 (3.6) [(M+16H)
16+

] Calc. 742.7 Da, Obs. 742.4 Da; LC-MS data shown in 

Figure 3.7 (Section 3.6.3).  

 

3.17.2.5 Synthesis of the Native ORFV002 (3.7) 

 

To an aqueous buffer of 6 M GnHCl/0.2 M phosphate (2.5 mL), was added TCEP.HCl (156.4 mg, 

0.55 mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. The mixture was 

degassed for 20 min with argon. To this clear solution were added peptide 3.6 (14.8 mg, 1.26 µmol) 

and an aqueous solution (60 µL) of VA-044 (16.6 mg, 0.05 mmol) and L-glutathione (8.0 mg, 0.026 

mmol). Following 9 h incubation at 37 °C, LC-MS revealed formation of desulfurized product by a 

change in the [(M+16H)
16+

] charge state without any retention time shift. The desulfurized product 

was purified by semi-preparative RP-HPLC (Phenomenex, C18 Gemini, 5 µm, 10.0 × 250 mm) to 

afford 3.7 (2.0 mg, 13.5%). MS (ESI+) for ORFV002 (3.7) [(M+16H)
16+

] Calc. 738.7 Da, Obs. 738.7 

Da; LC-MS data shown in Figure 3.8 (Section 3.6.4). 
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3.17.3 Initial Folding Screening using Differential Scanning Fluorimetry 

Folding experiments were trialled using various combinations of buffers and additives, guided by the 

folding protocols and analysis methods described in Section 2.19.3. The conditions tested are listed in 

Table 3.2 in Section 3.7.1. 

 

3.17.4 Initial Crystallization Screening 

Initial crystallization screening was carried out using the in-house library of 576 conditions, guided by 

the screening protocols described in Section 2.19.8. 

 

3.17.5 Circular Dichroism (CD) Spectroscopy 

All CD measurements were performed on an Applied Photophysics PiStar spectrometer. Protein 

spectra data are reported in terms of the mean residue ellipticity (θ) (deg.cm
2
/dmol), calculated as 

follows: 

θ = S / (10 × c × L × n) 

S is the raw CD signal in millidegrees, c is the protein concentration in M, L is the cuvette path length 

in cm, and n is the number of peptide bonds in the protein. The ellipticity was plotted against 

wavelength for secondary structure or temperature for thermal stability. 

Each CD spectrum measurement represents the average of 8 scans obtained with a 2 nm optical 

bandwidth and time per points of 2 s. Baseline spectra were collected with buffer alone and then 

subtracted from the raw protein spectra. The measurements were performed in a Hellma Analytics 1 

mm quartz cuvette at protein concentrations of 2 µM in the specified folding buffer at 4 °C. 

 

3.17.6 Nuclear Magnetic Resonance (NMR) 

The 1D 
1
H spectrum of ORFV002 was acquired by Michael Schmitz (School of Chemical Science, 

University of Auckland) on a Bruker (Billerica, Massachusetts, U.S) AV600 spectrometer equipped 

with a 5-mm z-gradient 
1
H/

15
N/

13
C cryoprobe, to assess the foldedness of the protein in a buffer 

consisting of 20 mM phosphate pH=8.0 and 10% D2O for locking. A pre-saturation technique was 

used to delete the water signal.   
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3.17.7 Recombinant Expression of His6-NF-κB p6519-320 Subunit in E. coli 

 

3.17.7.1 Materials, Reagents and Recipes 

Unless otherwise stated, all chemicals of analytical or reagent grade were supplied by Merck 

Chemicals and Laboratory supplies, Sigma Aldrich Chemical Company, Scharlau, Merck, Panreac, 

AppliChem, Apollo Scientific and Serva. All buffer solutions and reagents were prepared using 

purified water obtained from a Milli-Q purification system and sterilized through filtration (0.22 μm). 

Apart from antibiotics and IPTG, all solutions used for culture purposes were autoclaved prior to use. 

A description of materials used are shown in Table 3.3, and the sequence of the His6-NF-κB p6519-320 

construct is shown in Table 3.4. 

Material Description/recipe Application 

Media 

Lysogeny 
broth (LB) 

1% tryptone, 0.5% yeast extract, 171 mM NaCl 
Plasmid 
propagation and 
protein expression 

LB-agar 
with 

Ampicillin 

For every 50 mL of LB, 1 g of agar was added. 
Autoclaved LB-agar mixture was briefly cooled and supplemented with 50 
μg/mL Ampicillin. 

Plasmid selection 
and maintenance 
on solid medium 

Terrific 
broth (TB) 
medium 

(TB): 1.2% tryptone, 2.4% yeast extract, 0.4% glycerol 
(From 0.17 M KH2PO4, 0.72 M K2HPO4): 17 mM KH2PO4, 72 mM K2HPO4 

Auto-induction TB 
medium for 
protein expression 

ZYM-5052 
medium 

(ZY): 1% tryptone, 0.5% yeast extract 
(from 50 × M): 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4 
(from 50 × 5052): 0.5% glycerol, 0.05% glucose, 0.2% α-lactose 
(from 1000 × metal mix): 0.2 × metal mix 
(from 1M MgSO4): 2 mM MgSO4 

Auto-induction ZY 
medium for 
protein expression 

Minimal 
medium 
(MDG) 

(from 40% glucose): 0.5% glucose 
(from 25% aspartate): 0.25% aspartate 
(from 50 × M): 25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4 
(from 1000 × metal mix): 0.2 × metal mix 
(from 1M MgSO4): 2 mM MgSO4 

Non-inducing 
medium for 
growing working 
or freezer cultures 

Bacterium 

E.coli 
BL21 
(DE3) 

Genotype of F- dcm ompT hsdS(rB- mB-) gal l (DE3) was kindly provided by 
Yuliana Yosaatmadja, The University of Auckland, NZ 

E. coli for plasmid 
propagation and 
protein expression 

Plasmid 

pETDuet™ 
His6-NF-κB p6519-320 construct cloned into multiple cloning site 1 (MCS2 is 
empty) was kindly provided by Dr. Mike Herbert, The University of Auckland, NZ 

Construct for the 
protein expression 

Reagents 

Ampicillin 
Stock solution (50 mg/mL) was stored at -20 °C and diluted 1000 times upon 
addition to culture media 

Antibiotic 
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IPTG 1 M isopropyl β-D-1-thiogalactopyranoside 
Inducing protein 
expression 

 

Table 3.3 Materials used for expression of His6-NF-κB p6519-320 subunit 

 

Sequence of 

His6-NF-κB p6519-320 

construct 

M G S S H H H H H H S Q D P N S P Y V E I I E Q P K Q R G M R F R 

Y K C E G R S A G S I P G E R S T D T T K T H P T I K I N G Y T G 

P G T V R I S L V T K D P P H R P H P H E L V G K D C R D G F Y E 

A E L C P D R C I H S F Q N L G I Q C V K K R D L E Q A I S Q R I 

Q T N N N P F Q V P I E E Q R G D Y D L N A V R L C F Q V T V R D 

P S G R P L R L P P V L S H P I F D N R A P N T A D P K I C R V N 

R N S G S C L G G D E I F L L C D K V Q K E D I E V Y F T G P G W 

E A R G S F S Q A D V H R Q V A I V F R T P P Y A D P S L Q A P V 

R V S M Q L R R P S D R E L S E P M E F Q Y L P D T D D R H R I E 

E K R K R T Y E T F K S I M K K S P F S G 

Number of amino acids 318 

MW 36363.9 Da 

Theoretical pI 8.68 
 

Table 3.4 Details of the His6-NF-κB p6519-320 construct used 

 

3.17.7.2 Transformation of Chemocompetent Cells by Heat Shock 

The purified plasmid DNA was used to transform E. coli strain BL21(DE3). A 50 μL aliquot of the 

chemocompetent cells was thawed on ice, mixed with 2 μL of plasmid DNA (3.2 mg/mL), then the 

mixture left on ice for 30 min. The mixture was then heat shocked at 42 °C for 30 s, put on ice for 2 

min, then 1 mL of LB added prior to incubated for 1.5 h at 37 °C with agitation. A volume of 200 μL 

of the mixture was subsequently plated on LB-agar plates supplemented with ampicillin.  

 

3.17.7.3 Protein Expression Trials 

The transformed bacterial cells were grown overnight in 5 mL of a candidate culture medium 

supplemented with 50 μg/mL ampicillin at either 18, 28 or 37 °C. For IPTG-induced cultures, cells 

were initially grown in TB media at 37 °C until optical density at 600 nm (OD600) of 0.7-1.0 was 

reached. At this point, the cultures were induced with 1 mM isopropylthiogalactopyranoside (IPTG) 

and left for 14 h either at 18, 28 or 37 °C with vigorous shaking to ensure sufficient aeration.  

Cells were either lysed using a cell wall disrupting reagent or by sonication in a lysis buffer. For cells 

lysed using a reagent, 1.5 mL of culture medium at the end of expression was taken and centrifuged 

(5000 rpm, 4 °C for 20 min). After discarding the supernatant, the resulting pellet was reconstituted in 

500 μL of a Novagen BugBuster
®
 Protein Extraction Reagent and incubated at 4 °C for 40 min with 

gentle agitation. Following the incubation, the cell lysate mixture was centrifuged (14,000 rpm, 4 °C 

http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,1
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,30
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,268
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,282
http://web.expasy.org/cgi-bin/translate/dna_sequences?/work/expasy/tmp/http/seqdna.8612,1,311


118 
  

for 20 min) to give both soluble and insoluble fractions. For the soluble fraction, 10 μL of Bio-Rad 

Profinity
™

 IMAC Nickel-charged Resin was added and the mixture was incubated for 30 min with 

gentle agitation. The mixture was then centrifuged (14,000 rpm, 4 °C for 3 min) to discard the 

supernatant and the protein-bound resin was analysed by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). For the insoluble fraction, the pellet was reconstituted in 500 μL of a 

lysis buffer (150 mM NaCl, 25 mM Tris pH=7.5 and 10% glycerol) and 20 μL was taken to analyze 

by SDS-PAGE. 

For cells lysed by sonication, cells were pelleted by centrifugation (5000 rpm, 4 °C for 20 min), 

reconstituted in 5 ml of the lysis buffer (150 mM NaCl, 25 mM Tris pH=7.5 and 10% glycerol) and 

sonicated for 1 min in an ice bath. 1.5 mL of cell lysate was taken and centrifuged (14,000 rpm, 4 °C 

for 20 min) to give both soluble and insoluble fractions. For the soluble fraction, 10 μL of Bio-Rad 

Profinity
™

 IMAC Nickel-charged Resin was added and the mixture was incubated for 30 min with 

gentle agitation. The mixture was then centrifuged (14,000 rpm, 4 °C for 3 min) to discard the 

supernatant and the protein-bound resin was analyzed by SDS-PAGE. For the insoluble fraction, the 

pellet was reconstituted in 500 μL of the lysis buffer and 20 μL was taken to analyze by SDS-PAGE. 

 

3.17.7.4 Protein Expression 

The transformed bacterial cells were cultured in 5 × 1 L TB media supplemented with 50 μg/mL 

ampicillin and were grown at 37 °C until OD600 of approximately 0.8 was reached. At this point, the 

cultures were induced with 1 mM isopropylthiogalactopyranoside (IPTG) and left for 14 h at 18 °C 

with vigorous shaking to ensure sufficient aeration. Cells were pelleted by centrifugation (5000 rpm, 4 

°C for 20 min), reconstituted in 5 ml of lysis buffer (150 mM NaCl, 25 mM Tris pH=7.5 and protease 

inhibitor) per 1 mL cell pellet and stored at -20 °C in 30 mL aliquots. 

 

3.17.7.5 Protein Purification 

Frozen cells were thawed and lysed by sonication on ice. Insoluble cell material was clarified by 

centrifugation (14,000 rpm, 4 °C for 20 min). The crude cell lysate was purified by a series of 

chromatographic methods using a GE Healthcare ÄKTA Prime FPLC system at 4 ºC. All the 

solutions used in the purification were filtered with 0.2 μm filters. 

(i) Immobilized Metal-ion Affinity Chromatography (IMAC): 

Buffer A: 150 mM NaCl, 25 mM Tris pH=7.5  

Buffer B: 150 mM NaCl, 25 mM Tris pH=7.5, 500 mM imidazole 
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Buffer C: 150 mM NaCl, 25 mM Tris pH=7.5, 10 mM imidazole 

A GE Healthcare HisTrap HP column was washed with 5 column volume (CV) of MQ water, stripped 

with 1 CV of 1 M EDTA pH=8 and washed again with 5 CV of MQ water. The column was charged 

with 1 CV of 200 mM NiCl2 and unbound Ni
2+

 was removed by washing with 5 CV of MQ water and 

then the column was equilibrated with 5 CV of Buffer A. Cell lysate was filtered through 0.2 μm filter 

and loaded onto the column. The column was connected to the ÄKTA Prime and washed with Buffer 

B at a flow rate of 5 mL/min for ~15 min. The protein was eluted from the column at a flow rate of 5 

mL/min with a linear imidazole gradient of 0 to 500 mM over 60 mL using Buffers A and B. Peak 

fractions were pooled and buffer exchanged with low salt buffer containing 20 mM NaCl, 25 mM Tris 

pH=7.5 and 1 mM EDTA for the subsequent purification by ion-exchange chromatography. 

 

(ii) Ion-Exchange Chromatography (IEC): 

Buffer A: 20 mM NaCl, 25 mM Tris pH=7.5, 1 mM EDTA, 2 mM DTT 

Buffer B: 500 mM NaCl, 25 mM Tris pH=7.5, 1 mM EDTA, 2 mM DTT 

The sample from (i) was loaded onto a tandem GE Healthcare HiTrap Q Sepharose Fast Flow and a 

GE Healthcare HiTrap SP Sepharose Fast Flow column equilibrated in Buffer A. After loading, the 

Q column was disconnected and the S column was connected to the ÄKTA Prime to elute the 

protein at a flow rate of 5 mL/min with a linear NaCl gradient of 20 to 500 mM over 60 mL using 

Buffers A and B. Peak fractions were pooled and concentrated for the subsequent purification by 

size exclusion chromatography. 

 

(iii) Size Exclusion Chromatography (SEC): 

Buffer A: 150 mM NaCl, 25 mM Tris pH=7.5 

As the final step, the concentrated sample from (ii) was purified on a GE Healthcare Superdex 200 

10/300 GL column equilibrated in Buffer A. For a single run, <500 μL of the concentrated sample 

was injected onto the column, which was separated based on the protein size using a 1.3 CV of 

Buffer A at a flow rate of 0.5 mL/min.  

 

3.17.7.6 Protein Concentration and Storage 

Protein solutions were concentrated by ultrafiltration using GE Healthcare Vivaspin
™

 Sample 

Concentrators. Selection of a membrane with molecular weight cut-off was based on 50% of the 

molecular weight of the protein monomer. Protein concentration was performed at 3,500 rpm at 4 °C 



120 
  

until the desired volume was obtained. Due to unstable nature of the purified protein, the protein was 

always freshly prepared from frozen cell pellets that were stored at -20 °C. For the same reason, the 

purified protein was not subjected to a long-term storage.  

 

3.14.5.6 Protein Analysis using Sodium Dodecyl Sulfate-polyacrylamide Gel Electrophoresis 

(SDS-PAGE) 

For each protein quantification step, samples of the collected fractions were run on Coomassie-blue 

stained SDS–PAGE minigels. Generally, SDS-PAGE of protein samples was carried out using 12% or 

15% acrylamide gels. Briefly, 5 μL of protein sample or cell lysate was mixed with 5 μL of SDS 

loading buffer (50 mM Tris pH=6.8, 40% glycerol, 4% SDS, 5 mM β-mercaptoethanol and 0.2% 

bromophenol blue) and denatured by boiling at 96 °C for 5 min. Samples were then loaded into the 

wells along with the protein molecular weight standards (Bio-Rad Unstained Precision Plus Protein 

Standard
™

). Gels were initially run at 10 mA until the dye front reached 1/3 of the gels, then at 20 mA 

until the dye front ran into the running buffer. Upon completion of the runs, the gels were immersed 

into the staining solution consisting of 40% ethanol, 10% glacial acetic acid and 0.125% Serva 

Coomassie Brilliant Blue R-250 for 1 h at room temperature. The gels were then destained in a 

destaining buffer consisting of 40% ethanol and 10% glacial acetic acid until protein bands appeared 

on a clear background. 

 

3.17.7.7 Protein Quantification 

The protein concentration was determined spectrophotometrically by measuring the absorbance at 280 

nm using a Thermo Scientific NanoDrop ND-1000 spectrophotometer. A ε280 value of 19,410 M
-

1
cm

-1
 and a MW of 36.36 kDa were used. Protein solution (1-2 μL) was pipetted onto the pedestal of 

the spectrophotometer and the extinction coefficient and molecular weight calculated from the amino 

acid sequence were entered. The protein concentration was calculated using Beer’s law, A = εlc, 

where A is absorbance at 280 nm, ε is the molar extinction coefficient (M
-1

cm
-1

) calculated by 

Protparam tool on Expasy server (http://web.expasy.org/protparam/) based on amino acid sequences, l 

is the path length of the sample (cm) and c is the concentration of the protein solution (M). 

 

3.17.8 His6 Pull-down Assay 

The His6 pull-down assay was performed using the assay buffer consisting of 150 mM NaCl and 25 

mM Tris pH=7.5. Unfolded ORFV002 was dissolved in the assay buffer. To this, an equimolar 
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amount of the purified His6-NF-κB p6519-320 was added, mixed and for 1 h at 4 °C. An equimolar 

amount of His6-NF-κB p6519-320 was used as a control. To each sample, a 10 uL aliquot of a Bio-Rad 

Profinity
™

 IMAC Nickel-charged Resin was added and mixed for 30 min. Supernatant was removed, 

beads were washed 3 times in the assay buffer to ensure complete removal of unbound proteins. The 

samples were run on Coomassie-blue stained SDS–PAGE minigels to visualize complex formation 

between the two proteins. 

 

3.17.9 Isothermal Titration Calorimetry 

ITC experiments were performed using a MicroCal VP-ITC microcalorimeter operated at 11 °C. 

ORFV002 (50 μM, 1.2 mL) and NF-κB p6519-320 (5 μM, 4 mL) were exhaustively dialyzed into the 

same assay buffer consisting of 150 mM NaCl and 25 mM phosphate pH=7.5. Before performing 

titrations, the protein samples were degassed at 1/3 atm for 10 min at 11 °C. The cell (volume of 1.4 

mL) was filled with the solution of NF-κB p6519-320 at 11°C. The injection syringe was filled with the 

solution of concentrated ORFV002. The titration comprised 28 injections of 5 μL, spaced at intervals 

of 250 s. Heats of dilution were determined from control titrations, where ORFV002 was injected into 

buffer or buffer injected into NF-κB p6519-320. Only the raw data was assessed in order to optimize for 

the subsequent ITC experiment. 
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4             SHONα: Secreted Hominoid-Specific Oncogenic Protein α 

Breast cancer 

4.1 Breast Cancer 

Breast cancer is the leading cause of cancer-related death in women worldwide and the fifth cause of 

death from cancer overall. Approximately 1.67 million new cases were diagnosed worldwide in 2012 

and more than one third (i.e. 522,000) died from the disease. Breast cancer affects 1 in 9 New Zealand 

women with 2805 new cases reported in 2010.
239

 More than 650 women die in New Zealand from the 

disease each year.
240

  

The onset of breast cancer arises from gene mutations that can be classified as either hereditary or 

acquired. Tumour suppressor genes such as breast cancer 1, early onset (BRCA1), breast cancer 2, 

early onset (BRCA2), tumour protein p53 (TP53), and phosphatase and tensin homologue (PTEN) are 

implicated in specific inherited mutations that dramatically increase the risk of developing the disease, 

often at an earlier stage of life. By contrast, acquired gene mutations can occur at any stage of life, 

often triggered by prolonged exposure to radiation and/or carcinogens, although causes in most cases 

are not identified. Erb-b2 receptor tyrosine kinase 2 (ERBB2), or more commonly referred to as 

human epidermal growth factor receptor 2 (HER2), is a proto-oncogene associated with acquired 

mutations, which regulates activation of various signal transduction pathways including mitogen 

activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) pathways.  

 

4.2 Estrogen Receptor (ER) Action 

Many avenues of evidence indicate that estrogen signalling and estrogen receptors play a central role 

in the initiation and progression of breast cancer, with the majority of human breast cancer being 

initially estrogen dependent.
241,242

  

In classical genomic models of estrogen receptor function, as illustrated in Figure 4.1, estrogen 

binding to receptors triggers conformational change and dimerization of the estrogen-estrogen 

receptor complex.
243

 The dimer subsequently translocates into the cell nucleus to either: (i) bind 

estrogen response elements (EREs) in DNA; or (ii) be tethered to DNA via interactions with other 

transcription factors (TFs) such as specificity protein 1 (SP1), activator protein-1 (AP-1), or NF-κB, 

which are bound to their cognate sites known as response elements.
243,244

  The resulting multiprotein 

complex is further stabilized and thereby differentially controls gene expression through assembling 

various active (phosphorylated (P)) co-activators (CoAs) or co-repressors (CoRs), which in turn, 

recruit co-regulatory proteins such as a histone acetyltransferase (HAT) and an ubiquitin ligase 

(UL).
243,245,246

 To date, early and late estrogen responsive genes
247

 have been identified, including 
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genes implicated in cancer cell proliferation and survival, enhancing our understanding of the 

molecular events involved in estrogen action. 

 

 

Figure 4.1 Molecular mechanism of estrogen receptor signal transduction pathway. Methylated estrogen receptor is 

indicated with ‘M’. Copyright © 2015, reproduced with permission from Nature Publishing Group.243 

 

In contrast to the genomic estrogen receptor signalling pathway, non-genomic signalling can be 

mediated by estrogen-bound receptors that are localized in the cytoplasm where they can be 

methylated, or at the cell membrane through interactions with steroid receptor co-activator (SRC), 

PI3K and G protein (GP) (Figure 4.1).
243

 This signalling mechanism through the activation of protein 

kinase cascades, results in phosphorylation and activation of target transcription factors that can 

regulate transcription through their response element sites.
243

  

Additionally, non-genomic estrogen receptor signalling can also be achieved in an estrogen-

independent manner through activation of ERK and AKT serine/threonine kinases that phosphorylate 

ERs in response to the binding of growth factors (GFs) to high-affinity cell surface receptors known 

as receptor tyrosine kinases (RTKs).
243

 Shown in Figure 4.1 is epidermal growth factor receptor 

(EGFR), a class I RTK that includes ERBB2/HER2 receptor and insulin-like growth factor receptor 

(IGFR). 
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4.2.1 RAS/RAF/MEK/ERK and PI3K/AKT Signal Transduction Pathways 

As described in Figure 4.1, activated ERK and AKT kinases can mediate: (i) non-genomic signalling 

of estrogen-bound estrogen receptors via phosphorylation of transcription factors and (ii) estrogen-

independent signalling of estrogen receptors via direct phosphorylation of the receptors, 

predominantly at serine residues.
248

 The activation of ERK and AKT kinases in response to 

extracellular growth factors can be achieved via RAS/RAF/MEK/ERK and PI3K/PTEN/AKT signal 

transduction pathways, respectively. Both pathways are highly conserved in eukaryotic evolution and 

play a pivotal role in cell growth and survival through cascades of enzymic reactions, but are 

frequently dysregulated in a broad range of human cancers, including breast cancer.
249,250

  

There exists an extensive cross-talk between the RAS/RAF/MEK./ERK and PI3K/PTEN/AKT 

pathways, an example of which, in relation to direct phosphorylation of ERα, the alpha-isomer of ER,  

is depicted in Figure 4.2.
251

 For simplicity, the pathways will be discussed separately below. 

 

Figure 4.2 Cross-talk between the RAS/RAF/MEK/ERK and PI3K/PTEN/AKT pathways in direct phosphorylation of ERα. 

 

The RAS/RAF/MEK/ERK pathway, also known as the MAPK pathway, is a kinase cascade that 

transmits signals from extracellular growth factors to effectors in the cytoplasm and nucleus that exert 

control of a variety of critical cellular processes, including cell cycle progression, differentiation, 

survival, wound healing, integrin signalling, migration and angiogenesis.
252

 There are seven MAPK 

signalling pathways that are differentiated by referring to the terminal kinase in the cascade, four of 

which are implicated in breast disease and function in mammary epithelial cells: ERK1/2, JNK1/2/3, 

p38 MAPK and ERK5.
253,254,255

 Of these, the best studied and the most important to breast cancer 

progression is the ERK1/2 pathway (Figure 4.3).
253,256,257
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Figure 4.3 ERK1/2 actions in the RAS/RAF/MEK/ERK signal transduction pathway. 

Once activated through a cascade of kinases, ERK1/2 can regulate various downstream effectors; a 

selection of those relevant to breast cancer progression that affect angiogenesis, survival, cell cycle 

progression, differentiation and transcription are depicted in Figure 4.3. ERK1/2 substrates appear to 

contain a consensus motif consisting of a serine or threonine residue bordered by two proline residues 

(i.e. Pro-Xaa-[Ser/Thr]-Pro, where Xaa is any amino acid).
258

  

The PI3K/PTEN/AKT signalling pathway is involved in regulation of a number of crucial cellular 

processes, including metabolism, growth, survival, angiogenesis and migration.
259

 There are three 

classes of PI3Ks, class I, II and III, delineated based on structure, function and specificity for lipid 

substrates. Thus far, only the class I PI3Ks have been implicated in oncogenesis owing to its ability to 

generate PIP3, a secondary messenger that activates the AKT signalling pathway (Figure 4.4).
260,261,262
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Figure 4.4 Class IA PI3K actions in the PI3K/PTEN/AKT signal transduction pathway. 

In mammals, class I PI3Ks are further divided into subclasses IA and IB based on their modes of 

regulation; the enzymes of class IA PI3Ks are directly activated by cell surface receptors such as 

receptor tyrosine kinases (RTKs) and G protein-coupled receptors (GPCRs), and certain oncogenes, 

whereas the enzymes of class IB are exclusively activated by GPCRs.
263

 Class IA PI3K heterodimers, 

consist of an 85 kDa regulatory subunit (p85) and a 110 kDa catalytic subunit (p110), and 

phosphorylate PIP2 to generate PIP3. As a second messenger, PIP3 can signal the AKT signalling 

pathway to either activate or inactivate a variety of transcription factors involved in cell metabolism, 

cell survival and apoptosis. The validated downstream effectors of AKT with a consensus motif of 

Arg-Xaa-Arg-Xaa-Xaa-[Ser/Thr] are illustrated in Figure 4.4.
264
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4.3 Molecularly Targeted Therapies for Treatment of Breast Cancer 

Breast cancer is a highly heterogeneous disease which comes in several clinical and histological 

forms. There are about 20 morphologically distinct subtypes
265,266

 or at least five molecular 

subtypes.
267,268,269

 Significant advances in the understanding of critical pathways involved in breast 

cancer have led to the development of novel therapies that are collectively known as molecularly 

targeted therapy. Targeted therapies have the potential to be more specific and in many cases have 

fewer side effects than other conventional therapies such as chemotherapy and radiotherapy, which 

work primarily through the inhibition of cell division.  

At present, small-molecule inhibitors and therapeutic monoclonal antibodies are the two main types of 

targeted therapies used in clinical practice. However, therapeutic monoclonal antibodies require 

complex bioengineering and so the production cost is usually very high, whereas small molecule 

inhibitors can be chemically manufactured and are usually much less expensive to make. In addition, 

as distinct from small-molecule agents, any protein therapeutic is potentially immunogenic. 

Therefore, there are considerable efforts to develop small molecule inhibitors for cancer treatment.
270

  

Determination of the correct targeted therapy for different types of breast cancer is crucial for 

treatment of the disease. All breast cancers can be classified according to their receptor status that is 

identified by immunohistochemical staining of cancer cells based on the presence of estrogen 

receptors, progesterone receptors and HER2. The resulting four categories are: (i) estrogen receptor-

positive (positive for estrogen receptors or progesterone receptors); (ii) HER2-positive; (iii) triple-

positive (positive for all estrogen receptors, progesterone receptors and HER2); and (iv) triple-

negative (negative for all estrogen receptors, progesterone receptors and HER2) breast cancers.  

 

4.3.1 Targeting Estrogen Receptors for Treatment of Breast Cancer 

The activity of the estrogen receptor has been strongly correlated with breast cancer disease, and has 

thus been a popular therapeutic target for the treatment and prevention of breast cancer. Systemic 

intervention of the estrogen receptor signalling pathway can be achieved by targeting different levels 

of downstream events (Figure 4.5). Anti-estrogens and selective estrogen-receptor modulators 

(SERMs) primarily act as antagonists of estrogens, reducing overall receptor response to estrogen. 

Alternatively, aromatase inhibitors (AIs) reduce production of estrogens by blocking aromatase, an 

enzyme involved in production of estrogens via aromatization of androgens. Peptides and/or small 

molecule inhibitors can inhibit further downstream events that include association of dimeric 

estradiol-estrogen receptor (E2-ER) complex with estrogen response element, as well as association of 

the DNA-bound estradiol-estrogen receptor complex with co-activators. 
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Figure 4.5 Systemic interventions targeting estrogen receptor signalling in breast cancer (the antagonistic effect of SERM is 

shown) 

 

4.3.2 Need for Novel Breast Cancer Targets  

The drugs targeting either estrogen production (i.e. AIs) or estrogen association with ERs (i.e. Anti-

estrogens and SERMs) continue to be the mainstay treatment for patients with estrogen receptor-

positive (ER
+
) tumours, which account for approximately 75% of all breast cancer cases. However, 

ERα, the currently used predictive biomarker to measure patients’ responsiveness to the drugs, suffers 

from inconsistencies to be used accurately due to de novo or acquired tumour resistance. In both types 

of resistance, tumour cells are no longer entirely dependent on hormonal signalling for survival, 
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leading to relapses occurring in up to 50% of ER
+
 breast cancer patients through molecular 

mechanisms that are yet to be fully understood.
271,272,273,274,275

 Typically, these tumours continue to 

express ERα and demonstrate earlier metastatic recurrence.
194,276 

The expression of ERα–regulated 

progesterone receptor (PR) and BCL-2 genes is associated with improved survival of patients with 

breast cancer and serves as a favorable prognostic marker that forecasts the likely course of the 

disease irrespective of endocrine therapy treatment.
277,278,279

 Nevertheless, there are still no definitive 

methodologies for predicting patients’ responsiveness to the drugs.
 

In addition to the unfilled need for reliable predictive biomarkers, current treatment options for breast 

cancer suffer from limited efficacy, owing to the diversity of clinical, histological or molecular 

subtypes of the disease. Consequently, there is a continuing need to identify novel therapeutic 

oncogenic protein targets, followed by the development of new anti-cancer agents targeting these 

novel protein targets to enhance clinical management of breast cancer. 

 

4.4 SHON, a Novel Estrogen-Regulated Oncogene that Encodes SHONα
280

 

Cancer cells release a number of molecules that function in an autocrine or paracrine manner to assist 

the overall growth and survival of tumour cells. There are approximately 2,200 human genes 

predicted to encode secreted proteins
281

, only a minority of which have functions that are well 

understood. 

In 2013, Liu and co-workers at the Liggins Institute identified a novel estrogen-regulated oncogene, 

secreted hominoid-specific oncogene (SHON) in mammary carcinoma.
280

 SHON expression analysis 

in a cohort of breast cancer tissues (n = 159) via immunohistochemical and in situ hybridization 

methods, revealed that SHON mRNA and protein are expressed in 76.9% and 78.2% of breast cancer 

tissues, respectively; the expression was induced by estrogen and was positively correlated with ER 

expression (Figure 4.6). 

 

 
 

Figure 4.6 Identification of SHON and its expression in human tissues and cancer cell lines: SHON mRNA in cancer cell 

lines was examined by reverse transcription (RT)-PCR. SHON protein was determined by Western blot (WB) analysis. β-

Actin was included as the RNA input control or cell lysate protein input control.280 Copyright © 2015, reproduced with 

permission from AACR Publications. 

 



130 
  

The cell culture assays demonstrated that forced expression of SHON promoted mammary carcinoma 

MCF-7 cell proliferation (A, Figure 4.7), reduced apoptotic cell death (B, Figure 4.7), and increased 

anchorage independent cell growth (C, Figure 4.7) that is widely accepted as a measure of 

oncogenicity. Moreover, forced expression of SHON increased MCF-7 cell migration and invasion 

(D, Figure 4.7). Further studies using a tumour xenograft mouse model of human breast cancer 

revealed that forced expression of SHON increased tumour size (E, Figure 4.7) and led to highly 

proliferative, poorly differentiated and invasive tumours (F, Figure 4.7). This enhancement of breast 

cancer oncogenicity caused by enforced expression of SHON was enabled through modulation of ER 

signalling via the activation of BCL-2, NF-κB, p44/42 MAPK (ERK1/2), and 

PI3K/PTEN/AKT/mTOR pathways (G, Figure 4.7). 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4.7 Forced expression of SHON increases the oncogenicity of mammary carcinoma cells: (A) S-phase entry was 

assessed by BrdUrd incorporation assays, (B) serum starvation-induced apoptosis was assessed with fluorescein 

isothiocyanate–conjugated Annexin V and propidium iodide. Apoptotic cells at both early (Annexin V-positive and 

propidium iodide-negative) and late (Annexin V- and propidium iodide-positive) stages are presented with the percentage, 

(C) soft agar assays. Cells were seeded in 0.35% agarose and colonies formed were counted after incubation for 14 days, (D) 

cell migration and invasion were determined by use of Transwell inserts; Forced expression of SHON transforms normal 

human breast epithelial cells in vitro and promotes tumour xenograft growth in vivo: (E) MCF7-Vec (Vector) and MCF7-

SHON (SHON) cells in Matrigel were transplanted into the mammary fat pad of immunodeficient mice. The volume of 

tumours was measured over a period of 6 weeks, (F) histologic staining of representative tumours with hematoxylin and 

eosin. Bar, 100 μm; Signalling pathways via which SHON mediates oncogenicity in MCF-7 cells: (G) Western blot analyses 

of key signalling molecules as indicated on the left with P representing the phosphorylated form. β-Actin was used as a cell 

lysate input control.280 Copyright © 2015, reproduced with permission from AACR Publications. 
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Encoded by the SHON gene and modified from its precursor protein SHONβ, SHONα is a secreted 

protein containing 93 amino acid residues with a predicted molecular mass of 9.7 kDa (Figure 4.8). It 

is a soluble protein with a predicted disulfide bond between Cys
4
 and Cys

22
, and an N-terminal signal 

peptide consisting of 21 amino acid residues (underlined, Figure 4.8). 

 

  MPIKRLSLLCLPSSVLASIPS D
1
QPCIPTPAS L

11
LQEALPPQL S

21
CTILTFHLA  

 
T
31
VTARGGTTD

 
L
41
PHGPATAPI S

51
NQTLGVFPT Q

61
SITSHFQAL G

71
K 

Figure 4.8 Sequence of SHONα: the disulfide bond between Cys4 and Cys22 is shown and the signal motif is underlined  

Liu’s study found SHON expression was positively correlated with better survival outcomes for 

patients with ER
+
 tumours treated with anti-estrogens. This suggests that pharmacologic modulation 

of SHONα activity, either by short interfering ribonucleic acid (siRNA) or antibody inhibition, may 

be clinically useful to treat breast cancer and/or that evaluation of SHONα expression may predict the 

therapeutic effect of anti-estrogens in patients with ER
+
 breast cancer. 

 

4.4.1 Significance of Investigation of SHONα 

A sequence homology search for SHON using the National Center for Biotechnology Information 

(NCBI) basic local alignment search tool (BLAST) reveals that SHON belongs to a hominoid-specific 

gene family with no known orthologues outside the primate lineage. The identification of such 

human/hominoid-specific genes and analysis of their molecular functions might increase the 

understanding of the contributions these genes make to human disease processes. Studies have 

demonstrated that some human/hominoid-specific genes and their regulated signalling pathways may 

serve as biomarkers in human disease
282

 and a number of human/hominoid-specific genes, such as 

Tre2
283

 and TBC1D3
284,285,286

, have been linked to human cancer. However, only a few proteins 

translated from human/hominoid-specific genes have been studied and the functions of many others 

remain as yet uncharacterized. 

SHONα is the major protein isoform translated from SHON and appears to play an important role in 

the oncogenicity of breast cancer as described in Section 4.2. However, no studies to date describe 

either the protein’s structure or its binding partners in the cell.   

Structural investigation of SHONα will provide a platform to assess the therapeutic potential of 

blocking the protein function and direct the future development of novel breast cancer therapies, 

perhaps offering a simple biomarker to predict the therapeutic efficacy of anti-estrogen therapy in 

estrogen receptor-positive breast cancer. 



132 
  

4.5 Research Objectives 

Since attempts to isolate SHONα via recombinant methods were unsuccessful (owing to N-terminus 

proteolysis), it was envisioned that a chemical synthesis approach would allow for further 

characterization of this intriguing protein. 

For the study of SHONα, we aim to: 

(1) investigate the chemical synthesis of the protein using Boc SPPS and native chemical 

ligation protocols; 

(2) fold the synthesized protein, guided by differential scanning fluorimetry (DSF) techniques 

and/or circular dichroism (CD); 

(3) characterize the secondary and/or tertiary structure of the native form of the protein using 

modern biophysical techniques such as circular dichroism and X-ray crystallography; 

(4) test the activity of the native protein introduced into cultures of selected breast cancer cell 

lines; 

(5) assess the significance of the intramolecular disulfide bond within SHONα on the 

anticancer activity using breast cancer cells; and 

(6) explore the chemical synthesis of the D-form of the protein and then to produce a racemic 

crystal structure. 

 

4.6 Synthesis of Native SHONα 

SHONα is a 93 amino acid (aa) protein (9.7 kDa) with a predicted signal sequence motif consisting of 

the first 21 amino acids of the sequence (Figure 4.9). For the chemical synthesis of SHONα, the signal 

peptide was disregarded and the remaining 72 amino acid peptide, Asp
1
 to Lys

71
 (7.5 kDa) was 

targeted. The synthesized linear peptide would be oxidized to form the intramolecular disulfide bond 

between Cys
4
 and Cys

22
, prior to the subsequent folding experiments. 
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Figure 4.9 Synthetic target of SHONα. 

 

4.6.1 Attempted Synthesis of Full-length SHONα Sequence 

Since the synthetic target of SHONα comprises only 72 aa which is achievable by today’s standards 

of SPPS, a synthesis to obtain the full length sequence was attempted in the C- to N-terminal direction 
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using Boc SPPS. Using Boc-Lys-PAM-resin, the native SHONα sequence was assembled from Gly
71

 

to Asp
1
 using Boc SPPS and a HATU/DIPEA coupling reagent. Following HF cleavage to release the 

fully synthesized peptide from the resin, LC-MS revealed the formation of the desired, full-length, 

linear SHONα (Figure 4.10). 

 

 

Figure 4.10 Analytical LC-MS chromatograms for the synthesis of complete SHONα: (A) LC chromatogram of crude 

SHONα; (B) MS chromatogram of the desired product. The analytical RP-HPLC was carried out using an analytical column 

(Grace Vydac, 219TP diphenyl, 300 Å, 2.1 mm × 50 mm; 5 μm) using a linear gradient of 5-80% buffer B over 26 min 

(buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) for the 

peptide synthesis scheme. 

Unfortunately, the desired product could not be purified by RP-HPLC, due to the presence of single-

deletion by-products that co-eluted with the target peptide during attempted purification. 

 

4.6.2 Revised Synthesis of SHONα using Native Chemical Ligation 

To improve synthetic yield and purity, the 72 amino acid peptide was disconnected into two 

appropriately-sized fragments that could be assembled using native chemical ligation (NCL) reactions. 

The Ser
21

-Cys
22

 site was chosen to facilitate NCL, which would not require any cumbersome post-

NCL modification steps (Figure 4.11).  
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Figure 4.11 Synthetic target of SHONα with the proposed NCL site highlighted in red. 

The resulting synthetic strategy utilizing thioester fragment 4.1 (21 aa) and cysteinyl fragment 4.2 (51 

aa) is illustrated in Scheme 4.1. For synthesis of the thioester 4.1, Boc-protected Gly-PAM-resin was 

used, whereas for the cysteinyl 4.2, Boc-protected Lys
72

-PAM-resin was employed.  Each of the resin-

bound amino acid-linkers would be subjected to Boc SPPS to generate the resin-bound peptidyl 

fragments; the fragment syntheses would be prepared using HATU/DIPEA that is a coupling reagent 

that effects faster and more efficient coupling reactions. A ligation reaction of the two peptidyl 

fragments 4.1 and 4.2 would produce the full length, reduced SHONα 4.3, which would be readily 

oxidized in the subsequent disulfide formation reaction and purified to yield the desired, native 

SHONα 4.4. 

 
Scheme 4.1 New synthetic strategy of SHONα using NCL 
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4.6.3 Synthesis of the Thioester Fragment 4.1 

The thioester fragment 4.1 was synthesized using the in situ neutralization protocol for Boc SPPS
218

 

on a pre-loaded Boc-Gly-PAM aminomethyl polystyrene resin. Following the installation of S-trityl-

β-mercaptopropionic acid on the resin that introduces the requisite C-terminal thioester group upon 

cleavage, sequential amino acid coupling was carried out using HATU/DIPEA for 5 min
287

 to produce 

the resin-bound linear sequence. The crude peptide was cleaved from the resin (A, Figure 4.12) and 

then purified by RP-HPLC to produce highly pure thioester 4.1 (B, Figure 4.12) the identity of which, 

was confirmed by the [(M+2H)
2+

] charge state (Calc. 1182.9 Da, Obs. 1182.6 Da) in the MS 

chromatogram (C, Figure 4.12). 

 

 

Figure 4.12 Analytical LC-MS chromatograms of the synthesis of thioester 4.1: (A) LC chromatogram of the crude thioester 

4.1; (B) LC chromatogram of the purified thioester 4.1; (C) MS chromatogram of the purified thioester 4.1 [(M+2H)2+; Calc. 

1182.9 Da, Obs. 1182.6 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, Zorbax C3, 300 

Å, 3.0 mm ×150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% formic acid in H2O; 

buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) for the peptide synthesis scheme. 
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4.6.4 Synthesis of the Cysteinyl Fragment 4.2 

The cysteinyl fragment 4.2 was synthesized using the in situ neutralization Boc SPPS methodology
218 

on a pre-loaded Boc-Lys
72

-PAM aminomethyl polystyrene resin. Sequential amino acid coupling was 

effected using HCTU/DIPEA for 7 mins (A, Figure 4.13). The more efficient reagents, 

HATU/DIPEA
287

 with a coupling time of 5 mins, were also trialled, concurrently, to assess for any 

synthetic improvements of 4.2. An analytical scale cleavage of the resin was undertaken and the 

resultant material was then analyzed by LC-MS. Pleasingly, in addition to the shortened overall 

synthesis time, a notable reduction of an early-eluting by-product was observed (B, Figure 4.13) thus 

use of HATU was deemed to be superior to HCTU. Following on-resin 2,4-dinitrophenyl (DNP) 

group removal from His
28

, His
43

 and His
66 

of the linear sequence, the crude peptide was cleaved from 

the resin and purified by RP-HPLC to produce the highly pure cysteinyl fragment 4.2 (C, Figure 

4.13), as confirmed by the [(M+6H)
6+

] charge state (Calc. 880.5 Da, Obs. 880.2 Da) in the MS 

chromatogram (D, Figure 4.13). 
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Figure 4.13 Analytical LC-MS chromatograms of the synthesis of cysteinyl fragment 4.2: (A) LC chromatogram of the 

crude cysteinyl fragment 4.2, synthesized using HCTU; (B) LC chromatogram of the crude cysteinyl fragment 4.2, 

synthesized using HATU; (C) LC chromatogram of the purified cysteinyl fragment 4.2; (D) MS chromatogram of the 

purified thioester 4.2 [(M+6H)6+; Calc. 880.5 Da, Obs. 880.2 Da]. The analytical RP-HPLC was carried out using an 

analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 

26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) 

for the peptide synthesis scheme. 

 

4.6.5 Native Chemical Ligation between SHONα 4.1 and SHONα 4.2 

With the purified fragments of SHONα in hand, NCL was conducted using 100 mM MPAA and 20 

mM TCEP (Figure 4.14). A slight excess of the cysteinyl fragment 4.2 was used to minimize the 

amount of any unreacted thioester 4.1 which co-eluted with the ligated product 4.3 (A, Figure 4.14). 

After 2 h, the reaction was deemed complete (B, Figure 4.14), and 4.3 was recovered by RP-HPLC 
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purification (C, Figure 4.14) and characterized by the [(M+6H)
6+

] charge state (Calc. 1247.3 Da, Obs. 

1246.9 Da) in the MS chromatogram (D, Figure 4.14). 

 

Figure 4.14 Analytical LC-MS chromatograms of NCL between the purified thioester 4.1 and the purified cysteinyl 

fragment 4.2: (A) LC chromatogram of the crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction 

mixture at T=2 h; (C) LC chromatogram of the purified SHONα 4.3; (D) MS chromatogram of the purified SHONα 4.3 

[(M+6H)6+; Calc. 1247.3 Da, Obs. 1246.9 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, 

Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% 

formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

 

4.6.6 Intramolecular Disulfide Formation 

The intramolecular disulfide bond between Cys
4
 and Cys

22
 was generated via air oxidation by 

dissolving SHONα 4.3 in a mild basic buffer consisting of 3 M GnHCl and 0.1 M Tris pH 8.3 at the 
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final peptide concentration of ≤ 0.1 mg/mL. Gratifyingly, overnight agitation of the reaction mixture 

yielded the oxidized product SHONα 4.4, as evidenced by a slight shift in retention time compared to 

that of SHONα 4.3, but without a pronounced decrease in MS charge states [∆(M+6H)
6+

; Calc. -0.4 

Da (from 1247.3 Da to 1246.9 Da), Obs. -0.2 Da (from 1246.9 Da to 1246.7 Da)] (A, B, Figure 4.15). 

It was crucial to keep the peptide concentration in the reaction mixture at 0.1 mg/mL or less to prevent 

undesired dimerization resulting from intermolecular disulfide formation (B, Figure 4.15). The 

oxidized product SHONα 4.4 [(M+6H)
6+

; Calc. 1246.9 Da, Obs. 1246.7 Da] was purified by RP-

HPLC (C, Figure 4.15) and lyophilized. 
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Figure 4.15 Analytical LC-MS chromatograms of disulfide formation reaction of the purified SHONα 4.3: (A) LC 

chromatogram of the crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction mixture at T=15 h; (C) LC 

chromatogram of the purified SHONα 4.4; (D) MS chromatogram of the purified SHONα 4.4 [(M+6H)6+; Calc. 1246.9 Da, 

Obs. 1246.7 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm 

× 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 

0.1% formic acid in acetonitrile). 
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4.7 Folding Screen using Differential Scanning Fluorimetry 

With purified, oxidized SHONα 4.4 available in multi-milligram quantities, a rapid dilution method 

using an in-house library of folding buffer conditions (Section 2.19.3) was examined to fold SHONα 

into its native structure. Pure, linear SHONα 4.4 was pre-denatured in 6 M guanidine hydrochloride 

which was then immediately introduced to a large volume of a candidate buffer condition, diluting out 

the denaturant in order to promote folding. The details of all buffer conditions trialled for SHONα 4.4 

are listed in Table 4.1. 

# Buffer Component Additives 

1 50 mM MES pH 5.0 None 

2 50 mM MES pH 6.0 None 

3 50 mM Tris pH 7.0 None 

4 50 mM Tris pH 7.5 None 

5 50 mM Tris pH 8.0 None 

6 50 mM MES pH 5.0 
100 mM NaCl,  

50 mM KCl 

7 50 mM MES pH 6.0 
100 mM NaCl,  

50 mM KCl 

8 50 mM Tris pH 7.0 
100 mM NaCl,  

50 mM KCl 

9 50 mM Tris pH 7.5 
100 mM NaCl,  

50 mM KCl 

10 50 mM Tris pH 8.0 
100 mM NaCl,  

50 mM KCl 

11 1X PBS pH 7.2 None 

12 50 mM MES pH 6.0 5% glycerol 

13 50 mM MES pH 6.5 5% glycerol 

14 50 mM Tris pH 7.0 5% glycerol 

15 1X PBS pH 7.2 5% glycerol 

16 50 mM Tris pH 7.5 5% glycerol 

17 50 mM MES pH 6.0 10% glycerol 

18 50 mM MES pH 6.5 10% glycerol 

19 50 mM Tris pH 7.0 10% glycerol 

20 1X PBS pH 7.2 10% glycerol 

21 50 mM Tris pH 7.5 10% glycerol 

22 50 mM MES pH 6.0 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

23 50 mM MES pH 6.5 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

24 50 mM Tris pH 7.0 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

25 1X PBS pH 7.2 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

26 50 mM Tris pH 7.5 

divalent metal mix (50 

µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

27 50 mM MES pH 6.0 0.05% PEG 400 

28 50 mM MES pH 6.5 0.05% PEG 400 

29 50 mM Tris pH 7.0 0.05% PEG 400 

30 1X PBS pH 7.2 0.05% PEG 400 

31 50 mM Tris pH 7.5 0.05% PEG 400 

32 50 mM MES pH 6.0 0.05% PEG 4000 

33 50 mM MES pH 6.5 0.05% PEG 4000 

34 50 mM Tris pH 7.0 0.05% PEG 4000 

35 1X PBS pH 7.2 0.05% PEG 4000 

36 50 mM Tris pH 7.5 0.05% PEG 4000 

37 50 mM MES pH 6.0 10% TFE 

38 50 mM MES pH 6.5 10% TFE 

39 50 mM Tris pH 7.0 10% TFE 

40 1X PBS pH 7.2 10% TFE 

41 50 mM Tris pH 7.5 10% TFE 

42 50 mM MES pH 6.0 20% TFE 
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43 50 mM MES pH 6.5 20% TFE 

44 50 mM Tris pH 7.0 20% TFE 

45 1X PBS pH 7.2 20% TFE 

46 50 mM Tris pH 7.5 20% TFE 

47 50 mM MES pH 6.0 50% TFE 

48 50 mM MES pH 6.5 50% TFE 

49 50 mM Tris pH 7.0 50% TFE 

50 1X PBS pH 7.2 50% TFE 

51 50 mM Tris pH 7.5 50% TFE 

52 50 mM MES pH 6.0 
100 mM NaCl, 50 mM 

KCl, 5% glycerol 

53 50 mM MES pH 6.5 
100 mM NaCl, 50 mM 

KCl, 5% glycerol 

54 50 mM Tris pH 7.0 
100 mM NaCl, 50 mM 

KCl, 5% glycerol 

55 50 mM Tris pH 7.5 
100 mM NaCl, 50 mM 

KCl, 5% glycerol 

56 50 mM MES pH 6.0 
100 mM NaCl, 50 mM 

KCl, 10% glycerol 

57 50 mM MES pH 6.5 
100 mM NaCl, 50 mM 

KCl, 10% glycerol 

58 50 mM Tris pH 7.0 
100 mM NaCl, 50 mM 

KCl, 10% glycerol 

59 50 mM Tris pH 7.5 
100 mM NaCl, 50 mM 

KCl, 10% glycerol 

60 50 mM MES pH 6.0 

100 mM NaCl, 50 mM 

KCl, divalent metal mix 

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

61 50 mM MES pH 6.5 

100 mM NaCl, 50 mM 

KCl, divalent metal mix 

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

62 50 mM Tris pH 7.0 

100 mM NaCl, 50 mM 

KCl, divalent metal mix 

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

63 50 mM Tris pH 7.5 

100 mM NaCl, 50 mM 

KCl, divalent metal mix 

(50 µM each of CaCl2, 

MgCl2, CuSO4, ZnCl2, 

CoSO4, NiCl2) 

64 50 mM MES pH 6.0 
2 mM GSSG, 

10 mM GSH 

65 50 mM MES pH 6.5 
2 mM GSSG,  

10 mM GSH 

66 50 mM Tris pH 7.0 
2 mM GSSG,  

10 mM GSH 

67* 1X PBS pH 7.2 
2 mM GSSG,  

10 mM GSH 

68 50 mM Tris pH 7.5 
2 mM GSSG,  

10 mM GSH 

 

Table 4.1 Buffer conditions tested for for folding of the native SHONα 
(* denotes the successful folding condition)

 

From the conditions tested, a buffer consisting of 1× PBS (137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4 and 2 mM KH2PO4) pH=7.2, 10 mM GSH and 2 mM GSSG afforded folded SHONα that 

displayed a promising melting curve with a melting temperature (Tm) above 35 ºC by DSF (Figure 

4.16). 
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Figure 4.16 Melting curve of the folded SHONα in the buffer consisting of 1× PBS pH=7.2, 10 mM GSH and 2 mM GSSG. 

 

4.7.1 Importance of the Redox Couple in SHONα Folding Buffer 

To test the significance of the GSH/GSSG redox couple after folding, SHONα that was initially 

folded in the folding buffer (1× PBS pH=7.2, 10 mM GSH and 2 mM GSSG) was buffer exchanged 

into a 1× PBS pH=7.2 buffer and its stability was determined using DSF. Clearly, the redox-

containing buffer (blue, Figure 4.17) provided more stable conditions for SHONα than the buffer 

without the redox couple (red, Figure 4.17), as evidenced by the higher melting temperature (Tm), 

implying that the redox couple is important for both SHONα folding and for maintaining the stability 

of the folded protein. 

 

Figure 4.17 Melting curves of the folded SHONα in different buffers: melting curve of SHONα folded in the buffer 

consisting of 1× PBS pH=7.2, 10 mM GSH and 2 mM GSSG (blue); melting curve of the folded SHONα buffer exchanged 

with 1× PBS pH=7.2 (red). 
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4.7.2 Predicted Structure of SHONα and Characterization by Circular Dichroism 

Spectroscopy 

Folded SHONα was examined by far-UV circular dichroism (CD) spectroscopy at 4 ºC (Figure 4.18). 

A freshly folded sample in buffer (1× PBS pH=7.2, 10 mM GSH, 2 mM GSSG) using the protocol 

established from buffer screening was prepared. The buffer-corrected circular dichroism spectrum 

recorded between 280 nm and 190 nm indicated a major random coil conformation and only a small 

amount of α-helical content within the native SHONα, evidenced by the negative bands at ~200 nm 

and 222 nm, respectively (Figure 4.18).  

 

Figure 4.18 CD of the folded SHONα in the folding buffer (1× PBS pH=7.2, 10 mM GSH and 2 mM GSSG) 

The CD spectrum of the folded SHONα was compared with a structural model predicted using I-

TASSER
216

 based on the primary sequence of the protein. Interestingly, the model reflected the major 

characteristics of the CD spectrum with an extensive amount of random coil and only a few α-helices 

(Figure 4.19). 

 

Figure 4.19 Predicted structure of SHONα by i-TASSER216 
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4.7.3 Initial Crystallization Screening 

To further study the native structure of SHONα using crystallographic techniques, crystallization 

screening was carried out using an in-house library of 576 conditions. Sitting drops were set up with a 

freshly folded sample of SHONα in 96-well Intelliplates
®
 that were sealed and stored at 18 °C. All 

crystallization drops were monitored under a light microscope on a regular basis. None of the 

conditions produced protein crystals. 

 

4.8 Effect of SHONα on Selected Breast Cancer Cell Lines 

The natively folded, synthetic SHONα was tested for activity in T47D and MCF-7 estrogen receptor-

positive (ER
+
) cell lines of invasive ductal carcinoma, the most common type of breast cancer. The 

cells were exogenously treated with a freshly folded sample of SHONα at 10 nM and 100 nM 

concentrations then incubated at 37 ºC for 15 min or 30 min. At the end of incubation, various 

signalling molecules within the cells were analyzed by western blotting. SHONα treatment appears to 

rapidly stimulate AKT/PKB, ERK1/2 and GSK3α/β intracellular growth signalling pathways in T47D 

within 15 min even at 10 nM concentrations (Figure 4.20). This is consistent with SHONα binding to 

and activating a cell surface growth factor receptor of some kind. Furthermore, the longer SHONα 

treatments (30 min) also stimulated PKB and GSK3α/β pathways in MCF-7 at 100 nM, and S6RbP 

pathway in T47D at both 10 nM and 100 nM concentrations (Figure 4.20).  
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Figure 4.20 Western blot analysis to assess the effect of exogenous SHONα treatments on T47D and MCF-7 breast cancer 

cell lines. Insulin (abbreviated as ‘Ins’), a known growth factor, was used as a control. Total protein concentrations were 

measured to ensure that the equal amount of samples loaded onto the gel. 

 

4.9 Evaluation of the Importance of the Intramolecular Disulfide Bond in SHONα Activity 

During the cell biology experiments we noticed the activity of the SHONα protein becoming quickly 

lost despite the storage at 4 ºC. To test the possible role of the disulfide bond of SHONα upon its 

stability (or instability) and its activity, an alanine-analogue 4.5 was designed whereby the two native 

cysteines (Cys
4
 and Cys

22
) were replaced with non-native alanines that have non-reactive methyl side-

chains (Figure 4.21), therefore no disulfide bond is able to be formed. 

 

Figure 4.21 Structures of the native SHONα (4.4) and its alanine analogue (4.5) 

 

4.9.1 Attempted Desulfurization of SHONα 4.5 from SHONα 4.3 

The synthesis of SHONα analogue 4.5 was initially attempted via a single-step desulfurization of 

SHONα 4.3 (Figure 4.22). SHONα 4.3 containing reduced cysteines was thus shaken with 125 mM 

VA-044 as a radical generator, 50 mM GSH and 250 mM TCEP, conditions which have previously 

been used to convert cysteinyl-containing polypeptides into alanyl ones.
89b,89a 

Disappointingly, the 

reaction did not proceed to completion, producing both a singly-reduced (red, Figure 4.22) and a 

doubly-reduced species of SHONα (blue, Figure 4.22), that were difficult to separate by HPLC. 
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Figure 4.22 Analytical LC-MS chromatograms of desulfurization of the purified SHONα 4.3: (A) LC chromatogram of the 

crude reaction mixture at T=36 h; (B) MS chromatogram of the crude reaction mixture at T=36 h. The analytical RP-HPLC 

was carried out using an analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient 

of 5-80% buffer B over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

 

4.9.2 Revised Synthetic Strategy for SHONα 4.5 

To increase the efficiency of the desulfurization reaction, we devised an alternative synthetic strategy 

utilizing the thioester fragment 4.6 with an alanine residue in place of the native Cys
4 

(Scheme 4.2). 

Cys
4 

is not directly involved in the NCL reaction therefore it was anticipated that this replacement 

would improve the yield of the desulfurized product 4.5 under the same reaction conditions used for 

the previously attempted desulfurization of the SHONα 4.3. This is because the ligated product 4.7 

from the NCL between the fragments 4.6 and 4.2 only contains a single cysteine residue (Cys
22

), 

which should be able to be desulfurized quantitatively. 
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Scheme 4.2 Revised synthesis of SHONα 4.5 using the analogous thioester fragment 4.6. 

 

4.9.2.1 Synthesis of the Cys
4
-Replaced Thioester 4.6 

The Ala
4
-substituted thioester fragment 4.6 was synthesized using the analogous Boc SPPS conditions 

and protocols used for the synthesis of the thioester 4.1. Following the installation of S-trityl-β-

mercaptopropionic acid on a pre-loaded Boc-Gly-PAM resin and sequential amino acid coupling 

using the Boc SPPS protocols, the crude peptide was cleaved from the resin (A, Figure 4.23). The 

subsequent purification by RP-HPLC produced the highly pure thioester 4.6 (B, Figure 4.23) that was 

characterized by the [(M+2H)
2+

] charge state (Calc. 1166.8 Da, Obs. 1166.4 Da) in the MS 

chromatogram (C, Figure 4.23). 
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Figure 4.23 Analytical LC-MS chromatograms of the synthesis of thioester 4.6: (A) LC chromatogram of the crude thioester 

4.6; (B) LC chromatogram of the purified thioester 4.6; (C) MS chromatogram of the purified thioester 4.6 [(M+2H)2+; Calc. 

1166.8 Da, Obs. 1166.4 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, Zorbax C3, 300 

Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% formic acid in H2O; 

buffer B = 0.1% formic acid in acetonitrile). See Scheme 1.3 (Section 1.2.3.1) for the peptide synthesis scheme. 

 

4.9.2.2 Native Chemical Ligation between SHONα 4.6 and SHONα 4.2 

The purified Ala
4
-substituted thioester 4.6 underwent NCL with cysteinyl fragment 4.2 using the same 

conditions as the original NCL (100 mM MPAA and 20 mM TCEP at a neutral pH, see Section 4.6.5) 

between the fragments 4.1 and 4.2. After 2 h, LC-MS revealed formation of the desired ligated 

product 4.7 (B, Figure 4.24), which was purified by RP-HPLC (C, Figure 4.24) and subsequently 

characterized by the [(M+6H)
6+

] charge state (Calc. 1241.9 Da, Obs. 1241.6 Da) (D, Figure 4.24). 
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Figure 4.24 Analytical LC-MS chromatograms of NCL between the purified thioester 4.6 and the purified cysteinyl 

fragment 4.2: (A) LC chromatogram of the crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction 

mixture at T=2 h; (C) LC chromatogram of the purified SHONα 4.7; (D) MS chromatogram of the purified SHONα 4.7 

[(M+6H)6+; Calc. 1241.9 Da, Obs. 1241.6 Da]. The analytical RP-HPLC was carried out using an analytical column (Agilent, 

Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min (buffer A = 0.1% 

formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

 

4.9.2.3 Desulfurization of SHONα 4.7 

Ligated product 4.7 then underwent desulfurization to afford the doubly reduced SHONα 4.5 using 

the same conditions trialled for desulfurization of the SHONα 4.3.  Thus, purified SHONα 4.7 was 

dissolved in a GnHCl/Na2HPO4 pH=7 buffer containing 125 mM VA-044 as a radical generator, 50 
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mM GSH and 250 mM TCEP. The mixture was stirred at 37 ºC and after 15 h the expected 

desulfurization was observed as the major product; after 30 hours the fully reduced product 4.5 (C, 

Figure 4.25) was the sole peptide observed by LC-MS. The crude peptide 4.5 was purified by RP-

HPLC (C, Figure 4.25) and characterized by the [(M+6H)
6+

] charge state (Calc. 1236.6 Da; Obs. 

1236.2 Da) (D, Figure 4.25).  
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Figure 4.25 Analytical LC-MS chromatograms of desulfurization of the purified SHONα 4.7: (A) LC chromatogram of the 

crude reaction mixture at T=0; (B) LC chromatogram of the crude reaction mixture at T=15 h; (C) LC chromatogram of the 

crude reaction mixture at T=30 h; (D) LC chromatogram of the purified SHONα 4.5; (E) MS chromatogram of the purified 

SHONα 4.5 [(M+6H)6+; Calc. 1236.6 Da, Obs. 1236.2 Da]. The analytical RP-HPLC was carried out using an analytical 

column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear gradient of 5-80% buffer B over 26 min 

(buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 
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4.9.2.4 One-Pot Style Ligation and Desulfurization to SHONα 4.5 

Given that similar conditions are employed for both the ligation and the desulfurization reactions, it 

was decided to explore a one-pot process that would maximize recovery of the target polypeptide. 

This necessitates the use of a thiol catalyst that can be removed following NCL as it has been shown 

that MPAA or thiophenol interferes with subsequent desulfurization.  Payne et al.
288

 have devised 

synthetic methodology using a volatile thiol, 2,2,2-trifluoroethanthiol (TFET) as an NCL catalyst to 

combine NCL and desulfurization reactions in a single pot, thus avoiding purification and 

lyophilization steps between the two reactions for an increased overall efficiency. This one-pot 

methodology was employed in the present work. An NCL reaction between the cysteinyl fragment 4.2 

and the Cys
4
-replaced thioester 4.6 was performed on an analytical scale using 45 mM TFET and 18 

mM TCEP in a GnHCl/Na2HPO4 buffer at a neutral pH. After 5 h, the reaction went to completion to 

reveal the ligated product 4.7 that was characterized by the [(M+6H)
6+

] charge state (Calc. 1241.9 Da, 

Obs. 1241.6 Da) (B, Figure 4.26). Predictably, the rate of the NCL reaction using TFET was slower 

than that of the original NCL reaction using MPAA, as aryl thiols are better leaving groups than alkyl 

thiols thereby promoting the transthioesterification and ensuing rearrangement to give the ligated 

product.  
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Figure 4.26 Analytical LC-MS chromatograms of one-pot style NCL and desulfurization: (A) LC chromatogram of the 

crude NCL reaction mixture at T=0; (B) LC chromatogram of the crude NCL reaction mixture at T=5 h; (C) LC-MS 

chromatogram of the crude desulfurization reaction mixture at T=0; (D) LC-MS chromatogram of the crude desulfurization 

reaction mixture at T=4 h; (E) LC-MS chromatogram of the crude desulfurization reaction mixture at T=12 h. The analytical 

RP-HPLC was carried out using an analytical column (Agilent, Zorbax C3, 300 Å, 3.0 mm × 150 mm; 3.5 μm) using a linear 

gradient of 5-80% buffer B over 26 min (buffer A = 0.1% formic acid in H2O; buffer B = 0.1% formic acid in acetonitrile). 

In order to facilitate the subsequent desulfurization reaction, the remaining TFET in the NCL mixture 

was removed by evaporation by purging the mixture with argon. To the purged mixture, a neutral 

solution of 450 mM TCEP in GnHCl/Na2HPO4 was added to raise the final TCEP concentration of the 
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mixture to 200 mM. Following additions of VA-044 and glutathione (GSH), the mixture was shaken 

at 37 ºC for 12 h to yield the desulfurized product 4.5 that was characterized by the [(M+6H)
6+

] 

charge state (Calc. 1236.6 Da; Obs. 1236.2 Da) (E, Figure 4.26). The desulfurized product 4.5 was 

purified from the crude reaction mixture by RP-HPLC, lyophilized and recovered with an overall 

yield of 21.5%, which was a 10-fold increase from the previous yield of 2.4% obtained by carrying 

out two separate NCL and desulfurization reactions.  

 

4.10 Activity of Reduced SHONα 4.3, Native SHONα 4.4, and Alanine-Analogue 4.5 

The three purified proteins, reduced SHONα 4.3, native SHONα 4.4 and alanine analogue SHONα 

4.5, were tested for activity in the two estrogen receptor-positive (ER
+
) cell lines, T47D and MCF-7. 

The three proteins were folded using the same folding buffer (1× PBS pH=7.2, 10 mM GSH, 2 mM 

GSSG) and protocols established for the native SHONα, then subsequently concentrated to 

exogenously treat the cells at 10, 100 and 1000 nM concentrations (1000 nM only for the folded 

SHONα 4.3). Following a 30-minute incubation at 37 ºC, PKB (Ser473) and ERK1/2 signalling 

molecules of the cells were analyzed by western blotting. Although not as strongly observed as in the 

previous experiment, the exogenous treatment of the folded native SHONα 4.4 stimulated AKT/PKB 

and ERK1/2 intracellular growth signalling pathways in both MCF-7 and T47D cell lines at the higher 

protein concentrations of 100 nM and 1000 nM (Figure 4.27). However, the reduced native SHONα 

4.3 at the highest concentration of 1000 nM shows no stimulation of any of the intracellular growth 

signalling pathways (Figure 4.27). The alanine-analogue SHONα 4.5 showed no signalling 

stimulation in the AKT/PKB pathways in both of the cell lines but did appear to stimulate the ERK1/2 

pathways to a small extent in both of the cell lines, although this effect was not directly proportional 

to increasing protein concentration (Figure 4.27). 
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Figure 4.27 Western blot analysis to assess the effect of exogenous treatments of (i) native SHONα, (ii) alanine-analogue of 

SHONα and (iii) reduced native SHONα on T47D and MCF-7 breast cancer cell lines. Insulin (abbreviated as ‘Ins’), a 

known growth factor, was used as a control. Total protein concentrations were measured to ensure that the equal amount of 

samples loaded onto the gel. 

To summarize, the activity of SHONα may be associated with its postulated disulfide bond, but it is 

not feasible to make a valid conclusion from this experiment, as only a single assay was 

accomplished. Repetition of the above experiments are required to check the consistency of results 

and to correctly identify the significance of the disulfide bond on SHONα activity in vitro.  

 

4.11 Conclusion and Future Work 

In conclusion, native SHONα 4.4 and its non-disulfide forming alanine-analogue 4.5 were 

successfully synthesized on a multi-milligram scale using protein chemical synthesis methodologies. 

The native SHONα 4.4 was successfully folded into its native structure and the foldedness was 

confirmed by circular dichroism and differential scanning fluorimetry studies. The folded protein was 

tested for crystallization for further structural characterization, which was not successful.  

The folded, native SHONα 4.4 and its alanine-analogue 4.5 were tested for their activity in ER
+
 breast 

cancer cell lines, MCF-7 and T47D upon exogenous treatment. The folded, native SHONα 4.4 

stimulated AKT/PKB, ERK1/2 and GSK3α/β intracellular growth stimulating pathways in both of the 

cell lines tested. The alanine-analogue of SHONα 4.5 did not seem to similarly stimulate the growth 
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signalling pathways, however this experiment needs to be repeated to ensure the consistency of results 

to make a valid conclusion. Furthermore, with aims of removing the endogenous SHONα from the 

cancer cell lines to achieve a clear background in cell treatment assays, generation of somatic cell 

gene knockouts of the human SHON gene is currently being investigated by Professor Peter 

Shepherd’s research laboratories (Faculty of Medical and Health Sciences, University of Auckland). 

Designing a working buffer that provides a more stable environment for the folded SHONα protein 

will be highly desirable for further structural characterization of the protein using techniques such as 

SEC-MALS and protein crystallography. Combining further activity studies with structural 

characterization of the natively folded SHONα will help determine potential applications of this novel 

protein in predicting the therapeutic efficacy of anti-estrogen therapy in ER
+
 breast cancer. 
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4.12 Experimental Data 

 

4.12.1 Peptide Synthesis 

 

4.12.1.1 General 

All solvents and reagents for peptide synthesis were used as supplied. N-[(Dimethylamino)-1H-1,2,3-

triazolo-[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide 

(HATU), N-[(1H-6-chloro-benzotriazol-1-yl)(dimethylamino)methylene]-N-methylmethanaminium 

hexafluorophosphate N-oxide (HCTU) and S-trityl-β-mercaptopropionic acid were purchased from 

GL Biochem (Shanghai, China). Dichloromethane (DCM) (AR grade), N,N'-dimethylformamide 

(DMF) (AR grade) and acetonitrile (HPLC grade) were purchased from Scharlau (Barcelona, Spain). 

N,N'-Diisopropylcarbodiimide (DIC), N,N'-diisopropylethylamine (DIPEA), piperidine, 

triisopropylsilane (TIPS) and thiophenol were purchased from Aldrich (St Louis, MO). 

Trifluoroacetic acid (TFA) was purchased from Oakwood Chemicals (West Columbia, SC). 

Anhydrous hydrogen fluoride (HF) was obtained from Matheson Trigas (Basking Ridge, NJ). 

Aminomethyl polystyrene (AM-PS) resin was synthesized “in house” as described.
217

 Boc-Gly-PAM 

(PAM = phenylacetamidomethyl) linker and Boc-Lys(2-Cl-Z)-PAM (Z = benzyloxycarbonyl) linker 

were purchased from Polypeptides (Strasbourg, France). Boc-amino acids were purchased from 

Polypeptides with the following side-chain protection: Boc-Arg(Tos)-OH (Tos = p-toluenesulfonyl), 

Boc-Asn(Xan)-OH (Xan = 9-xanthenyl), Boc-Asp(cHex)-OH (cHex = cyclohexyl), Boc-Cys(4-

MeBn)-OH (Bn = benzyl), Boc-Glu(cHex)-OH, Boc-His(DNP)-OH (DNP = 2,4-dinitrophenyl), Boc-

Lys(2-Cl-Z)-OH, Boc-Ser(Bn)-OH, Boc-Thr(Bn)-OH. 

 

4.12.1.2 Analysis and Purification 

The crude peptide products were analyzed for purity by analytical RP-HPLC Dionex (Sunnyvale, CA) 

Ultimate 3000 system equipped with a 4 channel UV detector at 210, 225, 254 and 280 nm using an 

Agilent (Santa Clara, CA) Zorbax C3 (3.5 μm; 3.0 × 150 mm) column with a linear gradient of 5% to 

80% B over 26 min (ca. 3% B per min) at a flow rate of 0.3 mL/min. The solvent system used was A 

(0.1% TFA in H2O) and B (0.1% TFA in acetonitrile).  

The product peaks from the crude product profiles were determined by LC-MS (Agilent Technologies 

1120 Compact LC equipped with a Hewlett Packard (Palo Alto, CA) 1100 MSD mass spectrometer) 

at 214 nm using an Agilent Zorbax C3 (3.5 μm; 3.0 × 150 mm) column with a linear gradient of 5% to 

80% B with a 5 min divert for 26 min (ca. 3% B per min) at a flow rate of 0.3 mL/min. The solvent 
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system used was A (0.1% formic acid in H2O) and B (0.1% formic acid in acetonitrile). Peptide 

masses were confirmed using ESI in the positive mode. 

Purification of crude peptides was performed by semi-preparative RP-HPLC (Dionex Ultimate 3000 

system equipped with a 4 channel UV detector and a Foxy Jr fraction collector) at 210, 225, 254 and 

280 nm using either a Grace (Deerfield, IL) Vydac MS C4 (5 μm; 10.0 × 250 mm) column or a Grace 

Vydac 219TP diphenyl (5 μm; 10.0 × 250 mm) column, both with a shallow gradient of increasing 

concentrations of solvent B at a flow rate of 5 mL/min. The solvent system used was A (0.1% TFA in 

H2O) and B (0.1% TFA in acetonitrile). Fractions containing the pure target peptide were identified 

by LC-MS and/or analytical RP-HPLC, then combined and lyophilized. 

 

4.12.1.3 Synthesis of SHONα 4.1 

 

Boc-Gly-PAM linker (0.2 mmol) was coupled to AM-PS resin (0.1 g, 0.1 mmol, 1 mmol/g loading) 

with DIC (0.2 mmol) in CH2Cl2 (2 mL) for 1 h, drained and washed with CH2Cl2. The Kaiser test was 

negative. The Boc group was removed by 1 × 2 min treatment with TFA (5 mL) and thoroughly 

washed with DMF. To the deprotected H2N-Gly-PAM linker-resin, were added S-trityl-β-

mercaptopropionic acid (0.55 mmol) in HATU (0.4 M, 0.52 mmol, 1.31 mL) and DIPEA (1.14 mmol) 

and the mixture was shaken for 16 min.
221

 The trityl group was removed by 2 × 1 min treatment with 

a deprotection solution consisting of 1:1:38 (v/v/v) TIPS:H2O:TFA.
221

 SPPS was then performed 

manually by the Boc in situ neutralization procedure described in Section 2.19.1.2, using 100% TFA 

as deblocking reagent and HATU/DIPEA as coupling reagents. The resulting peptide was then side-

chain deprotected and simultaneously cleaved from the resin support by treatment with anhydrous HF 

containing 5% (v/v) p-cresol for 1 h at 0 °C. After evaporation of the HF under reduced pressure, 

crude product was precipitated and triturated with chilled diethyl ether, isolated by centrifugation, 

washed with cold diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water containing 0.1% TFA and 

lyophilized. Purification by RP-HPLC (Grace Vydac, MS C4, 5 µm; 10.0 × 250 mm) afforded 

thioester 4.1 H-Asp
1
-Cys

4
-Ser

21
-COS-CH2CH2-Gly-OH (54.4 mg). The total yield was 27.5%. MS 
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(ESI+) for SHONα 4.1 [(M+2H)
2+

] Calc. 1182.9 Da, Obs. 1182.6 Da; LC-MS data shown in Figure 

4.12 (Section 4.6.3). 

 

4.12.1.4 Synthesis of SHONα 4.2 

 

Boc-Lys(2-Cl-Z)-PAM linker (0.2 mmol) was coupled to AM-PS resin (0.1 g, 0.1 mmol, 1 mmol/g 

loading) with DIC (0.2 mmol) in CH2Cl2 (2 mL) for 1 h, drained and washed with CH2Cl2. The Kaiser 

test was negative. The Boc group was removed by 1 × 2 min treatment with TFA (5 mL) and 

thoroughly washed with DMF. SPPS was performed manually by the Boc in situ neutralization 

procedure described in Section 2.19.1.2, using 100% TFA as deblocking reagent and HATU/DIPEA 

as coupling reagents. Upon completion of the peptide assembly, the DNP protecting groups on His
28

, 

His
43

 and His
66 

were removed on-resin by a 2 h treatment with neat thiophenol. The resulting peptide 

was then side-chain deprotected and simultaneously cleaved from the resin support by treatment with 

anhydrous HF containing 5% (v/v) p-cresol for 1 h at 0 °C. After evaporation of the HF under reduced 

pressure, crude product was precipitated and triturated with chilled diethyl ether, isolated by 

centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) acetonitrile:water containing 

0.1% TFA and lyophilized. Purification by RP-HPLC (Grace Vydac, MS C4, 5 µm; 10.0 × 250 mm) 

afforded cysteinyl fragment 4.2 H-Cys
22

-Lys
72

-OH (59.5 mg). The total yield was 12.1%. MS (ESI+) 

for SHONα 4.2 [(M+6H)
6+

] Calc. 880.5 Da, Obs. 880.2 Da; LC-MS data shown in Figure 4.13 

(Section 4.6.4). 
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4.12.1.5 Synthesis of SHONα 4.6  

 

HS-CH2CH2-Gly-PAM linker resin (0.1 mmol) was prepared according to the method described for 

the thioester fragment 4.1. SPPS was performed manually by the Boc in situ neutralization procedure 

described in Section 2.19.1.2, using 100% TFA as deblocking reagent and HATU/DIPEA as coupling 

reagents. The resulting peptide was then side-chain deprotected and simultaneously cleaved from the 

resin support by treatment with anhydrous HF containing 5% (v/v) p-cresol for 1 h at 0 °C. After 

evaporation of the HF under reduced pressure, crude product was precipitated and triturated with 

chilled diethyl ether, isolated by centrifugation, washed with cold diethyl ether, dissolved in 1:1 (v/v) 

acetonitrile:water containing 0.1% TFA and lyophilized. Purification by RP-HPLC (Grace Vydac, 

219TP diphenyl, 5 µm; 10.0 × 250 mm) afforded thioester 4.6 H-Asp
1
-Ala

4
-Ser

21
-COS-CH2CH2-Gly-

OH (48.2 mg). The total yield was 25.8%. MS (ESI+) for SHONα 4.6 [(M+2H)
2+

] Calc. 1166.8 Da, 

Obs. 1166.4 Da; LC-MS data shown in Figure 4.23 (Section 4.9.2.1). 

 

4.12.2 Native Chemical Ligation (NCL) and Post-NCL Modifications 

 

4.12.2.1 General 

Guanidine hydrochloride (GnHCl) was purchased from MP Biomedicals (Auckland, New Zealand). 

Sodium hydroxide (NaOH) was purchased from Scharlau (Barcelona, Spain). Potassium chloride 

(KCl), disodium hydrogen phosphate (Na2HPO4) and potassium dihydrogen phosphate (KH2PO4) 

were purchased from ECP Ltd (Auckland, New Zealand). 4-Mercaptophenylacetic acid (MPAA), 

tris(2-carboxyethyl)phosphine hydrochloride (TCEP.HCl), reduced glutathione (GSH), oxidized 

glutathione (GSSG) and 2,2,2-trifluoroethanethiol (TFET) were purchased from Sigma Aldrich (St 

Louis, MO). 2,2'-Azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) was purchased 

from Wako Pure Chemical Industries (Osaka, Japan). 
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4.12.2.2 Analysis and Purification 

The reactions were monitored by LC-MS (Agilent Technologies 1120 Compact LC equipped with a 

Hewlett Packard 1100 MSD mass spectrometer) at 214 nm using an Agilent Zorbax C3 (3.5 μm; 3.0 × 

150 mm) column with a linear gradient of 5% to 80% B with a 5 min divert for 26 min (ca. 3% B per 

min) at a flow rate of 0.3 mL/min. The solvent system used was A (0.1% formic acid in H2O) and B 

(0.1% formic acid in acetonitrile). Peptide masses were confirmed using ESI in the positive mode. 

Purification of crude reaction mixtures was performed by semi-preparative RP-HPLC (Dionex 

Ultimate 3000 equipped with a 4 channel UV detector and a Foxy Jr fraction collector) at 210, 225, 

254 and 280 nm using a Grace Vydac 219TP diphenyl (5 μm; 10.0 × 250 mm) column, with a shallow 

gradient of increasing concentrations of solvent B at a flow rate of 5.0 mL/min. The solvent system 

used was A (0.1% TFA in H2O) and B (0.1% TFA in acetonitrile). Fractions containing the pure 

target peptide were identified by LC-MS and/or analytical RP-HPLC, then combined and lyophilized. 

 

4.12.2.3 Synthesis of SHONα 4.3 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (2 mL) was degassed for 20 min with argon. To 

the degassed buffer was added a mixture of MPAA (33.8 mg, 0.2 mmol) and TCEP.HCl (10.1 mg, 

0.035 mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear 

solution was added thioester 4.1 (6.15 mg, 2.60 µmol) and cysteinyl fragment 3.5 (15.10 mg, 2.86 

µmol). The reaction was separated into 2 × 1 mL batches and both batches were shaken at room 

temperature for 2 h to give the ligated product, which was purified by semi-preparative RP-HPLC 

(Grace Vydac, 219TP diphenyl, 5 µm; 10.0 × 250 mm) to afford 4.3 (4.6 mg, 23.7% based on 4.1). 

MS (ESI+) for SHONα 4.3 [(M+6H)
6+

] Calc. 1247.3 Da, Obs. 1246.9 Da; LC-MS data shown in 

Figure 4.14 (Section 4.6.5). 
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4.12.2.4 Synthesis of SHONα 4.7 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (2 mL) was degassed for 20 min with argon. To 

the degassed buffer was added a mixture of MPAA (33.7 mg, 0.2 mmol) and TCEP·HCl (10.1 mg, 

0.035 mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear 

solution was added thioester 4.6 (6.08 mg, 2.60 µmol) and cysteinyl fragment 4.2 (15.11 mg, 2.86 

µmol). The reaction was separated into 2 × 1 mL batches and both batches were shaken at room 

temperature for 2 h to give the ligated product, which was purified by semi-preparative RP-HPLC 

(Grace Vydac, 219TP diphenyl, 5 µm; 10.0 × 250 mm) to afford 4.7 (4.2 mg, 21.5% based on 4.6). 

MS (ESI+) for SHONα 4.7 [(M+6H)
6+

] Calc. 1241.9 Da, Obs. 1241.6 Da; LC-MS data shown in 

Figure 4.24 (Section 4.9.2.2). 

 

4.12.2.5 Synthesis of the Native SHONα 4.4 

 

To an aqueous buffer of 3 M GnHCl and 0.1 M Tris pH 8.3 (50 mL) was added the purified linear 

sequence of SHONα 4.3 (5.0 mg, 0.67 μmol) to give a final peptide concentration of 0.1 mg/mL. 

Following overnight incubation of the mixture, LC-MS revealed formation of an intramolecular 

disulfide bond between Cys
4
 and Cys

22 
as indicated by a slight shift in retention time and loss of 2 

mass units. The oxidized product was purified by semi-preparative RP-HPLC (Grace Vydac, 219TP 

diphenyl, 5 µm; 10.0 × 250 mm) to afford 4.4 (2.6 mg, 52%). MS (ESI+) for SHONα 4.4 [(M+6H)
6+

] 

Calc. 1246.9 Da, Obs. 1246.7 Da; LC-MS data shown in Figure 4.15 (Section 4.6.6). 
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4.12.2.6 Synthesis of SHONα 4.5 

 

To an aqueous buffer of 6 M GnHCl/0.2 M phosphate (0.9 mL), was added TCEP.HCl (62.6 mg, 0.22 

mmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. The mixture was 

degassed for 15 min with argon. To this clear solution were added peptide 4.7 (3.72 mg, 0.50 µmol) 

and an aqueous solution (100 µL) of VA-044 (40.4 mg, 0.13 mmol) and glutathione (15.4 mg, 0.05 

mmol). Following 15 h incubation at 37 °C, LC-MS revealed formation of desulfurized product by a 

change in the [(M+6H)
6+

] charge state from 1241.6 Da to 1236.6 Da without any retention time shift. 

The desulfurized product was purified by semi-preparative RP-HPLC (Grace Vydac, 219TP diphenyl, 

5 µm; 10.0 × 250 mm) to afford 4.5 (0.42 mg, 11.2%). MS (ESI+) for SHONα 4.5 [(M+6H)
6+

] Calc. 

1236.2 Da, Obs. 1236.6 Da; LC-MS data shown in Figure 4.25 (Section 4.9.2.3). 

 

4.12.2.7 One-pot synthesis of SHONα 4.5 from SHONα 4.6 and SHONα 4.2 

 

An aqueous buffer of 6 M GnHCl/0.2 M phosphate (0.5 mL) was degassed for 15 min with argon. To 

the degassed buffer was added a mixture of TFET (2 µL, 22.48 µmol) and TCEP.HCl (2.51 mg, 8.76 

µmol) and the pH was adjusted to ca. 7.0 with 6 M NaOH then 2 M NaOH. To this clear solution was 

added thioester 4.6 (1.52 mg, 0.65 µmol) and cysteinyl fragment 4.2 (3.77 mg, 0.72 µmol). The 

reaction was shaken at room temperature for 5 h to yield the ligated product SHONα 4.7, which was 

used in the subsequent desulfurization reaction without further purification. 

The ligation mixture containing SHONα 4.7 was purged with argon for 5 min. To the degassed 

mixture was added a neutral solution of 450 mM TCEP in an aqueous buffer of 6 M GnHCl/0.2 M 

phosphate (800 μL) to give a final TCEP concentration of 200 mM. To this clear solution was added 

VA-044 (6.47 mg, 0.02 mmol) and glutathione (3.07 mg, 1.0 µmol). Following overnight incubation 

at 37 °C, LC-MS revealed formation of desulfurized product by a change in the [(M+6H)
6+

] charge 

state from 1241.6 Da to 1236.6 Da without any retention time shift. The desulfurized product was 
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purified by semi-preparative RP-HPLC (Grace Vydac, 219TP diphenyl, 5 µm; 10.0 × 250 mm) to 

afford 4.5 (1.04 mg, 21.5% based on 4.6). MS (ESI+) for SHONα 4.5 [(M+6H)
6+

] Calc. 1236.2 Da, 

Obs. 1236.6 Da; LC-MS data shown in Figure 4.26 (Section 4.9.2.4). 

 

4.12.3 Folding Screen using Differential Scanning Fluorimetry 

Folding experiments were trialled using various combinations of buffers and additives, guided by the 

folding protocols and analysis methods described in Section 2.19.3. The tested conditions are listed in 

Table 4.1 in Section 4.7.

 

4.12.4 Folding of the Native SHONα 4.4 

Using the folding condition #67 in Table 4.1, SHONα 4.4 was folded into its native structure via a 

step-wise rapid dilution method. The oxidized peptide 4.4 (1 mg, 0.13 µmol) was dissolved in 4 M 

GnHCl (20 μL), then rapidly diluted with a cold folding buffer (2.7 mL) consisting of 1X PBS pH 7.4, 

10 mM GSH and 2 mM GSSG to give a final GnHCl concentration of 30 mM. The mixture was 

gently shaken overnight at 4 ºC. Following incubation, the mixture was concentrated to ≤ 1 mL at 4 

ºC and diluted again with the cold fresh folding buffer (10 mL) to further dilute GnHCl to < 3 mM. 

The protein solution was sufficiently concentrated and foldedness was characterized by differential 

scanning fluorimetry and circular dichroism spectroscopy. 

 

4.12.5 Circular Dichroism (CD) Spectroscopy 

All CD measurements were performed on an Applied Photophysics PiStar spectrometer. Protein 

spectra data are reported in terms of the mean residue ellipticity (θ) (deg.cm
2
/dmol), calculated as 

follows: 

θ = S / (10 × c × L × n) 

S is the raw CD signal in millidegrees, c is the protein concentration in M, L is the cuvette path length 

in cm, and n is the number of peptide bonds in the protein. The ellipticity was plotted against 

wavelength for secondary structure or temperature for thermal stability. 

Each CD spectrum measurement represents the average of 8 scans obtained with a 2 nm optical 

bandwidth and time per points of 2 s. Baseline spectra were collected with buffer alone and then 

subtracted from the raw protein spectra. The measurements were performed in a Hellma Analytics 1 

mm quartz cuvette at protein concentrations of 2 µM in the specified folding buffer at 4 °C. 
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4.12.6 Crystallization Screening 

Crystallization screening was carried out using the in-house library of 576 conditions, guided by the 

screening protocols described in Section 2.19.8. 

 

4.12.7 Materials, Reagents and Recipes for Cell Exposure Experiments 

General materials, kits and reagents used for cell exposure experiments are shown in Table 4.2 below, 

and recipes for buffers and solutions used are shown in Table 4.3. 

Product Supplier 

Reagents 

40% acrylamide / bis solution, 29:1 Bio-Rad, Hercules, CA, USA 

4-(2-aminoethyl)benzenesulfonyl fluoride 
hydrochloride (AEBSF) 

Sigma-Aldrich, St. Louis, MO, USA 

AlamarBlue® Life Technologies, Carlsbad, CA, USA 

ALLN (calpain inhibitor I) Merck Millipore, Billerica, MA, USA 

ammonium persulfate (APS) Sigma-Aldrich 

penicillin/streptomycin Life Technologies 

Aprotinin Sigma-Aldrich 

Pierce BCA protein assay kit Thermo Scientific, Rockford, Illinois, USA 

bovine serum albumin (BSA) Life Technologies 

bromophenol blue Sigma-Aldrich 

Clarity™ Western ECL substrate kit Bio-Rad 

dimethylsulfoxide (DMSO) Sigma-Aldrich 

disodium hydrogen phosphate (Na2HPO4) AppliChem, Darmastadt, Germany 

EDTA Bio-Rad 

ethanol Merck Millipore 

fetal calf serum (FCS) Moregate Biotech, Hamilton, NZ 

glycerol Sigma-Aldrich 

glycine Sigma-Aldrich 

2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic 
acid (HEPES) 

Sigma-Aldrich 
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Immobilon®-P polyvinylidene difluoride (PVDF) Sigma-Aldrich 

Precast Gels 

4-20% Criterion Stain Free™ Tris-HCl Gel, 
26 well, 15 µL 

Bio-Rad 

Membranes 

insulin-transferrin-sodium selenite supplement (ITS) Roche Applied Science, Penzberg, Germany 

2-mercaptoethanol Sigma-Aldrich 

Leupeptin Sigma-Aldrich 

methanol ThermoFisher Scientific, Waltham, MA, USA 

MilliQ water MilliQ Purification System, Merck Millipore 

minimum essential medium (MEM) Life Technologies 

Nonidet® P40 substitute (NP40) Sigma-Aldrich 

Pepstatin A Merck Millipore 

Precision Plus Protein™ dual color standard Bio-Rad 

potassium chloride (KCl) Sigma-Aldrich 

potassium dihydrogen phosphate (KH2PO4) AppliChem 

sodium chloride (NaCl) Scharlab, Barcelona, Spain 

sodium dodecyl sulphate (SDS) Bio-Rad 

sodium fluoride (NaF) Sigma-Aldrich 

sodium orthovanadate (Na3VO4) Sigma-Aldrich 

sodium pyrophosphate tetrabase decahydrate 
(Na4P2O7) 

Sigma-Aldrich 

N,N,N’N’-tetramethylethylenediamine (TEMED) Sigma-Aldrich 

tris (UltraPure™) Life Technologies 

Trans-Blot® Turbo™ Midi PVDF Transfer Packs Bio-Rad 

Trans-Blot® Turbo™ Transfer System Bio-Rad 

Trypsin-EDTA Life Technologies 

Tween® 20 Sigma-Aldrich 

Containers 

Falcon T25 cell culture flask In Vitro Technologies, Auckland, NZ 

Falcon T75 cell culture flask In Vitro Technologies 

Falcon T175 cell culture flask In Vitro Technologies 
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Falcon 12-well cell culture plate In Vitro Technologies 

Falcon 96-well cell culture plate In Vitro Technologies 

15 mL tube Raylab, Auckland, NZ 

50 mL tube Raylab 

Axygen 1.5 mL microtube Raylab 

Equipment 

Electrophoresis chamber Bio-Rad 

Transblot® Turbo™ transfer machine Bio-Rad 

Synergy™ HT plate reader BioTek, Winooski, VT, USA 

LAS4000 Luminescent Image Analyser Fujifilm, USA 

Software 

Excel® Microsoft Corporation, Redmond, WA, USA 

CompuSyn v1.0 ComboSyn Inc., New York, NY, USA 

GraphPad Prism v6.0 GraphPad, La Jolla, CA, USA 

ImageJ 1.47 
National Institute of Health, Bethesda, MD, 
USA 

KC4v3.4 BioTek 

Table 4.2 Materials, kits and reagents used 

Buffer Recipe 

tris-buffered saline (TBS) 

1.47 M of NaCl 
26.8 mM of KCl 
248 mM of tris 
Adjusted to pH of 7.5 by addition of HCl 
MilliQ water 

TBS with Tween (TBS-T) 

147 mM of NaCl 
2.68 mM of KCl 
24.8 mM of tris 
0.1% Tween 20 (v/v) 
MilliQ water 
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lysis buffer 

50 mM HEPES 
150 mM NaCl 
10 mM EDTA pH 8.0 
10 mM Na4P2O7 
2 mM Na3VO4 
100 mM NaF 
NP40 1% (v/v) 
MilliQ water 
 
Protease inhibitors: 
9.4 μM Leupeptin 
1.45 μM Pepstatin A 
1 mM AEBSF 
0.6 μM Aprotinin 
30 μM ALLN 

bromophenol blue loading dye (6X) 

0.3 M tris.HCl pH 6.8 
0.15 nM bromophenol blue 
15% glycerol (v/v) 
208 mM SDS 
1% 2-mercaptoethanol (v/v) 
MilliQ water 

phosphate-buffered saline (PBS) 

137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
1.8 mM KH2PO4 
Adjusted to pH of 7.4 by addition of HCl 
MilliQ water 

polyacrylamide resolving gel (10%) 

10% acrylamide 
375 mM tris.HCl pH 8.8 
0.1% SDS (v/v) 
0.1% APS (v/v) 
0.04% TEMED (v/v) 
MilliQ water 

polyacrylamide stacking gel 

5% acrylamide 
125 mM tris.HCl pH 6.8 
0.1% SDS (v/v) 
0.1% APS (v/v) 
0.1% TEMED (v/v) 
MilliQ water 

SDS-PAGE running buffer (5X) 

25 mM tris 
250 mM glycine 
0.1% SDS (v/v) 
MilliQ water 

transfer buffer (5X) 
1.5 M tris 
1.5 M glycine 
MilliQ water 
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transfer buffer: membrane side 
20% 5X transfer buffer (v/v) 
20% ethanol (v/v) 
MilliQ water 

transfer buffer: gel side 
20% 5X transfer buffer (v/v) 
0.1% SDS (v/v) 
MilliQ water 

stripping buffer 

100 mM 2-mercaptoethanol 
2% SDS (v/v) 
62.5 mM tris.HCl pH 6.8 
MilliQ water 

Table 4.3 Recipes for buffers and solutions 

 

4.12.8 Cell Culture 

Experiments were conducted using MCF-7 and T47D cell lines obtained from Auckland Cancer 

Society Research Centre (Auckland, NZ), which were originally purchased from the American Type 

Culture Collection (Manassas, VA). 

Cells were grown in monolayer culture in Falcon T25, T75 or T175 flasks in α-minimal essential 

media containing 5% fetal calf serum and 1% penicillin and streptomycin, and incubated in a 

humidified incubator at 37 °C with atmospheric O2 and 5% CO2 in order to mimic physiological 

conditions within cancer cells. Cell culture procedures were undertaken in a laminar flow hood. All 

reagents were pre-warmed in a 37 °C water bath and all surfaces, containers and gloves were pre-

treated with 80% ethanol before commencing procedures in the cell culture hood. 

 

4.12.9 Retrieval of Cell Lines from Storage 

Cells were retrieved from liquid nitrogen storage, thawed in a 37 °C water bath, and suspended in 5 

mL of pre-warmed media in a 10 mL tube. The cell suspension was centrifuged at 1000 rpm for 5 min 

and the supernatant was aspirated off to remove DMSO preservative. The cell pellet was then re-

suspended in 5 mL of fresh media and the cell suspension transferred to a T25 flask. 

 

4.12.10 Cell Line Maintenance 

The media was changed every 3-4 days by aspirating off existing media and adding fresh media (5 

mL for a T25 flask or 15 mL for a T75 flask), taking care not to disturb the growing surface. When 

cells were confluent or near-confluent, they were passaged. All cell lines used were adherent cell lines 
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and were passaged by aspirating off the media, rinsing with phosphate-buffered saline (PBS) then 

adding 0.05% trypsin/EDTA (1.5 mL for a T25 flask or 2 mL for a T75 flask). Cells were incubated 

for a few minutes at 37 °C to facilitate detachment. A few mL of fresh media was added to the flask to 

inactivate the trypsin, and cell clumps broken up before being transferred to a new flask in the 

appropriate volume of fresh media for the flask size. 

Cell lines were maintained for up to 50 passages. If the number of passages exceeded 50, the cells 

were discarded and a fresh batch retrieved from liquid nitrogen storage. 

 

4.12.11 SHONα Sample Preparation 

All SHONα samples used in cell treatment assays were freshly folded 1-2 days prior to each 

experiment, using the folding buffer and protocols described in Section 4.12.4. Because the native 

sequence of SHONα lacks aromatic amino acid residues that readily absorb UV light (i.e. tryptophan, 

tyrosine, phenylalanine – in the order of decreasing UV absorptivity), the concentration of the folded 

SHONα in solution could not be measured using a NanoDrop spectrophotometer. Therefore, 

concentrations of the folded protein samples were measured by performing BCA protein assays, 

described in Section 4.12.12.3. 

 

4.12.12 Western Blotting 

Western blotting was performed on cell lysates from the MCF-7 and T47D cell line panel to test the 

effects of native and alanine-analogue of SHONα on proteins in the PI3K and RAS/RAF/MEK/ERK 

signalling pathways. 

 

4.12.12.1 Effects of SHONα Treatment on Cell Signalling 

When cells were confluent or near-confluent in a T75 flask, they were passaged as described in 

Section 4.12.10. The cell suspension (13 mL) was then seeded to a 12-well plate (1 mL per well), 

leaving ~1 mL of cells in media in the flask to propagate the cell line. The 12-well plate was then 

incubated overnight at 37 °C to allow cells to adhere and grow to reach ~80% confluence. 

The following day, the cells were starved in serum free media overnight. 

The serum free media was aspirated off and cells were washed twice for 15 min with the folding 

buffer. A SHONα stock solution was diluted in fresh media to a range of concentrations from 1 to 
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1000 nM to prepare working sample solutions. The cells were treated in duplicates per sample 

solution (1 mL per well) and negative control cells were treated with the folding buffer (1 mL per 

well).  

Plates were incubated upon SHONα treatment for 30 min at 37 °C. At the 25 min incubation point, 

500 nM insulin (1 mL) was added to positive control wells for the remaining 5 min incubation. At the 

end of incubation, the media was aspirated off and the cells were quickly rinsed with cold PBS and 

placed on ice for lysis. 

 

4.12.12.2 Lysis and Protein Extraction 

Lysis buffer containing protease inhibitors (200 μL) was added to the plate and incubated on ice for at 

least 10 minutes. Following incubation, cell debris was dislodged from the bottom of the wells using a 

cell scraper. Lysates were transferred by pipette to separate microcentrifuge tubes and centrifuged at 

13,000 rpm for 10 min at 4 °C. Supernatants were transferred to labelled tubes, avoiding dislodgement 

of the insoluble cell debris pellet. Lysates were kept on ice at all times and stored at – 80 °C when not 

in use. 

 

4.12.12.3 BCA Protein Assay 

The total protein concentration of each lysate was measured using the bicinchoninic acid (BCA) 

protein assay kit. A bovine serum albumin (BSA) standard (1.0 mg/mL) was added at volumes of 0, 

0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 µL sequentially in duplicate across the first two rows of 

a 96-well serological plate. Lysate samples were added at a volume of 2 µL in duplicates to wells on 

the same 96-well plate. To each well 200 µL of a 50:1 mixture of Pierce BCA Protein Assay reagent 

A and reagent B were added. The plate was covered with tinfoil and incubated at 37 °C for 30 min, or 

60 °C for 15 min. Following incubation, the plate was read using a BioTek Synergy HT plate reader at 

an absorbance of 562 nm. Absorbance results were displayed via the use of KC4 v3.4 software. 

Results were exported to Microsoft Excel where the standard absorbance readings were plotted 

against the total amount of protein in µg to create a standard curve. Relative amounts and 

concentrations of protein for each sample were determined from the curve. 
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4.12.12.4 Loading Sample Preparation 

Using results from the standard curve, the correct volume was calculated for each lysate sample to 

give 40 µg of total protein. The appropriate aliquot from each sample was then added to a fresh 

microcentrifuge tube along with 6 µL of bromophenol blue loading dye 6x. Samples were heated in a 

99 °C heating block for 3-5 minutes to denature the proteins, then spun at 13,000 rpm for 1 min to 

ensure that the entire sample was in the bottom of the tube. 

 

4.12.12.5 Protein Separation 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to separate 

denatured proteins according to molecular mass. For a single experiment with less than 48 samples, 4 

sets of in-house prepared 15-well polyacrylamide gels (1.5 mm thick, 10% acrylamide resolving gel 

overlayered with stacking gel) were put in an electrophoresis chamber filled with 1x running buffer. 

For a single experiment with more than 48 samples, Bio-Rad 4-20% Criterion Stain Free
™

 Tris-HCl 

26-well gels were put in an electrophoresis chamber filled with 1x running buffer. Samples were 

loaded into the wells of the gels using a 50 µL Hamilton syringe. Bio-Rad Precision Plus Protein Dual 

Colour Standard molecular weight marker (2-4 µL) was added to the furthermost left well and the two 

furthermost right wells (to assist in maintaining correct gel orientation). Electrophoresis was carried 

out at 100-120 V until the loading dye could be observed exiting the bottom of the gel. 

 

4.12.12.6 Protein Transfer 

Transfer of proteins was carried out with the use of the Bio-Rad Trans-Blot
®
 Turbo

™
 semi-dry 

transfer machine. For electro-blotting of the 15-well in-house prepared gels, transfer packs were 

manually prepared as follows: (1) Polyvinylidene difluoride (PVDF) membranes were pre-wetted in 

methanol then kept in membrane-side transfer buffer; (2) For each membrane, four pieces of filter 

paper were soaked in membrane-side transfer buffer and four pieces of filter paper were soaked in 

gel-side transfer buffer; (3) The four pieces of filter paper soaked in membrane buffer were placed in 

the bottom of the transfer cassette; (4) The PVDF membrane was then placed on top of the filter 

paper, followed by the gel that underwent electrophoresis; (5) The four pieces of filter paper soaked in 

gel buffer were placed on top of the gel to form a sandwich; (6) Finally, the sandwich was gently 

rolled with a roller to remove air bubbles after the addition of each layer. For electro-blotting of the 

26-well commercial Bio-Rad gels, Bio-Rad Trans-Blot
®
 Turbo

™
 Midi PVDF Transfer Packs (part of 

Trans-Blot
®
 Turbo

™
 Transfer System) were used directly without pre-wetting and soaking steps. The 

transfer machine was set to transfer at 25 V for 12 min. 
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4.12.12.7 Antibody Incubation 

Following protein transfer, membranes were incubated with 3% BSA diluted in tris-buffered saline 

with Tween 20 (TBS-T) for at least 30 min to reduce background noise. Membranes were then cut 

into strips using the molecular weight markers as a guide, resulting in a single membrane strip per 

protein of interest. Each membrane strip was incubated on a gentle rocker overnight at 4 °C with a 

primary antibody diluted in 3% BSA in TBS-T as per product data sheet recommendations (Table 

4.4). The following day, membranes were rinsed with TBS-T, and washed for 10 min in fresh TBS-T. 

The washed membranes were incubated with secondary antibody conjugated to horseradish 

peroxidase (HRP) that is also diluted in 3% BSA in TBS-T, for at least 1 h on a rocker. The incubated 

membranes were rinsed with TBS-T and washed for 10 min in fresh TBS-T to remove excess 

secondary antibody. 

 

Antibody Dilution Supplier 
Catalogue 
number 

Primary antibodies 

Phospho-β-catenin (Ser552) antibody 
(rabbit) 

1:1000 Cell Signalling Technologies 9566 

Phospho-GSK-3α/β (Ser21/9) antibody 
(rabbit) 

1:1000 Cell Signalling Technologies 9331 

Phospho-PKB (Thr308) antibody (rabbit) 1:1000 Cell Signalling Technologies 9275 

Phospho-PKB (Ser473) antibody (rabbit) 1:1000 Cell Signalling Technologies 9271 

Phospho-p44/42 (ERK1/2) 
(Thr202/Tyr204) antibody (rabbit) 

1:1000 Cell Signalling Technologies 9101 

Phospho-S6 ribosomal protein 
(Ser235/236) (2F9) rabbit mAb (rabbit) 

1:2000 Cell Signalling Technologies 4856 

Phospho-S6 ribosomal protein 
(Ser240/244) antibody (rabbit) 

1:2000 Cell Signalling Technologies 2215 

β-catenin antibody (sheep) - In-house prepared - 

GSK-3α antibody (rabbit) 1:000 Cell Signalling Technologies 9338 

PKB (pan) (40D4) mouse mAb (mouse) 1:1000 Cell Signalling Technologies 2920 

P44/42 MAPK (ERK1/2) antibody (rabbit) 1:1000 Cell Signalling Technologies 9102 

S6 ribosomal protein (5G10) rabbit mAb 
(rabbit) 

1:2000 Cell Signalling Technologies 2217 

Monoclonal anti-β-actin (mouse) 1:2000 Sigma-Aldrich A1978 

Secondary antibodies 

Polyclonal goat anti-rabbit 
immunoglobulins-HRP (goat) 

1:4000-
1:5000 

Dako DAKP044801 
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Anti-mouse IgG-peroxidase antibody 
(rabbit) 

1:20,000 Sigma-Aldrich A9044-2ML 

 

Table 4.4 Antibodies used in Western blotting 

 

4.12.12.8 Protein Visualization using ECL 

Proteins were visualized using Bio-Rad Clarity
™

 enhanced chemiluminescence (ECL) reagents. A and 

B substrates of the ECL reagents were mixed at a 1:1 ratio, applied to the membrane (200-250 µL per 

protein strip) and incubated under cover for 4 min. Following incubation, the membrane was 

transferred to a plastic sleeve and taken to the Fujifilm LAS 4000 Luminescent Image Analyzer. To 

develop, light was exposed on the membrane film for 5-10 sec depending on the concentration of the 

protein. 

 

4.12.12.9 Stripping and Re-probing 

After visualization of phosphorylated proteins, membranes were stripped and reprobed for total 

proteins and/or β-actin. If stripping could not be performed immediately, membranes were stored in 

TBS at 4 °C for no more than a few days.  

The membranes that required stripping for total protein visualization (e.g. ERK membrane strips) 

were incubated with stripping buffer for 20 min in a 55 °C water bath, rinsed with TBS, and washed 

with fresh TBS for 30-60 min on a gentle rocker (until the 2-mercaptoethanol was dissipated). The 

membranes that did not require stripping for total protein visualization (e.g. PKB membrane strips) 

were washed with TBS for at least 2 h on a gentle rocker. Blocking was performed by incubating all 

membranes in 3% BSA blocking buffer for at least 30 min. Each membrane strip was then incubated 

at 4 °C with primary antibodies to the total protein corresponding to the previously detected 

phosphorylated protein (Table 4.4). The following day, membranes were rinsed with TBS-T and 

washed with fresh TBS-T for 10 min. Membranes were incubated with secondary antibody for at least 

1 h on a rocker, followed by rinsing with TBS-T and washing with fresh TBS-T for 10 min to remove 

excess secondary antibody. Proteins on the washed membranes were visualized as described in 

Section 4.12.12.8. 
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5   THESIS CONCLUSIONS 

 

The ability to visualize three-dimensional structures of proteins at atomic resolution transforms our 

understanding of protein function, opening up unprecedented opportunities in biotechnology and 

medicine. X-ray crystallography is critical to this goal, accounting for nearly 90% of the protein 

structures known today. A recent example illustrating the power of X-ray crystallography described 

the mechanism of action of antidepressants on the serotonin transporter protein, an important drug 

target for antidepressant and psychostimulant drugs, the precise structure of which remained unsolved 

for many years.
290 

For the three protein targets explored in this thesis, EspC, ORFV002, and SHONα, we initially began 

with the aim of studying their structures using racemic protein crystallography, a crystallographic 

technique that responds to some of the critical bottlenecks suffered by a more traditional approach. 

While unsuccessful in the ultimate goal of racemic crystallography, each protein was subjected to 

folding procedures. Admittedly, the folding of the synthetic peptides was challenging due to the 

labour-intensive nature and limited diagnostic ability of the screening process; nevertheless, the 

successful folding of the three peptides allowed the exploration of these systems in unique directions 

using various experimental techniques ranging from biophysics to biochemistry and cell biology. This 

final discussion highlights the most intriguing findings for each of the target proteins and the wider 

context of these results. 

Our first protein target was EspC, a Mycobacterium tuberculosis (Mtb)-secreted antigen that is at least 

as immunodominant as the two well-known Mtb-specific antigens, ESAT-6 and CFP-10. Following 

the successful folding of the synthetic EspC under a mildly reducing condition, the concomitant SEC-

MALS analysis revealed the protein oligomerizes to form a macrostructure, possibly as large as a 

tetramer (Section 2.12). Quaternary structure and its mechanistic contribution to the regulational 

complexity of proteins is not well-characterized, despite frequent appearance in regulatory pathways. 

Defining the EspC quaternary structure and further investigation of the EspC oligomerization-activity 

relationship will help us better understand the role of this protein in the Mtb lifecycle. It is reported 

that EspC is engaged in multiprotein complex formation in vivo prior to its co-secretion with ESAT-6, 

CFP-10 and EspA. Therefore, solving the structure of this secretion apparatus and the effect of EspC 

homo-oligomerization on the complex formation will define the significance of EspC in ESX-1 

secretion, and ultimately reveal novel aspects of the molecular mechanism behind Mtb virulence, 

ultimately aiming for more effective control of the disease. 

Our second synthetic target was ORFV002, an orf-virus produced nuclear inhibitor of NF-κB, which 

may work through mimicking the natural inhibitor of NF-κB known as IκB. We have hypothesized 

that the protein may be intrinsically disordered following the unsuccessful folding attempts, and have 

gathered both theoretical/phenotypical evidence (Section 3.8) and experimental evidence from the 
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repeated pull-down assays that demonstrated a strong interaction between ORFV002 and NF-κB 

(Section 3.13). The concomitant pull-down assay with a pH gradient showed the binding affinity is 

pH-dependent with stronger association between the two proteins occurring under slightly basic 

conditions. 

Intrinsically unfolded proteins are categorized as a highly evolved class of proteins with 

conformational flexibility that translates into functional flexibility. The proteins are very challenging 

to study due to the lack of structural rigidity and thus, are not well-characterized despite their high 

prevalence in eukaryotes. Interestingly, many viruses are known to mimic linear motifs of eukaryotic 

proteins to successfully recode infected cells; this is perhaps also reflected in the structural similarity 

shown by the overlay of the predicted ORFV002 structure and the three ankyrin repeats of IκB (i.e. 

ANK4, ANK5, and ANK6), the latter two of which are reported to be natively disordered (Section 

3.15). With the effective synthetic methodology established for ORFV002 and the findings from the 

binding assays, we envision that further investigation will reveal the molecular mechanisms employed 

by parapoxviruses to modulate the NF-κB signalling pathway via this protein. Further study on 

ORFV002 will ultimately contribute to improved understanding of poxvirus infection biology and 

disease. 

Finally, we turned our attention to SHONα, a breast cancer-related protein encoded by an oncogene 

named SHON. The protein is highly expressed in estrogen receptor positive (ER
+
) breast cancer cells 

in response to increased production of estrogen and its receptor. The activity of the estrogen receptor 

is strongly correlated with the progression of breast cancer disease and thus has served as a common 

therapeutic target for treatment and prevention of breast cancer. With the successfully isolated 

synthetic SHONα, we have demonstrated that the folded protein is active in a selection of ER
+
 breast 

cancer cells upon exogenous treatment, and shown that the activity may be linked to the postulated 

disulfide bond within SHONα. Owing to the limitations suffered by estrogen receptor alpha (ERα) 

(such as inconsistencies due to de novo or acquired tumour resistance), the currently-used predictive 

biomarker of breast cancer, the investigation of SHONα is significant and we envision that combined 

studies to identify the structure and the binding partner of SHONα will provide a platform to assess 

the use of SHONα as a novel biomarker target and also the therapeutic efficacy of blocking the 

protein function and directing future development of novel breast cancer therapies. 
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