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Abstract

Prefoldin is a hexameric protein complex ubiquitously expressed and found to influence the
conformation of amyloidogenic peptides. Relatively high degrees of sequence identity and
conservation across evolutionary lineages are observed, however differences in binding abilities
have been noted between the homologs. This thesis describes work examining the structure of
eukaryotic prefoldin and its biological activities with respect to interaction with amyloid B. The

structure and biological activities of prefoldin’s individual subunits are also explored.

Although many studies have investigated the structure of prokaryotic prefoldin, there is limited
information available for eukaryotic prefoldin. Two-dimensional *H-H and *H-13C nuclear magnetic
resonance (NMR) spectroscopy was utilised to probe the structure of both a and B human prefoldin
subunits. The data revealed the highly alpha helical secondary structure of the subunits, which was
further verified through far-UV circular dichroism. Further thermal aggregation assays utilising this

technique have demonstrated the stability of the prefoldin subunits.

The biological effect of prefoldin on the amyloid fibril formation of the Alzheimer’s disease related
amyloid B peptide was investigated using a combination of dye-binding assays and cytotoxicity
assays. The presence and absence of fibrils was confirmed by transmission electron microscopy. In
terms of fibril formation, prefoldin and its subunits prevented in vitro conversion of the amyloid B
peptide to amyloid fibrils. In some cases, total inhibition of fibril formation occurred and a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was conducted on the resultant
products. The product was incubated with healthy PC-12 cells and induced cellular death, therefore

establishing the cytotoxicity of the resultant oligomeric amyloid  form.

Previous investigations into the binding capabilities of prokaryotic prefoldin identified the distal tips
as an important structural aspect, interacting with the amyloidogenic peptide. The binding interface
of prefoldin subunits 5 and 6 with amyloid B was probed using chemical cross-linking (CXL)
experiments. Traditional methods to identify cross-linked peptides are challenging and the results
are often ambiguous. In this study, CXL products were analysed by liquid chromatography-ion
mobility-mass spectrometry (LC-IM-MS) to investigate the utility of IM in enhancing the CXL
analytical workflow. The orthogonal separation of ion mobility enabled the identification of the
cross-linked amino acids. The distal end of prefoldin subunit 5 was found to interact with the N-
terminus of the amyloid peptide, whereas prefoldin subunit 6 was identified to interact with the

peptide in the middle of its sequence.

vii



lon mobility-mass spectrometry (IM-MS) analysis of the eukaryotic prefoldin complex identified the
collisional cross section of the intact hexamer. Solution disruption experiments of the intact complex
revealed the disengaging sub-complexes, and information on the intersubunit contacts and relative
interfacial strengths were obtained. A capillary temperature controller (CTC) was developed to

observe the thermal dissociation of the complex using nano-electrospray IM-MS.

The combination of these results confirmed a structural aspect common to both mammalian
prefoldin and prokaryotic prefoldin, despite the primary sequence differences. The biological assays
revealed the ability of prefoldin to prevent the aggregation and amyloid fibril formation of amyloid
B, and low resolution MS techniques were able to postulate the arrangement of the subunits and the
possible interface interactions of the hexameric complex with the amyloidogenic peptide. This thesis
has therefore provided an in-depth investigation of the structural characteristics of eukaryotic
prefoldin and its chaperoning capability, therefore implicating a potential role for prefoldin in

modaulating protein misfolding and aggregation.
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Chapter 1:

Introduction

1.1: Overview

In 1956, Francis Crick proposed ‘once information has got into a protein it can’t get out again’ as the
central dogma of molecular biology [1]. This was the idea that the flow of genetic information in cells
was in one direction, from DNA to RNA to protein. It is this fundamental thought that framed the
characterisation of biopolymers and the transfer of biological information. The final products of gene
expression are proteins. Responsible for nearly all biochemical processes in the cell, proteins are
synthesised in vivo by the ribosome in a process known as translation [2]. Following translation the
newly synthesised protein folds into its highly defined three-dimensional native conformation to
allow it to perform its biological function. The exception to this rule is protein that exists natively
disordered. Nevertheless, the correct structure is imperative for structured native proteins that rely
on their conformation for activity and crowded intracellular conditions are arduous and can lead to
misfolding of the protein. Misfolding results in the loss of original function and the resultant
incorrectly folded protein may be inactive or have toxic effects that can lead to debilitating
pathologies. To aid in the correct folding, proteins known as molecular chaperones interact with the
misfolded molecules and redirect the conformation. A recently described molecular chaperone
known as prefoldin (PFD) has been found to prevent the aggregation of toxic misfolded proteins.
Understanding the mechanism by which PFD interacts with misfolded proteins could potentially lead
to therapeutics for pathologies based on the incorrect folding of a particular protein. This thesis uses
complementary low and high resolution structural biology techniques to investigate the structure of
PFD and its interaction with amyloid beta (AB), a peptide known for its misfolding propensity to form

fibrils in Alzheimer’s disease.

1.2: Proteins

1.2.1: Protein Structure

Proteins are directly involved in all biological processes. Most chemical reactions within the cell are

performed, regulated or catalysed by proteins. This includes the transport of ions and electrons, the
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reception and transmission of stimuli, the transcription and translation of genetic code, and the
mechanical contraction and coordinated motion within and between cells [3]. In 1962, John
Kendrew and Max Perutz were awarded the Nobel Prize for determining the first atomic structure of
a protein using X-ray crystallography [4], [5]. They postulated that the native conformation of
proteins enabled the biological activity. Whilst this has been subsequently shown to be inherently
untrue, as some proteins are able to function despite being intrinsically disordered [6]—[8], the vast
majority of proteins rely on their highly defined native 3D structure for bioactivity. Molecular
interactions are also a vital facet for biological activity [9] and flexibility of the native conformation is
needed for local or global interactions to occur [10]. Bioactivity is therefore influenced by a number
of structural factors and some of these include the helicity, amphipathicity, charge state and the
nature of the side chains and terminal groups of the protein. These characteristics contribute to the
four levels of protein structure; primary, secondary, tertiary and quaternary. For an ordered protein

to exhibit its correct biological function it must have correct structures, sometimes at all four levels.

Protein synthesis in vivo starts at the ribosome, where the messenger RNA delivers the genetic
information to the ribosome to allow the unique sequence to be made. The sequence begins with
the amino or N-terminus followed by the linear arrangement of amino acids and ending with the
carboxyl or C-terminus (refer to Figure 1.1A). There are over 500 naturally existing amino acids [11]
and 20 of these common amino acids (refer to Appendix A) are principally utilised in the human
protein code. These are the building blocks of protein with all other amino acids needed for cell
functionality in humans obtained from diet. The basic structure of an amino acid can be seen in
Figure 1.1A. The substituent on the R group defines the type of amino acid. This single polypeptide
sequence made up of amino acids forms the primary structure of the protein. The primary structure
is composed of any combination of the common amino acids to a certain degree of length.

Therefore, each individual protein has its unique combination of amino acids to a distinctive extent.

As the polypeptide chain is synthesised, the partially formed sequence will begin to fold upon itself
to optimise favourable interactions and protect its hydrophobic regions from macromolecules and
the aqueous environment in the highly crowded cytosol [12]. This formation of secondary structure
is highly dependent on non-covalent, hydrogen bonding within the protein backbone [2], [3]. This
electrostatic attractive force between a polar group and a hydrogen bound to a highly
electronegative atom is a weak interactive force essential for secondary structure of proteins, as
seen in Figure 1.1B. There are two principle types of secondary structures resulting from extensive
hydrogen bonding: B sheet and a helix. Other characteristic features formed within this level of

protein structure include turns and loops [13]. Protein chains have a directionality conferred by their
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N-terminus and C-terminus and this is generally represented by an arrow towards the C-terminus.
Subsequently, B strands are also directional and adjacent strands are able to interact through
hydrogen bonding. As seen in Figure 1.1B, parallel B-sheet refers to successive strands arranged in
the same direction. This confers a slightly unstable hydrogen bonding pattern as the interaction is
non-planar. The antiparallel B sheet arrangement is a more stable form as the successive B strands
are orientated in alternate directions, which allows the hydrogen bonds between backbone carbonyl
and amide groups to be in their preferred planar position. The a helix is the most prevalent and
predictable secondary structure. Hydrogen bonds are formed between interacting amide hydrogens
with the backbone carbonyl group 4 amino acids previous in sequence. This induces a right handed

100° turn every 3.6 residues to give a spiral conformation [14], [15].
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Figure 1.1: Levels of protein structure. (A) The primary structure of a protein [3]. (B) The secondary structure of a protein
[3]. (C) The tertiary structure of ubiquitin as represented in ribbons & chains [16]. (D) The quaternary structure of
haemoglobin as represented in ribbons and chains [17].

The structure obtained when the single polypeptide chain has completely folded into all of its
secondary structures, in which its hydrophobic amino acid residues are largely buried and its
charged hydrophilic residues largely exposed on the surface is referred to as the tertiary structure.
Specifically, there are 4 different types of bonding interactions of the side chain which confer
stability to the tertiary structure. Hydrogen bonding, salt bridges, disulphide bonds and non-polar
hydrophobic interactions cause the folds, bends and loops in the conformation. Hydrogen bonding

at the tertiary level occurs between side chains, rather than the backbone as in secondary structure.
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Salt bridges can occur with the neutralisation of an acid and amine on side chains within the vicinity
of each other causing an electrostatic attraction [18], [19]. Strong covalent disulphide bonds are only
formed on the amino acid cysteine through the oxidation of sulfhydryl groups with other nearby
cysteines [20], [21]. Finally, non-polar groups on the side chain repel water and polar groups and
attract other non-polar groups. This usually results in non-polar side chains arranged in the interior
of globular proteins while the outside mainly consists of polar side chains. It is believed that

hydrophobic interactions contribute most to the stability of tertiary protein structures [22], [23].

Finally, the last level of protein conformation is the quaternary structure, which is the combination
of two or more folded subunits bound together through the same molecular interactions as
described. However, due to some necessary unfolding of the protein for functionality, the crowding
of organisms in the cell and occasional physiological imbalances to homeostasis, sometimes the

native conformation of the protein is compromised and the polypeptide chain misfolds [12].

1.2.2: Protein Misfolding and Aggregation

Protein refolding experiments demonstrate that the native conformation of many proteins can be
replicated as the highly defined protein structure information is contained in the amino acid
sequence, which enables folding and functionality of the protein [24]. The stability of a folded
protein is largely based on the burial of its hydrophobic residues, and is a result of the favourable
free energy change [25] between unfolded states and native conformations, given by the Gibbs free

energy (Equation 1.1);

AG = AH —TAS Equation 1.1

where AG is the change in Gibbs free energy, AH is the change in enthaply, T is the temperature and
AS is the change in entropy. The enthalpic difference is a result of atomic interactions such as
electrostatic interactions, van der Waals forces, and hydrogen bonding. The entropy difference is a

result of the hydrophobic effect and conformational freedom [26].

According to Anfinsen’s dogma, the thermodynamic hypothesis states that the native conformation
of a protein is the lowest free energy state [25]. It was therefore believed that all folding processes
will eventuate in the lowest energy state, assumedly the native conformation. Although there are
experiments that prove Anfinsen’s thermodynamic hypothesis correct, metastable conformations
with lower free energy than the native state have been encountered [26]—-[28]. Due to the many

metastable conformations available, Levinthal therefore concluded that protein folding is controlled
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kinetically rather than thermodynamically, and proteins traverse a specific folding pathway [2], [29].
The typical funnel-like energy landscapes commonly now described incorporate both theories, and
are constructed to demonstrate the energy difference between the conversion of a high energy
unfolded protein to the biologically functional native state or to non-functional aggregates through
multiple folding pathways [30]—[33]. Figure 1.2 shows formation of the native conformation of a
protein at a local minimum, following on-path way folding intermediates via partially folded states. It
has been proposed that small proteins (<100 residues) with a single domain undergo a one-step
folding process to achieve their native structure [34], whereas large multi-domain complexes require
several partially folded intermediates to reach the native state [35]. Some studies have suggested
that the rate at which the high energy unfolded proteins assemble affects the propensity for
misfolding [36]. Lapses in folding at metastable intermediates expose hydrophobic regions creating
opportunities for proteins to form large insoluble aggregates with lower free energy [37]. Factors
including transportation across the membrane, functional biological activity and an imbalance in
physiological conditions cause the protein to undergo cycles of unfolding and folding, increasing the
risk of protein aggregation [38]. This is compounded by the crowded cellular environment, with
potential interactions between the side chains and other cellular components increasing the chances

of misfolding [39], [40].
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Figure 1.2: The energy landscape in the folding & aggregation of proteins. Through intramolecular contacts (highlighted
light purple), intermediates converge towards a native state conformation at a local energy minimum. Intermolecular

contacts (highlighted dark purple) can lead to amorphous aggregation or amyloid fibrils. Adapted from [31].

Aggregation and misfolding of a protein can occur via two distinct routes (Figure 1.3) resulting in

either disordered amorphous aggregates or highly structured amyloid fibrils. Amorphous

aggregation is generally non-toxic and is regulated by the cell under normal conditions. Proteostasis

and degradation mechanisms are employed by proteins to clear these aggregates, whereas

thermodynamically stable amyloid fibrils are resistant to degradation [38].
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Figure 1.3: Folding of proteins into the native functional state occurs via the production of intermediately folded species
on the on-folding pathway in a fast & reversible manner. Under conditions of stress, (e.g. elevated temperature, low pH,
high salt concentrations), protein aggregation can occur via two off-folding pathways which can cause the formation of
amorphous (disordered) aggregates or highly ordered amyloid fibrils. Adapted from [30].

The highly concentration dependent fibril forming process [41], [42] begins through a nucleation
dependent mechanism from a partially folded intermediate. Other partially formed intermediates
sequester around this stable nucleus extending and expanding the oligomer into a protofibril [41]
(Figure 1.4). The protofibril continues to expand with the addition of more misfolded proteins,
increasing in size until an insoluble precipitate is formed [38]. This highly ordered stable fibril is

composed of B-strands running perpendicular to the fibril axis, as seen in Figure 1.4.
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Figure 1.4: The structure of amyloid fibrils. (A) The fibril is composed of intertwined protofibrils. (B) A singular protofibril
showcasing the stacked B-strands as represented by blue arrows. (C) Top view of the fibril. (D) Side view of the fibril.
Adapted from [43].

The stability of the amyloid fibril is a result of extensive hydrogen bonding. Although all proteins are
thought to be potentially capable of forming amyloid fibrils, there are over 40 known proteopathic
proteins which are involved in devastating diseases [44], [45]. Table 1.1 lists the different proteins

associated with the aetiology of particular diseases, with the majority of pathologies located in the

brain.
Table 1.1: Selected protein misfolding diseases and the associated proteins [46].
Disease Protein Deposits Toxic Protein/Peptide
Alzheimer’s disease Extracellular plaques Amyloid B
Intracellular tangles Tau
Cerebral amyloid angiopathy Extracellular plaques Amyloid B
Parkinson’s disease Lewy bodies a-synuclein
Huntington’s disease Intranuclear & cytoplasmic inclusions Huntingtin
Fatal familial insomnia Aggregation Prion
Amyotrophic lateral sclerosis Bunina bodies Superoxide dismutase |
Frontotemporal dementia Cytoplasmic tangles Tau
Familial British dementia Extracellular plaques Amyloid-Bri
Intracellular tangles
Spinocerebellar ataxias Intranuclear inclusions Ataxias
Cataracts Intracellular inclusion bodies a-crystallin
LECT2 amyloidosis Amyloidosis LECT2
Familial amyloid polyneuropathies Peripheral nerve plaques Transthyretin

Amyloid deposits found neurologically are hallmarks of selected debilitating neurodegenerative
diseases [47]. Autopsies of patients with fibril related diseases revealed a combination of mature

fibril deposits as well as early stage soluble oligomers [39], [48], [49] and both have been shown to
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have toxic effects on cells [50]-[52]. For a long time it was thought that the fibrils were the main
cause of the disease, due to the prevalence of amyloid plaques in patients [53], [54]. Fibrils were
found to disrupt the synapses and induce necrosis-like cell death with physical impairments to
affected tissue [55]. Other studies suggested that fibril formation is a cellular mechanism for
detoxifying the more toxic soluble oligomers by sequestering them into the insoluble and biologically
inert fibrils [56]. It has since been suggested that amyloid has the highest degree of cytotoxicity in its
oligomeric form [48], [57]. Amyloid oligomers are the prefibrillar multimeric states in amyloid
formation that lack the guise of mature fibrils or protofibrils. Conflicting studies describe oligomers
having high B-sheet content, while others depict random and coil-like conformations [53], [58].
Although the cytotoxic mechanisms of the amyloid related oligomers are relatively unknown, some
possibilities have been formulated. Suggestions include the soluble oligomer disrupting the cell
membrane to form a pore like structure resulting in unregulated membrane permeability. Studies
have shown an increase in ion permeability occurring in the presence of oligomers with a cytosolic
influx of Ca?*, which can ultimately cause synaptic degeneration and cell death [59], [60]. Cell death
can also occur from caspase-mediated apoptosis, mitochondrial dysfunctions and the production of

toxic and reactive oxygen species [38], [48], [55], [60], [61].

Although amyloid fibrils are resistant to degradation, there are methods which the cell employs to
prevent the formation of the toxic oligomers and the highly stable fibrils. The most effective and

well-studied protective mechanism found to date is the use of molecular chaperones.

1.2.3: Molecular Chaperones

Molecular chaperones are defined as proteins that interact and aid in the correct folding process of
highly dynamic molecules, principally other proteins. This includes interacting with partial sequences
formed as the protein substrate is synthesised on the ribosome. The newly synthesised polypeptide
chain undergoes several necessary folding cycles to reach the correct native form. Unfortunately the
continuous folding and unravelling of the sequence exposes vulnerable hydrophobic regions and
increases the propensity for misfolding and aggregation. Molecular chaperones are expressed
constitutively [62] and recognise and intercept the partially folded intermediate to reinitiate the

correct folding pathway.

Chaperones that are upregulated during conditions of cellular stress such as heat and changes in pH
levels are referred to as heat-shock proteins (HSPs) and are classified in accordance with their
molecular weight; HSP40, HSP60, HSP70, HSP90, small HSP (sHSP) [63], [64]. HSPs attempt to

combat protein misfolding [65], [66] and regulate the protein folding equilibrium, ultimately
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preventing the aggregation of misfolded species which could potentially lead to pathologies [67]-
[69]. Although HSPs exhibit little structural or sequence similarity [64], their common feature of
markedly increased expression in response to a homeostasis imbalance suggests that chaperones

work together toward the correct shaping of the proteome.

Figure 1.5 provides a schematic diagram of the mechanism by which a dimeric sHSP intercepts a
partially folded intermediate on the off-folding pathway. The chaperone complex then interacts with
Hsp70, which forms a larger complex and the refolding process is initiated by the addition of
chemical energy provided from the hydrolysis of adenosine triphosphate (ATP). The refolded native
conformation is then released from the molecular chaperones. The chaperones do not contribute to
the biological function of the protein and no longer have an active role after the intended protein

has reached the native state [62].
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Figure 1.5: Mechanism of sHsps chaperone activity. The dimeric sHsp intercept the intermediate folding protein on the
amorphous off-folding pathway, with the aid of Hsp70 & the addition of ATP hydrolysis, the native conformation of the
protein is achieved. Adapted from [70].

HSP60 molecular chaperones (also referred to as chaperonins) are classed by their intrinsic
rotationally symmetrical double ring assembly. The cylindrical structure contains a central cavity that

operates in two different stages to facilitate the importing of protein and redirecting of
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macromolecular assemblies in the mitochondrial matrix [71], [72]. In the binding active state, one
end of the cylindrical complex is open to the cytosol, exposing the hydrophobic lining that attracts
the hydrophobic residues on the surface of non-native proteins [71]. A co-chaperone complex
creates a lid that binds over the opening of the cavity to isolate and initiate the refolding active state
through the expenditure of ATP [12], [73]. The lid disengages and the macromolecule is released
following the correct refolding. Chaperonins are further classified into two separate groups based on
their location. Group | chaperonins are found in bacteria and organelles of eukaryotes, and group Il

chaperonins in archaea and the cytoplasm of eukaryotes [74].

The group Il chaperonin CCT/TRIiC (chaperone containing TCP-1 or tailless complex polypeptide 1 ring
complex) consists of a double barrel, with each ring composed of eight distinct but similar subunits
(27-39 % sequence identify) [75], [76]. It is essential for cell viability as it refolds many essential
proteins including actin and tubulin. The chaperone PFD/GimC (prefoldin or genes involved in
microtubule bio-genesis complex) was genetically [77] and biochemically [78], [79] identified to
assist CCT in the maturation of actin and members of the tubulin family [77]. An interest in the
heterogeneous co-chaperone complex prefoldin has recently arisen due to its unique chaperoning

abilities.

1.2.3.1: Prefoldin

Prefoldin (PFD) is a ubiquitous protein associated with the folding of actin and has recently attracted
considerable research interest because it was found to assist in the folding of peptides implicated in
the aetiology of neurological amyloid disorders [80]-[82]. The mechanism and structure of bovine
prefoldin (bPFD) are yet to be fully elucidated. Many of the previous structural studies of PFD are
based on the prokaryotic complex [73], [83]-[87] however, there are a few biological studies that

utilise the human prefoldin (hPFD), synthesized through recombinant protein expression [88], [89].

PFD is present in all eukaryotes [90], [91], which suggests that its ubiquitous presence in the
eukaryotic kingdom is archaeal in origin [92]. The crystal structure of archaeal PFD was determined
by Hartl et al. and the complex was found to consist of 6 subunits shaped in the form of a jelly fish
with a double B barrel body and 6 protruding tentacles [93]. Archaeal PFD was identified to comprise
of 2 identical a subunits and 4 identical B subunits (Figure 1.6A). Native mass spectrometric analysis
of the macromolecule validated the quaternary arrangement of the 2 central a subunits and 4
surrounding B subunits [94]. In comparison, eukaryotic PFD has been found to have 6 unique

subunits, with 2 different a subunits and 4 different B subunits [89] (Figure 1.6B). Assumptions of a
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similar quaternary arrangement to its prokaryotic counterpart have been made with electron

microscopy images revealing a similar archetype [95].

Figure 1.6: Structure of PFD variants. (A) The 3D reconstruction of prokaryotic PFD from electron micrographs, a & 3
subunits are indicated. (B) The 3D reconstruction of human PFD from electron micrographs. Adapted from [91] & [95].

The 6 easily accessible tips of the coiled tentacles have hydrophobic regions required for chaperone
activity [93]. The extending coils form a rectangular cavity that enables encapsulation of the
misfolded protein. Electron microscopy images of eukaryotic PFD—actin complexes suggest a snug fit
of actin within the cavity [91], [95]. It is proposed that eukaryotic PFD has evolved a specialised
binding surface within its cavity for actin, as prokaryotic PFD has been found to bind substrates
solely at its distal tips without encapsulation [91], [96]. The binding sites on the tentacles are
therefore able to stabilise non-native proteins of different shapes and sizes reflecting the broad

chaperoning interactions archaeal PFD has in vivo.

Although neither actin or tubulin are present in archaea, PFD, group Il chaperonins and sHSP
chaperones have been identified in the prokaryotic molecular chaperone system [79], [97]. Many
studies replace the eukaryotic PFD with archaeal PFD due to the easy extraction and synthesis of the
bacterial complex. Co-incubation of PFD from the archaeal Methanobacterium
thermoautotrophicum (mtPFD) with non-active actin was found to stabilise the non-native proteins
and release them for subsequent CCT dependent folding in vitro. Similarly mtPFD was able to fold
chemically unfolded rhodanese with the addition of HSP60 and ATP in vitro [98]. PFD from archaeal
Pyrococcus horikoshii (phPFD) was found to deliver bound unfolded proteins rapidly to both group Il
and group | chaperonins, suggesting that PFD recognises common characteristics present in both
chaperonins for transfer of unfolded protein [73]. However, PFD exists solely in the cytosol of
eukaryotes and archaea and therefore is proposed to cooperate exclusively with group Il

chaperonins in vivo [99].

Eukaryotic PFD plays an important role in motility and sensory processes within the cell through the

mediation of actin and tubulin. Actin and tubulin form microfilaments and microtubules of the
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cytoskeleton, a complex network involved in numerous cellular processes. These include cellular
signalling pathways, endocytosis, cytokinesis and intracellular support [97]. Actin and tubulin
therefore represent a large proportion of the total protein in most cells and are highly concentrated
in the cytosol [99]. High concentration, compounded with the propensity to self-associate and the
inability to fold unaided, is a problem for the biogenesis of the cytoskeleton as both proteins
compete for access to the limited chaperone CCT [97], [99]. Eukaryotic PFD binds to the emerging
nascent actin or tubulin chain from the ribosome and delivers the partially folded substrate to CCT
by docking and directing the substrate hand-off (Figure 1.7). Some studies suggest PFD acts as the
transient lid for CCT after substrate delivery [100], remaining bound to the chaperonin and
encapsulating the substrate. Within the cavity of CCT, the addition of ATP hydrolysis enables actin to
fold into its native conformation and upon correct folding is released [79], [89], [95], [97]-[99],
[101]. The mediated folding pathway was investigated after the discovery of PFD and it was found
that CCT incubated with actin bound to PFD enabled fast efficient refolding whereas incubation of
CCT and actin without the co-chaperone PFD produced slow refolding pathways [77], [79], [100]

further validating the co-chaperoning abilities of PFD.

CB Nascent .
actin or tubulin A ‘
152,
/ ¢ ﬁ% ' Near native a tubulin,
{3 tubulin
PFD :
o< SR & A e Ay
& > & ) >

. ot
e g2
Substrate Nattlve
delivery actin

Figure 1.7: Schematic diagram of eukaryotic PFD chaperone activity on actin. PFD intercepts the nascent folding
polypeptide chain & transfers the intermediate to CCT for correct folding. Natively folded actin is achieved with the
addition of ATP hydrolysis. Adapted from [99].

Attention to the efficient co-chaperoning abilities of PFD has been diverted to misfolding peptides
and proteins implicated in pathologies. This has generated significant interest for the development
of a potential therapy against these debilitating diseases. As mentioned previously, a plethora of
diseases are associated with the misfolding of specific peptides or proteins. Recent studies exploiting
the chaperoning abilities of proteins have targeted peptides implicated in Huntington’s disease

[102], Parkinson’s disease [80] and Alzhiemer’s disease [81], [82].
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Of particular interest is the chaperoning ability of PFD towards amyloid B (AB) in Alzheimer’s disease.
There have been conflicting reports on the toxicity of the resultant amyloid B forms chaperoned by
homologs of PFD. It has been reported that AB incubated in the presence of phPFD forms soluble
oligomers that are toxic to cultured rat pheochromocytoma cells [81]. However, AB in the presence
of recombinant human PFD was found to form non-toxic soluble oligomers [82]. This could suggest
that there is a difference in chaperoning abilities between PFD homologues, and the resulting

oligomeric species of AB differ in cytotoxicity.

In a study by Takano et al., cytotoxicity is exhibited by the aggregation of a-synuclein in neuro-2a
cells with the depletion of eukaryotic PFD subunits 2 and 5 in mice [80]. However, although the
knockdown of eukaryotic PFD subunits 2 and 5 disrupts the complex within the cell, this does not
necessarily deplete the eukaryotic PFD subunits 1, 3, 4 and 6. It is prudent to acknowledge the
biological abilities of the individual PFD subunits as they have been found to exhibit their own
unique functions. hPFD subunit 1 is required for lymphocyte development and function [103] and
has been found to redistribute into cells under duress [104]. It is also a vital component of the hPFD
complex as it binds specifically to CCT and transfers non-native proteins using its basic amino acid
residues [83]. Individual hPFD subunit 3 is found to form complexes with a tumour suppressor gene
and is translocated from perinuclear granules to the nucleus or cytoplasm [105]. Lastly, PFD subunit

5 has been found to be a tumour suppressor [106].

Due to the difficult extraction of the eukaryotic PFD and its inability to crystallise, a minimal amount
of structural information has been obtained. Although a plethora of data is available for the bacterial
homologues of archaeal PFD, it has been observed that binding and chaperoning interactions
between the homologues differ. Furthermore, although individual PFD subunits exhibit distinct
functions, the chaperoning ability of the individual subunits has not yet been explored. Therefore,
the structure and biological properties of the intact eukaryotic PFD and its individual subunits will be
investigated in this thesis, along with the interactions with AB and the resultant amyloidogenic

products.

1.3: Aims and Outcomes

The overall aim of the work described in this thesis was to further characterise and identify the
chaperone activity of PFD. This work aimed to elucidate the topology of eukaryotic PFD through a
series of biophysical techniques to better understand its structure and chaperoning interactions in

order to further understand the potential role of PFD in protein aggregation diseases.
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As described in Chapter 3, bPFD complex was extracted from bovine testis and the individual hPFD
subunits 5 and 6 synthesised through recombinant protein expression. Following optimisation of the
purification protocol, the chaperoning abilities of bPFD and hPFD subunit 5 and 6 were investigated.
Analysis of their chaperone function against aggregating amyloid beta 1-40 was examined through a

variety of biophysical and spectroscopic techniques.

In Chapter 4, far-UV circular dichroism analyses of the bPFD complex and the hPFD subunits 5 and 6
were examined to determine the secondary structures of these chaperones. To obtain additional
information on the stability of the complexes, the effect of pH and temperature were examined. The

dynamic interaction of the chaperone with amyloid beta (1-40) is also described.

Chapter 5 details the high resolution structure investigation of hPFD subunits 5 and 6 through 2D

and 3D NMR spectroscopy.

In Chapter 6, ion mobility-mass spectrometry was utilised to determine the overall topology of the
bPFD complex. Solution disruption and investigations into the effect of pH and temperature

complement the structural investigations.

As described in Chapter 7, chemical cross-linking techniques were implemented to further
investigate the structure of the individual hPFD subunits 5 and 6 and the chaperone interface of each

subunit with amyloid beta (1-40), providing an insight into the chaperoning mechanism of PFD.

Overall, these studies further our knowledge about the structure and molecular chaperone action of
human PFD and its interaction with aggregating target proteins. This will enable us to further explore

the therapeutic potential human PFD has against protein aggregation diseases.
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Chapter 2:
Biophysical Techniques to Determine

Protein Structure and Interactions

2.1: Introduction

It is well known that a protein in vivo will generally have its biological activity and molecular
interactions determined by its highly defined 3D structure. It is therefore necessary that we study
the interactions at play and the complex structures that govern these activities. Atomic level
resolution structure determination techniques of X-ray crystallography, cryo-EM and Nuclear
Magnetic Resonance (NMR) spectroscopy are often used to determine protein structure [5], [107],
[108]. Unfortunately, acquiring spectra of large complexes can be difficult and often crystals cannot
be formed for crystallography. As a result, combinations of complementary low resolution methods
are regularly used instead. These techniques include electron microscopy [109], [110], small-angle X-
ray scattering (SAXS) [111], circular dichroism (CD) spectroscopy [112] and mass spectrometry (MS)
based methods [113], [114]. Often, a combination of both high and low resolution techniques allows
the elucidation of highly complex structures and interactions. This chapter describes the biophysical

techniques used in this thesis to determine protein structure and protein-protein interactions.

2.2: Biophysical Techniques

2.2.1: ThT Assay

Thioflavin T (ThT) assays are commonly used to determine the formation of B-sheet rich structures
through the fluorescence of the ThT dye. This cationic benzothiazole dye shows enhanced
fluorescence upon binding to the secondary structure synonymous with amyloid fibrils. ThT dye
binds to cross B-sheets in a non-specific fashion and exhibits an intrinsic shift in its excitation
maximum (from 385 to 440 nm) and emission maximum (from 445 nm to 480 nm) [115], [116] by
several orders of magnitude. This unique characteristic allows the lag, elongation and plateau phases
of amyloid fibril formation in vitro to be monitored as the change in fluorescence intensity is

analysed by fluorescence spectroscopy, as seen in Figure 2.1 [116], [117].

17/284



AN Plateau phase

El
S éggd
g
C
9 %\
¢ Elongation
S (fibril growth)
= phase
-,5 Lag (nucleation) phase
Native Partially unfolded
state intermediates Nucleus
“; (—'Y
% — &2« — “u'_, Protofibrils
>
Time

Figure 2.1: The formation of amyloid fibrils monitored by ThT fluorescence. Fibril formation begins with nucleation in
which soluble oligomers are formed during the lag phase from misfolded intermediates. Intermediates begin to
sequester to form the early assemblies of insoluble mature protofibrils that lead to rapid growth in the elongation
phase. The plateau phase occurs at complete fibril formation. AThT fluorescence increases with the increase in B-sheet
content. Adapted from [118].

To study amyloid fibril formation, the fluorescence is monitored over time and as the intermediates
aggregate following the lag phase, the protofibrils precipitate out of solution and become insoluble.
The ThT dye readily binds to the B-sheet secondary structure and this is observed by an increase in
fluorescence intensity, until the plateau phase signals the end of fibril formation [115]-[117]. The
typical sigmoidal curve is the result of the fluorescence intensity change during the lag, elongation
and plateau phases [118]. ThT assays are an indirect method of determining fibril formation and are

able to give insight into the secondary structure of amyloid fibrils.

Cell viability studies are sometimes conducted in conjunction with ThT assays to determine the
biological effects of species present at different stages on the amyloid forming pathway. Cell viability
assays predominantly use tetrazolium salts for colorimetric analysis to determine the metabolic
activity of a cell [119], [120]. For example, the dye 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) can be reduced to the insoluble purple formazan by the
NAD(P)H-dependant cellular oxidoreductase enzyme and dimethyl sulfoxide (DMSQ) is added to
dissolve the reduced dye [119]. The oxidoreductase enzyme accumulates in the cytosolic
compartment of the cell and MTT is reduced to formazan. The measurement of absorbance at the
wavelength 560 nm allows for the quantification of the metabolic activity of cells. Although many

published papers and this thesis assumes the reduction of dye is accompanied by cellular death, it
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must be noted that these assays are not direct representations of cell death [120]. However, for
clear interpretations, cell viability is typically assessed as the percentage absorbance relative to the

vehicle control as a mean of three independent experiments.

2.2.2: NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is commonly used to characterise structures
ranging from small molecules to large complex proteins. The notion of elucidating molecular
skeletons of molecules through NMR was first introduced in the 1960’s [121]. Since then, Fourier
transform (FT) approaches have been incorporated in order to enhance sensitivity [122]. The
development of 2-dimensional (2D) NMR spectroscopy enabled the elucidation of the first 3D
structure of a protein [123], and to combat ambiguous 2D NMR data of large complex
macromolecules, a third dimension is also commonly incorporated into the biological NMR

methodology (3D NMR).

All nuclei possessing a non-zero nuclear spin quantum number (I) can be analysed by NMR
spectroscopy. For biological systems, the nuclei observed by NMR typically include *H, 3C and *N
[123]. In the presence of an applied magnetic field (B,), the spins are affected, and the nuclei can be
oriented in 21+1 ways within the field. Given the nuclear spin quantum number of H, 3C and °N
equals %, there are two orientations the spin may adopt; antiparallel to B, with high energy or

aligning parallel to B, with low energy (Figure 2.2).
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Figure 2.2: Energy levels for a nucleus with spin quantum number % & the effect of an applied magnetic field on the
nuclei. Ng & N, refers to the population of the energy orientations & m refers to the magnetic quantum number.

The energy difference between the spins is given by Equation 2.1:
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hyB, Equation 2.1

AE
2T

where h is Planck’s constant, y is the gyromagnetic ratio (a proportionality constant, differing for
each nucleus) and B, is the strength of the applied magnetic field. Nuclei can move from Ny to Ng
through the irradiation of the nucleus with an electromagnetic radiation corresponding to AE. The
two energy levels have different populations and this difference determines the sensitivity of the
technique. To increase sensitivity and therefore AE, the application of higher field strengths is used.
The initial ratio of populated energy orientations is determined by the Boltzmann distribution, given

by Equation 2.2:

Equation 2.2

where k is the Boltzmann constant and T (in K) is the temperature. The population difference results
in the formation of a net macroscopic magnetisation M (i.e. the sum of the magnetisation of all the
individual spins). M can be altered with the application of a radiofrequency (RF) pulse that
corresponds to AE. The RF pulse allows the transition of nuclei from the N, state to the Ng state and
the change in population results in a change in M. The frequency at which the nuclei naturally
precess in a magnetic field is referred to as the resonance or Larmor precession frequency (v) and is

defined by Equation 2.3:

vYB, Equation 2.3
21

Application of B, along the z axis will generate a magnetisation in the same direction, as depicted in
Figure 2.3A. RF pulses of short duration are then applied, generating an oscillating magnetic field
with the magnetic component of the pulse in the x-axis (B1), projected at 90° to B, [124]. The
generated field exerts a force on M,, tipping the magnetisation towards the x-axis, and as long as it
continues the nuclei will preferentially precess about this direction [125]. The length of application
of B1 determines the angle by which the magnetisation is rotated. Irradiation with B; is commonly
halted at a magnetisation rotation of 90°, called a 90° pulse (Figure 2.3B) [125]. Following the pulse
application, M relaxes back to equilibrium and the magnetisation component along the y-axis decays
exponentially with time (Figure 2.3C). The decaying cosine wave produced from this relaxation is
referred to as free induction decay (FID) and occurs by two relaxation processes, namely spin-spin
relaxation and spin-lattice relaxation [125]. This is monitored along the y-axis through the detection
phase of the experiment (t,). The cosine wave generated in the time domain is converted into

frequency signal through Fourier transform to produce a 1D NMR spectrum as seen in Figure 2.3D.
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Each chemically distinct nucleus has a different resonant frequency caused by the electrons
surrounding the nucleus. The electrons create a secondary magnetic field that opposes B, and in
regions of high electron density the applied field experienced by the nucleus is weaker, and
therefore lower field strength is required to bring the nucleus into resonance. Nuclei within distinct
chemical environments therefore experience resonance at different frequencies in the NMR
experiment [121], [126], [127]. This chemical shift (8) is also therefore affected by conformation. A
nucleus whose chemical shift has decreased due to a high electron density is termed shielded and a
chemical shift that has increased due to the removal of electron density is termed de-shielding. As
each chemically distinct nucleus has a different resonant frequency, the RF pulse contains radiation
which spans a large frequency range in order to excite all the nuclei in the sample at once. The FID
obtained in t, contains multiple frequency components due to the different Larmor precession
frequencies of chemically distinct nuclei. Therefore upon Fourier transformation, the NMR spectrum

will show a unique signal for each of the chemically distinct nuclei of interest in the molecule.
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Figure 2.3: (A) Schematic diagram of the initial orientation of M,. (B) Application of a 90° RF pulse rotates M, into the xy-
plane. (C) Precession of spins in the xy-plane as M, relaxes back to the equilibrium position is recorded as a free
induction decay. (D) The cosine wave generated in the time domain is converted into frequency signals through Fourier
transform to produce a 1D NMR spectrum. (E) The cosine wave transformed into a 1D NMR spectrum via Fourier
transformation. Reproduced with permission from [128].

Although the standard 1D NMR experiment is particularly useful for characterising the structure of

small molecules, it is challenging to interpret for biological samples which are large and complex,
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containing many chemically distinct nuclei. The development of multi frequency dimensions has
significantly increased the information content available from NMR data. 2D and 3D NMR
experiments have a second and third frequency dimension, respectively, enabling the overlapped
resonances to be separated and therefore yielding spectra of increased resolution. The development
of multinuclear experiments has also allowed structural problems of significantly increased
complexity to be addressed using NMR spectroscopy [129]-[131]. Standard 1D NMR experiments
occur with only 90° pulses before the t, phase, separating the spins (Figure 2.3B). The addition of
evolution (t1) and mixing (tm) periods between the preparation and t, stages give rise to 2D NMR
experiments [132], [133]. Delays and RF pulses construct the different phases of t; and tm,
ultimately generating the pulse sequence. 2D data sets require several experiments recorded with
incremented t; periods, during which magnetisation transfer occurs. Different pulse sequences relay
different information depending on the transfer of magnetisation, which can occur between nuclei
covalently bound (spin-spin coupled) or between nuclei close in space (dipolar coupled spins). A
contour plot allows the intensity of the peaks to be quantified [133]. Information from the primary
structure to the quaternary structure can be deduced from this information. A schematic

representation of the 2D NMR experiment is seen in Figure 2.4.
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Figure 2.4: Schematic representation of the 2D NMR experiment. Different sequences of the t; & tm are detected in t; &
Fourier transformation converts these signals into a contour plot on the frequency scale. Adapted from [128]-[130].
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A number of 2D NMR experiments are required to determine the 3D structure of proteins and
peptides utilising different pulse sequences, due to the different structural information obtained
from these experiments. Total correlation spectroscopy (TOCSY) experiments show cross
magnetisation between scalar coupled (through-bond) spins, therefore ultimately correlating these
protons [134]-[137]. A set of nuclei that share no coupling with the nuclei outside of that particular
system is referred to as a spin system. Scalar coupling does not occur across double bonds, and due
to the partial double bond characteristic across the peptide bond, TOSCY experiments of proteins
will show all proton resonance correlations of each separate amino acid residue as a single spin
system unless there are aromatic groups present. For example, Phe contains 2 spin systems and Trp
contains 3 spin systems as their aromatic proton signals exist as separate spin systems [10], [24].
Each amino acid residue displays a characteristic pattern of connectivities and therefore analysis of
the coupled spins in the TOCSY spectrum allows the amino acid identity to be determined [126]. For
a relatively small protein, almost all of the amino acid residues can be identified through the analysis
of the TOCSY spectrum, however, ambiguity arising from overlapping signals in the spectrum
requires further 2D NMR experiments, namely correlated spectroscopy (COSY) [133]. COSY
experiments show spin-spin coupling of protons that are only two or three bonds apart and can
therefore assist to unambiguously assign resonances [126], [132], [133]. Nuclear Overhauser effect

spectroscopy (NOESY) experiments are then used to connect the spin systems together.

NOESY experiments exploit the Nuclear Overhauser Effect (NOE) to assign connecting amino acid
residues in a polypeptide and provide distance restraints for structure calculations. NOE signals
occur when a selected resonance is irradiated and cross-relaxation (dipolar coupling) changes the
intensity of NMR resonance from a nearby nucleus [126], [138]-[140]. The correlation between the
relative intensity (1) of a NOESY cross-peak and the inter-atomic distance (r) of the protons is shown

in Equation 2.4:

] occr—© Equation 2.4

As the distance between the dipolar coupled spins increases, the NOE signal intensity dramatically
decreases. Therefore, the maximum observable spatial separation between spins is approximately 5

A [126], [139].

To assign the NMR resonances of a biomolecule using 2D NMR experiments, a combination of
sequential [139] and main chain [141] directed strategies are employed. Sequential assignment
commences by determining the identity of each spin system by comparing the chemical shifts with
published cross-peak patterns and random coil shifts [126], [142]. 2D TOCSY experiments show

correlations of all protons in the amino acid residue with the amide proton, e.g. all resonances
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within a spin system. However, TOSCY data of large peptides and proteins may have ambiguous data
and signal overlaps. This is counteracted through the acquisition of COSY spectra, as only
connectivities of nuclei up to three bonds apart are shown in COSY data. Following the identification
of each spin system, the position of each spin system in the protein sequence is determined using
correlations in NOESY experiments. As NOESY experiments present cross-peaks of spatially proximal
protons, the presence of signals corresponding to protons in successive residues allow the
determination of sequential spin systems. This is particularly useful for the determination of protons

proximal to the amide protons as shown in Figure 2.5 [130].
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Figure 2.5: NOE connectivities used to sequentially assign spin systems. Inter-residue NOE connectivities are denoted
using the nomenclature dqg; i+1), which represents the distance between two protons, o (on the backbone carbon) & 8
(on the sidechain carbon) to the proton on the backbone nitrogen on residue i & residue i+1. NOE connectivities of
protons on backbone nitrogens are denoted dy; i+1). Adapted from [139].

The main chain directed assignment was developed following the sequential assignment strategy for
simpler interpretation of the 2D spectra. In this strategy, the primary focus is the ordering of the
sequential spin systems through the recognition of the distinct predefined NOE pattern of a-helices,
B-sheets, turns, and extended chains before the identification of the amino acid side-chains [141],
[143]. Once the spin systems are ordered, this is aligned and assigned to the known amino acid
sequence. This approach broaches the ambiguity present when there are many residues with similar

chemical shift signatures.

Following assignment of signals in the 2D NMR spectra to distinct nuclei, further analysis of the data
through the investigation of secondary chemical shifts, NOE connectivities and coupling constants
can be performed to draw structural conclusions. This data can also be combined with

computational studies to determine the overall 3D structure.
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As the chemical shift is highly sensitive to conformation, NMR can be used to determine regions of
secondary structure. H, 3C and ®N NMR experiments for the 20 common amino acids in peptides
with no defined secondary structure and prepared in denaturing conditions serve as the bench mark
to determine the secondary structures of proteins and peptides [142]. The literature random coil
chemical shift value is compared to the observed value and the difference between them (Equation
2.5), termed the secondary shift (AS), allows the secondary structure elucidation of the polypeptide

chains.

AS = 6observed - 6random coil Equation 2.5

A positive Ab value specifies a downfield shift from random coil values whilst a negative Ad indicates
an upfield shift [127], [142]. Previous studies of a-helices have reported negative A8 values of a*H
and NH with H, secondary shifts in the order of 0.39 ppm, whilst 3C, A8 values are positive. The
opposite is known for B-sheet structures with a’H and N-H displaying downfield resonances (*Hq
shifts in the order of 0.37 ppm, A5 values are positive) and 3C, revealing upfield resonances (AS
values are negative). When these Ad values are plotted against the amino acid sequence, areas of

secondary structure can be revealed [142], [144], [145].

Resonance shift values that remain unchanged or exhibit minor deviations from the random coil
values are regions found to be flexible or unstructured [142]. Local electronic effects can influence
the resonance shift and ultimately *H, and 3C, AS are averaged over a window of 2 residues. This
smooths out any local variance to enable a clearer interpretation of secondary shifts [146]. The
exception to these guidelines for secondary shifts is amphipathic a-helices. The hydrophobic face of
the helix has been found to have NH Ad > 0, and the hydrophilic face has NH Ab < 0.42, with this

periodic variation seen over 3 to 4 residues [145].

The NOESY spectrum of a polypeptide chain is also able to give a good indication of secondary
structure through observation of NOE connectivities. Typically, protons within the same amino acid
and of adjacent residues will display NOE connectivities, however, some medium range inter-proton
distances of 2-4 residues apart are characteristically short in regions of regular secondary structure
and can therefore be observed in the NOESY spectrum [138], [140]. Figure 2.6 shows the NOE
patterns observed in the spectrum that can be indicative of regular secondary structure [138], [140],

[147].
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Figure 2.6: Standard pattern of NOE signals for ideal a-helices & B-strands. The thickness of the bands indicates the
relative intensity of the NOE signal. Adapted from [148].

The isotropic coupling between nuclei separated by a small number of covalent bonds can also be
used to determine regions of regular secondary structure. The peptide backbone dihedral angles ¢
and { are defined by the C and N atoms shown in Figure 2.7 and the secondary structures of
polypeptides have well-defined backbone dihedral angles [126]. The size of the vicinal coupling

constant of 3Jynan is related to the ¢ angle by the Karplus relationship shown in Equation 2.6:

3 vban = 6.4cos?(@p — 60°) — 1.4cos(p — 60°) + 1.9 Equation 2.6
H o)
A |
N
V“L\r . NJ"J
A

Figure 2.7: The (A) phi (¢p) & (B) psi () backbone dihedral angles (shown in red).

The relationship between dihedral angles and secondary structure ultimately means that the
magnitude of 3Jyuan can be correlated with the presence of local structural elements [126]. a-helices
exhibit 3Jyuan values of less than 6 Hz, B-sheet structures exhibit values greater than 8 Hz and the
values between 6 - 8 Hz are affiliated with random structures [139]. It is noted that the presence of
Pro residues can perturb these values. Although coupling constants can easily be measured from
high-resolution 1D *H-NMR spectra, when the 3Jyuan value is less than the signal’s line width, the

calculation is unreliable [126], [139]. Therefore, for large peptides or proteins, the 3Jyuan value is
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obtained by the separation between the peak and trough of the antiphase multiplets of the COSY

spectra [149].

2.2.3: CD Spectroscopy

Since its discovery in the mid-19t" century, circular dichroism (CD) spectroscopy has been extensively
used to determine the chirality of optically active molecules [112]. CD spectroscopy has become an
efficient rapid low resolution technique to study protein structure, interactions, folding and
thermostability through the analysis of the chromophores exhibited [150]-[154]. Although CD is a
low resolution technique there are several advantages to this method. Results are acquired fast and
efficiently and samples may be measured in physiological conditions. Unfortunately, specific
residues cannot be resolved and consequently CD spectroscopy is typically used in conjunction with

other techniques to elucidate protein structure [151].

The setup for a CD experiment consists of a beam of light that passes through prisms and filters to
become circularly polarised [152]. The resultant light has two vectors of equal length that rotate in
opposite directions and are 90 degrees out of phase to each other. The polarised waves have a
physical existence with one rotating clockwise (right-handed Eg) and one anticlockwise (left-handed
E.) and the resultant sinusoidal wave of each can be visualised as a moving spring [112]. Optically
active molecules that interact with this light will absorb the right or left-handed waves differentially,
and the resulting plane polarised light is rotated by an angle (a) [112]. The addition of these
absorptions result in a vector that traces out an ellipse and the light is therefore known to be
elliptically polarised. Circular dichroism is measured in either units of AE, the difference in
absorbance of Er and E, or in degrees of ellipticity, defined as the angle whose tangent is the ratio of
the minor to the major axis of the ellipse. The molar ellipticity (8) is measured in millidegrees as

given by Equation 2.7:
6 = 32.98AF Equation 2.7

Alternatively, 8 can be measured directly as the arctangent of the ratio of minor to major axes of the

ellipse as seen in Figure 2.8.

27/284



s

. ' E, E
/
/
/

/
/

Figure 2.8: (A) The electric field vector E of linearly polarised light represented by left (E.) & right (Er) circularly polarised

components. (B) An optically active sample absorbs E, & E differently & the remaining components result in the electric

field vector E, which traces out an ellipse that has been rotated through an angle a. (C) The ellipticity 0 is the arctangent
of the ratio of the major & minor axes of the ellipse. Reproduced with permission from [128].

The determination of protein secondary structure typically requires the CD measurement over a
range of UV wavelengths. Although near-UV (320-260 nm) and far-UV (240-180 nm) ranges are
measurable for optically active samples, the chromophores of protein chains have characteristic
molar ellipticity in the far-UV region. CD data acquired at each A is converted to the mean residue

ellipticity (MRE; deg.cm?.dmol?) as given by Equation 2.8:

(100 * IP}\) Equation 2.8

MRE) hnm = IC

where MRE\ nm is the mean residue ellipticity at wavelength A, W, is the ellipticity at wavelength A in
millidegrees, | is the optical path length (cm) and C denotes the concentration per residue, calculated

by dividing the concentration of protein (g/L) by the mean residue molecular weight.

Protein spectra are dominated by the amide absorbance of the peptide backbone as the optical
transitions are shifted or split depending on the secondary structural conformation. A schematic
diagram showing the different spectra for standard protein secondary structures is displayed in
Figure 2.9. The spectra of a-helices are found to have a positive maximum at 193 nm and two
negative minima at 222 nm and 208 nm. B-sheet structures give rise to a maximum at 198 nm and a
minimum at 215 nm, and proteins that are intrinsically disordered will give rise to a minimum at 195
nm [151], [152], [155], [156]. Protein structural changes result in shifts in absorbance by chiral
chromophores and therefore, CD spectroscopy can be used to monitor the conformational changes
due to temperature, mutations, heat, denaturants or binding interactions as a change in ellipticity
[153], [157]. In the far-UV region, loss of B-sheet and a-helical content is observed at A of 215 and

222 nm with a smaller change of the MRE, generally caused by a loss of periodic structure in the
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environment of the peptide bonds [112], [158]. This technique is also able to deduce the

predominant secondary structure of an unknown protein.
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Figure 2.9: Far-UV CD spectra expected for a-helices (red), B-sheets (green) & random coil secondary structures (black).
Reproduced with permission from [128].

Proteins that contain multiple secondary structural elements give spectra that are a combination of
these representative spectra seen in Figure 2.9. The convoluted spectrum requires computational
deconvolution to be performed to give an estimate of the percentage of each structural component
within the protein [159]. DichroWeb is an online open server dedicated to the deconvolution of CD
spectroscopy data [160]—[162]. Raw data obtained from CD experiments are uploaded to the server
and an algorithm and reference set is selected before deconvolution of the spectrum can begin. The
pre-eminent available algorithm; CDSSTR has been found to provide the best estimate of a-helical
content of proteins [152]. This algorithm is categorised as a variable selection program, designed to
be flexible so that its parameters can be manipulated to suit data. The deconvolution of raw data is
instigated through the creation of secondary structures based on large databases of standard
spectra from proteins with known spectra [152], [163]. For CD data with unique curve characteristics
dissimilar to the spectra of known proteins, a basis curve is constructed, extracted from the
combination of the protein spectra of known characteristics in the reference set. These
reconstructed curves will therefore have a defined mixture of secondary structure fractions
determined from the proteins in the data set [157]. The fit of the basis curve to the experimental
data is calculated through the normalized root mean square deviation (NRMSD) [163] and this value
is an indication of the accuracy of the reconstructed curve. Although CDSSTR is time consuming due

to the volume of calculations, this method produces the most accurate analysis and it can produce
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results where other methods fail to analyse the data [160]. A superior fit of the conformation of
globular proteins is seen compared to other algorithms, particularly for estimates of a-helical
content. Unfortunately, it has been seen in other studies to provide inadequate estimates of B-

sheets and turns if data are not collected to at least 184 nm [152], [162], [164].

2.2.4: Mass Spectrometry

Although developed in the early 1900’s, the use of mass spectrometry (MS) to analyse protein
structures has only been implemented primarily over recent decades [165]. The use of MS to identify
and characterize biological molecules is now considered a fundamental technique in protein
biochemistry and proteomic analysis. Strategies to determine the primary structure of proteins
generally involve proteolytic digestion prior to MS analysis. The information provided regarding the
individual peptides is then pieced together to reveal the protein identity and/or characteristics (co-
and post-translational modifications or isoforms). Secondary, tertiary and quaternary protein
structures are elucidated through the use of several MS based approaches. With the advent of new
ionisation methods, developments in mass analysers, the pairing of ion mobility (IM) to MS and
chemical cross-linking (CXL) to MS, it is now possible to obtain a plethora of structural information
enabling the modelling of protein topologies. These approaches are therefore indispensable tools for
low resolution structure determination of large biomolecular complexes and are highly regarded in
protein structural biology. All traditional mass spectrometers have three main components essential

for sample analysis, namely the ionisation source, mass analyser, and detector.

2.2.4.1: Ionisation

Key developments in ionisation have underpinned biological MS. For example, electron impact (El)
[166] and the related chemical ionisation (Cl) [167] are traditional methods for ionisation, mainly
used for volatile molecules [165]. Field and plasma desorption ionisation were then developed for
ionising non-volatile samples. However, the difficult sample preparation and radioactive source
required means that they have largely been superseded [168]. A more recently developed method is
the popular Matrix-Assisted Laser Desorption lonisation (MALDI) [169]—-[171]. MALDI, similar to fast
atom bombardment (FAB), involves the ablation of a pre-prepared mixture of matrix and sample via
a laser. The matrix efficiently absorbs the high energy laser light and dissipates, assisting in the
ionisation of the embedded analytes [168]. MALDI and electrospray ionisation (ESI) are the ‘soft’
methods currently dominating the field for ionisation of biomolecules [172]. However, electrospray
is the favoured form of ionisation for large native complexes due to the ability to incur multiple

charged states, the ability to easily detect and fragment precursor ions and the overall ‘softer’
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ionisation of the analyte. This technique can occur to give either positive or negative ions and
solution phase structures and interactions are largely retained following transition into the gas
phase [173]. The techniques used in this thesis include ESI and a modified version of ESI known as

nanospray ionisation, used due to the reduced amount of sample needed.

The term ‘soft’ ionisation was coined by Beuhler et al. [174] and is one of the main attractions of ESI.
It was based on the idea that the transition of molecules from the liquid phase to vapour form would
occur faster than the molecule would decompose [175], consequently allowing the native
conformations to be transferred into the gaseous state. ESI was pioneered in the 1960’s by Malcolm
Doyle and then coupled to MS by John Fenn [168], [174], [176], [177]. This technique allowed the
ionisation of native, non-volatile, thermally stable biomolecules and has since been increasingly used
in proteomics. The concept was eventually further developed to accommodate small sample
amounts, now known as nanospray ionisation. Although both operate by the same principles, ESI
requires a syringe pump to obtain a continuous stream of solution at a flow rate between 1-20

pL.min? [174], whereas nanospray utilises a flow rate between 10-50 nL.min [178].

Nanospray ionisation enables the vaporisation of a liquid sample through the dispersal of a fine
spray and the transfer of ions into the spectrometer. An electrostatic force is created through a
conductive element coated on the walls of the needle. This retains a voltage across the tip of the
needle and charges the fluid flowing through the capillary [179]. As the solution passes through the
capillary, an elongated droplet is formed at the tip of the needle. This is referred to as the Taylor
cone as seen in Figure 2.10. The initial droplet has a large amount of solvent adhered to the analyte
and these highly charged droplets have the same polarity as the applied capillary voltage [180]. The
droplets are repelled from the charged capillary tip and are attracted towards the mass analyser
through a pressure and potential gradient. Nebulising gases (usually N;) flowing in the opposite
direction to the analyte assist in droplet evaporation. Neutral ions and ions of opposing polarity are

removed from the system by this process until largely free ions remain.
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Figure 2.10: Schematic representation of nanospray ionisation. Sample mixed in a volatile solution is placed in a coated
needle with a voltage applied across the capillary. The fluid is dispersed from the tip as a fine spray & ionised droplets
are formed, migrating towards the mass analyser. Adapted from [181].

Samples are normally dissolved or buffer exchanged into a solvent with a high evaporation index.
The most common solutions for proteins in denaturing conditions are organic solvents such as
acetonitrile (ACN) and methanol. To preserve proteins in the native state, low concentrations of
ammonium acetate (AA) (10-500 mM) is added to the solution [182], [183]. The ammonium cations
pair with the acidic functional groups on the surface of the protein and acetate anions pair with
basic functional groups [183]. High performance liquid chromatography (HPLC) is often coupled to

ESI and MS to increase sensitivity and resolution of complex mixtures [184].

High performance liquid chromatography (HPLC) refers to the separation of proteins, peptides or
small compounds by a liquid mobile phase and a solid stationary phase, operating at high pressures.
Molecules are separated based on their different chemical properties such as polarity, electrical
charge, hydrophobicity or molecular size [185]. This can change depending on the medium and
column used. Reverse phase C18 columns are the most commonly used in peptide HPLC systems.
These columns have a non-polar stationary phase, and compounds bind to the medium through non-
polar and hydrophobic interactions. Typically, a HPLC run will consist of changes in the composition
of the polar mobile phase to alter the phase partitioning of each compound. Compounds are then
eluted from the column in an order relative to the strength of its interaction between the stationary
and mobile phase [186]. In systems where HPLC is directly coupled to MS, the molecules eluting

from the column undergo ionisation by ESI and subsequent MS analysis.
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2.2.4.2: Mass Analysers

Following ionisation, the charged species undergo mass analysis to identify ions based on their mass
to charge ratio (m/z). Instrumentation made specifically for this purpose include the quadrupole
[187], time of flight (ToF) [187], ion trap [188], fourier transform ion cyclotron resonance [189] and
orbitrap mass analysers [190] amongst others. The mass analyser systems used in this research are

the quadrupole and ToF.

2.2.4.2.1: Quadrupole Mass Analyser

The quadrupole mass analyser was developed in the 1950’s by Paul et al. to separate ions based on
their m/z ratio [191], [192]. Advantages of the quadrupole include the low cost to manufacture, the
compact nature and the ability to scan at a high rate. The quadrupole consists of four metal rods
placed parallel and perpendicular to each other. The opposing pair of rods share identical direct
current (DC) voltage and radio frequency (RF), with each pair having opposite DC and RF fields 180°
out of phase [191], [193]. lons are acelerated into the rods from the ion source (Figure 2.11) in the z
axis (parallel to the rods) and, as they experience forces in the x and y axis from the electric field, the
ions oscillate along these axes. lons with unstable trajectories will oscillate eratically and collide into

the rods and are unable to travel the entire length of the quadrupole [193], [194].

lon with lon
Unstable Transducer
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Figure 2.11: Schematic representation of a quadrupole mass analyser. lons with a stable trajectory are able to travel the
full length of the quadrupole, whereas ions with unstable trajectories collide with the metal rods of the quadrupole.
Adapted from [195].

The applied quadrupole field force changes depending on the MS mode [196]. In traditional MS the
quadrupole operates as an ion guide and transfers all ions to subsequent sectors of the
spectrometer with only an RF voltage application. Alternatively, a range of m/z ions can be selected

for mass analysis and the quadrupole will apply a varied field force to allow only these ions through
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the instrument. Lastly, the instrument can operate with a constant electric field to allow a particular
m/z ion of interest to migrate through the quadrupole [197]. This selected ion is passed into the
collision cell which has the ability to increase the gas pressure, enabling collisions with the ion. This
is known as collision induced dissociation (CID) and the process is referred to as tandem mass

spectrometry or MS/MS, as the ions must undergo a subsequent mass analysis [198], [199].

2.2.4.2.2: Time of Flight

In 1946, Stephens described the ToF mass analyser [200] which has since developed to become a
fundamental MS analyser, particularly for biomolecules. As the name implies, the ToF sector
separates ions based on the time they take to ‘fly’ from the beginning of the tube to the detector.
The tube is normally 1-2 m in length and is a field-free region. The ions are pushed through the tube
by a high accelerating potential (V) known as the pusher, and each ion is supposedly provided with
an identical translational energy. Flight tube distance (d) and accelerating voltages (V) are fixed and
therefore the time (t) taken for the ions to migrate the length of the tube depends only on the mass

(m) and charge (z), as given in Equation 2.9. Common accelerating voltages are generally 10-30 kV.

1 .

, ( m )Ed Equation 2.9
- \2vz

The time taken for two ions with known mass to charge ratios to reach the detector is measured and

the time scale is able to be correlated with the m/z values. A singly charged ion with the molecular

weight of 10,000 Da typically takes approximately 100 psec to reach the detector [168].

2.2.4.3: Detectors

The final process in MS is the detection of the m/z separated ions. In the early 1900’s the first mass
spectrometers used photographic paper onto which line images were visualised. Since then,
detectors have developed to include electron multipliers [201], Faraday cup [202] and the non-
scanning array detector [203]. This thesis focuses on the microchannel plate detector as it is used in

the Waters HDMS Synapt and the Agilent 6560 mass spectrometers.

Microchannel plate (MCP) detectors are able to analyse ions through the secondary electrons
emitted from the detector’s surface. A plate comprised of an array of micro channels is angled
towards the ion beam and each channel on the plate functions as an individual electron multiplier.
lons striking the internal walls of the channels generate secondary ions and these continuously

travel through the channel, further striking the interior and subsequently amplifying the current

34/284



[204], [205]. This amplified electron signal is sent to the time to digital converter and the arrival time
is digitally recorded. The summation of the arrival time over the acquisition period produces a mass

spectrum and the ions can now be analysed based on their m/z ratio.

2.2.5: IM-MS

The combination of IM with complementary techniques is useful in elucidating a more detailed
structural description of large biomolecular complexes. Specifically, IM coupled to MS enables the
measurement of both the mobility and the mass of the ion, and structural biology has greatly
benefitted from the introduction of commercial IM-MS spectrometers [7], [206]—-[211]. In the
1990’s, ‘soft’ ionisation sources coupled to IM allowed the mobility of native, large biomolecules to
be measured, from which tertiary and quaternary structures could be proposed [212], [213]. This is
especially useful for native samples that are unable to be analysed through other spectroscopic
techniques. As a consequence, the orthogonal separation of IM has therefore become an integral

aspect in structural proteomics.

2.2.5.1: Drift Tube Ion Mobility

Traditional 1M, also known as drift tube IM (DTIM), involves the separation of ions based on their
charge and size, and the time it takes for the ions to migrate through the drift tube is converted to a

collisional cross section (Q or CCS) [214].

In DTIM, an electrical field is applied across the drift tube and the tube is filled with a stationary
buffer gas [215]. The size and charge of the ion influences the time it takes to travel the length of the
tube and subsequently, these factors determine mobility and CCS [215]. lons with a higher charge
state experience a greater force from the constant electrical field and will therefore move faster
through the buffer gas than singly charged ions. Concurrently, ions that are topologically bigger will
collide more frequently with the stationary gas due to their larger surface areas, retarding the ions’
movement. The time it takes for ions to drift the length of the tube is measured as the arrival time
distribution (ATD) [214], [216], [217]. The ion mobility (K) of a molecule is calculated by the drift

velocities (Vq) in the presence of an applied electric field (E), shown in Equation 2.10.

V4 Equation 2.10

The ion mobility (K) is converted to CCS through measurement of the time required for the ions to
drift though the distance of the drift tube (tp). A direct relationship exists between tp and Q by

integration of the Mason-Schamp equation as given in Equation 2.11 [218].
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In order to calculate Q, the charge (q) of the ion, the absolute gas temperature (T), the buffer gas
pressure (P), the length (L) of the drift tube, the Boltzmann constant (k,) and the mass of the ion (m;)
and buffer gas (my) are required. This direct relationship allows experimentally determined drift time
data to be converted to CCS, indicating the topology and size of the ions [212], [218]-[220].
Automated algorithms to calculate Q using the ATD derived from DTIM are available online and

algorithms have further developed to predict the ion mobilities of peptides [220], [221].

In addition to traditional DTIM, the most commonly used types of IM for protein analysis are
Travelling Wave lon Mobility (TWIM) and Field-Asymmetric lon Mobility Spectrometry (FAIMS) also
known as Differential Mobility (DM). FAIM separates ions through a combination of gas flows and
non-linear electrical fields [222], whereas TWIM as employed by the Waters Synapt instrument

separates ions using a potential traveling ‘wave’ method [206].

2.2.5.2: Travelling Wave Ion Mobility

TWIM uses a non-linear technique based on a potential electrical wave to determine the mobility of
ions. A TWIM sector is comprised of stacked planar electrode rings constructed parallel and equally
spaced. Alternating phases of a RF voltage are applied to adjacent electrodes to generate a
continuous potential wave enabling changes in the ion’s trajectory as it ‘surfs’ the wave towards the
detector, as seen in Figure 2.12. Simultaneously, an inert buffer gas is applied in the opposite
direction to the propagating waves, colliding with the advancing ions [114], [206], [223]. The concept
of TWIM is similar to that of DTIM. Small and multiply charged ions collide less frequently with the
advancing buffer gas and move through the medium quickly. The drift time for these molecules will

therefore be smaller than ions that are larger and less charged [213], [216], [218], [224].
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Figure 2.12: Schematic representation of Travelling Wave lon Mobility (TWIM). Stacked ring electrodes with alternating
radio frequencies that pulse out of phase to the adjacent electrode create a potential gradient for ions to ‘surf’ on. An
inert buffer gas flows in the opposite direction. Adapted from [223].

The data obtained from TWIM have non-linear functions and therefore must be calibrated to known
mobility values of resolved ions extracted from empirical multipoint calibrations, generally measured
by DTIMS [225]-[227]. Measurements for unknown ions diverging significantly from the calibrated
range increase the standard deviation uncertainty and can be associated with incorrect CCS
calculations. Many computational approaches to calculate CCS have been optimised to minimise

these uncertainties [227].

2.2.5.3: Computational Approaches to CCS Calculations

The ability to correlate experimental IM data with theoretical CCS calculations of conformational
candidate structures from modelling provides a powerful analytical and structural tool for the
characterisation of biomolecules [228]. CCS calculations are often determined from molecular
structures obtained from the Protein Data Bank (PDB) or theoretically derived models, using
software such as the Leeds method [229], [230] or MOBCAL [224]. Although MOBCAL is able to
incorporate three traditional algorithms; the exact hard sphere scattering (EHSS) model, the hard
sphere projection approximation (PA) and the trajectory method, it requires long computational
times to run and the use of a super computer is generally needed, particularly for the trajectory
method. In comparison, the Leeds method incorporates the PA model and projected CCSs are able

to be generated quickly.

In the PA model, the theoretical CCS is calculated by replicating and modelling the ion collisions with

the buffer gas in silico by replacing the cross section with a selection of the average projection of the
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ion’s possible orientations [231]. The average projection assumes that spherical ions possess a
uniform charge distribution, therefore dismissing the gas scattering and the long-range interactions
that would occur in real situations between the ions and the buffer gas, therefore potentially
underestimating the experimental CCS [232]. PA is therefore a good initial indicator of CSS calculated
in silico. The EHHS [231], [233], trajectory method [218] and some recently suggested algorithms
[234]-[237] aim to minimise this underestimation, however these algorithms are not time efficient

and high levels of computing performance is required.

2.2.5.4: Ion Mobility-Mass Spectrometers

The combination of IM and MS (IM-MS) has advanced low resolution structure determination of
large biomolecular complexes [208], [209], [223], [226], [238]—[240]. This section will detail the IM-
MS instrumentation used in this thesis, namely the Waters Synapt HDMS and the Agilent 6560 lon
Mobility Q-ToF. As seen in Figure 2.13, the Waters Synapt HDMS utilises a nanospray ionisation
source to ionise sample molecules, a quadrupole to filter ions, the TWIM to separate ions based on
their size to charge ratio, a ToF sector to determine the m/z and a MCP detector to digitally convert
the ion signal. The sample ions are therefore analysed by size to charge, mass to charge and given
guantitatively. Also, increasing the voltages in the trap and transfer region of the T-wave can enable
fragmentation of the molecule either before or after IM analysis, respectively [241], [242]. It is noted
that the nanospray ionisation is easily substituted with a Waters Acquity LC system coupled to

electrospray ionisation which is also used in this thesis.
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Figure 2.13: Schematic representation of the Waters Synapt HDMS Mass Spectrometer. Adapted from [114].
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In comparison, the Agilent 6560 IM-Q-ToF incorporates the same main components as the Waters
Synapt, but has a different configuration of sectors, as seen in Figure 2.14. Here, the ionisation
source employed to ionise the sample molecules is electrospray ionisation. Similar to the Waters
Synapt, the Agilent 6560 can be coupled to the Agilent Infinity BioHPLC system. The instrument then
has a trapping funnel and trapping gate to hold the packet of ions before IM analysis. A linear drift
tube is employed for IM separation and then ions are transferred to the rear funnel for refocussing.
The quadrupole mass analyser then filters ions and allows selected ions into the collision cell.
Collision induced dissociation is optional at this stage and ions are pushed through to the ToF sector
with a reflectron. In the same fashion as the Waters Synapt, the ions are then received by the MCP

detector and converted into an electronic form [243], [244].
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Figure 2.14: Schematic representation of the Agilent 6560 IM-Q-ToF instrument. Adapted from [244].

2.2.5.5: Tandem MS Analysis of Peptides

The activation technique available in the Waters Synapt and Agilent 6560, and commonly used to
induce fragmentation of molecular ions, is collision induced dissociation (CID). CID is effected by
increasing voltages in the collision cell to kinetically charge the ions which collide with a neutral gas
(normally helium or argon). This kinetic energy is transferred and partially converted into internal
energy, enabling the breaking of bonds within the molecule [245]-[247]. Bond breakage and ion
degradation can provide structural information; in particular, peptides have characteristic
fragmentation patterns that allow the primary structure of a protein or peptide chain to be
determined as seen in Figure 2.15 [198], [248]. CID is able to fragment peptides principally between
the carbonyl and nitrogen of the amino acid. The fragment ions correlating to the N-terminus
fragment are referred to as b ions and the fragment ions correlating to the C-terminus are referred
to as y ions. Other activation techniques such as electron capture dissociation (ECD) and electron
transfer dissociation (ETD) are able to cleave peptides between the nitrogen and a-carbon, therefore
generating ¢ and z type fragment ions and 193 nm ultraviolet photo dissociation (UVPD) is able to
fragment peptides at the a-carbon and carbonyl bond to observe a and x ions in addition to b, vy, c,

and z ions [249] (Figure 2.15).
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Figure 2.15: Representation of the fragmentation pattern observed for a 4 amino acid long sequence.

Mass spectrometers with quadrupole mass analysers are able to select specific precursor ions for
fragmentation and this process is called tandem MS or MS/MS. Automated systems of LC-MS/MS
enable high throughput analysis of samples through the selection and fragmentation of abundant
ions eluting from the column. This is the fundamental technique in proteomics. ‘Shotgun’
proteomics, termed by Yates due to the resemblance to shotgun genomic sequencing [250], refers
to the indirect measurement and identification of proteins by analysis of the proteolytic peptides
derived from proteolysis of intact proteins. Typically, samples containing mixtures of protein are
denatured, proteolytically digested and subjected to LC-MS/MS. Comparisons of the tandem mass
spectra obtained with theoretical tandem mass spectra generated in silico from a protein database
allows peptide identification, and therefore protein identification, to be achieved. Occasionally,
peptide sequences can be assigned to more than one protein, and in these situations the identified

proteins are scored and grouped based on their observed peptides [250]-[252].

As an example, Figure 2.16A shows the MS/MS spectrum of the selected precursor ion 628.8
([M+2H]?*) of FLLADNLYCK, a unique peptide identified from bPFD subunit 3. The fragmented ions
correspond to either b or y backbone cleavages are labelled accordingly. Figure 2.16B reveals the in
silico generated ions corresponding to all possible b and y ions of peptide FLLADNLYCK by MASCOT
using the database Swiss-Prot [253], [254]. Of the 80 possible fragment ions, 13 are identified in the
spectrum and 8 are singly charged y backbone ions. Assignment and identification of this peptide to

bPFD subunit 3 is with high confidence due to the unique amino acid sequence.
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Figure 2.16: (A) MS/MS (CID) of 628.8 ([M+2H]?*) precursor cation of FLLADNLYCK (segment from PFD subunit 3).
Backbone cleavage processes are indicated according to the b or y ions. (B) A table showing all the possible fragments of
the peptide 13/80 fragment ion matches. The observed fragmentations are highlighted in red. Doubly charged ions are
indicated by *, loss of OH are indicated by *, & loss of H,0 are indicated by °.

In circumstances of identification of novel peptides, sequencing of unknown peptides through
tandem MS is referred to as de novo peptide sequencing. This technique typically constructs
sequences through algorithm that assembles individual sequence reads into longer continuous
sequences in the absence of a reference sequence. This method enables the construction of novel
peptides from data obtained through MS/MS and can also be used to detect any modifications to
the amino acid. Modifications are in general calculated from the mass difference of the fragment
ions. In particular, the algorithms available for de novo sequencing are also used for the
identification of post translational modifications and chemical cross-linking bio-conjugations [198],

[248], [255].

Although LC-MS/MS is fundamental to the typical proteomic workflow, the instruments used in this
thesis also have an IM sector and are able to induce fragmentation before or after IM separation,
depending on the order of placement of the CID cell/s and IM sectors. In the Waters HDMS Synapt,

CID can be applied in the trap T-wave cell or in the transfer T-wave cell (Figure 2.13) and therefore,
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users have the option of fragmenting the molecular ion before or after IM analysis. In comparison,
the Agilent 6560 has a CID cell located between the IM sector and ToF (Figure 2.14) and
subsequently, fragmentation of the molecular ions must occur after IM analysis and mass selection.
Importantly, inducing CID after IM separation gives the capacity to acquire time aligned
fragmentation, a term that has been used to describe the alignment of fragment ions with the

precursor in drift time [211], [256].

Time aligned parallel fragmentation is a term used to describe the parallel acquisition of ions and its
fragment ions, achieved through CID following IM analysis. The powerful orthogonal separation
technique of IM and the parallel match of fragmentation ions to precursor ions allow comprehensive
analysis of samples. This technique is a recently developed phenomenon that several recent
published papers have exploited to simultaneously separate and identify proteins, isomers, sites of
modifications and structural conformations [207], [256]-[258]. These studies were able to obtain
time aligned fragmentations through a number of different ways. Typically, sample ions are analysed
by IM and a selected constant CID voltage allowed both precursor and fragment ions to be observed
was chosen. In this mode, selection of a drift time in the drift plot generates a spectrum with peaks
seen of both precursor ions and fragment ions. Alternatively, the mobility-separated precursor ions
are subjected to fragmentation at parallel low and high energy cycles for achieving exact mass
analyses and fragment ion generation. In this mode, the fragment ions are aligned with their
precursors with respect to their drift times. In this thesis, time aligned parallel fragmentation was

applied to identify cross-links in protein chemical cross-linking.

2.2.6: Protein Chemical Cross-linking

When transient conformations and protein-protein interactions are at play, chemical cross-linking
(CXL) is able to trap these structures so that they may be analysed and subsequently elucidated
[259]. Furthermore as CXL reagents have a fixed length, the distance at which intermolecular bio-
conjugations occur must therefore be equal to or smaller than the length of the reagent. This is
referred to as a distance constraint and hence invaluable structural information is derived from CXL

by identification of cross-linking sites.

The CXL workflow often employed is seen in Figure 2.17A. A native protein complex is cross-linked in
solution with a CXL reagent, a chemical with two or more reactive groups able to covalently bond
with specific residues on the protein. The cross-linked proteins are then enzymatically digested and

the peptides are analysed by MS. The data obtained from this analysis is correlated to the protein
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sequence, and cross-link locations are identified by peptide mass and/or characteristic

fragmentation patterns [259]-[263].
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Figure 2.17: (A) Schematic representation of the typical bottom up chemical cross-linking mass spectrometry workflow.
(B) Products of chemical cross-linking include dead-end cross-links, inter-molecular cross-links & intra-molecular cross-
links. Adapted from [259].

A number of products can arise from chemical cross-linking and these include inter-molecular, intra-
molecular, dead-end cross-links and unmodified peptide (Figure 2.17B). To aid in the cross-linking
process, the appropriate CXL reagent is chosen based on their chemical specificity, spacer arm
length, water-solubility and cell membrane permeability. Figure 2.18 shows the molecular structure

of dithiobis (succinimidyl propionate) (DSP), a typical commercially available CXL reagent.
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Figure 2.18: The molecular structure of the common homobifunctional CXL reagent dithiobis (succinimidyl propionate)
(DSP). It has 2 NHS ester reactive groups, a spacer arm length of 12 A & a cleavable disulphide group integrated into the
spacer arm.
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Cross-linkers are defined by a spacer arm of pre-determined length, usually a carbon chain, and have
two or more reactive groups attached so that they are able to covalently ‘link’ molecules together or
‘fix’ transient interactions. Primary amines, carboxyls, sulfuhydryls and carbonyls are the 4 major
chemical protein functional groups that are able to bio-conjugate and are therefore targets for CXL.
Different reactive groups are able to modify these functional groups and covalently bind to them.
The most commonly used reactive group is the N-hydroxysuccinimide (NHS) ester due to its quick
coupling to amines (principally Lys sidechains which are abundant on the protein surface). Figure

2.19 shows the mechanism of the NHS ester reacting with primary amines.

O O 0
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Figure 2.19: Coupling mechanism of the NHS ester. The lone pair of electrons on the amide attacks the carbon on the
cross-linker. Amide bond formation results in the bio-conjugation of R! & R2, where R! is generally a spacer arm & RZ is
typically a lysine side chain.

Cross-linkers with identical reactive groups are classified as homobifunctional, and cross-linkers
possessing at least two different reactive groups are referred to as heterobifunctional due to their
ability to react to different functional groups. This process involves the conjugation of one reactive
group to the target protein and, once removing all uncross-linked proteins, the second protein is
added so that the second reactive group may be conjugated. This minimises the polymerisation and
self-conjugation known to occur in homobifunctional reactions [264]. Although these reagents are
good for capturing transient interactions, some reactive groups are able to hydrolyse with the
solvent, producing dead end cross-links. However, this gives a good indication of solvent accessibility

[265].

The spacer arm of the CXL reagent is also a major component of deliberation as the molecular span
and rigidity of a cross-linker will affect the accessibility to potential cross-linking sites [263]. The
solubility of the cross-linker is also taken into account, especially for proteins that require certain
reaction conditions to maintain their native conformation [264]. CXL reactions are generally
performed in near-physiological conditions and occasionally require the cross-linker to be water
soluble without affecting the reactivity of the reactive group. The addition of a sulfonate group to

NHS esters (-SOs3) enables this solubility. However, the charge on the sulfonate group inhibits the
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permeability of cell membranes and therefore must be reconsidered for intracellular reactions.
Other considerations include the ratio of cross-linker to protein for optimum cross-linking reactions
to occur. Therefore, the number of functional groups on the protein’s surface and the protein

concentration is considered.

Even following optimisation of the CXL reagent and reaction conditions to give optimal cross-linking,
a plethora of products is obtained from CXL and site specific localisation of linked residues is
challenging. Modifications to the CXL reagent to aid in the identification of the cross-linked sites
include affinity tags, often based on biotinylation. These added functional groups are able to bind to
a specific resin (such as avidin), thus reducing the complexity of the data following purification and
enrichment of modified peptides [266]—[270]. More recently, the addition of Staudinger ligation
enables selective enrichment of azide tagged cross-linked peptides [267]. Other studies have also
incorporated isotopic labelling to allow easy identification of the inter-molecular cross-links [113],
[266], fluorescently labelled reagents [271], and mass tag-labelled reagents [263], [272]. However,
the addition of tags and labels are expensive and time consuming and purifications of the cross-
linked peptides do not remove dead end cross-links. Another common modification to cross-linkers
is the incorporation of a cleavage site in the spacer arm between the reactive groups [263], [273]-
[276]. Cleavable spacer arms facilitate the easy identification of the cross-linked sites through their

recognisable fragmentation pattern following CID.

In this work, IM-MS analysis of the cleavable cross-linking reactions enables an extra orthogonal
dimension of separation. Cross-linked peptides are separated based on their size and charge in IM.
The precursor ions undergo CID and the cleavable bond within the spacer arm breaks, separating the
covalently linked peptides. These product ions are analysed by m/z and the resulting
spectrum/spectra reveal time aligned parallel fragmentations as described in more detail in Section
2.2.5.5. The proposed advantage of IM-MS analysis and in particular time aligned fragmentation, is
the ability to simplify the spectra and filter out unwanted ions, enabling easy match and
identification of the bio-conjugation that has occurred in the CXL experiment. Selection of a drift
time from the drift plot will generate spectrum/spectra of ions with the same mobility. Although
overlaps of ions with similar mobilities can occur and consequently be observed in the simplified
spectra, this is likely to be minimal. Clear parallel correlations between the ions of the cross-linked
peptide to its unique fragment ions will undoubtedly permit easy identification. Time aligned
fragmentation is especially useful for the separation and determination of cross-links with identical
masses, as the powerful separation of IM distinguishes isomers by conformation and parallel

matching of the fragment ions to each precursor ion enables cross-linker identification. Overall, this
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unprecedented phenomenon enables the validation of the cross-linked peptides, identification of
inter/intra molecular products from dead end products, and separation and determination of

structural isomers.
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Chapter 3:
Mammalian Prefoldin,
Human Prefoldin Subunits 5 and 6

and Their Chaperone Activity

3.1: Introduction

Eukaryotic PFD and its chaperoning capabilities were first demonstrated by Cowan et. al in 1998
[79]. As introduced in Chapter 1, more recent studies have focused on PFD’s chaperoning abilities to
prevent misfolding and aggregation of peptides involved in pathological diseases. These studies
detail PFD as having a passive role in the chaperone mechanism by preventing aggregation, rather
than actively enabling the refolding of misfolding peptides. PFD has been found to inhibit the
formation of amyloid fibrils, specifically those of amyloid B (AB) peptides associated with Alzheimer’s

disease [81], [82].

There have been extensive studies on the peptides AB(1-42) and AB(1-40) due to their implication in
the aetiology of Alzheimer’'s disease [51], [56], [277]. The pathology of Alzheimer’s disease is
characterised by senile plaques and neurofibrillary tangles present in the brain, resulting in the loss
of neurons and synapses [278]. Although Alzheimer’s disease was first described in 1906, it was not
until 1984 that advanced research and instrumental development allowed George Glenner and
Caine Wong to implicate AB aggregation as one of the underlying causes of the neurodegenerative
disease [279]. High levels of AB(1-42) and AB(1-40) in the cerebrospinal fluid found in patients with
Alzhiemer’s disease linked the misfolding of the peptides to the formation of fibrils and
consequently plaques, a suggested indicator of Alzheimer’s disease [280]. These findings prompted
research aimed at the development of potential therapeutics with the ability to inhibit or dissociate

the fibrils formed from AB.

The strategies that are typically employed to inhibit AR aggregation aim to disrupt the amyloid
aggregation pathway [281]. Small planar aromatic compounds such as congo red (CR), chrysamine G

(CG) and curcumin have shown promising results in counteracting the formation of fibrils, and have
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the potential to be good protein misfolding inhibitors [281]-[283]. Derivatives of these compounds
have been synthesised as a bifunctional compound so that one end binds to the fibrillar core region
of AB through hydrophobic interactions and the other end incorporates a disrupting or large steric
element to hinder AB aggregation. The presence of excess metals has also been suggested to
contribute to the formation of fibrils, and therefore, chelating molecules have also been investigated
in the search for a potential therapeutic [283]. Other molecules developed include inhibitors of beta-
secretase 1 (BACE1), the enzyme known to cleave amyloid precursor protein (APP) to form AR (1-42)
and AP (1-40) [284]. Although many of these small molecules have been inducted into clinical trials,
they have shown many adverse side effects including reduced nerve myelination,
neurodegeneration, altered glucose homeostasis, and hepatotoxicity [282], [284], [285]. Therefore
attention has been directed to larger molecules with the ability to mimic biological mechanisms for

protein homeostasis.

Development of the antibody aducanumab enabled the selective interaction with AP aggregates,
including soluble oligomers and insoluble fibrils. After a year of receiving regular monthly treatments
of the antibody, a significantly reduced amount of AR plaque was recorded in test subjects.
Unfortunately, the results also included an increased risk of brain haemorrhage and potential
dangerous fluid shifts in the brain [286]. These side effects are due to the unprecedented
introduction of a synthetically developed therapeutic. It is for this reason that the investigation of
endogenous and ubiquitous proteins to combat the AP fibril forming process is commendable.
Several studies have investigated the addition of ubiquitous molecular chaperones to the fibril
forming peptide with promising results [287]-[291]. This chapter focuses on the chaperoning
abilities of eukaryotic PFD and its subunits to the amyloidogenic AR peptide found in Alzheimer’s

disease.

Although there is extensive structural and biological data available for several homologues of PFD,
only a few scientific papers have focussed on eukaryotic PFD. Some studies have suggested different
binding and biological capacities between homologues of PFD despite having regions of conserved
sequences [91], [95]. This may signify that large sequence deviations exist between species of PFD

and conclusions based on homologues of PFD do not necessarily extend to eukaryotic PFD.

3.1.1: Aims

The work described in this chapter aims to compare PFD sequences from different species using a
global alignment, to isolate mammalian PFD (bPFD) from bovine testis using a method adapted from

Cowan et al. [292] and to synthesise two subunits of human PFD (hPFD subunit 5 and hPFD subunit
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6) using recombinant protein expression. The isolated bPFD, hPFD subunit 5 and hPFD subunit 6
form the subject of a series of analytical measurements to determine the biological activity of the
hexameric chaperone and its selected subunits against the prefibrillar peptide AB(1-40), specifically
to determine the inhibitory effects of prefoldin against AR aggregation and the biological effect of

the resulting products formed from the chaperoning activity.
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3.2: Results and Discussion

3.2.1: Sequence Comparison of PFD Homologues

Although alignment of PFD homologues from different organisms using Multiple Sequence
Alignment (MSA) has previously been explored [93], [98], the output for these analyses are normally
only insightful for evolutionary relationships and binding similarities, and are not generally used to
conclude tertiary or quaternary structural information [293]-[295]. However, due to the limited
structural data available for eukaryotic human PFD (hPFD), pre-existing structural models of PFD
from other origins have been used to suggest the structure of hPFD. A pairwise global alignment will
allow comparison of the PFD sequences to ascertain whether or not utilising different species of PFD
as a guideline for structural models is creditable. To determine the similarities, PFD subunits from
different species were individually aligned to the corresponding hPFD subunit. Using the global
alignment software BLAST, implemented with the global Needleman-Wunsch (NW) algorithm for
scoring, available on the National Centre of Biotechnology (NCIB) webpage [296], the species
subjected to this comparison were bovine mammalian PFD (bPFD), yeast PFD (yPFD),
methanobacterium thermoautotrophicum PFD (mtPFD), pyrococcus horikoshii PFD (phPFD) and
methanocaldococcus jannaschi PFD (mjPFD). The sequences of bPFD are compared to hPFD to
determine the feasibility of substituting and correlating hPFD data with bPFD data obtained. The
species yPFD, mtPFD, phPFD and mjPFD are chosen due to their available structural data present in

the PDB. The sequences of the different PFD species are listed in Appendix B.

The software BLAST employs a heuristic method and begins the process of alighing sequences
through the location of a short amino acid residue match between protein sequences. This initial
process is termed ‘seeding’ and is followed by the identification of local alighments and similarities
in sequences through sets of common residues along the entire sequence [297]. The score depicted
in the final output result includes the percentage of identities; the same residue at the same position
in the alignment, the percentage positives; the similarity of the residue at the same position in the
alignment, and lastly, the percentage of gaps; the gaps needed to align the sequences. Figure 3.1
shows an example of the BLAST global alignment output, comparing hPFD subunit 6 to yPFD subunit
6. It can be seen that there are extensive sections of conserved amino acid residues with 42 % of
amino acids matching (identities) and, in total, 53 % matching and similar amino acids (positives).
This suggests a shared ancestry and homology between these subunits. The NW score for this
alignment is 188. The alignment scoring scheme for NW is residue based and it consists of residue

substitution scores, where +1 is given for a match and -1 is the penalty for a mismatch. The
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magnitude of the NW alignment score is governed by the number of amino acid residues in the
overall sequence. This ultimately means that, the longer the sequences are, the higher the possible
NW score. Subsequently, the scores are generally compared to the NW score of randomised sets of
amino acids of the same length to determine the significance of the alignment [298]. For this
particular comparison, a BLAST global alignment of the sequence itself and sets of computer
generated randomised sequences will be compared. The NW alignment scores of PFD that were
found to be higher than the score of the averaged randomised sequences are accepted to have
global sequence similarity. Scores that are close to the NW global alignment of the sequence itself,

have a higher degree of similarity.

NW Score Identities Positives Gaps

188 54/129(42%) 69/129(53%) 15/129(11%)

Query 1 MAELIQKKLQGEVEKYQQLQKDLSKSMSGRQKLEAQLTENNIVKEELALLDGSNVVFKLL 60
M+EL KYQQLQ +L + + RQKLE QL EN IV EE L+ V+KL

Sbjct 1 MSEL-------- GAKYQQLQNELEEFIVARQKLETQLQENKIVNEEFDQLEEDTPVYKLT 52

Query 61 GPVLVKQELGEARATVGKRLDYITAEIKRYESQLRDLERQSEQQRETLAQLQQEFQRAQA 120
GVL+ E EAR V KRL++I EI RE +RD + + E+ R L +L
Sbjct 53  GNVLLPVEQSEARTNVDKRLEFIETEITRCEKNIRDKQEELEKMRSELIKLNNT----- A 107

Query 121 AKAGAPGKA 129
A G PG+
Sbjct 108 ASTG-PGR 114

Figure 3.1: An excerpt of the BLAST output for comparison of hPFD subunit 6 (query) & yPFD subunit 6 (subject). The
percentages of mismatched amino acids are not computed here, although it can be manually calculated (129-(69+15)=45
eg. 35 %).

The highest possible score allowed for a sequence comparison to hPFD subunit 6 is 624, and the
average NW score of the randomised sets is -14 (Table 3.1). This ultimately means that the NW score
of yPFD subunit 6 compared to hPFD subunit 6 of 188 reveals an overall high global sequence
similarity. Further comparisons of the PFD subunits conducted are summarised in Table 3.1. As
archaeal PFD (mtPFD, phPFD) is comprised of 2 copies of an a subunit and 4 copies of a B subunit to
make up the hexameric complex [98], whilst hPFD has been characterised as having 6 individual
subunits (2 separate a-like structures and 4 different subunits with B-like structures [79], [91]), in
this BLAST global pairwise sequence alignment, the archaeal a subunits were compared to both
hPFD subunits 3 and 5 and the archaeal B subunits were compared to hPFD subunits 1, 2, 4 and 6. As

mjPFD has 2 a subunits, both were compared to hPFD subunits 3 and 5.

Table 3.1 shows the scores and percentages of the BLAST sequence alighments. The alignment of the

hPFD subunits to bPFD subunits stand out, with high NW scores ranging between 574-943 for each
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subunit. The identities and positives are seen to be higher than 94% and gaps are less than 1% for all
the subunits. The high degree of sequence similarity for hPFD and bPFD suggests the inferences of

existing bPFD studies can be reasonably applied to hPFD.

In comparison, the global alignment of hPFD to yPFD reveal NW scores that range from 67-241, with
identities ranging between 22-42 %, positives ranging between 42-62 % and gaps between 3-27 %. It
is observed that the alignment of the hPFD and yPFD species within the a and B subunit types reveal
hPFD subunit 5 shows the highest degree of global similarity to the yPFD a subunit, while hPFD
subunit 4 shows the highest global alignment score for yPFD B subunit. The identities between these
subunits equate to more than 35 %, with positives over 56 % and gaps of less than 5 %. As all the NW
scores for yPFD are significantly greater than the averaged random sequences, it is established that
yPFD has a reasonable degree of sequence similarity to hPFD and existing structural models of yPFD

may be used as a guide to elucidate the quaternary structure of eukaryotic PFD.
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Table 3.1: Global sequence comparison of PFD subunits of different species to the human sequence using BLAST,
formulated with the Needleman-Wansch algorithm.

NW score | Identities | Positives Gaps
hPFD subunit 1 (B)
Human 591 122/122 (100%) 122/122 (100%) 0/122 (0%)
Bovine 574 119/122 (98%) 121/122 (99%) 1/122 (0%)
Yeast 67 27/121 (22%) 58/121 (47%) 12/121 (9%)
PH 60 33/125 (26%) 51/125 (40%) 12/125 (9%)
MT 38 26/128 (20%) 60/128 (46%) 14/128(10%)
M) 74 30/122 (25%) 61/122 (50%) 10/122 (8%)
Random 6 (average of 5:-7) 26/131 (20%) 45/131 (34%) 20/131 (15%)
hPFD subunit 2 (B)
Human 755 154/154 (100%) 154/154 (100%) 0/154 (0%)
Bovine 747 152/154 (99%) 152/154 (98%) 0/154 (0%)
Yeast 85 41/154 (27%) 65/154 (42%) 43/154 (27%)
PH -17 20/154 (13%) 59/154 (38%) 37/154 (24%)
MT 16 33/154 (21%) 64/154 (41%) 33/154 (21%)
MJ 29 28/154 (18%) 57/154 (37%) 41/154 (%26)
Random -33 (average of 5:-17) 27/178 (15%) 57/178 (32%) 36/178 (20%)
hPFD subunit 3 (a)
Human 1017 197/197 (100%) 197/197 (100%) 0/197 (0%)
Bovine 943 185/197 (94%) 189/197 (95%) 1/197 (0%)
Yeast 267 81/210 (39%) 118/210 (56%) 25/210 (11%)
PH 21 40/200 (20%) 70/200 (35%) 55/200 (27%)
MT -75 28/197 (14%) 59/197 (29%) 56/197 (28%)
MJ1 -24 27/197 (14%) 69/197 (35%) 55/197 (27%)
MJ2 -8 32/198 (16%) 62/198 (31%) 51/198 (25%)
Random -29 (average of 5: -49) 42/228 (18%) 77/228 (33%) 59/228 (25%)
hPFD subunit 4 (B)
Human 659 133/133 (100%) 133/133 (100%) 0/133 (0%)
Bovine 642 132/134 (99%) 133/134 (99%) 0/134 (0%)
Yeast 184 47/133 (35%) 75/133 (56%) 4/133 (3%)
PH -1 19/133 (14%) 53/133 (39%) 16/133 (12%)
MT 33 26/134 (19%) 57/134 (42%) 14/134 (10%)
MJ 42 29/133 (22%) 55/133 (41%) 20/133 (15%)
Random -13 (average of 5: -13) 29/144 (20%) 55/144 (38%) 22/144 (15%)
hPFD subunit 5 (a)
Human 765 154/154 (100%) 154/154 (100%) 0/154 (0%)
Bovine 749 150/154 (97%) 152/154 (98%) 0/154 (0%)
Yeast 241 58/163 (36%) 102/163 (62%) 9/163 (5%)
PH 103 37/155 (24%) 77/155 (49%) 8/155 (5%)
MT 67 33/157 (21%) 74/157 (47%) 19/157 (12%)
MJ1 60 39/161 (24%) 73/161 (45%) 26/161 (16%)
MJ2 59 37/161 (23%) 66/161 (40%) 21/161 (13%)
Random -52 (average of 5: -25) 27/182 (15%) 53/182 (29%) 56/182 (30%)
hPFD subunit 6 (B)
Human 624 129/129 (100%) 129/129 (100%) 0/129 (0%)
Bovine 620 128/129 (99%) 129/129 (100%) 0/129 (0%)
Yeast 188 54/129 (42%) 69/129 (53%) 15/129 (11%)
PH 64 31/129 (24%) 56/129 (43%) 12/129 (9%)
MT 67 30/130 (23%) 59/130 (45%) 9/130 (6%)
M) 90 34/129 (26%) 66/129 (51%) 16/129 (12%)
Random -5 (average of 5:-14) 27/153 (18%) 49/153 (32%) 50/153 (32%)

Identities: the same acid residue at the same position in the alignment. Positives: the similarity of the acid residue at the same
position in the alignment (including identities). Gaps: insertion or deletion of a residue. Evolutionary substitution matrices are not
included in the table. Subunits were also aligned to themselves to show the highest possible NW score and a computer generated

random sequence. An average score of 5 sets of randomised sequences is also included.
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In contrast, the alignment NW scores of phPFD and mtPFD subunits with hPFD subunits exhibit low
global sequence similarities. The identities and positives percentages are low, however the % of gaps
are not as high as the randomised set. Although these results suggest a low correlation between the
sequences, only 2 alignments are rejected on the basis of no correlation, (phPFD subunit B to hPFD
subunit 2 and mtPFD o to hPFD subunit 3 have NW scores below the averaged randomised sets). It is
interesting to see that mjPFD B subunit has a highest NW score of the prokaryotic PFD when
compared against hPFD subunit 1 whilst having the lowest NW score observed for hPFD subunits 3
and 5. The sequence similarities observed between phPFD and mtPFD to hPFD may be due to
regions of conserved function between the PFD species as previous MSA studies have indicated [79].
Structure prediction algorithms strongly suggest that the hPFD complex contains secondary
structures of a central region of B-strands and several extended hydrophobic coils of highly helical
structure content [98]. These core hydrophobic coil residues were simultaneously aligned to the
optimum-score obtained from the MSA analysis, revealing shared homology between the different
species of PFD. Although these regions give a high degree of amino acid sequence similarity among
archaeal and eukaryotic subunits [79], [93], [98], the global BLAST alighnment reveals an overall low
sequence similarity. This therefore means that existing structural information for phPFD, mtPFD and
mjPFD should be interpreted with caution when aiding in the quaternary complex structure

determination of hPFD.

Global BLAST NW alignments to compare the sequences of the 6 hPFD subunits according to their

respective classes were undertaken, as detailed in Table 3.2.
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Table 3.2: Global sequence comparison of hPFD subunits (o/B) using BLAST, formulated with the Needleman-Wansch

algorithm.
NW score Identities Positives Gaps
hPFD subunit 1 (B)
hPFD subunit 1 591 122/122 (100%) 122/122 (100%) 0/122 (0%)
hPFD subunit 2 -24 32/160 (20%) 54/160 (33%) 39/160 (24%)
hPFD subunit 4 47 32/137 (23%) 60/137 (43%) 20/137 (14%)
hPFD subunit 6 18 32/138 (23%) 55/138 (39%) 16/138 (11%)
Random 6 (average of 5:-7) 26/131 (20%) 45/131 (34%) 20/131 (15%)
hPFD subunit 2 (B)
hPFD subunit 2 755 154/154 (100%) 154/154 (100%) 0/154 (0%)
hPFD subunit 1 -24 32/160 (20%) 54/160 (33%) 39/160 (24%)
hPFD subunit 4 5 22/154 (14%) 53/154 (34%) 21/154 (13%)
hPFD subunit 6 35 32/154 (21%) 66/154 (42%) 25/154 (16%)
Random -33 (average of 5:-17) 27/178 (15%) 57/178 (32%) 36/178 (20%)
hPFD subunit 3 (a)
hPFD subunit3 1017 197/197 (100%) 197/197 (100%) 0/197 (0%)
hPFD subunit 5 -9 31/197 (16%) 69/197 (35%) 43/197 (21%)
Random -29 (average of 5: -49) 42/228 (18%) 77/228 (33%) 59/228 (25%)
hPFD subunit 4 (B)
hPFD subunit 4 659 133/133 (100%) 133/133 (100%) 0/133 (0%)
hPFD subunit 1 47 32/137 (23%) 60/137 (43%) 20/137 (14%)
hPFD subunit 2 5 22/154 (14%) 53/154 (34%) 21/154 (13%)
hPFD subunit 6 20 22/140 (16%) 49/140 (35%) 18/140 (12%)
Random -13 (average of 5:-13) 29/144 (20%) 55/144 (38%) 22/144 (15%)
hPFD subunit 5 (a)
hPFD subunit 5 765 154/154 (100%) 154/154 (100%) 0/154 (0%)
hPFD subunit 3 -9 31/197 (16%) 69/197 (35%) 43/197 (21%)
Random -52 (average of 5: -25) 27/182 (15%) 53/182 (29%) 56/182 (30%)
hPFD subunit 6 (B)
hPFD subunit 6 624 129/129 (100%) 129/129 (100%) 0/129 (0%)
hPFD subunit 1 18 32/138 (23%) 55/138 (39%) 16/138 (11%)
hPFD subunit 2 35 32/154 (21%) 66/154 (42%) 25/154 (16%)
hPFD subunit 4 20 22/140 (16%) 49/140 (35%) 18/140 (12%)
Random -5 (average of 5:-14) 27/153 (18%) 49/153 (32%) 50/153 (32%)

Identities: the same acid residue at the same position in the alignment. Positives: the similarity of the acid residue at the same
position in the alignment (including identities). Gaps: insertion or deletion of a residue. Evolutionary substitution matrices are not

included in the table.

Interestingly, a BLAST global alignment of the individual subunits according to their type, reveals that
they have low sequence similarities to each other. The alignment that is rejected as having any
degree of sequence similarity is hPFD subunit 1 to hPFD subunit 2. Therefore, it is proposed that
each subunit has evolved independently to assist in the biological chaperone process of the PFD
complex. As homology between the species of PFD has been established through MSA [98], it is
proposed that over time, the subunits of PFD have specifically evolved to exhibit their own individual
functionality. They have evolved to the extent where they no longer resemble each other in terms of
sequence. However, it has been proposed in previous studies that structure is more likely to be

conserved than sequence in evolutionary homologs [299].
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3.2.2: Isolation of bPFD

In order to further evaluate the structure and activity of bPFD, attempts were made to purify the
complex from bovine tissue. While a protocol exists for purification of bPFD from bovine testes
[292], in our hands this did not yield the complex and therefore extensive effort was aimed at
optimising purification. Isolation of bPFD from approximately 500-600 g of crude bovine testis began
with removal of connective tissue and the pulverisation of the remaining fatty tissue as seen in
Figure 3.2A-E. Following homogenisation of tissue, protease inhibitors and phenylmethylsulfonyl
fluoride (PMSF) were added to inhibit the enzymatic digestion of bPFD to allow the maximum
amount of pure native protein to be extracted. The supernatant was subjected to a (NH4),SO4
fractionation, so that bPFD may be precipitated out of solution. Due to the markedly different

solubilities of proteins, this process removes many unwanted proteins present in the solution [300].

Figure 3.2: Prefoldin extraction from bovine testes. (A) Unprocessed bulls’ testicles. (B) Connective tissue removal from
sample. (C) Cross section of the tissue. (D) Manageable chunks of tissue. (E) Manual lysis of tissue in homogenisation
buffer. (F) Ammonium sulphur fractionation of the extracted supernatant.

A previously reported purification of bPFD found it to precipitate between 35-55 % saturation of
(NH4)2S04 [292]. Here the (NH.),SO4 precipitation process was replicated in the ranges 20-40 %, 40-
60 % and 60-80 %. To determine which (NH4),SO, precipitation pellet contained bPFD, a sample from
each pellet was dissolved, proteolytically digested and subjected to shotgun proteomic data analysis
as described in section 2.2.5.5. The MS data was searched using Mascot and the Swiss-Prot database
and revealed the (NH4),SO, 20-40 % pellet contained bPFD subunits 4 and 6. Pelleted fraction 40-60
% (NH4)2S04 had ions corresponding to bPFD subunits 2-6. The ions found to correlate to bPFD

subunits are summarised Table 3.3.
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Table 3.3: lons identified by proteomic analysis correlating to bPFD subunits in the ammonium sulphate precipitation
fractions. bPFD subunits observed are ordered by decreasing ion scores.

Observed Mass Mass Error  Miss Sequence lon
m/z expected calculated  (ppm) Score
20-40 % Ammonium Sulphate Pellet
bPFD subunit 4 832.8930 1663.7715 1663.7689 2 0 K.AAAEDVNVTFEDQQK.I 42
bPFD subunit 6 412.8816 1235.6229 1235.6292 -5 2 K.DLSKSMSGRQK.L 1
629.8411 1257.667 1257.6677 -0 1 K.QELGEARATVGK.R 5
472.2679 1413.7818 1413.7688 9 2 K.QELGEARATVGKR.R 6
611.3469 1220.6793 1220.6765 2 1 K.RLDYITAEIK.R 24
40-60 % Ammonium Sulphate Pellet
bPFD subunit 4 832.8930 1663.7715 1663.7689 4 0 K.AAAEDVNVTFEDQQK.I 38
708.8555 1415.6964  1415.6892 5 0 K.NLQEEIDALESR.V 51
bPFD subunit 5 550.6351 1648.8836 1648.8746 0 K.ELLVPLTSSMYVPGK.L 3
(oxidation M)
547.2852 2185.1115  2185.1055 3 0 K.LHDVEHVLIDVGTGYYVEK.T 1
729.3782 2185.1129  2185.1055 3 0 K.LHDVEHVLIDVGTGYYVEK.T 49
bPFD subunit 3 789.8892 1577.7638 1577.7573 4 0 K.NLDSLEEDLDFLR.D 49
bPFD subunit 2 719.0395 2154.0966  2154.0878 4 0 K.AAELEMELNEHSLVIDTLK.E 35
bPFD subunit 6 892.9594 1783.9043 1783.8887 9 2 K.YQQLQKDLSKSMSGR.Q 1
543.3072 1626.8997 1626.8940 4 1 R.QKLEAQLTENNIVK.E 1
686.3803 1370.7461 1370.7405 4 0 K.LEAQLTENNIVK.E 8
745.8867 1489.7588 1489.7525 4 0 R.ETLAQLQQEFQR.A 32

814.4268 2440.2586  2440.2822 -10 2 R.ETLAQLQQEFQRAQAAKAGAPGK.A 4

Error (ppm): refers to the error window of the mass in parts per million. Miss: Refers to the b or y ions of a particular amino acid
that were not identified in the MS/MS frame. lon score: refers to the significance threshold, based on the calculated probability P,
-10Log(P). N.O.= not observed

bPFD subunits 4 and 6 were confidently identified in the 20-40 % (NH.),SO4 pellet analysis due to
their unique amino acid sequence and the low number of misses in the MS/MS peptide sequencing
frame. However, the total ion score is low and ions correlating to bPFD subunits 1, 2, 3 and 5 were
not identified in the analysis (Table 3.3). Consequently, it is likely that the extraction process may
have denatured small amounts of bPFD complexes, resulting in disruption of the chaperone
assembly into its smaller components. The individual bPFD subunits have different solubilities, and
as a consequence, it is proposed that bPFD subunits 4 and 6 precipitated at lower concentrations of

(NH4),S04 compared to the intact complex.

The MS analysis suggest with high confidence that the intact bPFD complex precipitated in the 40-60
% ammonium sulphate pellet. bPFD subunits 2-6 were observed to be present in the sample, with
ion scores higher than 32 for each subunit and either no or low misses in the MS/MS peptide
sequence analysis. bPFD subunit 1 is not observed in the MS analysis, however this does not
necessarily mean that the subunit is not present in the sample. A common challenge frequently
encountered in shotgun proteomics is the absence of peptides in the spectra analysis due to the
limitations of automated LC-MS/MS systems [251], [301], [302]. Typically, automated LC-MS/MS
systems select the most abundant ions in a scan for fragmentation. As a consequence, low

abundance or poorly ionised proteins and peptides eluting from the LC can be overlooked in the

58/284




MS/MS process due to the overwhelming number proteolytic peptides in a crude sample. This is

likely to have occurred in this situation.

The 40-60 % ammonium sulphate pellet was dissolved into an aqueous buffer. A series of
chromatographic separations were then performed to further purify bPFD. The first column used in
this purification was an anion exchange column, Q-Sepharose HP. The anion exchange column
separates analytes by interaction with a medium that is positively charged. At equilibrium, anions in
the aqueous mobile phase are attracted to the immobilised cation surface. When the sample is
introduced the negatively charged sample ions displace the mobile phase ions [303], and leave
positively charged particulates to elute. The column is thoroughly washed to remove all unwanted
ions. A high salt buffer gradient is then applied to remove all proteins bound to the column [303].
The salt displaces the negatively charged sample ions from the column resin and a UV detector is
able to measure the absorbance of the eluted proteins, indicating the abundance of proteins present

in the sample.

Due to the high number of proteins observed in the proteomic analysis of the 40-60% (NH4),SO4
pellet (data not shown), a step wise salt gradient was applied in this column purification step.
Following loading and a low salt wash of 20 mM NaH,PO,, proteins were eluted from the column at
100 mM NaH;P0O4, 200 mM NaH,P0O4, 300 mM and then 400 mM NaH2POs. A small sample of the
proteins collected at these different NaH,PO.s concentrations were denatured, proteolytically
digested and subjected to shotgun proteomics. Table 3.4 reveals that bPFD subunit 2 was identified

in the 200 mM NaH,PO, fraction.

Table 3.4: lons identified by proteomic analysis correlating to bPFD subunits in the 200 mM NaH,PO, fraction from an
anion exchange column.

Fractions Observed Mass Mass Error Miss Sequence lon
m/z expected calculated  (ppm) Score

100 mM NaH:PO4

bPFD N.O. - - - - - - -

200 mM NaHz2PO4

bPFD subunit 2 721.8641 2883.4275  2883.4171 4 1 K.AAELEMELNEHSLVIDTLKEVDETR.K 6
694.3937 2080.1592  2080.1528 3 2 R.TVKEVLPALENNKEQIQK.I 16

300 mM NaH2PO4

bPFD N.O. - - - - - - -
400 mM NaH:PO4

bPFD N.O. - - - - - - -

Error (ppm): refers to the error window of the mass in parts per million. Miss: Refers to the b or y ions of a particular amino acid
that were not identified in the MS/MS frame. lon score: refers to the significance threshold, based on the calculated probability P,
-10Log(P). N.O.= not observed
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Despite the fact that only bPFD subunit 2 was identified in the proteomic analysis, the fractions
containing the protein were carried forward for further purification using a phenyl Superose column.
This column separates proteins through their varying degrees of hydrophobicity. The column
consists of hydrophobic groups (in this instance phenyl groups) attached to a stationary phase. The
hydrophobic amino acid side chains on protein surfaces then interact and bind to the hydrophobic
column. Buffers with a high salt content reduce solvation and further expose hydrophobic regions of
a protein [304]. Therefore, a high ionic strength buffer is initially applied to allow the protein to
interact with the hydrophobic groups. However, the more hydrophobic the protein is, the less salt is
needed in the buffer for the protein to bind to the column. To desorb the protein from the column,
the salt concentration is decreased [304]. The 200 mM NaH,PO, fraction was concentrated and
buffer exchanged. Following loading and subsequent washing of the column with 1 M (NH4),SO,, a

linear decreasing salt gradient was applied, as seen in Figure 3.3.

250 100
@mmmUV (mAU)

@Y% Conductivity

200 - - 80
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Figure 3.3: The UV absorbance elution profile of bPFD from a phenyl Superose HP G20 column. The column was
equilibrated and following loading was washed with an aqueous buffer of 20 mM Tris-HCI, 1 M (NH4),S04, 1 mM MgCl,,
1 mM EGTA, 1 mM DTT at pH 7.2. A linear decreasing salt concentration gradient over 40 mins was applied, with the
aqueous buffer 20 mM Tris-HCI, 1 mM MgCl;, 1 mM EGTA, 1 mM DTT at pH 7.2 and monitored through the % of
conductivity (red). Proteins eluting from the column were detected through UV absorbance at A 280 nm (blue).
Highlighted in purple are the fractions in which bPFD was identified.

60/284



A sample of the proteins eluting in fractions at 105 mL (96 % conductivity), 125 mL (72 %
conductivity), 140 mL (54 % conductivity), 150 mL (41 % conductivity), 160 mL (28 % conductivity),
and 170 mL (12 % conductivity) were denatured, proteolytically digested and subjected to proteomic

analysis. The ions found correlating to bPFD subunits are summarised in Table 3.5.
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Table 3.5: lons identified by proteomic analysis correlating to bPFD subunits in the fractions containing protein following

elution from a phenyl Superose column. bPFD subunits observed are ordered by decreasing ion scores.

Fractions Observed Mass Mass Error  Miss Sequence lon
(Conductivity) m/z Expected Calculated  (ppm) Score
105 mL (96 %)
bPFD N.O. - - - - - - -
125 mL (72 %)
bPFD N.O. - - - - - - -
140 mL (54 %)
bPFD N.O. - - - - - - -
150 mL (41 %)
bPFD subunit 4 798.7430  2393.2071 2393.1975 4 2 K.AAAEDVNVTFEDQQKINKFAR.N 25
160 mL (28 %)
bPFD subunit 3 628.8251 1255.6356 1255.6271 7 0 R.FLLADNLYCK.A 26
463.5418 1850.1383 1850.1240 8 2 R.LKGQIPEIKQTLEILK.Y 9
bPFD subunit 4 454.2806 1359.8198 1359.8126 5 1 R.VLADLKVVQLYAK.F 20
798.7448  2393.2126 2393.1975 6 2 K.AAAEDVNVTFEDQQKINKFAR.N 19
bPFD subunit 6 541.3295 1620.9668 1620.9563 6 1 K.LLGPVLVKQELGEAR.A 17
578.1155  2885.5413 2885.5386 1 1 K.LEAQLTENNIVKEELALLDGSNVVFK.L 4
bPFD subunit 2 480.2740 958.5335 958.5270 7 0 R.MVGGVLVER.T 6
694.3946  2080.1621 2080.1528 5 2 R.TVKEVLPALENNKEQIQK.I 17
170 mL (12 %)
bPFD subunit 4 680.9186 1359.8227 1359.8126 7 1 R.VLADLKVQLYAK.F 38
454.2818 1359.8235 1359.8126 8 1 R.VLADLKVQLYAK.F 23
596.9990 1787.9751 1787.9628 7 2 R.NTSRITELKEEIEVK.K 9
798.7448  2393.2126 2393.1975 6 2 K.AAAEDVNVTFEDQQKINKFAR.N 31
599.3113  2393.2160 2393.1975 8 2 K.AAAEDVNVTFEDQQKINKFAR.N 18
bPFD subunit 1 631.3204 1890.9395 1890.9291 5 2 R.SVKEAEDNIREMLMAR.R 9
636.6519 1906.9338 1906.9240 5 2 R.SVKEAEDNIREMLMAR.R 10
(oxidation M)
636.6539 1906.9400 1906.9240 8 2 R.SVKEAEDNIREMLMAR.R 13
(oxidation M)
911.4331 2731.2775 2731.2582 7 0 K.HAHLTDTEIMTLVDETNMYEGVGR.M 15
683.8270 2731.2787 2731.2582 8 0 K.HAHLTDTEIMTLVDETNMYEGVGR.M 50
687.8254  2747.2724 2747.2531 7 0 K.HAHLTDTEIMTLVDETNMYEGVGR.M 50
(oxidation M)
715.8494  2859.3686 2859.3531 5 1 K.HAHLTDTEIMTLVDETNMYEGVGR.M 21
719.8483  2875.3642 2875.3480 6 1 K.HAHLTDTEIMTLVDETNMYEGVGR.M 10
(oxidation M)
719.8500 2875.3708 2875.3480 8 1 K.HAHLTDTEIMTLVDETNMYEGVGR.M 3
(oxidation M)
773.1376  3088.5212 3088.4958 8 2 R.TKKHAHLTDTEIMTLVDETNMYEGVGR.M 12
777.1337 3104.5056 3104.4907 5 2 R.TKKHAHLTDTEIMTLVDETNMYEGVGR.M 5
(oxidation M)
777.1339 3104.5065 3104.4907 5 2 R.TKKHAHLTDTEIMTLVDETNMYEGVGR.M 11
(oxidation M)
621.9102 3104.5144 3104.4907 8 2 R.TKKHAHLTDTEIMTLVDETNMYEGVGR.M 8
(oxidation M)
bPFD subunit 3 547.2914 1092.5683 1092.5637 4 0 K.FMELNLAQK.K 4
628.8252 1255.6358 1255.6271 7 0 R.FLLADNLYCK.A 41
617.7189 1850.1348 1850.1240 6 2 R.LKGQIPEIKQTLEILK.Y 29
463.5425 1850.1408 1850.1240 9 2 R.LKGQIPEIKQTLEILK.Y 24
991.4777  2971.4112 2971.3869 8 1 K.NLDSLEEDLDFLRDQFTTTEVNMAR.V 1
bPFD subunit 6 541.3303 1620.9691 1620.9563 8 1 K.LLGPVLVKQELGEAR.A 31
678.7046  2033.0919 2033.0793 6 2 K.LQGEVEKYQQLQKDLSK.S 10

Error (ppm): refers to the error window of the mass in parts per million. Miss: Refers to the b or y ions of a particular amino acid
that were not identified in the MS/MS frame. lon score: refers to the significance threshold, based on the calculated probability P,
-10Log(P). N.O.= not observed

The fractions between 155-175 mL (34-5 % conductivity) (identified to contain the majority of bPFD

subunits) were next combined, concentrated, buffer exchanged and further purified over a mono S
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column. The mono S column is a strong cation exchanger and works similarly to the Q-sepharose HP,
however with the opposite polarity. Following loading, the column was thoroughly washed with 20
mM NaCl to remove all unwanted ions and a linear high salt buffer gradient to 250 mM NaCl was
applied to remove all proteins bound to the column. The salt displaces the positively charged ions
from the column resin, and the eluted sample was fractionated. A western blot analysis of the
fractions containing protein revealed that bPFD did not bind to the column and was found in the

load and wash (Figure 3.4).

It should be noted that earlier attempts to isolate bPFD involved probing protein fractions by
Western transfer and immunoblotting utilising monoclonal antibodies (PFD subunit 3, PFD subunit 5
and PFD subunit 6) from Santa Cruz (Dallas, Texas). Unfortunately, several different batches of
antibodies purchased were all found to display significant cross-reactivity with the abundant IgG in

the sample, which hindered this approach.

Figure 3.4: A representative western blot analysis of the fraction (washings) containing bPFD following elution from the
mono S column using antibodies probing for bPFD subunit 3, 5 & 6.

The washings from the mono S column were therefore combined, concentrated, buffer exchanged
and purified over a ceramic hydroxylapatite (CHT) column. The fourth column used in this
purification utilises hydroxylated calcium phosphate, also known as hydroxylapatite to separate
proteins based on their electrostatic interaction with the matrix. Hydroxylapatite interacts with
proteins through phosphate sites that bind to amino groups, whilst calcium sites attract carboxyl
groups on the protein [305]. Protein desorption can be conducted by reversing phosphate site
interactions or calcium site interactions using either linear or step gradients. Typically, phosphate
buffers are commonly employed desorb proteins from the CHT column. Following loading of the
bPFD containing extracts and a low salt wash of 20 mM NaH;POQ,, a linear gradient to 250 mM
NaH,PO, was applied and fractions of 1 mL were collected. Figure 3.5 reveals 2 major UV peaks

eluting from the CHT column.
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Figure 3.5: The UV absorbance elution profile of bPFD from a CHT type Il column. The column was equilibrated and
following loading was washed with an aqueous buffer of 20 mM NaH;PO,4, 20 mM KCI, ImM MgCl,, 0.1 mM CaCl;, 1 mM
DTT at pH 6.8. A linear increasing salt concentration gradient over 30 mins was applied, with the aqueous buffer 250 mM

NaH;PO,4, 20 mM KCl, 1ImM MgCl,, 0.1 mM CaCl,, 1 mM DTT at pH 6.8 and monitored through the % of conductivity
(red). Proteins eluting from the column were detected through UV absorbance at A 280 nm (blue). Highlighted in purple

are the fractions in which bPFD was identified.

Fractions at 12 mL (conductivity of 18 %) and 18 mL (conductivity of 31 %) were analysed by SDS
PAGE. This was then subjected to a Western transfer and probed by PFD subunit 3, 5 and 6
antibodies (Figure 3.6). bPFD was seen in the first peak eluting from the column. Fractions 9-15 mL

were combined and concentrated before loading onto a Superdex 200 (S200).
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Figure 3.6: A representative western blot analysis of the fraction (at 12 mL) containing bPFD following elution from the

CHT column using antibodies probing bPFD subunit 3, 5 & 6.

The last column used in this series of chromatographic purification steps was the 5200, a size
exclusion column separating proteins based on their size. Also known as gel-filtration
chromatography, the medium of a size exclusion column enables separation by trapping smaller
molecules in the absorbent material and allowing larger molecules to pass through [306], [307]. This
method is also useful for exchanging large proteins into a different buffer. bPFD was found to elute

between 11-16 mL as seen in Figure 3.7.
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Figure 3.7: The UV absorbance elution profile of bPFD from a size exclusion $200 column. The aqueous used was 100 mM
AA buffer at pH 7.4. and monitored through the % of conductivity (red). Proteins eluting from the column were detected
through UV absorbance at A 280 nm (blue). Highlighted in purple are the fractions in which bPFD was identified.
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Fractions containing protein were analysed by SDS PAGE. The resulting gel was subjected to a
Western transfer and fractions containing bPFD were probed using antibodies probing for PFD

subunits 3, 5, and 6 (Figure 3.8).

BEB 2 -/ . 15kDa

Figure 3.8: A representative western blot analysis of the fraction (at 13 mL) containing bPFD following elution from the
$200 column using antibodies bPFD subunit 3,5 & 6.

The SDS PAGE gel analysis was replicated using the same protein fractions and subjected to silver
stain (data not shown). Unfortunately, no protein bands were observed on the gel, despite bands
seen in the Western blot analysis. This suggests the protein concentrated to be between 10-0.1 ng as
the sensitivity of silver staining is marked at 10 ng and Western blots are able to image protein
concentrations of 0.1 ng [308]. Purity of the sample cannot be determined through these means.
Therefore, a sample of the fraction found to contain the predominant amount of bPFD as probed by
antibodies (fraction collected at 13 mL) was subjected to proteolysis and analysed by shotgun
proteomics to confirm the presence of bPFD. Table 3.7 reveals bPFD subunits 1-4 and 6 were

identified in the spectra.
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Table 3.6: lons identified by proteomic analysis correlating to bPFD subunits in the fractions containing protein following
elution from Superdex 200. bPFD subunits observed are ordered by decreasing ion scores.

Fraction Observed Mass Mass Error  Miss Sequence lon
m/z Expected Calculated  (ppm) Score
13 mL
bPFD subunit 6 419.7919 837.5692 837.5688 0 0 K.LLGPVLVK.Q 29
407.8958  1220.6655 1220.6765 -9 1 R.LDYITAEIKR.Y 10
459.9311 1376.7714 1376.7776 -4 2 K.RLDYITAEIKR.Y 44
530.9514  1589.8324 1589.8413 -6 1 K.LQGEVEKYQQLQK.D 14
538.3094 1611.9065 1611.9195 -8 2 M.AELIQKKLQGEVEK.Y 17
811.4819 1620.9492 1620.9563 -4 1 K.LLGPVLVKQELGEAR.A 35
541.3245 1620.9516 1620.9563 -3 1 K.LLGPVLVKQELGEAR.A 70
573.6508 1717.9304 1717.9362 -3 2 K.KLQGEVEKYQQLQK.D 16
509.2742  2033.0675 2033.0793 -6 2 K.LQGEVEKYQQLQKDLSK.S 6
678.6966  2033.0681 2033.0793 -6 2 K.LQGEVEKYQQLQKDLSK.S 17
bPFD subunit 4 648.2917  1294.5689 1294.5677 1 0 K.FGSNINLEADES.- 16
454.2780 1359.8121 1359.8126 0 1 R.VLADLKVVQLYAK.F 73
680.9135 1359.8124 1359.8126 0 1 R.VLADLKVVQLYAK.F 51
599.3040 2393.1868 2393.1975 -4 2 K.AAAEDVNVTFEDQQKINKFAR.N 70
bPFD subunit 2 480.2682 958.5218 958.5270 -5 0 R.MVGGVLVER.T 63
488.2669 974.5192 974.5219 -3 0 R.MVGGVLVER.T (Oxidation M) 48
693.4026  1384.7906 1384.7926 -1 0 K.NETLTQQLQAK.G 70
442.4901 1765.9312 1765.9331 -1 2 K.CYRMVGGVLVERTVK.E 1
521.0409 2080.1345 2080.1528 -9 2 R.TVKEVLPALENNKEQIQK.I 18
694.3857 2080.1352 2080.1528 -8 2 R.TVKEVLPALENNKEQIQK.I 15
bPFD subunit 3 547.2867 1092.5589 1092.5637 -4 0 K.FMELNLAQK.K 55
555.2836  1108.5526 -5 0 K.FMELNLAQK.K (Oxidation M) 9
407.8958  1220.6655 6 1 K.FMELNLAQKK.R 7
628.2492  1255.6292 1255.6271 2 0 R.FLLADNLYCK.A 68
462.2492  1383.7258 3 1 R.YKFMELNLAQK.K 19
bPFD subunit 1 433.7423 865.4701 865.4731 -4 0 R.MFILQSK.E 38
729.4209 1456.8273 1456.8136 9 2 K.IAEEKIKELEQK.K 6

Error (ppm): refers to the error window of the mass in parts per million. Miss: Refers to the b or y ions of a particular amino acid
that were not identified in the MS/MS frame. lon score: refers to the significance threshold, based on the calculated probability P,
-10Log(P). N.O.= not observed

Unfortunately the proteomic and native MS analysis of the fraction containing bPFD revealed that
there was contamination by the protein endoplasmin (Appendix C). Approximately 1/3 of the sample
is estimated to be endoplasmin (Section 7.2.1.1). The sample was concentrated using an Amicon
membrane (30 KDa) fitted concentrator and the concentration was calculated using a Bradford
coomassie assay (ThermoFisher Scientific Pierce, Massachusetts, Uniter States). The proteins were
frozen and stored at -20 °C until subjected to analysis or required for further assays. Concentrations
were adjusted accordingly to include the contamination of endoplasmin. Overall yield was found to

be approximately 500 ug.

3.2.3: Expression and Isolation of hPFD Subunits

Individual hPFD subunits were obtained through recombinant protein expression. To facilitate the
purification of the subunits, each subunit was expressed as a fusion protein with a His-tag using the
pPROX HTb bacterial expression vector (Aldevron) allowing cleavage of the fusion partner post-

expression [309].
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Each subunit was adapted to accommodate a 6 x His tag, and a TEV protease site was included
between the His-tag and prefoldin subunit sequences. The ideal recognition site for TEV protease is
ENLYFQG, with cleavage occurring between the glutamine and glycine residues, leaving an N-
terminal glycine residue on the passenger protein [310], [311]. Therefore, an N-terminal sequence of
MSYYHHHHHHDYDIPTTENLYFQGAMGS and a C-terminal fusion sequence of
AAAFESRACSLEACGTKLGCFGG was added. The oligonucleotides encoding the PFD subunit sequences

and the translated amino acid sequences are shown in Appendix D.

The cDNA sequence corresponding to hPFD subunits 1-6 were cloned into the restriction sites BamHI
(345bp) and Notl (388bp) (Figure 3.9). Upon successful sequencing and cloning of the inserted
vector, the plasmid was transformed into Escherichia coli BL21(DES) cells for protein expression
tests. After transformation, the cells were grown on an agar and ampicillin (0.1%) plate. A colony
was inoculated into an overnight culture and then scaled up and expressed the next day using IPTG
for induction. Cellular growth was monitored by optical density at a wavelength of 600 nm. Growth
to induction density (ODego approximately 0.4-0.6) was rapid, taking approximately 2 hours, and
growth to completion (ODsgo approximately 2.5-2.8) was equally as rapid, taking approximately 7
hours. The cells were harvested and lysed with the addition of lysozyme and freeze thaw cycles. The
supernatant was dialysed to remove detergent and this was loaded onto a pre-equilibrated nickel
affinity column. The nickel column is able to form a metal chelate with the poly His-tag on the N-
terminus of the subunits [312]. Washing the column with low amounts of imidazole aids in selectivity
as the histidine analogue removes clusters of histidine exclusive of the tag bound to the stationary
phase. Increasing the amount of imidazole competitively elutes the bound polyhistidine residues

[313].

All 6 hPFD subunits were cloned, expressed and analysed by SDS PAGE utilising a solution of 50mM
NaH,PO, and 0.1% SDS to extract and solubilise the subunits. All the subunits were seen to be highly
expressed when analysed through SDS PAGE (data not shown), however, SDS was difficult to remove
from the samples and refolding of the denatured proteins could not be achieved. Therefore, a
solution of 50mM NaH,PO4 and 0.1% TWEEN 100 was used instead to extract and solubilise the
expressed subunits. SDS PAGE analysis (of the same batch of expressed proteins as previously
extracted by 0.1 % SDS) following extraction with this solution revealed that many of the subunits
could not be solubilised with TWEEN. Comparisons between the SDS PAGE analyses of the samples
extracted with the different detergent solutions showed inclusion bodies forming when utilising
TWEEN 100. This ultimately led to difficulty in the extraction process. Fortunately, it was found that
hPFD subunits 5 and 6 were soluble with the aid of TWEEN 100 and although there is a lack of global

68/284



sequence similarity between the subunits (Table 3.2), there are regions of conserved sequence
similarities [79], [98]. It is for these reasons that this thesis focuses on hPFD subunit 5 to represent a-

type subunits and subunit 6 to represent B-type subunits of the complex PFD.

Hpal (4574
“Apal (4219)
acl

Bell (4022)

Figure 3.9: Schematic representation of the bacterial expression vector pPROEX HTb. Features include the trc promoter,
M13 pUC rev primer, pTrcHis rev primer, pBAD rev primer, rrnB T1 terminator, rrn T2 terminator, AmpR promoter,
Ampicillin, pBR322 origin, pGEX 3 primer, & lacl. Adapted from [314].

Fractions containing protein from the nickel affinity column were combined, concentrated and
purified over an Superdex 200 size exclusion column as seen in Figure 3.10 for hPFD subunit 6, which
was found to elute from the column at approximately 15 mL. Proteases and additional proteins
related to E coli. were eluted from the Superdex 200 column before and after the elution of hPFD
subunit 6 as seen in Figure 3.10. Unfortunately, the S200 column was not calibrated. The protein was
analysed by MS following isolation and hence an approximation of the molecular weight was not

necessary.
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Figure 3.10: The UV absorbance elution profile of hPFD subunit 6 from a size exclusion S200 column. The aqueous used
was 100 mM AA buffer at pH 7.4. and monitored through the % of conductivity (red). Proteins eluting from the column
were detected through UV absorbance at A 280 nm (blue). Highlighted in purple are the fractions in which bPFD was
identified.

Purified subunits were incubated with TEV, however less than half of the protein was found in the
truncated form (analysed by SDS PAGE, data not shown). There is some precedent to suggest, for
certain proteins, there is little effect on structure or function with the fusion tags located on both
termini [315]. Ideally, comparisons between tagged and non-tagged forms of the hPFD subunits in
structural and functional assays would give an indication to whether the fusion His-tag has an effect
on the overall characteristics of the protein. Unfortunately, here it was not possible to produce the
untagged protein in high quantity and with minimal steps of purification, and hence the tag was left
on the sequence. Since the protein was shown to form oligomers and have chaperone activity, it was

assumed the tag had minimal influence.

The subunit identities were confirmed by a combination of Western blotting, SDS gel electrophoresis
(Figure 3.11) or by MS analysis (Section 6.2.2&6.2.3). Shotgun MS was not required at this stage due

to the increased purity of the samples.
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PFD5 PFD 6

Figure 3.11: hPFD subunits 5 & 6 following overexpression, SDS PAGE 15% analysis stained by Coomassie. Densitometric
analysis of the gel revealed approximately 35 % of purity for both expressed proteins

Densitometric analysis of the gels were conducted using an open software called Image) (NIH,
Maryland) to measure the purity of the proteins. Analysis of the gels directly following
overexpression reveals a purity of approximately 35 % for both expressed bPFD subunits. Samples
following the purification protocol detailed in Section 3.3.3 were subjected to SDS PAGE and
densitometric analysis and were found to be pure (data not shown). Concentrations of the samples
were then measured with a Nano 2000 (Varian Ltd, Australia). The purified hPFD subunits were
frozen and stored at -20 °C until required for analysis. Suitable material for subsequent structural

and functional analyses was successfully obtained (Section 6.2.2, 6.2.3).

3.2.4: The Biological Activity of Eukaryotic PFD

3.2.4.1: Chaperone Properties of bPFD and hPFD Subunits 5 and 6

The chaperoning abilities of PFD has been found to extend to the misfolding peptides of AR [80]-
[82], [102], [316], and as previously mentioned in Chapter 1, the individual subunits of PFD also
exhibit unique functionality. The chaperoning abilities of the extracted bPFD complex and individual

hPFD subunits 5 and 6 are therefore explored in this section.

Due to its aetiology in Alzheimer’s disease and similar biological activity to AB(1-42), the amyloid
beta isoform AP(1-40) was chosen as the prefibrillar peptide to utilise for aggregation assays.
Although AB(1-42) has been found to be the predominant neurotoxic peptide [317], the 2 extra

amino acids increases the hydrophobicity of the peptide, resulting in a faster rate of fibrillogenesis at
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physiological pH and therefore manageability is difficult [280], [318], [319]. Both monomeric AB
peptides convert from a random coil structure to the highly structured B-sheet fibrils in vitro through

the incubation of the peptide at neutral pH and at 37 °C.

To measure the influence of the extracted bPFD complex and individual hPFD subunits 5 and 6 on
fibril inhibition, a ThT assay was first performed. ThT has the unique property of binding to cross B-
sheet structures, upon which it becomes highly fluorescent as described in Section 2.2.1. The more
cross B-sheet rich a sample is, the more binding occurs and a higher amount of fluorescence is
observed. This characteristic enables the quantification and monitoring of cross B-sheet amyloid

fibril formation.

AB(1-40) was incubated with either bPFD, hPFD subunit 5 or hPFD subunit 6 and the dye ThT. There
are 3 phases of amyloid fibril formation in vitro; namely the lag phase, elongation phase and plateau
phase. These phases give insight into the nucleation rate, growth rate and quantity of fibril
formation, respectively. The peptide AB(1-40) in the absence of molecular chaperones was found to
have a lag phase of approximately 30 minutes before a sigmoidal increase in ThT fluorescence
emission intensity (490 nm) was observed. This lag phase suggests the peptides existed primarily in
monomeric form before incubation [320]. The ThT fluorescence for AB(1-40) alone was found to
plateau at approximately 25 hours, reaching fluorescence at approximately 2200 a.u.. The formation
of amyloid fibrils was later confirmed by TEM (Refer to Section 3.2.4.3). A sample of co-incubated
AB(1-40) and IgG at a ratio of 1:0.02, under the same conditions, was shown to affect the elongation
phase when compared to the fibril formation of independent AB(1-40). However, fibril plateau was
reached at a similar time frame of approximately 25 hours. Although this co-incubation was initially
used as a negative control, several papers revealed the possible chaperoning functions of the
antibody [321], [322]. Consequently, the control conditions here are the samples incubated without
PFD. It cannot be concluded from this data whether or not bPFD directly forms a stable complex with
the misfolding peptide. Further biophysical characterisations are required to examine the possibility

of protein complex formation.

No change in ThT fluorescence was produced by bPFD, hPFD subunit 5 or hPFD subunit 6 when the
proteins were incubated independently under the same conditions which promoted the conversion
of the AB(1-40) monomer to amyloid fibrils, i.e. 37 °C, pH 7.4, without shaking. This result suggested
the a-helical proteins did not form any amyloid fibrils over the course of the experiment. To verify
this, samples were viewed by TEM (Figure 3.17). As there were no aggregates observed, the proteins

are inherently not amyloidogenic nor likely to interact directly with free ThT.
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To conserve the low quantities of the extracted bPFD, it was decided that ThT assays conducted with
the intact complex would be at low chaperone ratios. The addition of bPFD to AB(1-40) at a ratio of
1:0.02 was observed to have a profound effect on both the elongation and plateau phase of the fibril
formation. It was seen, however, that the lag phase remained similar to that observed in the
absence of a chaperone. Figure 3.12 reveals the inhibition of fibril formation when prefibrillar AB(1-
40) is treated with bPFD. The elongation phase is observed to have a decreased rate of fibril
formation and plateau is seen to be reached at approximately 35 hours, indicating that the
prefibrillar AB(1-40) has reached structural equilibrium. As the assay utilises AB(1-40) from the same
stock, the fibril formation can be quantified relative to the batch it is run in, suggesting bPFD is
acting as a molecular chaperone towards AB(1-40). Unfortunately, differences in independent AB(1-
40) fibril formations were observed in varying batches of the peptide, therefore representative data
is presented. It should also be noted that the literature evidence supports that the contaminant
endoplasmin, is able to inhibit AR fibril formation in the presence of ATP [323]-[325], and Evans et
al. demonstrated that the co-incubation of the prefibrillar amyloid peptide, Hsp90 and a
nonhydrolysable ATP analogue was able to inhibit approximately 30 % of AB(1-42) from forming
fibrils at a ratio of 1:0.01 (AB:Hsp90) [324]. However, all ThT assays in this Chapter were conducted
in the absence of ATP or other comparable co-factors, and therefore the chaperone activity

observed can likely be attributed to bPFD.
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Figure 3.12: bPFD inhibits AB(1-40) fibril formation. AB(1-40) (50 M) was incubated at 37 °C with ThT in the absence &

presence of bPFD and IgG at a concentraction of 1 uM. bPFD (1 uM) was also incubated independently. Representative

data are shown from three independent experiments performed in triplicate, which were seen to exhibit similar trends.
The lag phase for all incubations was approximately 30 minutes.

Similar to the co-incubation of AB(1-40) and bPFD, the addition of hPFD subunit 5 to AB(1-40)
appears to have a profound effect on the fibril formation of the prefibrillar peptide. The addition of
substoichiometric amounts of hPFD subunit 5 (1:0.02 ratio mAB(1-40):subunit 5) observably alters
the elongation phase and the plateau phase of fibril formation, as seen in Figure 3.13. Although the
lag phase of the fibril formation does not change, the rate of fibril elongation has drastically
decreased with the addition of hPFD subunit 5. For example, at 10 hours the change in fluorescence
differs significantly between the incubation of AB(1-40) without hPFD subunit 5 and with the
addition of the protein at the ratio of 1:0.02, with AThT at 1500 a.u. and 1100 a.u. respectively. AB(1-
40) incubated alone plateaus at approximately 25 hours, indicating that structural interconversions
have reached equilibrium. In comparison, upon addition of hPFD subunit 5 at a ratio of 1:0.02, the
plateau is observed at approximately 35 hours with a lower overall AThT fluorescence. As the assay
utilises AB(1-40) from the same stock, the fibril formation can be quantified relative to the batch it is

run in, suggesting hPFD subunit 5 is acting as a molecular chaperone towards AB(1-40).

Increasing the chaperone concentration of hPFD subunit 5 to a ratio of 1:0.1 is seen to further affect
the lag time, the elongation rate and the plateau of fibrillation. The nucleation of AB(1-40) was
delayed for approximately one hour following the addition of hPFD subunit 5 at the ratio of 1:0.1.
The rate of fibrillogenesis is seen to also significantly decrease and at plateau, AThT is less than a
third in comparison to AB(1-40) incubated independently. AB(1-40) incubated with the chaperone
hPFD subunit 5 at higher ratios of 1:0.2 and 1:0.5 reveal no increase in ThT fluorescence throughout

the incubation period (85 hr) suggesting the abolishment of amyloid fibril formation by AB(1-40).
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Figure 3.13: hPFD subunit 5 inhibits AB(1-40) fibril formation. AB(1-40) (50 uM) was incubated at 37 °C with ThT in the
abscence & presence of varying concentractions of hPFD subunit 5. Representative data are shown from three
independent experiments performed in triplicate, which were seen to exhibit similar trends. The lag phase for all
incubations was approximately 30 minutes.

The addition of APFD subunit 6 to monomeric AB(1-40) in aggregating conditions at low
concentrations was found to have an even greater effect on the formation of B-sheet rich fibrils
(Figure 3.14) than hPFD subunit 5. The addition of hPFD subunit 6 to AB(1-40) at a ratio of 1:0.02
(AB(1-40):subunit 6) was found to significantly reduce the rate of fibrillogenesis, and at plateau,
AThT is seen to be reduced to less than a third than that of the incubation of AB(1-40) alone.
Increasing the concentration of hPFD subunit 6 to the ratio of 1:0.1 and higher was found to
completely inhibit the misfolding pathway of the disordered amyloid peptide. This indicates that
hPFD subunit 6 has a high chaperone propensity for the misfolding peptide and was able to directly

interact with the prefibrillar monomer and inhibit the formation of B-sheets.
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Figure 3.14: hPFD subunit 6 inhibits AB(1-40) from forming fibrils. AB(1-40) (50 M) was incubated at 37 °C with ThT in
the absecence & prescence of varying concentractions of hPFD subunit 6. Representative data are shown from three
independent experiments performed in triplicate, which were seen to exhibit similar trends. The lag phase for all
incubations was approximately 30 minutes.

Although sub-stoichiometric concentrations of bPFD were used in this assay to conserve the protein
for further assays, there is clear indication of fibril inhibition. To compare the effectiveness of the
intact complex and the individual subunits 5 and 6 against the prefibrillar AB(1-40), the plateau
phase of each co-incubation with AB(1-40) at the ratio of 1:0.02 is plotted in Figure 3.15. AThT
fluorescence at plateau was normalised against the fluorescence observed for unaccompanied AB(1-
40) at structural equilibrium and it can be seen from Figure 3.15 that bPFD was able to inhibit AB(1-
40) from forming fibrils to a greater extent than the individual subunits, with a 76 % reduction in

fibril formation compared to 67 % and 18 % for hPFD subunit 5 and 6 respectively.

In an effort to determine the free AB(1-40) and the possible complex formed following bPFD and
hPFD subunit chaperoning, samples from the ThT assays were briefly centrifuged (1000 g, 5 minutes)
and the supernatant analysed by ESI-MS. Unfortunately, the spectra obtained showed only salts
within the buffer and attempts at desalting resulted in spectra without protein, suggesting protein

precipitation following buffer exchange.
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ThT assays were also conducted on preformed fibrils to determine the disruptive behaviour of bPFD
and hPFD subunits. It was found that the chaperone was unable to disengage the structured fibrils
(data not shown). However, the addition of each protein at a ratio of 1:0.5 (AB(1-40):protein) during
the elongation phase of AB(1-40) was found to inhibit further fibril formation (data not shown).
However, as the preformed fibrils remained present in the assays, disruption of fibrils by bPFD and

hPFD subunits was not thoroughly explored.
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Figure 3.15: Comparison of the AThT plateaus of the ratio (AB(1-40):Protein) 1:0.02 normalised against the plateau of
AB(1-40) fibrils formed. The data presented here are the calculated normalised EThT mean +/- SD from 3 independent
repeats of the experiment. Post-hoc test following ANOVA 1 way analysis revealed all differences were statistically
significant with the exception of column 1 & 2 (AB Fibrils and IgG, data not shown).

To demonstrate the concentration dependent inhibitory effect of hPFD subunits 5 and 6 on the fibril
formation of AB(1-40), surrogate rates of fibrillogenesis were formulated and graphed as seen in
Figure 3.16. The fibrillogenesis rate is calculated from the linear slope during the elongation phase,
and averaged over three independent experiments. This surrogate rate of fibrillogenesis is therefore
calculated as the initial rate of fibril formation via the AThT (a.u.) over time. Figure 3.16 exposes the
difference in chaperone ability the hPFD subunits have for the amyloidogenic peptide and the
concentration dependence of the rate of fibril formation. At the molar ratio of 1:0.02, the addition of
hPFD subunit 5 decreases the rate of conversion of the random coil AB(1-40) to structured B-sheets
from approximately 110 to approximately 90 AThT(a.u.)/hr. In comparison, the addition of hPFD

subunit 6 at the same concentration decreases to approximately 50. When the ratios are increased
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to 1:0.1, fibril formation is observed for hPFD subunit 5 at an initial rate of approximately 50
AThT(a.u.)/hr, however the co-incubation of hPFD subunit 6 and AB(1-40) at this ratio shows no fibril
formation. At higher ratios of co-incubation of 1:0.2 and 1:0.5 for both hPFD subunits, fibril

formation is not observed.
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Figure 3.16: Fibril formation rate as measured by AThT over time for AB(1-40) & varying concentrations of hPFD subunits
5 & 6. Rates were extracted from the initial linear elongation phase in the ThT assays. Fibril formation was not observed
for co-incubation of AB(1-40) & hPFD subunit 5 at ratios of 1:0.2, 1:0.5 & AB(1-40) & hPFD subunit 6 1:0.1, 1:0.2, 1:0.5.
The data presented here are the calculated mean from the rate of fibril formation, +/- SD from 3 independent repeats of
the experiment.

The ThT assays reveal that the formation of fibrils by AB(1-40) was significantly reduced and in some
cases completely abolished with the co-incubation of AP(1-40) and bPFD or one of the hPFD
subunits. It is hypothesised that the inhibitors interfere with the fibril formation by interacting with
the prefibrillar species, by binding to and redirecting the folding of the protein to afford off-pathway
monomers and oligomers. Although the mechanism by which this is achieved is not well understood,
it is known that many different types of intermolecular contacts may mediate chaperone-protein
interactions, including interactions with exposed aromatic residues and amino groups [326], [327]. It
is therefore postulated that the inhibition of AB(1-40) fibril formation by bPFD and its subunits are
mediated through non-specific interactions that take place as the misfolding of the amyloidogenic
peptide exposes regions of hydrophobicity that interact with PFD and initiates the remodelling
processes. Previous studies of PFD have determined the amphipathic a-helical tentacles of the jelly

fish like structure to be the fundamental component for its chaperone activity [91], [93], [328]. It is
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suggested that these a-helical extensions have regions of hydrophobicity that are normally buried,
but are exposed in the vicinity of the misfolding peptide. The hexameric complex encapsulates the
misfolding peptide and their hydrophobic regions bind and interact. This ability to recognise
segments of exposed hydrophobic amino acid residues, which are normally buried in the interior of

the natively folded protein is similar to the chaperoning function of HSP70 [71].

The in vivo biological activity of eukaryotic PFD has been found to include chaperoning the misfolded
actin to CCT for refolding [95], [329], and it is likely that the chaperone acts in a local manner rather
than inducing large conformational changes, as also observed for HSP70 [71], [329]-[331]. The
transient release of the bound misfolded peptide is necessary for refolding, and the interactions of
the chaperone to the hydrophobic regions of the substrate prevents aggregation and reduces the
concentration of free folding intermediates [68]. Since ATP was not included in the ThT assays
conducted in this Chapter, it is revealed that the chaperoning mechanism of PFD is independent of
energy input from ATP hydrolysis. Chaperones that protect the substrates from aggregation by
holding them in their cavities, do not directly facilitate refolding, and are independent of ATP are

referred to as ‘holdases’ and hence PFD is identified as a holdase chaperone [332].

As the proposed mechanism of identifying the misfolded substrate is through exposed hydrophobic
residues, the ability to identify these normally buried residues for binding is likely to be a
contributing factor in the efficiency of chaperoning. Therefore, flexibility in the complex PFD and its

substrates may be a crucial factor to the efficiency of chaperoning.

The data in this Chapter shows that the intact complex bPFD was found to be the most efficient at
inhibiting AB(1-40) from fibrillation, followed by hAPFD subunit 6 and then hPFD subunit 5.
Recognition of the misfolded protein is a prerequisite for efficient chaperone activity and although
flexibility in the regions of hydrophobicity is likely to be a protein characteristic required to
efficiently recognise misfolded substrates; it is likely that there are other contributing factors. It can
be proposed that intact bPFD has a higher chaperoning efficiency than hPFD subunit 5 and 6 due to
the higher number of flexible regions dedicated to the identification of the misfolded polypeptides.
As all 6 subunits construct the intact complex, and it is presumed that each PFD subunit has its own
region of misfolding recognition; bPFD therefore has 5 more ‘zones’ than hPFD subunits 5 and 6

available for identifying and binding to exposed hydrophobic residues of misfolded polypeptides.

The data here shows that hPFD subunit 6 is more efficient at inhibiting fibril formation than hPFD
subunit 5, and this suggests that the B type subunits are better chaperones than a type structures.

As the modelled hexameric PFD structure consists of 4 outer B type subunits and 2 inner a type
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subunits, it is likely that the outer B type structures contribute more to the overall binding and

chaperone efficiency.

It is also suggested that cellular temperature can affect the efficiency of biological chaperones such
as PFD. A published study of phPFD revealed the archaeal chaperone assisted in the correct refolding
of denatured lysozyme at temperatures of 20 °C and suppressed refolding of lysozyme at higher
temperatures of 40 °C [333]. Although these findings seem to establish chaperone efficiency at
lower temperatures, the paper reported that the interactions of the chaperone with the denatured
lysozyme at temperatures of 40 °C was significantly stronger than at 20 °C. In this case, refolding of
lysozyme to its native conformation was prevented at 40 °C due to the strong interactions between
chaperone and substrate resulting in high concentrations of intermediate states. Although not
studied in this work, this strongly suggests that temperature could be a key influence on chaperone
activity of eukaryotic PFD and it is proposed that the binding interactions of bPFD, hPFD subunits 5

and 6 may have had an increased chaperoning effect on misfolding AB(1-40) at higher temperatures.

Although upregulation of the intact hexameric chaperone has not been observed in studies of
thermal aggregation [334], thermal stress studies of pyrococcus furiosus (pf) showed that the gene
encoding the pfPFD B subunit was down regulated upon heat shock [335] and studies of mjPFD was
identified to have 2 putative types of a subunits with an upregulation of 20-fold for one of the a
subunits following heat shock [86], [336]. In this particular study, it was unclear whether the subunit
could function as a homo-oligomer or needed to interact with the B subunit to assist in protein
refolding. However, the opposing regulation of a and B archaeal PFD subunits in response to heat
shock suggests the subunits have different roles in response to elevated cell temperatures and this
may be reflected in the results obtained here. As hPFD B subunit 6 was found to be a more efficient
chaperone than hPFD a subunit 5 at temperatures of physiological conditions, in conditions of
thermal stress the upregulation of a type subunits may occur so that the overall number and

function of a type subunits match the efficiency observed by B type subunits.

Although there are no eukaryotic studies that detail upregulation of one type of PFD subunit
occurring in vivo, knockdown studies of PFD subunits 2 and 5 in mice revealed an overall reduction in
expression of the other remaining subunits with differences in quantities observed between the
subunits [102], [316]. This supports the notion of the individual hPFD subunits having separate
functions in vivo and being regulated differently in response to heat shock. A study that has
observed upregulation of the intact hexameric complex found that the protein concentration
increased when levels of AP in mice were increased [82]. Our studies undoubtedly prove the

chaperoning efficiency of bPFD and the fibril inhibition effect it has on AB. Therefore, the
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combination of these results proves the importance of PFD in the accumulation of misfolded AR and

the possible potential for therapeutics in this signalling pathway.

3.2.4.3: TEM analysis of the incubated Af3(1-40), bPFD and hPFD Subunits 5 and 6

To further verify the presence of amyloid fibrils, TEM images were collected at the conclusion of the
ThT assays (Figure 3.17). Samples were also further incubated for a week to determine any long term
effects of the fibril forming conditions and TEM images were again collected, however no difference
was observed. In samples containing aggregated APB(1-40), the fibrils observed were in high
abundance, with long stretches reaching to approximately 5 um in length and many were highly
branched. In comparison, the incubated samples of AB(1-40): bPFD at a molar ratio of 1:0.02, reveal
a significant reduction in the number of fibrils formed by AB(1-40) (Figures 3.17B&C).
Morphologically, these fibrils resembled the rod-like structures formed by AB(1-40) alone (Figure
3.17) although they were shorter, reaching approximately 1 um in length and were observed in the
presence of small rounded aggregates (Figure 3.17B&C). Interestingly, the fibrils seen in the
incubated samples of AB(1-40):subunit 5 at a molar ratio of 1:0.02 (Figure 3.17D), were found to
exhibit similar morphology to the fibrils of the co-incubation of AB(1-40): bPFD. Although higher
abundance of fibrils was seen in the TEM samples of AB(1-40) and hPFD subunit 5, these fibrils were
also found to reach approximately 1 um in length and observed in the presence of aggregates
(Figure 3.17D). Similar images were also recorded for incubation of AB(1-40) and hPFD subunit 6
(Figure 3.17E) at the same concentration. Although the appearance of the small aggregates and
fibrils were similar to the co-incubated samples of AB(1-40) with either bPFD or hPFD subunit 5,
fibrils were found to reach lengths of approximately 3 um. The abundance of fibrils was observed to
be less than those seen for AB(1-40):subunit 5, although higher than the amount of fibrils upon co-
incubation of AB(1-40): bPFD. No fibrils were observed following incubation of AB(1-40) and hPFD
subunits at high concentrations (Figure 3.17F), consistent with the results obtained from the ThT

assays, further validating the chaperone activity of the bPFD and hPFD subunits.
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Figure 3.17: TEM images of AB(1-40) peptide following ThT assays. (A) Fibrils formed from peptide AB(1-40) (50 pM).
(B&C) AB(1-40) (50 uM) incubated in the presence of bPFD (1 uM). (D) Fibrils formed from peptide AB(1-40) (50 uM) in
the presence of hPFD subunit 5 (1 uM). (E) Fibrils formed from peptide AB(1-40) (50 uM) in the presence of hPFD subunit
6 (1 uM). (F) AB(1-40) (50 uM) incubated in the presence of hPFD subunit 6 (25 pM). Scale is as indicated in figures.

The morphology of the fibrils following the co-incubation of the amyloidogenic peptide and bPFD,
hPFD subunit 5 or hPFD subunit 6 is revealed in the TEM images of Figure 3.17B-F. Although it has
been previously postulated that the chaperone interacts with the prefibrillar peptide to prevent fibril

formation, it is curious to see by TEM that the fibrils formed in the co-incubations are short in length
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and do not reach spans seen in the incubation of AB(1-40) alone. This raises the possibility of
chaperone interaction at the regions of hydrophobicity present at the ends of the fibrils. It is possible
that the amphipathic coils of the chaperone are attracted to the exposed hydrophobic residues of
the fibril end whilst simultaneously attracted to the exposed hydrophobic residues of the misfolded
prefibrillar species. The concept that these chaperones may bind to fibrils at the ends or along the

surface to prevent further elongation aligns with the recent work seen for sHsps [337]—[339].

It was previously proposed that the biological mechanism of eukaryotic PFD was through a bind and
release cycle to guide misfolded amyloidogenic peptides to the correct form. It is postulated here
that the chaperone also has the ability to bind to the end of fibrils through the same local bind and
release mechanism. However, as it has been found that PFD is unable to disrupt preformed fibrils, it
is likely that the chaperone competes with free form misfolded peptides to bind to the fibril,

therefore limiting further extension of the fibril.

3.2.4.4: Cytotoxicity assays of AB(1-40) and hPFD Subunits 5 and 6

Many previous studies have demonstrated that the fibrillar form of proteins display enhanced
cytotoxicity relative to the un-aggregated form [49], [50]. However, more recent studies have
emerged to reveal that the soluble oligomeric species preceding fibril formation are the likely

cytotoxic species [47], [51], [57], [340].

To compare the cytotoxicity of the soluble AB(1-40) monomer and the structured B-sheet fibrils,
both were added at a final concentration of 1 uM to cultured pheochromocytoma-12 (PC12) cells, a
neuronal cell line that is widely used to study amyloid toxicity. To determine if hPFD subunits also
extended their chaperone activity to prevent the toxicity of AB(1-40) to cells, the pre-incubated
samples from ThT assays were diluted with PBS and added to the PC-12 cells at a final peptide
concentration of 1 uM. As ThT was present in these samples, cells were also treated with a ThT-
containing control and independent hPFD subunit 5 or subunit 6 to see if these components had any
inherent cytotoxicity, however no toxicity was observed in these experiments. Treated cells were
incubated for 48 hours at 37 °C and cell survival was assessed by an MTT assay. Healthy cells
produce succinate dehydrogenase, a mitochondrial enzyme which has ability to reduce the MTT to
formazan, a purple substance. Cell viability is therefore quantified by measuring the mitochondrial
activity through the absorbance of formazan at 570 nm [341]. The cell viability assays were
normalised against a control of buffer treated PC12 cells. Values 3 standard deviations away from
the median were treated as outliers and excluded from the overall calculation due to possible

external contamination. Cytotoxicity assays with the intact bPFD complex were not included in this
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study to preserve the material for structural characterisation. It should also be noted that previous
studies have demonstrated that the fibrillar species are maintained in cell culture media and fibril
formation proceeds at a reduced rate [341], however the hPFD subunits are still able to chaperone

the misfolding substrates.

Figure 3.18 demonstrates the relative cellular toxicity of the different forms of AB(1-40) and the
influence of hPFD subunit 5. Cells treated with monomeric AB(1-40) exhibited the highest
cytotoxicity with a decrease in viability of approximately 50%. Pre-incubated, fibrillar AB(1-40) was
found to have the lowest cytotoxicity with approximately 80% cell viability. Cells treated with the
pre-incubated mixture of AB(1-40) and varying concentrations of hPFD subunit 5 exhibited cell

viability values between those of the fibrillar AB(1-40) and monomeric AB(1-40).
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Figure 3.18: Cytotoxicity studies of AB(1-40) in the absence & presence of varying concentrations of hPFD subunit 5.
Mitochondrial activity was measured through the absorbance of formazan at 570 nm and were then normalised against
the buffer control. Samples containing healthy cells (PBS buffer) and samples of AB(1-40) & hPFD subunit 5 from the
previous ThT assays were diluted with PBS. The diluted samples of Incubated AB(1-40) (1 pM final concentration) in the
absence or presence of hPFD subunit 5 (0-0.5 uM final concentration), & monomeric AB(1-40) were added to cell culture
media of PC12 cells, the cells incubated at 37 °C for 48 hr & cell viability was determined by an MTT assay. The data
presented here are the calculated mean +/- SD from 3 independent repeats of the experiment normalised against the
buffer control. Statistical significance between conditions is summarised in Appendix F.
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To ascertain if the difference observed between groups of cell viability values were significant, each
set of data within the cytotoxicity assay was subjected to a post-hoc test following a one-way
Analysis of variance (ANOVA). Post-hoc following an ANOVA test compares pairwise differences
among independent variable groups, based on the assumption that the populations are Gaussian
[342], [343]. A small P value suggests that the variances are different and data sets are determined
to be significantly different when P<0.05. Poc-hoc tests after a one-way ANOVA analysis of the
cytotoxicity studies of AB(1-40) co-incubated with different ratios of hPFD subunit 5 are summarised
in Appendices F and G. MTT assays for the individual hPFD subunits independently reveal no
statistical difference in cell viability relative to cells incubated with PBS buffer controls (Appendix F

and G) consequently revealing no inherent cytotoxicity exhibited by the chaperone subunits.

The cell viability assays for AB(1-40) fibrils co-incubation with AB(1-40) and hPFD subunit 5 at ratios
of 1:0.1, 1:0.2, and 1:0.5 show no statistical difference, but they are different to monomeric AB(1-
40). This suggests that hPFD subunit 5 is able to chaperone AB(1-40) into a product that is less toxic
than monomeric AB(1-40), however, only to the same extent of cytotoxicity displayed by fibrillar

AB(1-40).

Addition of pre-incubated hPFD subunit 6 and AB(1-40) to PC12 cells reveal a dose-dependent
decrease in cell viability as observed in Figure 3.19. The cell viability assays of AB(1-40):hPFD subunit
6 again exhibited cytotoxicity to a greater extent than fibrillar AB(1-40) and a lesser extent than

monomeric AB(1-40).

85/284



Subunit 6

< T
2 T
= 100+ -|- .|.
S
= i
o T
O 5o 1 T
[}]
=
&
A
c | ] ] 1 1 | 6; |
< © @2 & N 9 N
<& . \X Q A o K <
\;& \}Q{& .©\ Q 1\'9 y\'.Q \.Q o&
VT 63 N\ o
& o> &
e Qek
v.

Ratio Amyloid3(1-40):Subunit 6

Figure 3.19: Cytotoxicity studies of AB(1-40) in the absence & presence of varying concentrations of hPFD subunit 6.
Mitochondrial activity was measured through the absorbance of formazan at 570 nm and were then normalised against
the buffer control. Samples containing healthy cells (PBS buffer) and samples of AB(1-40) & hPFD subunit 6 from the
previous ThT assays were diluted with PBS. The diluted samples of Incubated AB(1-40) (1 uM final concentration) in the
absence or presence of hPFD subunit 6 (0-0.5 uM final concentration), & monomeric AB(1-40) were added to cell culture
media of PC12 cells, the cells incubated at 37 °C for 48 hr & cell viability was determined by an MTT assay. The data
presented here are the calculated mean +/- SD from 3 independent repeats of the experiment normalised against the
buffer control. Statistical significance between conditions is summarised in Appendix G.

Similar to the cytotoxicity assays for AB(1-40) and hPFD subunit 5, the cellular viability data sets of
AB(1-40) and hPFD subunit 6 were subjected to one-way ANOVA analysis to determine statistical

significances between data sets. The results are summarised in Appendix G.

Figure 3.19 and Appendix G reveals that there is no statistical difference between the cytotoxicity of
AB(1-40) fibrils and the co-incubation of AB(1-40) and hPFD subunit 6 at a ratio of 1:0.02. It is also
observed that the cytotoxicity of cells incubated with AB(1-40) is not statistically different between
the co-incubation of the amyloidal peptide and hPFD subunit 6 at ratios of 1:0.1, 1:0.2, 1:0.5,

however these do show a significant difference to the cells incubated with AB(1-40) fibrils.

It is seen in Figure 3.18 and 3.19 that the PC12 cells incubated with fibrillar AB exhibit fluorescence
at a slightly smaller degree than those incubated with buffer or independent protein. It was
previously stated in Chapter 2 that MTT assays quantify the metabolic activity of cells and are not
direct representations of cell death. Due to the plethora of studies that suggest the decreased

toxicity and possible null effect of fibrils [41], [47], [340], it is proposed that the decrease in
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fluorescence observed by fibrils and the products of AB(1-40) and PFD subunits at low
concentrations is mediated through a reduction in cellular proliferation. It is possible that the fibrils

present in these samples affect the rate of cell mitosis rather than inducing cyctotoxity.

From the MTT assays, it is also apparent that the co-incubation of the cells with AB(1-40) with either
hPFD subunit 5 and 6 at higher concentrations, induces cytotoxicity between the ranges observed by
fibrillar and monomeric AB(1-40). In Section 3.2.4.1, it was suggested that PFD is a holdase
chaperone; inhibiting aggregation of AB(1-40) through the encapsulation of the misfolding peptide
and refolding of the substrate is initiated through cycles of chaperone interaction and release. This
indirect chaperone participation is suggested to be a possible mechanism to explain the data seen
here, specifically the results observed for the co-incubation of hPFD subunit 6 and AB(1-40). It is
possible that the hPFD subunits are able to chaperone and ‘hold’ the substrate at a particular
intermediate product that is cytotoxic to cultured PC12 cells. It is suggested that this intermediate
product has a high attraction for the cellular membrane and as the hPFD subunits release the
intermediate from its cavity to initial refolding, the transient release allows membrane intercalation

resulting in cellular death.

To investigate the mechanism of cytotoxicity, microscopic digital photos were taken before and after
the incubation of PC-12 cells with the products of AB(1-40). Figure 3.20A reveals a well filled with
healthy cells taken before the addition of monomeric AB(1-40). Colourless, large cells with high fluid
content are indicative of healthy cells with the ability to divide and release NAD(P)H-dependent
cellular oxidoreductase enzymes. In comparison, Figure 3.20B was taken following the incubation of
monomeric AB(1-40). Small rounded cells and black inclusion bodies within the cytosol are indicative
of unhealthy dying cells. Microscopic views of the cells incubated with AB(1-40) and hPFD subunit 5
or 6 revealed the same small rounded cells and black inclusion bodies within the cytosol (data not

shown).
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Figure 3.20: Digital photographs of (A) healthy cells before incubation with monomeric AB(1-40) & (B) unhealthy cells
following incubation of taken through a microscope lens viewing the cells in a well from a 96 well plate. Fat, large,
transparent cells are indicative of healthy cells as indicated by the white arrows & small, nodular cells with black
inclusion bodies are indicative of necrosis & unhealthy cells as indicated by the blue arrows.

As the cells incubated with AB(1-40) and hPFD subunit 5 or 6 at high ratios revealed the same
morphology as the cells incubated with monomeric AB(1-40), this suggests that the toxic
mechanisms exhibited by the chaperoned peptide and monomeric AB are similar. Unfortunately the
cytotoxicity mechanism exhibited by the products of the co-incubation of the chaperone to AB has
yet to be determined however, several plausible suggestions are presented here. A mechanism
thought to occur for monomeric AB that is a possible scenario for the products of the co-incubation
of the hPFD subunit and AB(1-40) is the intercalation of the substrates into the lipid membrane. As
mentioned earlier, PFD is likely to chaperone AB through bind and release cycles. Unfortunately the
transient release of the misfolded AB(1-40) to allow for correct refolding also allows the substrate to
be electrostatically attracted to the negatively charged membrane of the cellular surface as seen in
Figure 3.21. It is possible that the refolding peptide embeds itself into the membrane to initiate the
folding of amphipathic a-helices. This is followed by the insertion of the peptide into the membrane
at an axis perpendicular to the bilayer and further accumulation of substrates into the lipid bilayer
allows dimerisation to complete traversal of the lipid bilayer membrane. It is possible that the
anionic phospholipids of the membrane are then reorientated. The embedded a-helical AR
substrates may congregate and align in the lipid bilayer as seen in Figure 3.21, where it is possible

that they interact to undergo a structural shift to form B-sheet conformations and B-sheet rich
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oligomers introducing leakages into the cell membrane [344]—-[346]. It is also possible that the
oligomerisation of the AP substrates within the membrane can result in a linear transmembrane
structure that occurs when the hydrophobic residues of the amphipathic AB peptides interact with
the lipid bilayer to force the hydrophilic face of the membrane to curve [340], [347]. This possible
intercalation mechanism of the products of the co-incubation of AB(1-40) and the hPFD subunits
results in an increase in permeability of the cell membrane resulting in cytotoxicity through cellular

chemical imbalances [348], [349].
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Figure 3.21: Schematic diagram showing peptide binding to a lipid bilayer, followed by insertion & oligomerisation.
Adapted from [344].

The co-incubation of PFD or its subunits with monomeric AB(1-40) is proposed to result in
intermediate structures of monomeric AB(1-40), however it is also likely that amyloid oligomers are
produced from the chaperoning interactions of PFD to the amyloidal peptide as misfolded AP is
released from PFD to permit refolding. Cellular death induced by AB oligomers has been thoroughly
explored and is proposed to be mediated through their ability to bind to multiple receptors
eventually resulting in the disruption of various signaling pathways. This lack of receptor specificity is
reportedly due to the oligomers ‘sticky’ characteristic that allows it to latch onto receptors. Figure
3.22 illustrates the receptors thought to be susceptible to amyloidal oligomers. This includes nerve
growth factor (NGF) receptors, prion protein (PrPC) receptors, N-methyl-D-aspartate receptors

(NMDAR), insulin receptors, and Frizzled (Fz) receptors [51], [340], [350].
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Figure 3.22: Schematic diagram showing the mechanism of AB oligomers on several different receptors. The ‘sticky’
property of the molecule results in extracellular receptor binding. Reproduced with permission from [51].
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Although the mechanism of PFD and the effects of its products are yet to be fully elucidated, work
described in this Chapter has been able to give an insight into the inhibitory effects of bPFD and its
subunits towards fibril formation by AB(1-40). It was found that intact bPFD has a high efficiency for
inhibiting the formation of fibrils at substoichiometric concentrations. Higher concentrations of hPFD
subunits 5 and 6 were needed to effectively inhibit the formation of fibrils, with hPFD subunit 6
exhibiting better chaperoning abilities than hPFD subunit 5 at the same concentrations. This was
reflected in the cell viability assays, where the cytotoxicity of the products from the co-incubation of
hPFD subunit 5 and AP were closer to the viability observed by fibrillar AR and the co-incubation

products of hPFD subunit 6 and AP were closer to the viability expressed of the monomeric APB.
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3.3: Experimental

All materials were purchased from Sigma Aldrich (Missouri, United States) unless otherwise stated.
FPLC columns were purchased from GE Healthcare (Little Chalfont, United Kingdom). Luria broth-
ampicillin agar plates (containing 100 pL of ampicillin stock (100 mg/mL) per 100 mL agar), ampicillin
stock (100 mg/mL) and luria broth (LB: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 1 L H,0) were
prepared in house using items purchased from Merck Millipore (Billerica, Massachusetts, United

States).

3.3.1: BLAST Needleman-Wunsch Global Alighment

BLAST Needleman-Wunsch global alignments were computed through the National Centre for
Biotechnology Information in the U.S. National Library of Medicine in the National Institute of Health

Parameters (https://blast.ncbi.nlm.nih.gov/Blast.cgi) for the algorithm Existence 11, Extension: 1. An

open source available for the generation of random sequences (http://random-ize.com/word-

scrambler/smb.php)

3.3.2: Extraction of bPFD

Bovine testes (500-600 g) were obtained from Austral Meats Butcher (South Australia). The skin of
the testes was stripped and the remaining flesh cut into small pieces and then blended with a
handheld blender until the meat had a smooth consistency. Cold homogenization buffer (20 mM
Tris-HCI, pH 7.2, 10 mM KCI, 5 mM MgCl,, 1 mM EGTA, 1 mM PMSF, cocktail inhibitor tablet (1
mg/mL, Roche, Switzerland), 1 mM DTT) was added to the blended tissue at a 1 mL/g ratio and this
was further blended at full speed for 5 minutes. The solution was centrifuged (4000 g) for 30
minutes and the pellet discarded. The supernatant was then further ultracentrifuged (80,000 g) for
an hour. The supernatant was decanted and filtered under vacuum with a double layer of Whatman
No. 1 filter paper. The solution was then cooled to 0 °C on ice and (NH4),SO4 was slowly added over
30 minutes until 20% saturation (117 g/L) was reached. This was stirred on ice for a further 30
minutes. The precipitate was collected by centrifugation (4000 g) for 10 minutes. Precipitation of the
remaining supernatant and collection of the precipitate was repeated at saturations of 40%, 60%
and 80% (NH4);SO4. Samples of the (NH4).SO4 pellets were then subjected to shotgun proteomics

analysis as described in Section 3.3.4.

The 40-60 % (NH4),SO4 pellet was dissolved by soft swirling into a NaH,PO,4 buffer (10 mM NaH,POs,,
1 mM EGTA, 1 mM DTT, 200 mL, pH 7.2) and this solution was then dialysed with this NaH,PO,
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buffer using a snakeskin membrane (10 kDa MW cut off, ThermoFisher, Massachusetts) overnight
with 3 buffer changes. The dialysed extract was centrifuged (7,000 g) to remove precipitate and the
supernatant was syringe filtered (0.2 um, GE Healthcare, Little Chalfont, United Kingdom). Using an
automated FPLC system (GE Healthcare, Little Chalfont, United Kingdom), this was then loaded onto
a pre-equilibrated Q-Sepharose HP 5/25 column (10 mM NaH,PO4, 1 mM EGTA, 1 mM DTT, pH 7.2).
The column was washed with this buffer at a rate of 10 mL/min until the UV absorbance plateaued.
The protein was then eluted with a step gradient using NaH,PO, buffers (100, 200, 300, 400 mM
NaH,PO4, 1 mM EGTA, 1 mM DTT, pH 7.2) at a rate of 10 mL/min. Fractions (100 mL) were collected
and samples of each fraction were analysed by shotgun proteomics. Fractions containing bPFD
subunits were combined, concentrated and buffer exchanged (20 mM Tris-HCI, 1 M (NH4)2S04, 1 mM
MgCl,, 1 mM EGTA , 1 mM DTT, pH 7.2) using an Amicon ultrafiltration cell fitted with a membrane

(10 kDa, Merck, Massachusetts) to approximately 5 mL.

The concentrated solution containing the bPFD extracts was then loaded onto a pre-equilibrated
phenyl Superose HP G20 column (20 mM Tris-HCI, 1 M (NH4)2504, 1 mM MgCl;, 1 mM EGTA, 1 mM
DTT, pH 7.2). The column was washed with this buffer at a flow rate of 2.5 mL/min until the UV
absorbance plateaued and protein was then eluted with a linear gradient (100 mL) (20 mM Tris-HCl,
1 mM MgCl, 1 mM EGTA, 1 mM DTT, pH 7.2) at a flow rate of 2.5 mL/min. Fractions (5 mL) were
collected and analysed by shotgun proteomics. Fractions containing bPFD subunits were combined,
concentrated and buffer exchanged (20 mM MES, 20 mM NacCl, 2 mM MgCl,, 1 mM EGTA, 1 mM
DTT, pH 6.0) using an Amicon ultrafiltration cell fitted with a membrane (10 kDa, Merck,

Massachusetts) to approximately 2 mL.

The concentrated solution containing the bPFD extracts was loaded onto a pre-equilibrated mono S
column (20 mM MES, 20 mM NaCl, 2 mM MgCl,, 1 mM EGTA , 1 mM DTT, pH 6.0). The column was
washed with this buffer at a flow rate of 1 mL/min until the UV absorbance plateaued and protein
was then eluted with a linear gradient (25 mL) at a flow rate of 0.5 mL/min with a high salt buffer (20
mM MES, 250 mM NacCl, 2 mM MgCl,, 1 mM EGTA , 1 mM DTT, pH 6.0). Fractions (1 mL) were
collected and analysed by Western blotting. The washings were found to contain bPFD subunits and
were therefore combined and concentrated using an Amicon ultrafiltration cell fitted with a

membrane (10 kDa, Merck, Massachusetts) to approximately 1 mL.

The concentrated solution containing the bPFD extracts was loaded onto a pre-equilibrated ceramic
hydroxylapatite type Il column (20 mM NaH;PO4, 20 mM KCIl, ImM MgCl, 0.1 mM CaCly, 1 mM DTT,
pH 6.8). The protein was eluted into a buffer of sodium phosphate (250 mM NaH,PQO,, 20 mM KCl,
1mM MgCl,, 0.1 mM CaCl,, 1 mM DTT, pH 6.8) at a flow rate of 1 mL/min. Fractions (1 mL) were
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collected and analysed by electrophoresis PAGE and Western blotting. Fractions containing PFD
were combined and concentrated using an Amicon ultrafiltration cell fitted with a membrane (10

kDa, Merck, Massachusetts) to approximately 500 pL.

The concentrated solution containing the prefoldin extracts was loaded onto a pre-equilibrated
Superdex 200 column (100 mM AA, pH 7.4). The protein was eluted into a buffer of ammonium
acetate (100 mM AA, pH 7.4) at a flow rate of 0.4 mL/min. Fractions (1 mL) were collected and
analysed by electrophoresis PAGE, Western blotting and proteomics. Fractions containing prefoldin
were combined and concentrated with an Amicon ultrafiltration cell fitted with a membrane (10

kDa, Merck, Massachusetts) to approximately 300 pL.

3.3.3: hPFD Subunit Expression

hPFD subunits were expressed as a fusion protein with a His-tag using the pPROX HTb bacterial
expression vector (Aldevron). A 6 x His tag and a TEV protease site was included between the His-tag
and prefoldin subunit sequences. The oligonucleotides encoding the PFD subunit sequences and the
translated amino acid sequences are shown in Appendix D. The cDNA sequence corresponding to
hPFD subunits 1-6 were cloned into the restriction sites BamHI (345bp) and Notl (388bp). Upon
successful sequencing and cloning of the inserted vector, the plasmid was transformed into

Escherichia coli BL21(DES).

Transformation of the DNA encoded plasmids was performed using an aliquot of E. coli cells
(BL21(DE3)). The competent cells (50 pL) and the plasmid DNA (pPROX HTb) (1 pL) were mixed
together and incubated on ice for 20 minutes. The temperature of the transformation mixture was
then rapidly raised to 42 °C for 30 seconds in a water bath and then cooled on ice for 2 minutes. The
transformation mixture was added to LB broth and these cells were grown with shaking (225 rpm)
for an hour at 37 °C. The cells were then pelleted (1000 g) for a minute and resuspended in LB broth
(200 pL). This was then spread over a LB-amp agar plate and cells were left to grow overnight at 37
°C. The next day a single colony was chosen from the plate and was inoculated into LB broth (2 mL)
with ampicillin (2 pL) and cells were grown with shaking (250 rpm) for 3 hours at 37 °C. When the
ODgoo reading reached 0.8-1.0, the inoculum (2 mL) was added to LB broth (10 mL) and ampicillin (10
pL) with shaking (250 rpm) for 1-2 hours at 37 °C until ODggo reached 1. 80% glycerol (25 mL) was
added to prepared culture and was slowly mixed. This solution was then aliquoted, flash frozen and

stored at -80 °C until required for overexpression.

The overexpression of cells was performed using a thawed aliquot of transformed DNA (1 pL) and

this was streaked onto an LB-amp agar plate using a sterile metal hoop. The cells were left to grow
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overnight at 37 °C. The next day a single colony was chosen from the plate and was inoculated into
LB broth (50 mL) containing ampicillin (50 uL), and cells were grown with shaking (200 rpm)
overnight at 37 °C. The next morning an aliquot of the overnight culture (10 mL) was inoculated into
LB broth (500 mL) containing ampicillin (500 pL) and grown with shaking (200 rpm) at 37 °C in
bunged conical flasks for approximately 3 hours until ODgoo reached 0.6-0.8. IPTG (250 pL, 1M) was
added to the medium and the culture continued to grow with shaking for another 5 hours. Cells
were then harvested by centrifugation (5000 g) for 10 minutes. The supernatant was discarded and
the pellets were suspended in lysis buffer (50 mM Tris, 250 mM NaCl, 1 mM EDTA, 1 mM PMSF, 0.1
% triton X 100 and protease inhibitor cocktail tablet (1 mg/mL, Roche, Switzerland)). Lysozyme (0.1
mg/mL) was added to the solution and this was then agitated on ice for an hour. The solution was
then frozen in a cold mixture of acetone and dry ice for 15 minutes. The frozen mixture was then
thawed in lukewarm water until completely melted (approximately 20 minutes). This freeze thaw
procedure was repeated for a total of 4 cycles. Deoxyribonuclease (0.1 pg/mL) was added to the
viscous solution and the mixture was agitated on ice for 20 minutes. The solution was then
centrifuged (7000 g) and the supernatant was dialysed into an imidazole washing solution (20 mM
NaH,P0O,4, 250 mM NacCl, 30 mM imidazole) overnight with 3 changes of buffer using a snakeskin
membrane (10 kDa MW cut off, ThermoFisher, Massachusetts). The supernatant was then syringe
filtered (0.2 um, GE Healthcare, Little Chalfont, United Kingdom) and loaded onto a pre-equilibrated
nickel column at a flow rate of 4 mL/min. The column was washed (20 mM NaH,PQO4, 250 mM NaCl,
30 mM imidazole, approximately with 200 mL) at a flow rate of 4 mL/min until the UV reading
plateaued. The bound proteins were then eluted from the column with a buffer high in imidazole
content (20 mM NaH,PO,4, 250 mM NaCl, 1 M imidazole) and fractions (5 mL) were collected.
Fractions containing protein visualised by UV were combined and concentrated with an Amicon
ultrafiltration cell fitted with a membrane (10 kDa MW, Merck, Massachusetts) until the volume was

approximately 0.5 mL.

The concentrated solution containing the His-tagged subunits was loaded onto a pre-equilibrated
Superdex 200 column (100 mM AA, pH 7.4 or PBS, pH 7.4). The protein was eluted into a buffer of
PBS (pH 7.4) at a flow rate of 0.4 mL/min. Fractions (1 mL) were collected and fractions containing
the hPFD subunits of interest were combined and concentrated with an Amicon ultrafiltration cell

(10 kDa MW, Merck, Massachusetts).

3.3.4: Shotgun Proteomics Analysis of Protein Fractions

Approximately 10 pg of protein was removed from the sample (as measured through a Bradford

coomassie assay (ThermoFisher Scientific, Massachusetts)). The sample was prepared in a solution of
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urea (100 pL, 7 M) and NH;HCOs (100 mM). DTT (10 uL, 1 M) was added, briefly vortexed, briefly
centrifuged and incubated at room temperature for an hour. IAA (10 uL, 1 M) was added, briefly
vortexed, briefly centrifuged and incubated at room temperature in darkness for 15 minutes. The
sample was diluted with NH4HCOs (600 pL, 100 mM) until the urea concentration was approximately
1 M. Trypsin (1 uL, 200 ng/ul) was added at a 1:50 ratio. The sample was briefly vortexed, briefly
centrifuged and then incubated at 37 °C overnight. Following incubation, the sample was cleaned
using a C18 reverse phase column (ThermoFisher Scientific, Massachusetts) and solvents removed
by SpeedVac (Savant, Farmingdale, NY). The sample was reconstituted into water and 0.1 % FA and
run through a LC-MS/MS system, a nanoLC 3000 RSLC coupled to LTQ Orbitrap XL ETD hybrid mass

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

3.3.5: Electrophoresis and Staining

15 % SDS lower resolving gels were cast by adding acrylamide (5 mL, 30 %), H,O (2.5 mL), resolving
gel stock (2.5 mL, Stock: 1 M Tris base, 0.4 % SDS), APS (50 uL, 10 %) and TEMED (10 pL). This was
mixed thoroughly and poured into clean casting plates. The gel was levelled with excess H,O
(approximately 1 mL). This was left at room temperature for 30 minutes to set. The water was
removed and the stacking gel was made by the addition of acrylamide (560 uL, 30 %), H.0O (3.2 mL),
stacking gel stock (1.25 mL, Stock: 0.5 M Tris base, 0.4 % SDS), APS (20 uL, 10 %) and TEMED (10 pL).
This was poured on top of the lower resolving gel and a gel comb was inserted into the stacking gel.

This was left at room temperature for 30 minutes to set.

SDS (1 g), glycerol (1 mL), Tris HCI (6.25 mL, 0.5 M, pH 6.8), B-mercapto-ethanol (100 pL),
bromophenol blue (0.05 %) and MQ water was added to make 10 mL of 5x stock loading buffer. Tris

base (15.1 g), glycerine (72 g), SDS (5 g) and MQ water were mixed to make 1 L of running buffer.

Electrophoresis apparatus was set up with 15 % SDS PAGE gels. Proteins subjected to analysis (20 pL)
were prepared with the addition of 5x stock loading buffer (5 pL). These solutions were vortexed and
briefly centrifuged before having DTT (1 pL, 500 mM) added. The solutions were vortexed,
centrifuged and warmed at 60 °C for 10 minutes. IAA (1 pL, 500 mM) was added and the solutions
were vortexed, centrifuged and incubated at room temperature in darkness for 10 minutes. The
comb was removed from the pre-cast gel and the protein sample solutions were then pipetted into
the wells. The running buffer was poured into the electrophoresis apparatus and the voltage was set

to 130 V. This was run for approximately 85 minutes.

Gels were either stained by coomassie, silver or transferred to a membrane for Western blotting.

Coomassie staining of the SDS electrophoresis gel was carried out using a coomassie blue R-250
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buffer (0.25% coomassie blue R-250, 50 % MeOH, 10 % HoAC, 40 % H,0) with agitation at room
temperature overnight. Following staining, the gel was removed and placed into a destaining

solution (30 % MeOH, 5 % acetic acid, 65 % H,0) until the bands containing protein were visualised.

For silver staining, the silver staining kit SilverQuest, manufactured by Invitrogen (California, United
States) was used. Solutions were prepared prior to staining; fixing solution (40 % EtOH, 10 % AcOH,
50 % H,0), washing solution (30 % EtOH, 70 % H,0), sensitising solution (30 % EtOH, 10 % sensitiser,
60 % H,0), staining solution (1 % stainer, 99 % H,0), developing solution (10 % developer, 0.1 %
developer enhancer, 89.9 % H,0). Following electrophoresis, the gel was agitated in fixing solution
(100 mL) for 20 minutes at room temperature. The fixative solution was decanted and the gel was
washed for 10 minutes in the washing solution. The washing solution was decanted and sensitising
solution (100 mL) was added to the gel. This was agitated for 10 minutes at room temperature. The
solution was then discarded and the gel was washed in the washing solution (100 mL) for 10
minutes. This was followed by a wash with H,O (100 mL) for 10 minutes. The water was discarded
and the gel was placed into the staining solution (100 mL) and agitated for 15 minutes. Following
staining, the solution was decanted and the gel was washed with H,O (100 mL) for approximately 40
seconds. The gel was then incubated in developing solution (100 mL) until the bands of protein were

visualised. Stopping solution (10 mL) was then directly added to the gel in the developing solution.

For Western Blotting, following electrophoresis, the gel was incubated at 4 °C in blotting transfer
buffer (100 mL, 25 mM Tris, 190 mM glycine, 20 % methanol) for 20 minutes. A polyvinylidene
difluoride (PVDF) membrane cut to the size of the gel was activated with 100 % methanol and
incubated at 4 °C in blotting transfer buffer (100 mL) for 20 minutes. The gel and membrane were
assembly together with filter papers and loaded into the transfer apparatus. Voltage was set at 100
V and the transfer was run for approximately 70 minutes. Following transfer, the membrane was
blocked with 5 % skim milk in tris-buffered saline (TBS, 60 mL) at room temperature for an hour. The
membrane was then incubated at room temperature with the primary antibody (PFD subunit 3, PFD
subunit 5, PFD subunit 6 purchased from Santa Cruz, 5 plL in 10 mL TBS) for 3 hours. The membrane
was then washed with TBS (100 mL) with 0.1 % of Tween (TBST) for 10 minutes. This washing was
repeated 3 more times with a new solution of TBST. The membrane was then incubated with the
secondary antibody (anti-goat, 2 pL in 10 mL TBS). The membrane was then washed with TBST (100
mL) for 10 minutes at room temperature and this was repeated 3 more times with a new solution of
TBST. The membrane was then cut into strips, incubated with GLO (3 mL) and then imaged with a

ChemiDoc MP (Bio-rad, California).
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3.3.6: Protein Concentration Determination

Protein concentrations were determined by UV-vis absorption measured at 280 nm using a Nano
2000 (Varian Ltd, Australia), using extinction coefficients calculated with online open source
software (http://web.expasy.org/protparam/; calculated extinction coefficients summarised in
Appendix E, or through the ThermoFisher Scientific (Massachusetts, United States) Bradford assays.
Bradford assays were conducted using bovine serum albumin (BSA) as a protein standard to
construct the calibration curve and the stock solution (2000 pg/ml) was diluted to varying
concentrations between 2000-0 pg/mL with the appropriate solvent (milliQ water, 100mM AA, PBS).
Each solution of different BSA concentrations (10 pL) and solutions of the unknown proteins (10 L)
were added to Coomassie Plus Reagent (300 plL) at room temperature and briefly vortexed. Protein
concentrations were determined by the Nano 2000 and averaged over at least 3 reads. A calibration
curve was constructed using at least 6 different concentrations of BSA. Concentrations of the

unknown proteins were averaged over 3 readings.

3.3.7: AB(1-40) Aggregation and Inhibition ThT Assays

A stock solution of AB(1-40) was prepared by dissolving the peptide in 0.5 % NH,OH at a
concentration of 0.5 pg/uL. The solution was filtered using a spin filter (10,000 MW, Merck,
Massachusetts, United States) and the solution with the peptide was then diluted to the appropriate

concentration with PBS.

Samples for the in situ ThT assay were prepared by diluting the appropriate concentrated protein
and peptide stock solution into PBS solution at the appropriate concentrations. IgG was extracted
from crude ThT dye was added to the proteins (40 uM) of which 30 pL solutions were loaded into a
black, clear bottom 384-well plate (Greiner Bio-One, Stonehouse, UK) that were sealed with clear
film (Sigma Aldrich, Castle Hill, NSW) to prevent evaporation. Proteins were incubated at 37 °C,
without shaking for 83 hours. The ThT fluorescence intensities of the samples were recorded using a
Fluostar Optima plate reader (BMG Labtechnologies, Offenburg, Germany) fitted with 440/490 nm
excitation/emission filters. Data were normalized by plotting the change in ThT fluorescence (F,
arbitrary units [a.u.]) from the initial fluorescence reading. Experiments were averages of 3

independent experiments with at least 4 replicates per experiment.

3.3.8: Cell Cytotoxicity Assay

An MTT assay was used to determine the cytotoxicity of the peptides and proteins. Rat

phenochromocytoma cells (PC-12 cells) were seeded the day prior to treatment with a density of
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approximately 100 cells per well in 2 96-well plates. Non-fibrillar peptides and proteins were
dissolved and diluted in PBS and used immediately. Incubated AB(1-40) and hPFD subunits were
taken from ThT assays and were diluted to the desired concentration in PBS, snap frozen on dry ice
and stored at -20 °C until use. After treatment of the cells with the appropriate peptide or protein,
the cells were incubated for 72 hours. The tissue culture medium was then aspirated from the wells
and a serum free media containing MTT (0.25 mg/mL) was added. The plate was then incubated for
3 hours at 37 °C under a 5 % CO, atmosphere. The medium was removed and DMSO (100 pL) was
added. The plate was gently agitated for 10 seconds and the resultant absorbance of formazan was
measured using a Fluostar Optima platereader (BMG Laboratories, UK) at 570 nm. Cell viability
values are an average of 3 independent experiments with at least 8 replicates per experiment. Cell
viability was assessed as percentage absorbance relative to the vehicle control (PBS only). These
calculated relative values were analysed for statistical significance using a standard post-hoc test

following ANOVA one way analysis using Graph pad prism (San Diego, California).
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Chapter 4-:
Far-UV Circular Dichroism
Spectroscopy Analysis of the

Human Prefoldin Subunits 5 and 6

4.1: Introduction

Circular Dichroism (CD) spectroscopy has the capacity to determine the predominant secondary
structure of peptides and proteins through the characteristic spectra observed as mentioned earlier
in Chapter 2 [153]. In previous studies utilising this technique, far-UV CD spectroscopy has
successfully monitored the secondary structure changes of proteins with small changes in sample
conditions [150], [157], [351]-[353]. The pH and temperature of a solution can affect the protein
conformation, and CD assays as a function of pH or temperature, at the characteristic A, allows the
protein’s change of state and therefore unfolding and unfolding intermediates to be examined [153].
The heat capacity change can also be estimated from the acquired CD data if the unfolding transition
is also perturbed as a function of protein concentration or salt [157]. The thermodynamics of protein
unfolding can be investigated through the acquisition of spectra as a function of temperature by
monitoring the ellipticity at a single wavelength. However, CD spectra acquired over the A range of
190-260 nm allows more information to be conveyed and the residual structure achieved following
equilibrium unfolding may be better characterized [112], [158]. It should be noted however, that
care must be taken in the analysis of proteins with multiple unfolding transitions due to the
collective CD spectra obtained and the difficulty in separating the overlapping transitions [157],

[354].

Previous studies of PFD suggest the composition of the chaperone complex is primarily a-helices,
with each individual subunit containing a primary helical domain [84], [93]. These constructed
models of PFD have been found to be consistent across all origins of the hexameric complex [84],
[91], [95], [98]. However, these studies also suggest the presence of B-sheets and turns located at
the top of the jelly-fish like structure of PFD. The presence of different secondary structures will

ultimately result in a convoluted CD spectrum. The dedicated software DichroWeb can deconvolute
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CD spectroscopy data of proteins to reveal the different proportions of secondary structure. It has
been pre-determined that the CDSSTR algorithm available in DichroWeb produces the most accurate
deconvolution of CD spectra and can produce results where other methods fail to analyse the data
[160]. This method provides a superior fit of the conformation of globular proteins compared to
other algorithms, particularly for estimates of a-helical content. The output of the analysis provides
a summary of the best calculated deconvolution, the details in which the deconvolution occurred, an
overlaid plot of the experimental and reconstructed CD data and a standard goodness-of-fit
parameter, the normalized root mean square deviation (NRMSD). The NRMSD provides an indication
of how closely related the constructed basis curve produced from the predicted secondary
structures is to the experimental spectrum. Conformation estimates are generally rejected if the

NRMSD is higher than 0.05 [160]—-[162], [164].

4.1.1: Aim

This chapter aims to confirm the predominant secondary structure of hPFD subunits 5 and 6 at

physiological conditions, to gain further insight into the PFD constituent subunits.

Secondly, due to the solutions of varying pH required for NMR and cross-linking analysis, the effect
of pH on the hPFD subunits is investigated by far-UV CD. This work aims to determine if minor

changes in pH affect the secondary structure of hPFD subunit 5 and 6 as they are analysed.

In addition, measuring CD spectra as a function of temperature can determine the stability of the
protein. Thermostability assays of the hPFD subunits aim to investigate the thermal denaturation of

the proteins.

Finally, structural investigation of the products following the incubation of AB(1-40) and the

respective subunit is undertaken to gain further insight into the chaperoning activity of the proteins.
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4.2: Results and Discussion

4.2.1: Far-UV CD Spectroscopy of hPFD Subunits 5 and 6

The far-UV CD spectra of hPFD subunits 5 and 6 were recorded. Figure 4.1 reveals a similar overall
secondary structure between the 2 subunits, with minima observed at 222 nm and 208 nm and a
maximum observed at 193 nm. As previously indicated in Section 2.2.3, this is indicative of a-helices
and therefore it can be concluded from this analysis that hPFD subunits 5 and 6 are comprised

predominantly of a-helices.

100000
—~ 80000
S
E 60000
T
€ 40000
[-T:]
[J)
£ 20000
o
2 0
=
@ -20000
S
9
2 -40000
&
@ -60000
=
-80000 @ hPFD subunit 5
e hPFD subunit 6
-100000 . . . . . . .
190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 4.1: Far-UV CD spectra of hPFD subunit 5 (blue) & hPFD subunit 6 (red) (10 pM) in a solution of 10 mM NaPO,H, at
pH 7. Representative data are shown from at least two independent experiments performed.

Although Figure 4.1 reveals hPFD subunit 5 and 6 are similar in secondary structure, the magnitude
of MRE differs between the constituents, with a higher absorbance observed for hPFD subunit 6
than hPFD subunit 5. As the raw data has been adjusted to MRE, this suggests that hPFD subunit 6
has a higher degree of absorbing chromophores. Although some amino acid residue side chains
absorb light strongly in the far-UV region (Tyr, Trp, Phe and Met), the most important contributor is

the peptide bond. The contribution of any individual chromophore to the total absorbance of the
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protein will depend, to some extent at least, upon its environment [355]. It is subsequently
concluded from these results that there is a higher content of structured a-helices in hPFD subunit 6

than in hPFD subunit 5 at the same concentration.

Some publications also detail that the 222:208 ratio can indicate a coiled-coil structure [356], [357].
A quick calculation of the ratios from Figure 4.1 reveals that hPFD subunit 5 and 6 have ratios of
0.95, respectively. Depending on the literature, single helices have a ratio of 0.9 while coiled coils
have a ratio of greater than 1.10. Unfortunately, variations in the specific numbers were seen across

different publications [358]. Consequently, this ratio was not insightful in this instance.

4.2.1.1: DichroWeb Deconvolution of CD Spectroscopy of hPFD Subunit 5 and 6

To help determine the relative proportion of the secondary structures of hPFD subunit 5 and 6, the
open software DichroWeb was employed to deconvolute the CD spectra. As previously mentioned,
the algorithm implemented is CDSSTR. To maximise the accuracy of the output, the reference set
SMP180 was chosen [359]. Of the options available, this reference set has the highest number of CD
data of globular proteins available. Figure 4.1 revealed that hPFD subunit 5 and 6 have CD curves
with characteristic a-helical content consistent with previously modelled structures of the subunits
[89], [91], [328]. For comparison, the CD spectrum of standard bovine serum albumin (BSA) was also
recorded and is shown here. Figure 4.2 reveals the reconstructed basis curves using CDSSTR and the

reference set SMP 180 of hPFD subunit 5, hPFD subunit 6 and standard BSA.
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Figure 4.2: CDDSTR reconstruction of the experimental CD spectroscopy data of (A) hPFD subunit 5, (B) hPFD subunit 6,
& (C) standard BSA utilising DichroWeb from CD data obtained in solutions of 10 mM NaPOyH; at pH 7.

As seen in Figure 4.2, there are small to almost no differences observed between the experimental

data to the reconstructed data and this is reflected in the small NRMSD value summarised in Table

4.1. The minimal amount of difference reflected in the spectra is an indication of a good

reconstructed basis curve using the algorithm CDDSTR and the reference set SMP180. Table 4.1

summarises the CDSSTR deconvolution of hPFD subunit 5, hPFD subunit 6, and BSA.

Table 4.1: Calculated secondary structure fractions & spectral fitting of hPFD subunits 5, 6 and BSA utilising the software
available at DichroWeb. The range is calculated from two replicate experiments.

Alpha helix Beta sheet Turns Unordered NRMSD
hPFD subunit 5 0.65-0.58 0.16-0.14 0.09* 0.19-0.10 0.003-0.001
hPFD subunit 6 0.76-0.61 0.11-0.08 0.13-0.08 0.13-0.08 0.003-0.001
Standard BSA 0.75-0.73 0.12-0.09 0.07-0.06 0.10* 0.003*

*The same value was calculated for both deconvolutions.

It can be seen in Table 4.1 that the CD spectra deconvolution of hPFD subunit 5 and 6 reveal similar

content of secondary structures. CDSSTR deduced that both subunits have approximately 60 % a-
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helical structure, with hPFD subunit 6 having a slightly higher a-helical content. hPFD subunit 5 was
also calculated to have a slightly higher fraction of B-sheet, approximately 5 % higher than hPFD
subunit 6. A higher percentage range was also observed for unordered structures for hPFD subunit 6,
while hPFD subunit 5 was calculated to have higher percentages of turns. This aligns with the

previously mentioned proposition that hPFD subunit 6 must have a higher content of structure.

It should be noted that in Section 3.2.3, details of the synthesis of hPFD subunits 5 and 6 required
additional amino acids for purification and translation. It is not known what structure these
additional amino acids fold into and it is possible that the contribution of these tags to the spectra
may affect secondary structure estimations and this must be noted. However, as both synthesised
subunits have identical extensions, it is likely the extensions will behave similarly therefore allowing

direct comparisons between the subunits.

Estimates of CD deconvolution errors due to inaccuracies in the CD experiment have been cited to
be approximately 5 % [360]. A simple test utilising a protein standard was therefore conducted to
verify the uncertainty established. The CD deconvolution results in Table 4.1 show that pure BSA is
composed of 75-73 % alpha-helices, 12-9 % beta-sheets, 7-6 % turns and 10 % random structures. In
previous studies of BSA using far-UV CD spectrometry, the domains were calculated to be
predominantly a-helical between 66-70 % [361]-[363]. These published results would also have
error margins of £5 %, and consequently overlap with the results seen here. This therefore suggests
that our CD deconvolution results are relatively consistent. All deconvoluted data were therefore
treated with a £5 % uncertainty and differences higher than 5 % were deemed as significantly

different.

It can also be seen that the NRMSD for hPFD subunits 5 and 6 had low scores ranges of 0.003-0.001
and BSA was determined to have a NRMSD of 0.003. Although high scores of NRMSD (>0.05) can
contribute to errors associated with the calculated deconvolution, a low NRMSD alone does not
necessarily mean that an analysis is accurate. However, DichroWeb calculates this parameter
methodically for each analysis and therefore it provides a comparison of results between the
different data sets [160]—-[162]. It should also be noted that accuracy of concentration, precise
measurement of cell pathlength, minimum acquisitions of 190 nm and proper CD data
reconfiguration are stated to be essential for valid deconvolution and minor inconsistencies in these
can result in large differences in calculations [160]. Fortunately, the majority of the deconvolutions
seen here appear relatively consistent to previous CD analyses and structure determination
techniques and subsequently DichroWeb deconvolutions were conducted for all the CD data

acquired in this Chapter.
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4.2.2: Far-UV CD Spectroscopy of the hPFD Subunits 5 and 6 at Varying pH

As previously explained, far-UV CD spectroscopy is able to determine the predominant secondary
structure of proteins in differing solutions of low salt concentration. Therefore, this technique can
also be utilised to study the effects of extrinsic conditions on a protein’s secondary structure. Far-Uv
CD spectroscopy was used to examine the effect of changing pH in solution on the conformation of
hPFD subunits 5 and 6. This was performed to determine if any secondary conformational changes

result due to the slight change in conditions necessary for other structural investigations.

hPFD subunit 5 was diluted to 10 uM in solutions of 10 mM NaPOQOsH, at pH 6, 7 and 8. Changes in the
CD spectra were observed from the marginally acidic to the alkaline solution (Figure 4.3). The CD
spectra measured at pH 6 reveals the MRE is lower at 222 nm than for hPFD subunit 5 at
physiological pH. This suggests a higher content of structured a-helices in the slightly more acidic
solution. It is also noted that a shift of the maxima is observed between the solutions. At pH 6, hPFD
subunit 5 is seen to exhibit a maximum at 198 nm, rather than at the typical 193 nm for a-helices,
and this suggests chromophores of structured B-sheets. In comparison, a maximum is exhibited at
193 nm for hPFD subunit 5 at pH 7 and 8 (Figure 4.3). At pH 8, a weaker absoption of the

chromophores is observed with a smaller change in MRE compared to the curve at pH 6 and 7.

A change in pH is thought to disrupt weak ionic bonds, thus affecting salt bridges and hydrogen
bonds of the protein and resulting in the unfolding of the structure [364]. However, structural
changes based on small pH differences must also take into consideration the pl of the protein [365].
The computationally calculated pl of hPFD subunit 5 is 5.98 (refer to Appendix E). Solutions with pH
values at the protein pl results in an overall primary net charge equalling 0 and therefore weak non-
covalent bonds are not compromised. Typically, proteins have a tendency to precipitate out of
solution when the pH equals the pl [365], [366]. This was fortunately not directly observed. As the
pH moves away from the pl of 5.98, the primary net charge of the protein decreases with an
increase in aqueous HO in solution. However, although the non-covalent interactions are marginally
disrupted with conformation reconfirguration observed with the change in pH, a-helical structure is

seen to be relatively preserved as seen from the minima of 208 and 222 nm in Figure 4.3.
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Figure 4.3: Far UV CD spectra of subunit 5 (10 pM) in 10 mM NaPO4H; at pH 6 (blue), pH 7 (red) & at pH 8 (green).
Representative data are shown from at least two independent experiments performed.

Deconvolution of the CD curves by CDSSTR are summarised in Table 4.2 and reveal a decrease in a-

helical content and an increase in unordered structure with the increase of pH.

Table 4.2: Calculated secondary structure fractions & spectral fitting of hPFD subunit 5 in varying solutions of pH utilising
the software available at DichroWeb. The range is calculated from two replicate experiments.

pH Alpha helix Beta sheet Turns Unordered NRMSD
6 0.76-0.71 0.08-0.06 0.10-0.08 0.13-0.10 0.006-0.001
7 0.65-0.58 0.16-0.14 0.09* 0.19-0.10 0.003-0.001
8 0.61-0.48 0.12-0.09 0.15-0.12 0.27-0.16 0.028-0.004

*The same value was calculated for both deconvolutions.

Figure 4.3 reveals that the CD spectrum obtained for hPFD subunit 5 in a solution of pH 6 has the

highest signal at A 222 nm implying the highest amount of a-helical content and this is reinforced in

the CDSSTR deconvolution. At pH 6, the calculated secondary structure content was 76-71 % a-

helical content and 8-6 % B-sheets. It is seen in Table 4.2 that the increase in pH decreases the

calculated a-helical percentage range and increases the B-sheet and unordered fractions, while the

number of turns remained relatively consistent at different pH. These results align with Figure 4.3,
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however it must be noted that the calculated deconvolutions represent the fractions of secondary
structure present in the sample at the time of CD data acquisition. DichroWeb does not take into
account the magnitude of the spectra and therefore it subsequently does not quantify the protein in
the different solutions. This ultimately means that although a direct comparison of the overall
secondary structure content can be compared through the deconvolution, overall protein
concentrations cannot be compared. Precipitation was not directly observed in the solutions
following CD data acquisition, but this cannot be completely ruled out as attempts to examine
concentrations following the experimental were not conducted. Some biophysical analyses require
different pH buffer conditions and the CD results obtained here are able to show the effects of this
change on the secondary structure. It can be summarised from Table 4.2 that an increase in pH
adversely affects the conformation of APFD subunit 5 as the a-helical content decreases by

approximately 20 % when pH is increased from 6 to 8.

Analogous to the assays conducted for hPFD subunit 5, CD spectra of subunit 6 in the 3 solutions at
differing pH are seen to have a predominant a-helical secondary structure with minimum at 208 and
222 nm. Similar to the CD curves seen in Figure 4.3, a decrease in pH gives rise to increasing MRE
signal intensity at A 208 and 222 nm, consistent with an increase in a-helical content. The CD
spectrum of subunit 6 at pH 8 reveals maxima at 190 and 200 nm (Figure 4.4). These maxima are not
observed for hPFD subunit 6 in solutions at pH 7 or 8. Instead, the maxima are seen at 199 and 190
nm for pH 7 and 8 respectively. It is likely that with the increase in pH, a shift to more B-sheet rich

structure occurs as the a-helices are disrupted.

107/284



10000 - emm=pH 6
—pH7
—~ 8000 - pH 8
E
E 6000 -
§ 4000 -
[-T+]
=]
Z 2000 -
F
g 0
o
o -2000 -
=]
n-]
ﬁ -4000 -
&
$ -6000 -
b=
-8000 -
-10000 T T T T T T 1
190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 4.4: Far-UV CD spectra of subunit 6 (10 uM) in 10 mM NaPO4H, at pH 6 (blue), pH 7 (red) & at pH 8 (green).
Representative data are shown from at least two independent experiments performed.

The pl for subunit 6 is computationally calculated to be 6.60 (Refer to Section 5.3.3). As the CD
spectra seen for hPFD subunit 6 are relatively similar to the spectra of hPFD subunit 5 (Figure 4.3),
the same mechanisms previously proposed are also suggested here and can explain the difference in
CD signal magnitude exhibited for hPFD subunit 6 between the different pH solutions. Figure 4.4
reveals that the CD data acquired for hPFD subunit 6 in solutions with pH 7 and 6 have marginal
differences in signal intensities. As the pl of hPFD subunit 6 is calculated to be in between these
values, it is therefore unsurprising that there is little difference between the curves. The further
away the pH of the solution is to the pl value of 6.60, the higher the chances of non-covalent
disruption occurring to hPFD subunit 6. However, the small changes observed in the CD spectra
suggest subtle adjustments in the environment of numerous residues. Deconvolution of the spectra
by CDSSTR reinforces the changes observed in the spectra and the calculated secondary structures

are summarised in Table 4.3.
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Table 4.3: Calculated secondary structure fractions & spectral fitting of hPFD subunit 6 in varying solutions of pH utilising

the software available at DichroWeb. The range is calculated from two replicate experiments.

pH Alpha helix Beta sheet Turns Unordered NRMSD
6 0.76-0.71 0.10-0.09 0.08-0.07 0.12-0.08 0.003*
7 0.76-0.68 0.11-0.08 0.13-0.08 0.13-0.08 0.003-0.001
8 0.65-0.61 0.18* 0.08-0.07 0.15-0.09 0.003-0.002

*The same value was calculated for both deconvolutions.

The calculated secondary structure fractions of hPFD subunit 6 in a solution of pH 6 is seen in Table
4.3 to show a-helical content of 76-71 %, B-sheet content of 10-9 % and turns and unordered
content at 8-7 and 12-8 %, respectively. The calculated secondary structure percentages with an
increase in pH to 7, is seen to retain similar content, with an approximate 3-5 % difference observed
in B-sheet and turns content. The deconvoluted structures of hPFD subunit 6 at pH 7 and 8 therefore
have marginal differences, indicating that there are no significant conformational changes in
structure at these pH levels. Further pH increases to pH 8 is seen to decrease the a-helical content
by 15-11 %, increase the B-sheet content by approximately 10 %, while turns and disordered
structure remain relatively the same. Table 4.3 ultimately reveals that the increase in pH to 8
adversely affects the structure of the hPFD subunit 6, as seen by the decrease in calculated a-helices
and increase in B-sheets. Therefore it can be concluded that in solutions of pH 6, both hPFD subunits
are calculated to exhibit chromophores with high percentages of a-helices. The increase in pH
solution to 7, is seen to affect hPFD subunit 5 while the calculated percentages for hPFD subunit 6
remain the same. CD analysis of the subunits in a solution of pH 6 reveals the acidity of the solution

is seen to have an adverse effect on the a-helical structure of both subunits.

To determine the magnitude of a-helical protein structure change with the change of pH, the
differences observed at 222 nm for hPFD subunits 5 and 6 were normalised against the maximum
MRE value obtained (shifts seen in solutions of pH 6) and plotted onto a graph (Figure 4.5). Figure
4.5 reveals that increasing the pH decreases the overall amount of chromophores exhibiting a-
helical signals for both hPFD subunits, although it can be seen that hPFD subunit 5 has a bigger
decrease in a-helical content than APFD subunit 6. This ultimately means that hPFD subunit 5 is
more susceptible to the pH change. As the calculated pl of the hPFD subunit 5 is 5.98, it is likely that
this subunit has the least compromised structure in the data acquired with the solution of pH 6. In
comparison, the calculated pl of hPFD subunit 6 is 6.60. This protein is found to exert little change in
conformation in solutions of pH 6 and 7, suggesting a higher resilience against external pH
conditions than hPFD subunit 5. Nevertheless, a-helical secondary structures are consistently seen

to be the predominant conformation adopted by the subunits in these solutions of different pH. It is
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concluded that the variations in pH necessary for several protein structure determination techniques

may induce some conformational differences and will be considered with caution.
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Figure 4.5: pH profiles of hPFD subunit 5 (blue) & hPFD subunit 6 (red) at varying pH conditions of aqueous buffers 10
mM NaPO;H,. The data presented here are changes in ellipticity at 222 nm as a function of pH and the values were
normalised against the MRE observed at pH 6, with +/- SD from 2 independent repeats of the experiment.

4.2.3: Thermostability of hPFD Subunits 5 and 6 as monitored by Far-UV CD
Spectroscopy

As a protein is thermally unfolded and denatured, it loses its secondary structure. The temperature
range over which this occurs depends on the inherent thermostability of the protein. Therefore, by
measuring the changes in a protein’s far UV spectrum as a function of temperature, its
thermostability can be assessed. In this way the thermostability of hPFD subunit 5 and hPFD subunit
6 was investigated. Due to the highly a-helical nature of the hPFD subunits, the far UV signal
between 190-260 mm was measured and the change at 222 nm was plotted as a function of

temperature, over a temperature range of 20-90 °C.
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hPFD subunit 5 was diluted to a concentration of 10 uM into a solution of 10 mM NaPO4H; at pH 7
and subjected to thermal stress prior to data acquisition. The CD data acquired is plotted in Figure

4.6.
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Figure 4.6: Far-UV CD spectra of hPFD subunit 5 (10 pM) in 10 mM NaPO4H; at pH 7, between the temperature range of
20-90 °C. Following thermal denaturation, the sample was incubated on ice for 24 hr & a far-UV CD spectrum was
measured (refold). Representative data are shown from at least two independent experiments performed.

Figure 4.6 shows that over the temperature range of 20-80 °C, minima are observed at A 208 and
222 nm, which decrease in magnitude with the increase in temperature. As these signals are
indicative of a-helices, the decreasing magntitude is therefore an indicator of decreasing a-helix
structure, and possibly signifies thermal denaturation. As an overall loss of signal is observed, it is
likely that some protein precipitation has occurred with the increase in temperature. A maximum
observed for the CD curves at temperatures of 20-50 °C is seen at 198 nm, which suggests the
presence of B-sheet. At the temperature range of 60-80 °C the maximum appears to have shifted to
193 nm, the characteristic absorption of a-helices. Protein structure typically does not convert from
B-sheets to a-helices with thermal aggregation, therefore a deconvolution of the data is required to
help explain the absorption profiles seen here. However, it is proposed that the increase in solution

induces the conversion of the structured conformation to disordered aggregates as an isodichroic
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point is seen at 203 nm. The prescence of this point suggests the presence of a local 2 state
population transition [367]-[369]. In this instance the states are of a-helical and unordered
structures due to the position of the isodichronic point established between the characteristic shifts
of 222 and 195 nm. Little change is observed in the CD spectra of hPFD subunit 5 between the
temperature range of 60-90 °C, suggesting that the protein has fully denaturated at temperatures
higher than 60 °C. Although the CD data obtained at 90 °C suggests some residual a-helical structure
with mimima at 208 and 222 nm observed, the largest feature for this curve appears at 195 nm. The

minimum observed at this A suggests the structure of hPFD subunit 5 at 90 °C is primarily disordered.

Following thermal aggregation, the solution was cooled on ice for 24 hours to allow refolding.
Precipitate was removed from the solution and a CD spectrum was recorded. The characteristic
absorbances for disordered structure were not observed and instead only characteristic minima for
a-helix were noted. This does not necessarily suggest that refolding of hPFD subunit 5 has occured,
as the MRE measured at 222 nm following cooling is of significantly decreased magnitude. It is
proposed that partial retention of the secondary structure has occurred throughout the thermal
stress and subsequent cooling. Precipitate formed following thermal stress observed in the solution

is likely to have formed from the disordered aggregates.

The CD curves were deconvoluted using the algorithm CDSSTR with the reference set SMP180 and
results are summarised in Table 4.4. It should be noted that the CD deconvoluted result for 50 and
80 °C reveals NRMSDs over a range higher than 0.05. It was stipulated in Section 4.2.1.1 that high
scores of NRMSD have errors associated with the calculation, consequently the deconvoluted
fractions for hPFD subunit 5 at these temperatures are rejected from the analysis. The deconvoluted
results for a-helix and unordered structure are seen to follow a particular trend while turns seem to
remain relatively constant throughout the assay, ranging between 9-14 %. It is reminded that the
calculated deconvoluted secondary structures are a reflection of only the soluble proteins present in

the sample.
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Table 4.4: Calculated secondary structure fractions & fitting parameters of hPFD subunit 5 incubated at different
temperatures, utilising the software available at DichroWeb. The range is calculated from two replicate experiments.

Temperature Alpha helix Beta sheet Turns Unordered NRMSD
20 °C 0.65-0.58 0.16-0.14 0.09* 0.19-0.10 0.003-0.001
30°C 0.77-0.65 0.11-0.06 0.11* 0.14-0.06 0.005-0.001
40 °C 0.58-0.54 0.15-0.13 0.11-0.09 0.21-0.17 0.004-0.002
50 °C 0.51-0.42 0.30-0.21 0.09-0.07 0.22-0.20 0.081-0.003'
60 °C 0.54-0.47 0.19-0.18 0.11-0.10 0.23-0.18 0.004-0.002
70 °C 0.44%* 0.17-0.11 0.14-0.13 0.31-0.26 0.014-0.007
80 °C 0.34-0.16 0.34-0.15 0.14-0.13 0.37* 0.058-0.0311
90 °C n/r n/r n/r n/r n/r
Refold 0-0.03 0.58-0.43 0.08* 0.49-0.31 0.026-0.024

n/r = no results obtained from the deconvolution. *The same value was calculated for both deconvolutions. NRMSD >0.05 suggest
deconvolution errors and results are rejected.

It has been previously established that increasing the temperature of the experiment is seen to
decrease the chromophores present, ultimately resulting in a decrease in overall protein
concentration. This was reinforced through the precipitate found in the solution following the
temperature aggregation assays. The deconvoluted summary of the spectra as seen in Table 4.4
reveals there is a clear trend in the calculated a-helix secondary structure. At 20 °C, hPFD subunit 6
has 65-58 % of a-helical content and with the increase in temperature to 30 °C has a slightly higher
calculated percentage range. Further temperature increases is seen to slowly decrease the helical
content of the subunit and at 70 °C is seen to reach 44 %. In comparison, an increase in unordered
content is observed following thermal aggregation. hPFD subunit 5 is calculated to have 19-10 % of
unordered structure at 20 °C and this calculated secondary structure is seen to either increase or
remain constant with the increase of CD analysis temperature. At 70 °C, the disordered structure is
calculated at 31-26 %. Unfortunately the deconvolution of the spectrum at 90 °C could not be
obtained due to the low MRE recorded. Following thermal aggregation, the sample was incubated
on ice for 24 hours and a far UV CD analysis was conducted. The deconvoluted calculated a-helical
content of the cooled sample was 0-3 %, unordered structure was calculated to be 49-31 % and B-
sheet content was calculated to be 58-43 %. It is interesting to see that hPFD subunit 5 has adopted
a structure with high B-sheet content, especially as the calculated B-sheet content following thermal
aggregation is seen to fluctuate between 6-19 % with no clear trend. It is interesting to see that the
percentage of turns remains constant throughout the assay, retaining between 9-14 %. It is
concluded that the deconvoluted results of hPFD subunit 5 with increasing temperatures reveal
decreasing fractions of a-helical content which become disordered. This ultimately shows that the
conformation of the subunit is sensitive to temperature and heat, in particular the coiled coils of the

chaperone.
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Similar to the previous thermostability assay, hPFD subunit 6 was subjected to thermal stress prior
to far-UV CD data acquisition. Figure 4.7 reveals that between the temperature ranges of 20-50 °C
no change in the CD spectrum is observed, suggesting that the structure of hPFD subunit 6 is largely
unchanged at these temperatures. However, the maximum observed for the curves relating to the
solution temperature of 20-30 °C is seen to occur at 198 nm, indicative of some B-sheet structure.
The increasing solution temperature to 40-50 °C is seen to shift the maximum to 193 nm. This is
similar to the effects seen for hPFD subunit 5 and it is likely that the structure of hPFD subunit 6 is

unfolding in a similar manner.
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Figure 4.7: Far-UV CD spectra of hPFD subunit 6 (10 pM) in 10 mM NaPO4H, at pH 7, between the temperature range of
20-90 °C. Following thermal denaturation, the sample was incubated on ice for 24 hr & far-UV CD spectrum was
measured (refold). Representative data are shown from at least two independent experiments performed.

Interestingly, the CD curves seen for temperatures 60 °C and beyond reveal a shift of the minimum.
A normally observed minimum for a-helices at 208 nm is now seen reaching A 203 nm and the
isodichronic point is seen at approximately 208 nm. Like hPFD subunit 5, this suggests a local 2 state
population, however the disodichronic point is not consistent with reports of a-helical and

unordered structures [367]-[369]. A search of the literature reveals that the miniumum exhbited at

114/284



203 nm refers to secondary structures that are relatively uncommon such as m-helix, B-bridge,

bends, and irregular loops [370].

The magnitude of MRE at A 203 and 222 nm for 80 and 90 °C indicates a decrease in signal intensity,
therefore indicating protein precipitation. A maximum at 193 nm is also observed for the the curves
relating to 80-90 °C, proposing a-helical structure as one of the local 2 state populations. The sample
was removed following thermal denaturation and cooled on ice for 24 hours. Precipitate was
observed in the sample and the pellet removed prior to analysis by CD (Figure 4.7, refold curve). The
CD refold curve reveals an overall decreased quantity of chromophores as indicated by the MRE
signal intensity. However minima are still observed at 208 and 222 nm and a maximum is seen at

198 nm.

From the data presented here, it is concluded that little structural changes are observed for hPFD
subunit 6 between the temperature range 20-50 °C. At 60 °C the signs of disordered structures
appear and at 70-90 °C it is proposed a 2 state population occurs for hPFD subunit 6. Thermal
aggregation of the subunit at 80-90 °C is seen to result in protein precipitation. Similar to hPFD
subunit 5, the refold curve reveals small amounts of structured a-helix present and chromophores of

B-sheets, turns and disordered aggregates are not seen.

To determine the changing conformations of hPFD subunit 6 through thermal stress, deconvolution
of the CD data presented in Figure 4.7 were input into DichroWeb and the CDSSTR analysis revealed

calculations of high a-helical content. The results are summarised in Table 4.5.

Table 4.5: Calculated secondary structure fractions & fitting parameters of hPFD subunit 6 incubated at different
temperatures, utilising the software available at DichroWeb. The range is calculated from two replicate experiments.

Temperature Alpha helix Beta sheet Turns Unordered NRMSD
20 °C 0.76-0.61 0.11-0.08 0.13-0.08 0.13-0.08 0.003-0.001
30°C 0.71-0.69 0.13-0.10 0.08* 0.12-0.11 0.003-0.002
40 °C 0.63-0.58 0.16-0.12 0.11-0.07 0.19-0.15 0.003-0.002
50 °C 0.58-0.52 0.25-0.17 0.09-0.07 0.18-0.17 0.004-0.002
60 °C 0.47-0.41 0.27-0.12 0.15-0.07 0.32-0.20 0.018-0.001
70 °C 0.20* 0.34-0.28 0.13-0.09 0.38-0.36 0.046-0.012
80 °C 0.22-0.17 0.27-0.22 0.15-0.13 0.42-0.41 0.050-0.037
90 °C 0.18-0.17 0.26-0.14 0.15-0.14 0.54-0.42 0.066-0.058'
Refold 0.08-0.07 0.41-0.37 0.14-0.10 0.42* 0.062-0.033'

*The same value was calculated for both deconvolutions. 'NRMSD >0.05 suggest deconvolution errors and results are rejected.

The a-helical content is seen to decrease throughout the thermal aggregation assay, whist the B-
sheet content and unordered structure is observed to increase and the number of turns is seen to

remain relatively stable. Unfortunately, the NRMSD range for the data sets obtained at 80 °C, 90 °C
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and following the refold are calculated to be equal to and greater than 0.05. This is synonymous with
problems in the deconvolution and as a consequence the secondary structure calculations for these
are rejected. Table 4.5 is reveals that the largest structure change is seen to occur between the
temperatures 60-70 °C. This follows the trend seen in Figure 4.7, where the chromophores exhibited
for hPFD subunit 6 at 70 °C is seen to shift the minimum and maximum to the left of the graph. The
deconvolution reveals that at this temperature, hPFD subunit 6 has the lowest fraction of a-helical
chromophores at 20 % and the highest fraction of B-sheet and disordered structures, 34-28 and 38-
36 % respectively. Similar to hPFD subunit 5, the calculated fractions of turns remain fairly constant
throughout the thermal aggregation experiment with fluctuations up to 7 %. A previous study has
found that the CD spectra of uncommon secondary structures such as m-helix, B-bridge, bends,
irregular loops and possible invisible regions of the structure are catetegorised by CDSSTR into the
unordered fraction of the protein, despite having a structured conformation, albeit uncommonly
seen [370]. It is therefore possible that the deconvoluted results of 80-90 °C have profiles exhibiting
the characteristic A for these structures and due to the limited reference sets available for CDSSTR,

deconvoultion of the data at these temperatures are limited.

To follow the unfolding profile of the highly a-helical structure of the hPFD subunits, the relative
MRE were normalised and plotted as a function of temperature to allow a direct comparison of the
thermostability of hPFD subunit 5 and 6 is seen (Figure 4.8). Protein precipitation is generally
characterised by an overall loss in exhibiting chromophores and this was seen to occur for both hPFD
subunits. As the highest a-helical content calculated for the subunits were in solutions of 20 °C, the
succeeding MRE obtained at 222 nm were normalised against this value acquired at room
temperature. Figure 4.8 shows that the melting profile of hPFD subunit 5 is seen to have a steady
decrease in normalised MRE signal. This ultimately indicates protein precipitation and the
simultaneous decrease of a-helicity with the increase in temperature. At 60 °C the chromophores of
hPFD subunit 5 reveal the signal has depleted to approximately 40 %. This signal is seen to decrease
further at higher temperatures, although to a lesser extent and reaches a constant value at
temperatures 80-90 °C. The refold of hPFD subunit 5 reveals a signal intensity of 35% relative to the
hPFD substrate at 20 °C.

In comparison, hPFD subunit 6 shows small negligible changes in the relative MRE data between the
temperature ranges of 30-50 °C, indicating the retention of a-helices and no protein precipitation. It
is proposed that at these temperatures, the overall stability and structure of hPFD subunit 6 remains
relatively constant. Interestingly, Figure 4.8 shows that the normalised MRE values for hPFD subunit

6 at 222 nm are seen to increase at temperatures 60-70 °C. This increase in relative MRE is higher
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than the exhibited signal at 20 °C, and is anomalous and not observed in the literature. It is
suggested that hidden a-helical chromophores were unveiled following the application of the

thermal stimulus to the hPFD subunit 6.
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Figure 4.8: Melting profiles of hPFD subunit 5 (blue) & hPFD subunit 6 (red) observed from the change in ellipticity at 222
nm as a function of temperature. The data presented here are changes in ellipticity at 222 nm as a function of
temperature and the values were normalised against the MRE observed at 20 °C, with +/- SD from 2 independent
repeats of the experiment.

Figure 4.8 ultimately reveals the resistance of the hPFD subunits and in particular subunit 6 to
changes in secondary structures with thermal stimulation. The normalised MRE seen at 70 °C for
hPFD subunit 6 suggests that the protein retains a high content of a-helices, with little precipitation.
The melting profile of hPFD subunit 6 suggests that B type subunit sections of the complex are more
stable in harsh conditions than a type subunits. Unfortunately, a HT trace was not conducted to
show an increase in scattering with temperature; however it is known that insoluble aggregates
were present in the solution due to the precipitation viewed after the experiment. Melting profiles
of the different species of prokaryotic PFD seem to differ [85], [86], [94]. Previous temperature
dependent studies of mtPFD showed mtPFD B subunit dissociated before mtPFD a subunit, while

mjPFD a subunit was found to unfold before mjPFD B subunit, suggesting hPFD has a closer
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association to mjPFD in terms of thermal aggregation. These results propose that the peripheral

type subunits of eukaryotic PFD protect the inner a type subunits from the effects of thermal stress.

A summary of hPFD subunit 6 at temperatures 60-90 °C suggests that at these temperatures the
molecule unfolds in a way that maintains some a-helices of the branching coils but at the same time
induces unusual structural chromophores previously unexposed at lower temperatures by CD
spectrometry. The isodichronic points at 203 and approximately 208 nm for hPFD subunits 5 and 6
reveals a 2 state transition with thermal denaturation and ultimately implies that a 2 state folding
transition exists for the substrates. These results align with the transitions seen by MS for thermal
denaturation of prokaryotic mtPFD subunits [94] and it ultimately gives insight into the folding

mechanism of the nascent hPFD subunits.

It is curious to see that the deconvoluted results reveal both hPFD subunits 5 and 6 have the highest
amount of calculated a-helices and the lowest amount of calculated unordered structure at 30 °C
Ideal physiological temperature for activity is 37 °C and it has previously been proposed that the
biological activity of the hPFD subunits are likely to be more efficient at slightly higher temperatures
(Section 3.2.4.1), however the conformation does not necessarily need to be fully formed to have
the most efficient chaperoning abilities due to the suggested chaperoning mechanism. It is likely that
at sub-optimal cellular temperatures, the hPFD subunit coiled coils adopt their tightly wound a-
helical conformation. Higher temperatures increase the likelihood of protein misfolding and it is
proposed that the flexible coiled tentacles lose some a-helical structure in anticipation of
chaperoning. To determine the possible products formed from the chaperoning effect of the hPFD
subunits, far-UV CD was used following the thermal aggregation of co-incubated AB(1-40) and the
hPFD subunits.

4.2.4: The Products of AB(1-40) Following Incubation with hPFD Subunits 5

and 6 Monitored by Far-UV Circular Dichroism

The conformational changes of monomeric AB(1-40) following incubation at 37 °C were followed by
far-UV CD analysis between 190-260 nm. Solutions of AB(1-40) at concentrations of 50 uM in PBS
were incubated at 37 °C. Before incubation an aliquot was removed and diluted to 10 uM with milliQ
water. The sample was briefly centrifuged to remove any aggregates and the supernatant was
analysed by far-UV CD. This was repeated after 24 hours and 43 hours of incubation following
complete fibrillation. Figure 4.9 reveals the different CD spectra observed for the aggregating

peptide before, during and after the incubation period.

118/284



50000

30000

10000

-10000

-30000

-50000 -

amm»( hrs

Mean Residue Ellipicity (deg cm? dmol)

-70000 - a4 hrs
43 hrs

_90000 T T T T T T 1
190 200 210 220 230 240 250 260

Wavelength (nm)

Figure 4.9: Far-UV CD spectra of the soluble products following incubation of AB(1-40) (50 uM) at 37 °C in a buffer of
PBS over a 43 hr time period. Representative data are shown from at least two independent experiments performed.

The far-UV CD data of monomeric AB(1-40) before incubation (labelled O hr) reveals the
characteristic features of the intrinsically disordered monomer with a minimum displayed at 195 nm.
It should be noted that a small minimum is also observed at 222 nm and this may be due to the

AB(1-40) adopting a partial a-helix fold, consistent with previous studies [371].

Following incubation of AB(1-40) at 37 °C for 24 hours, the peptide is observed to have CD data
characteristic of a-helix and B-sheets with an increase in signal at 222 nm and a maximum and
minimum observed at 198 and 215 nm. This is consistent with disordered monomer nucleating to
form structured soluble oligomers as detailed in Section 1.2.2. Although it is likely that there are
some intrinsically disordered structures still in solution, this is not observed in Figure 4.9,

presumably due to the dominance of other secondary structures present in the sample.

Following complete fibrillation of AB(1-40) (as followed by ThT), CD measurements were taken of the
soluble protein. Figure 4.9 reveals a weak signal following 43 hours of incubation at 37 °C. Although
the magnitude of MRE is relatively small, a minimum is observed at approximately 195 nm,

indicating that a small amount of soluble unordered monomeric AB(1-40) remains.
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The secondary structures of the products formed by incubation of AB(1-40) at 37 °C for 43 hours in
the presence of either hPFD subunit 5 or 6 at a ratio of 5:1 (AB:PFD) were investigated. Precipitation
formed was removed by centrifugation and soluble proteins were investigated by far-UV CD, with

spectra plotted in Figure 4.10.
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Figure 4.10: Far-UV CD spectra of the soluble products following co-incubation of AB(1-40) & hPFD subunits 5 & 6 at 37
°C for 43 hrs. Representative data are shown from at least two independent experiments performed.

In the presence of both hPFD subunit 5 and 6 minima are observed at 195 and 222 nm, indicative of
random coil and a-helix structures respectively. It is difficult to determine whether the features
present in the CD spectra are indicative of AB(1-40), the respective hPFD subunits or a new product
formed by the co-incubation. However, due to the low ratio of the hPFD subunits it is assumed that
the spectra obtained reflects minimal amounts of the chaperone. It is therefore suggested that the
minimum at 222 nm is indicative of the a-helical structures in chaperoned AB(1-40) and that the

minimum at 195 nm is indicative of the disordered structure of monomeric AB(1-40).

Comparison of the MRE of the products in Figure 4.10 show higher content of absorbing
chromophores found in the co-incubation of hPFD subunit 6 and AB(1-40), possibly indicating a

higher concentration of soluble chaperoned substrate. Although, it was established in Section 3.2.4.1
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that the chaperones do not allow fibril formation to occur at these ratios, it does not necessarily
mean amorphous aggregates and eventual precipitation do not occur. The difference in the MRE
magnitude of the chaperoned products (Figure 4.10) suggests that this is a highly likely scenario. It is
proposed that the while the hPFD subunits are able to perform their local chaperoning effects on the
misfolding substrate, the suggested bind and release mechanism also does allow the amorphous

aggregation to occur.

If the curves in Figure 4.9 are to be compared to the curves of Figure 4.10, then the magnitude of
MRE observed in each case can illustrate the relative abundance of disordered monomeric AB(1-40)
with the co-incubation of a hPFD subunit in relation to the fibrillated AB(1-40). The magnitude of
MRE in the CD curves reveal an overall decrease in the abundance of the intrinsically disordered
peptide in comparison to the 0 hour monomeric AB(1-40) solution. As mentioned previously, co-
incubation of AB(1-40) and the respective hPFD subunit at the ratios implemented do not result in
fibril formation (Section 3.2.4.1). It is therefore likely that small amounts of hPFD subunit and some
AB(1-40) may have aggregated, in a non-fibrillar, amorphous way and precipitated out of solution. It
is also apparent that this effect is more prominent for the substrates incubated with hPFD subunit 5

than hPFD subunit 6.

Deconvolution of the spectra obtained for aggregating AB(1-40) and chaperoned AB(1-40) by CDSSTR
reveals an overall high B-sheet and disordered secondary structure content. Unfortunately, a
comparison cannot be made between the different conformations of the amyloidal peptide
aggregating in the absence and presence of the hPFD subunit, as the results summarised in Table 4.6

reveal the NRMSD ranges are over 0.05 and must therefore be rejected.

Table 4.6: Calculated secondary structure fractions & fitting parameters of hPFD subunit 6 from CD spectra obtained at
different temperatures. Algorithm CDSSTR & reference set SMP180 are selected for DichroWeb deconvolution.

Alpha helix Beta sheet Turns Unordered NRMSD

AB(1-40) monomers 0.12-0.07 0.24-0.17 0.22-0.12 0.55-0.43 0.004-0.003
AB(1-40) oligomers 0.62-0.45 0.15-0.12 0.08-0.04 0.34-0.15 0.002-0.001
AB(1-40) fibrils 0.08-0.06 0.32-0.28 0.19-0.15 0.50-0.41 0.051-0.027
AB(1-40) 0.23-0.18 0.33-0.10 0.19-0.11 0.49-0.37 0.140-0.027

+ hPFD subunit 5
AB(1-40) 0.19-0.18 0.24-0.09 0.17-0.14 0.55-0.43 0.126-0.0811

+ hPFD subunit 6

*The same value was calculated for both deconvolutions. 'NRMSD >0.05 suggest deconvolution errors and results are rejected.

The deconvoluted CD results summarised in Table 4.6 for aggregating AB(1-40) are consistent with

previous structure determinations for the amyloidal peptide [58], [151], [152], [155], [156], [371]-
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[376]. Although there are papers that report oligomeric AB(1-40) has more structured B-sheet
content similar to fibrils [57], [377], [378], it is likely that the oligomeric results seen here are the
soluble prefibrillar a-helical structures before conversion to the B-sheet oligomers. It is curious to
see that after 43 hours of incubation, the deconvoluted secondary structures of the AR fibrils are
similar to monomeric AB. This is likely due to the remaining soluble monomeric AB(1-40) at
equilibrium following fibril formation. Unfortunately, fibrils precipitate out of solution and
subsequently cannot be observed by CD spectroscopy. This has occurred here, resulting in a

rejection of the deconvolution.

The results seen in Table 4.6 for the co-incubation of AB(1-40) with either hPFD subunit 5 or 6 must
also be rejected due to the high NRMSD values. The results here are therefore used only as a guide
to demonstrate similar percentages of secondary structure to the monomeric AB(1-40). The a-helical
content is calculated to be approximately 20 %, whereas B-sheets were found to be at approximately

30-10 %, turns at 20-10 % and disordered structure at approximately 45 %.

To conclude, the results in seen here validate the previously suggested interaction of eukaryotic PFD
intercepting the prefibrillar peptide and obstructing further aggregation. The combination of the
data in this Chapter and Chapter 3 suggest that a prefibrillar monomeric intermediate species of
AB(1-40) chaperoned by hPFD is likely to be the primary cause of the cytotoxicity previously
observed, rather than the unchaperoned disordered monomers or the pre-fibrillar B-sheet

oligomers.
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4.3: Experimental

4.3.1: CD Assays

CD spectra were acquired in the far-UV range using a Jasco-815 spectropolarimeter (Jasco, MD, USA)
at room temperature using a 0.1 cm path length quartz cuvette. Samples were diluted to a
concentration of 10 uM in 10 mM NaPOsH,. The concentrations of proteins were determined
spectrophotometrically by measuring the absorbance at 280 nm and using a calculated extinction
coefficient (Refer to Appendix E). Each spectrum was obtained by averaging five scans and
subtracting the buffer contribution. For thermal aggregation assays, samples were incubated at the
specified temperature for a minimum of 3 minutes for equilibration before acquisition. Assays were

repeated a minimum of 2 times to ensure data obtained was consistent.

4.3.2: pl Computational Calculation of hPFD Subunits

The sequence of hPFD subunits 5 and 6 were input into an open server available on uniprot;
http://web.expasy.org/compute_pi/ to determine the theoretical pl of the protein and is seen in

Appendix E.

4.3.3: Dichroweb Deconvolution of CD Spectra

Raw data recorded from Jasco-815 spectropolarimeter (Jasco, MD, USA) was input into the open
software available at http://dichroweb.cryst.bbk.ac.uk/html/home.shtml to deconvolute the
spectrum. The analysis programme selected was CDSSTR and the reference set chosen was SMP180.

The optional scaling factor was set to 1.0 and the output unit was selected to be of MRE.
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Chapter 5:
Nuclear Magnetic Resonance
Analysis of the Human Prefoldin

Subunits 5 and 6

5.1: Introduction

Although structure determination of proteins and nucleic acids through NMR spectroscopic analysis
has been insightful into structure-function relationships, this technique is still inherently limited.
Many proteins are exempt from being analysed by this technique due to the strict requirements for
analysis. Sample preparation for solution NMR requires specific conditions to obtain spectra that are
sufficient for analysis and modelling. Typically, the protein of interest is synthesised to high
concentrations and buffered into phosphate buffers that allows good NMR spectra, whilst
simultaneously stabilising the protein. Depending on the specific information wanted, different NMR
experiments are acquired. Following acquisition of good spectra, NMR interpretation can be long
and tedious and unfortunately not all outcomes result in clear protein models [369], [379]. Although
NMR spectroscopy is a challenging technique for structure determination, it is a desirable method

due to the high resolution and information rich data it is able to obtain.

The first step to acquiring good protein NMR spectra is the preparation of the sample. Recently,
protein production has been driven by developments in genome-scale proteomics to include
vectors, infinity tags and host cell lines. E. coli based expression systems are most favoured, due to
the rapid cloning and production of proteins at a minimum cost. Although protein production is
often a rate-limiting step, these expression systems have made the process of producing and
purifying large amounts of protein for structural studies simpler and faster. Depending on the type
of NMR experiments conducted, some protein preparations require metabolic enrichment of
molecules in the three major isotopes 2H, °N and *3C, achieved by inclusion of isotopically enriched

chemicals the protein expression system [380], [381].
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Although NMR spectroscopy acquires high resolution data, the technique is intrinsically poor in
sensitivity and as a consequence, protein samples need to be at concentrations within the millimolar
range. Typically, for a conventional room temperature probe, the sample concentration is ideally
around 1 mM, however samples can be as low as 0.5 mM [382]. Fortunately, cryogenically cooled
probes are able to acquire data at reduced concentrations of approximately 0.2 mM and depending
on the sample can be reduced to as low as 0.05 mM. The concentrated protein sample is generally
buffer exchanged into a solution that promotes long-term stability, although there are some buffer

salts more convenient for NMR spectroscopy than others [382].

Phosphate buffers are commonly used in sample preparations for NMR spectroscopy as they
typically do not interact with the protein of interest and do not give rise to signals in the NMR
spectra. Buffers containing covalently bonded protons typically induce sharp and obtrusive signals
that compete with the protein signals displayed in the spectra, especially as buffer concentrations
are typically 10 fold higher or more than the protein concentrations, usually between 10-50 mM
[382]. Stability of the NMR spectrometer is typically maintained through the continuous monitoring
of a deuterium solvent peak. Therefore, deuterated water is also added to the buffer at levels of 5-
10 % [382]. Although buffer salts with labile protons are able to exchange with the deuterium from
2H,0 added to the solvent, the protons of water are found to have the most intense peak in the
spectrum. Also, water alone forms hydrogen bonds with the carbonyl and amide groups of the
protein, disrupting the regular intramolecular bonding of secondary structure. To counteract this,
salts are added. Although the addition of salts, such as NaCl to the buffer is generally seen to
increase protein solubility and decrease aggregation, high salt concentrations above 150 mM have
been reported to decrease the signal intensity, particularly for cryogenically cooled probes and at
high magnetic fields [383], [384]. This loss in signal coupled to poor sensitivity can be dramatic and
as a consequence, buffer salts used for NMR sample preparation must therefore be carefully
considered. The pH of the solution is also a factor that requires optimisation. Exchange of the
backbone amide proton is base-catalysed and as a consequence, a high pH can result in rapid
exchange rates. If the amide proton is swiftly exchanged throughout the NMR pulse sequence, it will
not be detected and therefore no signals for the N-H correlations will appear. The exchange rate of
backbone amide protons most conducive to observing NMR signals occurs when the pH values are
between 3-7 [382], [385]. Unfortunately, protein conformations are affected by pH as observed in

Section 4.2.2. As a consequence, the pH of the solution must be carefully considered.

As the solvent for protein samples of NMR are predominantly comprised of water, the proton peak

for H,0 is usually the most intense signal in the acquired spectrum. Fortunately, there are several
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ways to overcome this. The development of solvent suppression methods have been seen to reduce
the intensity of the water signal. WET or WATERGATE sequences are based on selective dephasing of
the solvent signals using gradient pulses [385], [386]. Presaturation, on the other hand suppresses
water signals during the relaxation delay, through the application of continuous low power radio
frequency radiation at the same frequency of the solvent peak. As this is the easiest process

available, it is frequently used in protein NMR [143], [386]-[389].

5.1.1: Aim

The aim of this chapter was to elucidate the structure of hPFD subunits 5 and 6 through high
resolution 2D and 3D NMR techniques.
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5.2: Results and Discussion

The development of multidimensional and heteronuclear NMR has allowed structural properties of
proteins at molecular weights of 30-40 kDa to be elucidated [108]. As 3D NMR has been proven to
be successful at elucidating macromolecules, this technique was applied to hPFD subunit 6.
However, the 3D NMR studies of the hPFD subunit 6 were unsuccessful and 2D NMR advances were
then made. Due to the quicker acquisition time of 2D NMR experiments, following the 2D NMR

spectroscopy experiments were conducted.

5.2.1: 3D NMR Spectroscopy

Due to the smaller size and molecular weight of hPFD subunit 6, labelling and subsequent 3D NMR
spectroscopy was first conducted on this subunit before further investigations of hPFD subunit 5
expression in E. coli follows the method detailed in Section 3.3.3 with several key changes required
for metabolic enrichment of the isotopes °N and 3C. The large overexpression LB broth media is
replaced with a M9 minimal media as detailed in Section 5.3.1. The overnight expressed bacterial
cells were re-cultured in the M9 minimal media containing ®NH4Cl and 3C¢H1,0¢ as the sole nitrogen
and carbon sources, respectively. As the isotope labelled chemicals required for the media were
relatively expensive, expressions of the subunit in minimal media was first acquired with unlabelled
chemicals and growing conditions were trialled to determine the maximum amount of possible cell
expression. Varying growing conditions such as temperature, shaking, aeration, time of induction,
and time of harvest were trialled and eventually the optimal growing conditions were found to be at
30 °C, with shaking at 180 rpm, in unbunged conical flasks, induction occurred at ODsoo readings of
approximately 0.4-0.6, and left to grow overnight until the ODgsoo reading was approximately 2.0.
Following cell harvest, the protein was extracted from the cell and purified as previously detailed in
Chapter 3. Details of the vector, DNA transformation and purification of hPFD subunit 6 can be seen

in Section 3.2.3 and 3.3.3.

To determine the best solvent for solution NMR, several buffers were trialled with unlabelled hPFD
subunit 6 to determine stability of the protein at room temperature. It was found that in buffers
with no salt, aggregation of the hPFD subunit occurred and protein precipitation was seen within 1
hour. Concentrations of NaCl were added to the sample at 50 mM, 100 mM and 150 mM and after a
24 hour incubation period, it was found that in the solution containing 50 mM NaCl the protein had
precipitated, 100 mM NaCl had minor precipitation and 150 mM NaCl had no precipitation observed.
As a consequence it was determined that salt was needed at concentrations of 150 mM or higher to

allow protein solubility and stability.
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A previous successful study of phPFD probed by 3C NMR used a solution of 50 mM MES-HCI, 150
mM NacCl, 25 mM MgCl,, 0.02% NaNs, and 10% 2H,0 (v/v) at pH 6 [390] and a variation of this buffer
was used. Following labelling of the protein, the sample was placed into a buffer of 20 mM MES, 150
mM NaCl, 25 mM MgCl,, 10% %H,0 (v/v), pH 6 at a concentration of 1 mM and inserted into a 3 mm
NMR tube (Shigemi, Pennsylvania, USA).

The first NMR experiment run for the N and 3C labelled hPFD subunit 6 was the 'H-°N
heteronuclear single quantum coherence (HSQC) NMR experiment. This experiment is able to show
all H-N correlations and therefore should contain at least one peak for each residue in the protein.
Consequently, this spectrum can provide an excellent high-resolution ‘fingerprint’ of the protein and
is predominantly used to assign backbone amide groups [391]. A close up of the H-N region of the

spectrum obtained for hPFD subunit 6 is shown in Figure 5.1.
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Figure 5.1: 2D 1H-15N HSQC NMR spectrum of 15N & 13C labelled hPFD subunit 6, close up of the H-N region.

The peaks in the *H-1>N HSQC spectrometry were found to be poorly resolved. Figure 5.1 illustrates

the section observed with the majority of the peaks, which are seen along the 'H axis at
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approximately 8 ppm, and along the ®N axis ranging from approximately 107-130 ppm. Peaks
observed at approximately around 110-115 ppm on the °N axis typically correspond to Asn and Gln
side chain NH; groups and therefore result in 2 peaks along the same *°N axis due to the 2 attached
protons in the amide group, hPFD subunit 6 has 9 Arg amino acids and the peaks seen at 111-113
ppm N and 7-8 ppm H may correspond to these residues. Unfortunately, the clumping of the

signals ultimately means that peaks are not well defined and resolved.

A 'H-13C HSQC experiment was also performed following acquisition of *H->N HSQC spectrum. These
experiments are similar and magnetisation is transferred from the hydrogen nuclei to the attached
13C nuclei via J-coupling, instead of on the °N. A close up of the observed peaks in the *C-HSQC

spectrum for hPFD subunit 6 is seen in Figure 5.2.
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Figure 5.2: 2D 1H-13C HSQC NMR spectrum of 15N & 13C labelled hPFD subunit 6.

Figure 5.2 reveals that some signals in the 'H-*C HSQC are well defined, while others are
overlapped. Unfortunately it can also be observed that over 1/3 of the peaks seen in the spectrum

overlap with the water peaks introducing ambiguity to the assignment of the peaks. It must also be
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noted that the *C HSQC spectrum is theoretically meant to show all H-C correlations in the protein,
therefore 180 H-C backbone signals should be seen. Figure 5.2 reveals a low number of signals and
clumping of signals similar to Figure 5.1. The low quality spectrum seen here is likely due to a
combination of sample and spectrum related problems. A comparison between the *N and *C HSQC
show that the peaks in the 3C HSQC spectrum are relatively more defined, despite literature stating

that the opposite should be true [392].

Following HSQC NMR experiments, a 3D HCCH-TOCSY NMR experiment was performed. This
experiment is typically used for the assignment of side-chains as a *C mixing scheme correlates all
the H and *3C nuclei in a spin system. The magnetisation evolves on the side chain *H nuclei to the
attached **C nuclei which is then mixed and transferred back to the *H for detection. Each carbon

frequency strip should therefore display all side chain H resonances in the spectrum [393].
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Figure 5.3: 3D HCCH-TOCSY NMR spectrum of 15N & 13C labelled hPFD subunit 6. The 3" axis 13C is combined and overlaid
to reveal all peaks seen in the 3D spectrum.

Although the peaks in Figure 5.3 are seen to be better resolved than the peaks from the HSQC
experiments, the displayed spectrum is overlaid with all peaks displayed along the 3C axis. This
ultimately shows a small number of nuclei decay detected. Shimming of the sample in this

experiment was difficult, suggesting sample problems with the experiment.
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Problems with shimming are typically associated to sample problems such as protein aggregation.
Although shimming in the previous experiment was difficult, a 3D CBCA(CO)NH NMR experiment
was run to determine if magnetisation from the backbone could be detected. This experiment
involves the transfer of magnetisation between *Ha and *HPB to **C, and '3Cs and then to 3C=0,
followed by transfer to >N-H and then to H-N for detection. The chemical shift on *Cy and 3Cg
appear in one dimension as they are simultaneously evolved, and the chemical shifts of **®N-H and

'H-N are evolved in the other 2 dimensions [394].
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Figure 5.4: 3D CBCA(CO)NH NMR spectrum of 15N & 13C labelled hPFD subunit 6. The 314 axis 13C is combined and overlaid
to reveal all peaks seen in the 3D spectrum.

Figure 5.4 reveals a clumped signal, this is similar to the peak seen in Figure 5.1, as the shifts
between these experiments remain the same. Shimming of this 3D CBCA(CO)NH NMR experiment
was found to be more difficult than in the 3D HCCH-TOCSY NMR experiment, and it is apparent from
the spectrum that signal intensity is lost. A 3D HNCO NMR experiment following the CBCA(CO)NH

NMR experiment was run to confirm possible sample precipitation.
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The 3D HNCO NMR experiment was the most sensitive triple-resonance experiment available for 3D
NMR spectroscopy and is able to assist in backbone assignment through the magnetisation transfer
of backbone 'H nuclei to backbone N nuclei and then selectively to the 3C=0. Detection occurs
when the magnetisation is then passed back through the backbone N nuclei to the H nuclei,
resulting in the chemical shift evolving on all of the 3 nuclei. This NMR experiment is also able to

show side chain correlations of Asn and Gln [394].
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Figure 5.5: 3D HNCO NMR spectrum of 15N & 13C labelled hPFD subunit 6. The 3" axis 13C is combined and overlaid to
reveal all peaks seen in the 3D spectrum.

Figure 5.5 clearly reveals low protein signal intensities, however high intensities are observed for the
water peaks. At this point total acquisition time for the hPFD subunit 6 sample was approximately 6
days. When the NMR tube containing the sample was removed from the NMR spectrometer it was
clearly seen that precipitation had occurred over the course of the NMR acquisitions. This aligns with
the decreasing signal observed in the sequential NMR experiments. This ultimately reveals that the

sample conditions were not optimal for the labelled hPFD subunit 6 for the duration of the NMR
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experiments performed. Although a freshly expressed batch of labelled protein could be used with
each 3D NMR experiment conducted, this is a time consuming and expensive endeavour which

unfortunately could not be conducted for this thesis.

5.2.2: 2D NMR Spectroscopy

Following the attempted 3D NMR spectroscopy of hPFD subunit 6, it was decided that a series of 2D
'H-'H NMR experiments for both hPFD subunits would be attempted. 2D *H-!H NMR experiments
have only 2 frequency dimensions with less evolution and mixing periods than 3D NMR experiments
and as a consequence it is faster to obtain spectra. This ultimately means that the overall acquisition
time for the 2D NMR experiments of the hPFD subunits should be relatively shorter than the
acquired 3D NMR experiments and therefore can be acquired before protein precipitation is seen to

affect the data acquired.

5.2.2.1: 2D NMR Spectroscopy of hPFD Subunit 5

hPFD subunit 5 was obtained through recombinant protein expression, purified through an affinity
column and buffer exchanged into 20 mM MES, 200 mM NaCl, 20 MgCl, and 10 % D,0 (v/v) at pH 6
at a concentration of 1 mM and inserted into a 3 mm Shigemi tube. A series of 2D H-'H experiments
were run and Figure 5.6 illustrates the N-H to Hq, Hp and H, region of the 2D 'H-'H TOCSY NMR

spectrum obtained.
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Figure 5.6: 2D 'H-'H TOCSY NMR spectrum of hPFD subunit 5, the N-H to H,, Hg & H, region is shown with correlating
signals of a spin system coordinated as indicated by the dashed line.

TOSCY NMR spectra are theoretically meant to show correlations of all protons in the amino acid
residue, however experimentally, not all signals are observed in the spectra. It can be seen in Figure
5.6 that the detected peaks for the TOSCY experiment are well defined and extraction of the
chemical shifts for each individual signal is relatively easy. However, it is also seen that there are 50
possible correlating spin signals. There are a total of 205 amino acids for hPFD subunit 5, and with
the exception of Pro residues which are not displayed in this region, the spectra ultimately reveals
peaks that are lost in background noise or are missing. There are also peaks that were not found to
correlate to any other peaks in the spin system, although their presence generally signifies partial
spin system detection. Unfortunately, the lack of correlated signals makes interpretation of the
spectrum difficult. The absence of NMR signals can be due to a number of things. Although size was
considered, the hPFD subunits are smaller than some previously NMR analysed proteins [108]. It is
possible that signals of some residues could be overlapping, resulting in a peak for two possible
amino acids. The likelihood of protein precipitation during acquisition is also conceivable, as

previously seen in Section 5.2.1 despite the short acquisition time.
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Despite less than a quarter of hPFD subunit 5 spin correlations shown and ambiguity present in the
interpretation of the spectrum, assignment of resonances may give an insight into the structure
amino acids. As previously mentioned in Section 2.2.2, sequential assignment of 2D NMR spectra is
initiated through the determination of each spin system through comparison to published chemical
shifts of random coil structure. To assist in residue determination of hPFD subunit 5, the signals
detected in the 2D TOCSY NMR experiment were extracted and assigned to potential *H nuclei, as
summarised in Table 5.1. Unfortunately, the number of signals could mean that there are many Ala

residues, but more likely, there are a significant number of signals that are missing.

Table 5.1 reveals all the correlating signals assigned to a possible corresponding proton signal in the
spin system. As there are many missing signals, the assignment of residue to the spin system
resonance is difficult, especially when not all resonances are observed in the TOSCY spectrum. 2D
'H-'H COSY NMR experiment was then performed; however the spectrum observed revealed peaks
already established in the TOSCY and therefore did not assist in the assignment of the peaks (data

not shown).

It is detailed in Section 2.2.2 that secondary shifts (A8) assist in the determination of secondary
structures. The difference between the observed chemical shift and published random coil shifts can
help determine the predominant structure for hPFD subunit 5. a-helical structures have reported
negative AS values of H, and N-H, while B-sheet structures display positive *H, and N-H A8 values
[142]. The N-H chemical shifts published for residues in an unstructured random coil range between
8.0-8.42 ppm [142]. Despite the inability to assign the spin systems of hPFD subunit 5, secondary
structure can be determined for resonances with N-H shifts outside the 8.0-8.42 ppm range. The first
3 spin systems in Table 5.1 have N-H shifts higher than 8.42 and are therefore likely to be of B-sheet
structure. The last 24 residues in Table 5.1 have observed chemical shifts for N-H below 8.0 ppm

resulting in a negative Ab and are therefore of a-helical structure.

In the same manner, the Ad for Hy can also be analysed. In an unstructured random coil, the
chemical shift of Hy was found to be between 3.96-4.74 ppm [142] and although there are no shifts
in Table 5.1 above 4.74 ppm, there are 7 different spin systems with shifts below 3.96, resulting in at
least 7 negative Ad values of H, This ultimately means that there are 7 spin systems with Ad
correlating to a-helical secondary structure. If the spin systems already deduced to be of a-helical
structure from the Ad of N-H chemical shift are negated from the analysis, this leaves 4 spin systems
with a-helical characteristics. These 4 spin systems are therefore added to the 24 residues already
determined to have a-helical structure and in total, 28 spin systems correspond to residues that are

in a-helical formation. As there are a total of 50 separate spin systems identified in Figure 5.6, the
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majority of the residues detected by *H-'H 2D TOSCY NMR spectroscopy of hPFD subunit 5 are of a-

helical structure. Unfortunately, the same method cannot be applied to the shifts seen for Hg, as the

published chemical shifts range from 1.39-4.24 ppm and this range is too large to analyse the data.

Table 5.1: Correlated 1H chemical shifts for hPFD subunit 5 extracted from 2D NMR TOSCY experiment.

Chemical Shift (ppm)

N-H Ha Hp Other H
8.55 4.15 1.8
8.45 4.18 1.8
8.44 4.16 2.14
8.41 4.12 1.57
8.38 4.19 1.79
8.35 3.82 2.48
8.32 4.2 2.11 1.79
8.31 3.82 1.93 1.25
8.28 4.21 4.04 2.55,2.13,1.86,1.51, 1.26
8.25 2.12 1.52,1.25
8.21 4.21 1.57

8.2 3.99 1.89
8.19 4.06 2.11 1.95,1.25,1.78
8.18 4.06 1.95
8.17 4.43 2.48
8.16 3.81 1.49
8.15 3.98 1.81
8.14 3.99 2.55 2.11,1.94
8.13 3.82 2.88 1.26

8.1 4.00 3.72
8.09 4.21 1.48 1.26
8.08 4.41 4.25,4.24 2.50,1.55,1.94
8.04 4.19 3.96 2.87,2.12,1.26,1.93
8.03 2.46,2.47
8.01 2.12 1.25

8 3.98 2.85 1.79
7.99 4.18 3.64 1.55,1.34
7.93 4.24 2.53 1.47,1.25,1.57
7.92 1.94 1.77
7.91 3.64 2.07
7.88 4.29 2.88
7.87 4.02 2.54 2.14,1.57,1.32,1.2
7.86 4.01 3.69 2.53,1.2
7.85 2.09 1.45
7.84 1.95 1.56
7.83 2.08 1.45,1.93
7.82 4.23 2.49 2.45,1.77
7.79 1.57 1.45,1.23
7.78 4.24 4.01 2.87,2.88,2.53
7.74 4.02 1.95
7.73 1.56 1.45
7.71 4.17 1.8

7.7 2.13 1.2
7.69 4.03 1.03
7.68 4.03 1.56 1.2
7.64 4.02 3.93
7.62 3.92 1.45

7.6 4.03 3.01 2.82,1.44
7.59 3.9 1.94
7.58 4.02,3.9
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The sequential assighnment of 2D NMR experiments typically assigns the position of each spin system
in the protein sequence following amino acid assignment of the correlated resonances through 2D
'H-IH NOESY NMR experiments. As the assignment of spin systems could not be achieved in the 2D
TOSCY spectrum of hPFD subunit 5, it was decided that main-chain assignment would be attempted.
In this strategy, sequential spin systems are determined through distinct predefined NOE patterns of
a-helices, B-sheets, turns, and extended chains before the identification of the amino acid side-
chains [137], [139]. A *H-'H NOESY NMR experiment was conducted for the hPFD subunit 5 sample

and the N-H to H,, Hg and H, region is shown in Figure 5.7.
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Figure 5.7: 2D *H-'H NOESY NMR spectrum of hPFD subunit 5. NH to a, B and y region of subunit 5.

Although there are some correlations seen in the NOESY spectrum, it can be observed that the
number of signals is minimal. Unfortunately a search for an authentic main chain N-H-C, H-C, H J-
coupled units cannot be found with high reliability in this spectrum. Following removal of the NMR

sample from the spectrometer, precipitation was seen.
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5.2.2.1: 2D NMR Spectroscopy of hPFD Subunit 6

As there were many ambiguous peaks observed in the 2D NMR spectra for hPFD subunit 5, it was
thought that the smaller hPFD subunit 6 would give better resolution in the 2D NMR spectra. In an
identical manner as hPFD subunit 5, purified hPFD subunit 6 was subjected to 2D NMR TOSCY as

seen in Figure 5.7.
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Figure 5.8: 2D H-'H TOCSY NMR spectra of hPFD subunit 6, the N-H to H,, Hg & H, region is shown with correlating
signals of a spin system coordinated as indicated by the dashed line.

Figure 5.8 reveals 34 correlating spin systems and these could be partial or full spin systems relating
to the amino acids of hPFD subunit 6. The full sequence of the chaperone consists of 180 amino
acids and therefore only 1/5 of correlating resonances are shown. This can be compared to the
number of signals seen for hPFD subunit 5, which had approximately 1/4 of its residues displaying
NMR resonances. Although the NMR analysis of both subunits reveals low numbers of detected
NMR signals, the samples and NMR experimental parameters were prepared in the exact same

conditions for and as a consequence it can be deduced that hPFD subunit 5 is a more soluble and
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compatible substrate for analysis through NMR spectroscopy. The chemical shifts seen in Figure 5.8
were extracted and sorted into the possible correlating amino acid H nuclei signal. These are

summarised in Table 5.2.

Table 5.2: Correlated 'H chemical shifts for hPFD subunit 6 extracted from the 2D NMR TOSCY experiment.

Chemical Shift (ppm)

NH Ha Hp Other H
8.57 1.94 1.8
8.43 3.83 1.82

8.39 4.2 1.8

8.34 2.55 1.94
8.33 4.21 1.81

8.3 2.13

8.28 1.5 1.25
8.24 3.81 2.13

8.21 4.22 2.26 2.12
8.2 1.95 1.78
8.18 4.05 1.96

8.16 2.25 1.25
8.14 4 1.96

8.12 4.21 3.76 2.87,1.81
8.09 4.26 1.5

8.08 2.51 1.49
8.04 4.21 3.97, 3.96

8.01 4 1.51

7.99 4.22 3.98, 3.96 1.77,1.33
7.95 4.23 3.63 1.96, 1.55
7.92 4.18 2.53

7.91 3.64 2.53

7.88 4.03 2.88

7.87 3.7 2.54

7.86 1.57,1.47

7.83 4.24 2.5

7.81 4.04 1.46

7.78 4.01 2.88

7.72 4.02 1.2

7.69 4.03 1.96

7.64 3.93 1.96

7.61 3.91 2.84

7.6 4.02 3.02

7.5 1.96 1.56

In a similar manner to the analysis of hPFD subunit 5 by 2D TOSCY NMR spectroscopy, the
assignment of residues cannot be completed due missing signals. However, from the N-H secondary
shifts observed secondary structure of the partial spin systems can be determined. Table 5.2 reveals
only one value above the highest chemical shift seen for an unstructured random coil amino acid. On
the other hand, there are 16 N-H chemical shifts below the 8.0 ppm for random coil lle [142].

Regardless of the residues identity, for the signals outside the range of 8.0-8.42 ppm, the Ad can be
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calculated and therefore secondary structure can be assigned to these residues. The 16 N-H
chemical shifts seen for TOSCY analysed hPFD subunit 6 below 8.0 ppm are calculated to have

negative Ad and therefore are in residues with a-helical structure.

Lastly, the Hy chemical shift were analysed and 6 H, shifts in Table 5.2 are identified to be below
3.96, therefore resulting in negative Ad for Hy. 4 of these spin systems were already identified to be
in residues of a-helical content. Therefore, 2 more spin systems with a-helical secondary shifts are
added to the 16 spin systems, resulting in 18 total systems belonging to residues in a-helical
secondary structures. Like hPFD subunit 5, from these results it can be concluded that the majority
of the residues detected by 2D NMR spectroscopy are within a-helical structures and by extension, it

implies and reiterates that hPFD subunit 6 is predominantly conformed to an a-helix.

To see if further information could be extracted a 2D *H-'H NOESY was obtained of hPFD subunit 6
following the TOSCY experiment and this is displayed in Figure 5.9. It is unsurprising to see here that
Figure 5.9 reveals a spectrum with poor signal to noise, as the previous TOSCY spectrum was

indicative of experimental problems for subsequent 2D NMR experiments.
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Figure 5.9: 2D 1H-'H TOCSY NMR spectra of hPFD subunit 6. NH to o, B & y region of hPFD subunit 6.
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Although 2D NMR experiments do not resolve NMR signals as well as 3D NMR experiments, they are
often sufficient for the study of peptides up to approximately 35 kDa. Generally proteins and
peptides greater than 35 kDa are of insufficient resolution in 2D NMR due to the greater number of
resonances present in the spectra and the longer rotational correlation times resulting in broadened
linewidths, although that was not seen here. hPFD subunits 5 and 6 are 22.8 and 20.1 kDa
respectively; double the recommended size for 2D NMR, however it can be seen in Figure 5.4-5.8
that overlapping signals and broadened linewidths were not the difficulties present in the 2D NMR
of the hPFD subunits. Instead, signals were limited and not all spin systems were present in the
spectra, indicating flexibility, molecular dynamics or an unstructured complex. These points can also
be applied to the incomplete NOE connectivity patterns observed in the NOESY spectra, in addition

to signal overlap.

It has also be previously reported that the spectra of a-helix rich proteins are less well dispersed
than those from B-sheet-rich proteins due to the broader difference of chemical environments
found in B-sheet structures [391]. The predominantly a-helical structure of the hPFD subunits is
likely to have induced overlapping signals to result in the low number of spin systems observed in
the 2D spectra. It was also determined in Section 4.2.1 that the hPFD subunits have some regions of
disorder. Although good NMR spectra has been obtained for both folded and completely unfolded
proteins with well resolved resonances, proteins that are partially folded have been seen to often
give rise to very poor quality spectra [391]. It was also reported that such partially folded proteins
can exhibit substantial secondary structures in far-UV CD spectra, which is what has been seen here
for the hPFD subunits. The poor quality NMR spectra can indicate the existence of a molten globule
state and although the hPFD subunits may have well-formed secondary structures, the tertiary
structure may not be as well-defined. Poor quality NMR spectra may also suggest a dynamic protein

that is able to form oligomers.

Oligomerisation issues have been previously reported to obstruct NMR studies and resonance line
broadening and subsequent poor sensitivity has been observed due to the dynamic properties of
proteins fluctuating between multiple conformations at an intermediate rate on the chemical shift
time scale [391], [395], [396]. It is possible that the poor overall signal-to-noise seen here for the
hPFD subunits may be due to oligomerisation as it has been previously seen in prokaryotic PFD

studies that homo-oligomeric assemblies occur for the PFD subunits [397].

Homo-oligomerisation of the hPFD subunits were further investigated in Section 6.2.2 and 6.2.3. The
NMR results here are consistent with the dimers and trimers reported in Chapter 6 and this

ultimately implies molecular dynamics are at play for the chaperone. The continuous interaction and
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interconversion of the protein between different conformations and/or oligomeric states on the ps-
ms timescale can cause line broadening of signals, which can be seen for all 2D and 3D spectra of the

hPFD subunits [391].

Although it was suggested that the size of the proteins, the rate of molecular tumbling, the
conceivable molten globular state of the subunits and the possible dynamics of oligomerisation may
have affected the NMR spectra, it should also be noted that precipitation was seen in the samples
following both 2D and 3D NMR experiments. Therefore, in addition to these likely scenarios, protein

aggregation did also occur and the hPFD subunits were unstable in NMR acquisition conditions.

It is possible that the limitations listed here may have impacted the number of PFD studies through
NMR methods to elucidate the structure of the intact hexameric complex or its subunits. However,
as previously mentioned, there is one published paper utilising the high resolution technique to
determine the interactions of the distal tentacles of phPFD to CPN [390]. Kato et al. was able to
monitor the interaction between archaeal PFD and CPN through the selective carbon labelling of the
terminal regions of the PFD coiled tentacles. Analyses were conducted using 1D *C NMR on the
partially labelled complex and, in comparison to the experiments conducted in this Chapter, there
are many differences between the successful analysis and our data obtained. As Kato et al. focused
on the terminal regions of the chaperone, fewer resonances were available for detection and any
possible flexibility or molecular dynamics at play are possibility minimalised. It was demonstrated on
the basis of the *C NMR data, that the N-terminal portions of both a and B subunits of phPFD
possess significant degree of freedom in internal motions. The simple 1D NMR and the overall
reduced amount of resonances results in a substantially smaller acquisition time, in comparison to
the substantial amount of acquisition time needed for the analyses in this Chapter. This ultimately
means that the 1D *C NMR analysis of the phPFD is likely to have no or low amounts of protein

aggregation.

Some proteins that yield rather poor NMR spectra because of aggregation or low solubility might
give excellent crystals [398], [399]. The results in this Chapter conclude that hPFD subunits 5 and 6
are not suitable for NMR spectroscopy, and by extension, eukaryotic PFD may be too large and
unstable to be studied through NMR. Previously published reports utilising crystallography to
determine mtPFD and phPFD structures suggest that this is a more feasible approach to studying
hPFD [84], [397]. Unfortunately, crystallography was not explored in this thesis and low resolution

techniques were utilised instead.
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5.3: Experimental

5.3.1: 15N and 13C Labelled hPFD Subunit Expression

All chemicals and materials were purchased from Sigma Aldrich (Missouri, United States) unless
otherwise stated. All equipment was autoclave sterilised prior to use and all stock solutions were

syringe filtered (0.2 um, GE Healthcare, Little Chalfont, United Kingdom).

A stock solution of 5xM9 minimal media (1 L) was prepared with Na,HPO, (33.9 g), KH,PO, (15 g),
NacCl (2.5 g) and made up to 1 L with MQ H;0. 1xM9 minimal media was prepared with 5xM9 (200
mL), 0.1 M CaCl, (1 mL), 1M MgCl, (2 mL), 20 % C* labelled glucose (w/v, 20 mL), 8.5 % yeast
nitrogen base without amino acids or ammonium sulfate (w/v, 20 mL), 10 % N*° labelled NH4CI (w/v,
15 mL) and made up to 1 L with MQ H,0. 1xM9 minimal media was divided in half (2x500 mL) and

into unbunged 2 L conical flasks.

DNA encoded plasmids were transformed and overexpressed in overnight cultures as detailed in
Section 3.3.3. Following an overnight overexpression in LB broth (50 mL) and ampicillin (50 pL) at 37
°C, the supernatant was removed by centrifugation (5000 g) and decanted. The pellet was
resuspended in 1xM9 minimal media (50 mL) and then split evenly into 2 50 mL falcon tubes. Each
resuspension of cells were inoculated into 1xM9 minimal media (500 mL) into unbunged 2 L conical
flasks and ampicillin (500 pL) and grown with shaking (180 rpm) at 30 °C for approximately 5 hours
until the ODggo reached 0.4-0.6. IPTG (250 pL, 1M) was added to the medium and the culture
continued to grow with shaking overnight. Cells were then harvested by centrifugation (5000 g) for
10 minutes. Protein extraction and purification followed the same routine as the cells in Section

3.3.3.

5.3.2: NMR Sample Preparation

Following protein expression, extraction and purification, the sample was prepared for NMR
experiments through buffer exchange into 20 mM MES, 150 mM NaCl, 25 mM MgCl, at pH 6, and
placed into a 3 mm NMR tube (Shigemi, Pennsylvania, USA). 10% *H,O (v/v) was added and

thoroughly mixed with a long needle and syringe (Sigma Aldrich, Missouri, USA).

5.3.3: NMR Parameters

NMR spectra were recorded using a Varian Inova-600 NMR spectrometer, with a H frequency of 600

MHz, a 3C frequency of 150 MHz and a *°N frequency of 60 MHz. Experiments were carried out at 25
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°C and referenced to water (4.82 ppm). HSQC experiments were recorded for the assighment of °N
and 13C resonances using correlations with the attached H. These experiments consisted of 8 time-
averaged scans over a total of 512 t; increments. 2044 data points were collected over a spectral
width of 12019.2 Hz in the H dimension (F2). The H frequency domain was referenced to DSS at 0.0
ppm, whilst the heteronuclear dimensions were referenced indirectly [400]. The standard HCCH-
TOSCY, CBCA(CO)NH and HNCO [401] pulse sequences from the Vnmr] library were used. 64 (t1) and
37 (t2) increments, each consisting of 8 transients were acquired over 2044 data points for the
spectra. The carrier frequencies for H, 3C and ®N were set to 4.773, 47.362 and 118.861 ppm,
respectively and spectral widths of 12019.2 Hz (*H), 12062.0 Hz (*3C) and 1944.3 Hz (**N) were used.

The water signal in both TOCSY and NOESY experiments was suppressed by presaturation. This was
achieved by application of a low power RF pulse at the frequency of the water resonance during the
1.1 second relaxation delay between scans. The water signal in the DQF-COSY spectra was
suppressed using gradient methods [402]. TOCSY, DQF-COSY and NOESY experiments were acquired
in the phase-sensitive mode, with time proportional phase incrementations in ti. For each
experiment, 8 to 16 time-averaged scans were acquired per increment, with a total of 200 t;
increments for TOCSY and NOESY spectra and 512 t; increments for DQF-COSY spectra. The FID in t;
consisted of 2044 data points over a spectral width of 9592.3 Hz. NOESY spectra were acquired with

a mixing time of 150 ms and the TOCSY pulse sequence included a spin-lock of 80 ms.

The spectra were processed using VNMR software (VNMRJ, Version 2.1, Revision B) and viewed by

MestReNova (MestrelLab Research, Version 6.0.2-5475)
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Chapter 6:
Ion Mobility-Mass Spectrometry of

Mammalian Prefoldin and the Human

Prefoldin Subunits 5 and 6

6.1: Introduction

The combination of IM and MS increases the specificity and selectivity of an analysis compared to
MS alone through the orthogonal separation of IM and allows the simultaneous determination of
CSS and mass. The coupling of these techniques with soft ionisation methods such as nanospray or
ESI permits the elucidation of protein-protein interactions, protein-ligand interactions and low
resolution ‘native’ like structures through the preservation of weak non-covalent bonds. Although
the addition of IM has been a more recent development to native complex analyses, soft ESI-MS
studies have been prevalent since 1991, with one of the first published studies detailing the
interaction between a cytoplasmic receptor and rapamycin as detected by native ESI-MS [403]. Since
then, the exponential increase in mass and complexity range combined with dissociation techniques
available in both solution and gas phase has permitted MS to define complex stoichiometry, subunit
connectivity and ligand specificity in unprecedented detail. Systems analysed through ‘native’ ESI-MS
range from metal peptides, ligand protein assemblies and drug binding [182], [403], [404]. Structural
elucidation of proteasome, monoclonal antibodies, membrane protein complexes, intact ribosomes,
and large capsid viruses have also benefitted from the development of ESI-MS [404]-[406]. The
addition of IM to this well established technique further refines the structural data obtained for

macromolecule complexes.

As previously described in Section 2.2.5, IM has the ability to deduce complex shape and size and
separate molecules based on different structural conformations and folding states. As the addition
of IM separates ions based on their ability to traverse a chamber filled with inert neutrals under the
influence of a constant electric field; correlated multiply-charged complex ions have ATDs that
adhere to a pattern and this enables easy spectral deconvolution of the MS data. This can also be

used to resolve ambiguity present in MS spectra of isoforms [128].
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Recent applications of native IM-MS have highlighted its ability to define protein complex
stoichiometry, topology and the existence of in vitro sub-complexes including the structural
arrangement of these sub-complexes [407]-[411]. Protein complex models constructed through
native IM-MS are typically represented as spheroids until further structural information is input. As
protein complexes are dynamic entities, often consisting of stable core complexes decorated by
peripheral subunits, the addition of partial denaturation to the analysis can potentially reveal
subunit vicinities, binding cooperativity and estimations of binding affinities. Domain structure or
protein folding information garnered from other structure elucidating techniques or from further
IM-MS experiments can be integrated with the IM-MS data to refine the shape of the complex.
There are several IM-MS experiments that can elucidate subunit stoichiometry and these assays
typically induce unfolding and protein dissociation. It should be noted ‘native’ IM-MS conditions
does not necessarily equate to all detected ions representing the native protein conformation.
Possible quaternary remodelling and unfolding can still occur even with parameters set to ‘native’

like conditions [412].

Gas phase activation detailed in Section 2.2.5.5, can be optimised to access multiple levels of
multiprotein organisation. Parameter optimisation is critical for gas phase unfolding as an intact
protein will undergo unfolding or ejection of a highly charged monomer from the stripped oligomer.
Denaturation of the subunits by CID will give unfolded conformations and further gas phase
activation can induce fragmentation of the protein backbone [411], [413]-[415]. Although gas phase
dissociations have the ability to create protein contact maps, there are several drawbacks of the
technique. It should be noted that gas phase denaturation techniques lack solvation and as such
largely do not reflect the same dissociation pathway as in solution. It has also been observed that
gas phase activation can induce simultaneous unfolding with the dissociated intermediate and
substrate structure [94]. As solution effects are of primary biochemical interest, complementary
solution phase methodologies are typically employed in addition to gas phase activation

experiments to determine complex stoichiometry and sub-complex topology.

Solution phase denaturation methods are able to generate orthogonal compositions of the complex
prior to IM-MS analysis as opposed to gas phase activation methods which can only be engaged
within the instrument. These solution methodologies are designed to perturb protein interfaces and
disrupt non-covalent interactions whilst retaining IM-MS resolution. Typically, addition of small
amounts of organic solvents, acids and/or bases and salts to the sample solution elicit the formation

of topologically informative sub-complexes. Organic solvents such as alcohols are used to induce
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unfolding of the protein complex by disrupting the hydrogen bonding prevalent in secondary to
quaternary structure. Depending on the type of alcohol used, the intramolecular hydrogen bonds
are able to form new bonds between the introduced alcohol molecule and the protein side chains
[416]. Increasing the number of alcohol molecules to the sample solution increases the propensity
for hydrogen bonding disruption and therefore protein complex unfolding. However, different
alcohols can have different effects depending on the protein and in some cases alcohols can assist in
hydrogen bonding and structured conformers due to the small changes in dielectric constant and
hydration of ionic groups [128], [417]. As a consequence, a relatively exhaustive trial-and-error
search of potential solution conditions for optimal disruption is usually necessary for protein
dissociation by organic solvents. Unfortunately, the addition of acids and/or bases also requires
optimisation for ideal disruption. This process can be relatively exhaustive, however the data
acquired from these experiments is still desirable as solution phase disruption methods are able to
dissociate and break the intact complex at the weakest interface to give insights to stoichiometry

connectivities and interactions.

As explained in Section 4.2.2 acids and bases are able to disrupt hydrogen bonds and ionic bonds
which occur in salt bridges. The addition of excess H" or HO" is able to interact with these side chain
groups in a double replacement action. Likewise, chaotropic agents and salts are able to disrupt salt
bridges in a similar manner. Chaotropic agents are typically utilised in dissociation experiments to
manipulate the ionic strength of the solution to disrupt the weakest bonds in the complex and these
are often non-covalent bonds at protein binding interfaces [418]. While the phenomenon of solution
phase denaturation methods by chaotropic agents, ionic strength and solution pH have been
thoroughly explored with MS in the elucidation of complex stoichiometry [238], [410], [419]-[422],
real-time thermal denaturation experiments analysed by IM-MS has not been thoroughly exploited

in the determination of protein complex structure.

Increasing the temperature of the solution during IM-MS ionisation can reveal the conformation of
stable intermediates at different temperatures and dissociation patterns of the substrates. These
melting experiments disrupt hydrogen bonds and non-polar hydrophobic interactions through the
increase of kinetic energy, causing the molecules to vibrate so rapidly and violently that bonds have
the capacity to break. Although solution phase thermal aggregation coupled to IM-MS has not been
widely explored, there have been some published papers coupling thermal dissociation methods to
MS, and these experiments have successfully delineated solution phase equilibria of
macromolecules [94], [423]. These experiments are a good representation of possible cellular

conditions, particularly in times of elevated levels of thermal stress. As high intracellular
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temperatures are closely related to disease [424], determining protein complex conformations at
elevated temperatures is desirable. It is well known that a number of biologically important
complexes undergo changes in structure and activity in response to thermal stimuli, such as the
sHSPs. Therefore, following the thermally induced structural changes of PFD by IM-MS may give an

insight to its behaviour at elevated temperatures.

Following native ESI-MS and disruption experiments, computational analysis of the IM-MS data is
essential to construct viable protein network maps and topological information. Several levels are
required to deduce a refined structure and this begins with the analysis of the MS spectra. This first
stage focuses on the deconvolution of the MS spectra of the intact complex, the constituent
subunits and the sub-complexes generated from denaturing assays. Interpretation of the MS data to
obtain accurate mass measurements of the components within the spectra is a critical and
challenging stage especially when discrepancies in mass calculations arise due to the attachment of
water, salts, and/or buffer molecules to the complex during mass spectrometric analysis. These
desolvation problems have been seen in previous studies [410]. Fortunately, MS deconvolution
software has been developed to identify attachment of these small molecules and to calculate the
masses of the nanospray ESI-MS datasets of protein complexes. The development of automated
systems allows easy interpretation of the MS spectra, especially in convoluted spectra containing
multiple overlapping species in m/z [211], [425]. There is also software dedicated to the compilation

and construction of protein complex contact diagrams [410], [426].

Following MS data analysis, interpretation of the IM data is conducted in 2 different stages. The first
stage involves the conversion of the drift times into CCS values and the second stages compares the
averaged CCS value to the computationally calculated model protein architectures. As this thesis
utilises the non-linear TWIM, a calibration curve is constructed using standard proteins with known
CCS values to convert IM drift times to CCS values. This plot enables the generation of the CCS values
of the sample protein complex from the ATD. Unfortunately, accuracy of the experimentally
calculated CCS values of the sample complex is heavily independent on the goodness of fit of the
calibration curve to the TWIM experimental data. Contributing factors to the CCS calculation error
includes the standards used and the reproducibility of the IM measurements. Fortunately, the
increasing number of available standards has greatly improved the error associated with CCS [409],
[427] to the extent where modern TWIM extrapolated CCS values have an uncertainty margin of 8-

10 % in comparison to CCS measurements produced by other IM analysers [413].

Although this particular method of CCS calculation considers the peak position of the ATD through

the intensity-weighted centre of the distribution, it does not acknowledge the width of the ATD and
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therefore neglects the Gaussian shape distribution, which could potentially be significant on the
conformation of the protein. The ATD peak width is thought to be the combination of ion diffusion
and conformational ensembles [428]. lon diffusion typically occurs through the net movement of the
ion during IM-MS analysis and the ATD peak width of a single isomeric species is principally related
to ion diffusion. However, peak widths relating to conformational ensembles give insight into the
complex assembly and are therefore necessary commodities for molecular modelling. A more recent
approach to analysing IM data that integrates the width of the ATD due to conformational
ensembles is the extraction of the drift time range at full width at half-maximum (FWHM) of the
distribution [428]—[431]. Peaks in the experimental ATD are fitted by Gaussian curves and at FWHM,
drift time ranges are extracted and converted into CCS values, resulting in CCS distributions (CCSDs).
The presentation of CCSDs allows the visual depiction of possible molecular shapes that better

reflect the ion conformational ensemble of macromolecules.

As previously mentioned in Section 2.2.5.3, comparisons of the CCS generated in silico from model
structures to the experimental CCS values calculated are desirable to determine accuracy of the IM
experiments or to propose a new model. Recently published CCS values of complexes and their
assemblies in the gas phase were found to exhibit a broad correlation to known structural data
obtained from EM, NMR spectroscopy and/or X-ray crystallography [231], [232]. The estimation of
PA is a fast and efficient in silico measurement of CCS and is described in detail in Section 2.2.5.3.
Although computational calculations are inexpensive and are able to rapidly produce supporting
coarse-grained complex representations, scaling of the estimate is often required due to the
underestimation of the algorithm applied. Recent studies comparing computational results to
experimental results support the accuracy of scaled-PA estimates for the IM analysis of proteins and

complexes [432], [433].

6.1.1: Aim

The aim of the work in this chapter was to determine higher order structural information for the
individual hPFD subunits 5 and 6 and the intact bPFD complex using IM-MS. A combination of
thermal degradation and solution disruption experiments were analysed by IM-MS to determine the
stoichiometry, topology and dynamics of the chaperone. As there is little structural information
available for intact eukaryotic PFD, data obtained in this chapter were compared to existing yeast
models of PFD. The data determined here provides significant insight into the overall quaternary

structural features of the eukaryotic PFD complex.
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6.2: Results and Discussion

IM-MS analysis of bPFD and the hPFD subunits were performed on a Waters HDMS Synapt
integrated with a TWIM cell, infused with inert helium gas. The experiments conducted here to
elucidate the assembly of bPFD consist of a combination of ‘native’ MS, CID and thermal
denaturation. Although solution disruption by small addition of solvents, chaotropic agents and the
adjustment of pH levels were explored, optimisation of the experiments proved to be difficult as
purified bPFD samples were limited, and therefore trial-and-error experimental approaches were
restricted. Solution phase dissociation assays by thermal aggregation were the primary means of

non-covalent disruption explored in this Chapter.

6.2.1: Development of CTC

To enable thermal denaturation experiments, a capillary temperature controller (CTC) was
manufactured as part of this study to introduce heat to a sample directly before IM-MS analysis to
allow the observation of thermal disruption and denaturation in real time. Although it was primarily
designed for nanospray on the Waters HDMS Synapt, further developments to the design enabled
the instrument to be easily transportable and transferrable and was successfully used on other MS
instruments (Micromass QToF2). The CTC was constructed using a glass sheath able to hold the
platinum coated glass capillary, with negative temperature coefficient (NTC) thermistors adhered to
the glass tube covered by an aluminium heating element and sealed in resin then encased with

plastic as seen in the schematic diagram in Figure 6.1A.

Aluminium Heating
A Element

Platinum Coated
Glass Capillary

]

Plastic Casing

Figure 6.1: The capillary temperature controller. (A) A schematic diagram of the CTC. The internal capillary holder is
made of glass with thermal resistors attached. The holder & the resistors are coated in an aluminium conducive heating
element & the outer layer is made of plastic & all the elements are sealed in resin. (B) A photograph of the CTC in use on
the Synapt HDMS Mass Spectrometer. It is easily assembled by slipping it onto the platinum coated glass capillary used

for nanospray.
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The aluminium element transfers heat to the sample solution through the glass capillary and glass
capillary holder. The temperature is regulated and controlled by the NTC resistors. NTC resistors
sense the output temperature and sends signals to the control box where the analogue data is
converted to digital using a Pulse Width Modulation (PWM). This digital control simulates the
voltage and changes the duty cycle; the ratio between the on and off time period. The pulse width is
changed or modulated to achieve varying analogue values and this square wave signal switches the
heating of the aluminium on and off. In this instance the PWM pattern is programed fast enough
that the set temperature remains constant throughout the experiment. The analogue output is
converted to digital output using software available on Aruino. To adjust for the difference in read
back from the NTC and the signal output, a control system (proportion integral derivative) was
applied. Due to the length of the CTC, the needle must be extended longer than usual to allow the
instrumentation to be slipped onto the nanospray capillary. As a precaution to ensure voltage across

the tip of the glass capillary, it was coated in additional layers of platinum.

6.2.1.1: Thermal Denaturation Experiment of IgG

To experimentally demonstrate the functioning mechanics of the CTC, the apparatus was attached
to the nanospray source of the Waters Synapt and thermal dissociation assays were conducted on
immunoglobulin G (1gG); a well characterised protein. 1gG consists of 4 heterogenous chains, 2 light
and 2 heavy, which have a mass of approximately 25 kDa and 50 kDa, respectively. The globular
conformation of I1gG resembles a Y shape, with the 2 heavy chains constructing the bulk outline of
the Y and at the fork of the Y, a light chain is attached to a heavy chain. The forks have a
predominant secondary structure of B-sheet folds and these are stabilised through inter-chain
disulphide bridges [434], [435]. To investigate the thermal solution dissociation of I1gG, the sample
was buffer exchanged into a solution of AA at pH 7.4 and IM-MS parameters were set to ‘native’
conditions and were constant throughout the experiment. The temperature of the CTC was allowed
to equilibrate for 3 minutes prior to IM-MS acquisition and data was obtained for temperatures of

25, 35, 45, 55 and 65 °C. The extracted MS spectra are illustrated in Figure 6.2.

It can be seen in Figure 6.2 that at room temperature, a Gaussian charge state distribution can be
observed, highlighted in yellow correlating to the mass of intact IgG (148414 Da), with the most
abundant peak centred around charge state [M+23H]?**. Although mild samples conditions were
used, trace amounts of in solution dissociation of the molecule is observed at [M+18H]*¥,
[M+19H]*** (highlighted purple) and [M+12H]***, [M+13H]** (highlighted green) for dimers

consisting of 2 heavy chains and 2 light chains, respectively. Figure 6.2 reveals that an increase in
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temperature to 35 °C induces further complex dissociation, with ions at [M+17H]*and [M+18H]*&*
(highlighted blue) corresponding to the mass of a heavy chain and a light chain. At 45 °C, the energy
applied has induced partial unfolding of the intact complex and a shift of the charge state
distribution to higher m/z. The centred charge state is now seen at [M+24H]** and progressively
moves to [M+25H]?** as the temperature increases to 65 °C. The spectrum at 55 °C shows thermal
dissociation of the monomeric light chain at [M+9H]%*, [M+10H]*** and [M+11H]*** (highlighted red)
and a further temperature increase to 65 °C reveals a dramatic increase of ion abundance for the

light chain monomer.
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Figure 6.2: MS spectra of IgG at different temperatures (25-65 °C, 10 uM IgG in 100 mM AA) utilising the CTC coupled to
the Synapt HDMS Mass Spectrometer. The highlighted charge states correspond to (yellow) intact IgG, (purple) dimer of
2 heavy chains, (blue) dimer of 1 heavy & 1 light chain, (green) dimer of 2 light chains & (red) monomer of 1 light chain.

The m/z values of Figure 6.2 were extracted, deconvoluted and correlated to the corresponding IgG
species. It can be deduced from the MS data and the identified correlating sub-complexes that the

thermal dissociation of intact IgG energetically favours the dissociation of the light chains, however,
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the corresponding dissociated heavy chains are not observed in the spectrum. The mass of a single
heavy chain is equal to the mass of 2 light chains and it is highly likely that the ions corresponding to
these complexes overlap. The charge states of [M+12H]*?*-[M+14H]*** (highlighted in green) are
seen to increase in abundance following temperature increases. It is possible that the dimers of 2
light chains seen here dissociate to monomers and the corresponding heavy chain monomers

replace the ions seen at [M+12H]***-[M+14H]**",

Although previously published structural studies of 1gG show the light chains are not bound in the
IgG complex [434], [435], the results here show ions correlating to a dimer species of 2 light chains.
This ultimately reveals that solution phase dissociated light chains can interact with other light
chains and this has also been previously demonstrated to occur [436]. It is interesting to see that
ions relating to monomeric light chains are not observed in the spectrum until temperatures of 55 °C

and higher.

Previously published thermal dissociation studies of IgG have determined the complex to be of
relatively high thermal stability, which ultimately explains the observation of the intact complex
throughout the thermal dissociation assay conducted here. Complete dissociation and aggregation

of IgG has been recorded at temperatures above 60 °C [437], [438].

The experiments here were able to give an insight into the IgG complex topology and in solution
interactions. It can therefore be concluded that the CTC is an effective and efficient instrumentation
for the direct analysis of thermally dissociating complexes, with the capability of determining

unfolding pathways and complex topology.

6.2.2: IM-MS Analysis of bPFD

6.2.2.1: ‘Native’ IM-MS Analysis of bPFD

Purified bPFD was buffer exchanged into an aqueous AA solution and IM-MS spectra were recorded.
The IM-MS spectrum of bPFD (10 uM, in 100 mM AA, pH 7.4) is shown in Figure 6.3. Charge state
distributions are indicated in the spectrum, with the most abundant peak seen at charge state
[M+20H]?°*. Deconvolution of the MS spectrum reveals that this peak corresponds to intact bPFD
(Figure 6.3, charge states highlighted in yellow) with a mass of approximately 100 kDa. It is also
observed that sub-complexes are present in the sample. Although mild sample conditions were used

to maintain native protein structures (100 mM AA, pH 7.5, room temperature), dissociation of the
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complex is observed. It is therefore assumed that the bPFD complex is able to form sub-complexes

at equilibrium under native like solution conditions without external denaturation.
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Figure 6.3: IM-MS spectrum of bPFD (10 uM bPFD, 100 mM AA, pH 7.4, Waters HDMS Synapt, TWIM, N,). The lower
panel shows the conventional mass spectrum, whilst the top panel shows the IM drift plot indicating the drift times of
individual ions. The highlighted charge states correspond to (yellow) intact bPFD, (blue) endoplasmin, (purple) trimer
consisting of bPFD subunits 2, 3 & 5, (green) trimer of subunits 2, 3 & 4, (grey) trimer of subunits 1,5 & 6 & (red) trimer

of subunits 1, 4 & 6.

Figure 6.3 reveals 6 major complexes identified by IM-MS in the purified bPFD sample. As previously
mentioned, the charge state distribution of [M+20H]?** labelled in yellow has an extracted mass of
100431 Da, corresponding to the calculated molecular mass of intact bPFD. It is seen here in the MS
spectrum that several of the peaks associated with the intact chaperone have the highest relative
abundance, therefore indicating the intact complex is the predominant macromolecular assembly

within this sample.

Figure 6.4 displays the extracted ATDs for the charge states of intact bPFD measured at a wave
height of 9 V. The drift times extrapolated from the ATDs correspond to the peak of the Gaussian like
distribution. The drift plots of the extracted intact bPFD ions show peaks with increasing ATD widths
following the increase in drift time. This is a characteristic associated with ion diffusion. To minimise
errors in the conversion process of drift time to CCS, the CCS values were averaged over the
recorded IM-MS spectra, which were each performed such that the IM wave heights for IM were
varied between 9-11 V whilst maintaining the wave velocity at 350 ms™. Although it has been

previously stated that the conversion of IM data to CSS values through the extraction of the drift
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time at the peak of the ATD neglects possible conformational ensembles, the FWHM method is

applied at a later stage.
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Figure 6.4: Extracted ATD of the ions corresponding to bPFD charge states [M+21H]21*, [M+20H]2%+, [M+19H]%+,
[M+18H]18+, & [M+17H]'7* at a wave height of 9 V.

Calibrant proteins of known CCS were analysed by IM-MS utilising the same parameters for the
native bPFD experiments (varying wave heights of 9-11 V and wave velocity of 350 ms™) in order to
construct a calibration plot for CCS measurement [426]. The extracted drift times of bPFD were then

converted to CCS values using the calibration curve, as summarised in Table 6.1.

Of the 6 protein complexes identified in the spectrum (Figure 6.3), 4 of the complexes, with
highlighted charge states in grey, red, purple and green are found to correlate to sub-complex
trimers of bPFD. Deconvolution of these charge state distributions reveal masses of 46134 Da, 44079
Da, 54297 Da and 56352 Da, respectively with their respective components summarised in Table 6.1.
Unfortunately, a high abundance of the molecular HSP endoplasmin (refer to Appendix C) is also
observed in the spectrum. The charge state distribution highlighted in blue (5434 m/z [M+17H]*"*,
5193 m/z [M+18H]*®*, 4919 m/z [M+19H]***, 4673 m/z [M+20H]?***) has an extracted mass that
corresponds to endoplasmin (Table 6.1; 92369 Da). This reinforces the proteomic analysis in Section

3.3.2 and further verifies contamination of the isolated bPFD sample.

In a similar manner to the ions corresponding to intact bPFD, the drift times extracted from the peak
centre of the ATDs for the sub-complexes were extracted from the spectra and the drift times were
converted to CCS using a standard calibration protocol (refer to Section 6.3.3) and are displayed in
Table 6.1. Errors associated with the CCS determined from the calibrants, the calibration curve and

the relative precision of replicate measurements is estimated to be approximately 8-10 % [358].
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Table 6.1: The m/z and CCS values derived from the spectrum of intact bPFD complex & the dissociating sub-complexes
observed in an aqueous solution of 50 mM AA, analysed by TWIM Waters synapt (N,).

Calculated Mass

Charge State m/z CCs (A?)
100431 Da (bPFD) Ave: 6146
+17 5909 5968
+18 5581 6127
+19 5287 6128
+20 5023 6144
+21 4783 6147
+22 4566 6362
46134 Da (bPFD sub 1,5,6) Ave: 3499
+13 3550 3312
+14 3296 3413
+15 3077 3556
+16 2884 3711
44079 Da (bPFD sub 1,4,6) Ave: 3337
+13 3392 3203
+14 3150 3308
+15 2940 3500
54297 Da (bPFD sub 2,3,4) Ave: 3807
+13 4178 3660
+14 3879 3816
+15 3621 3943
56352 Da (bPFD sub 2,3,5) Ave: 3840
+13 4336 3695
+14 4026 3857
+15 3758 3967
93466 Da (endoplasmin) Ave: 5680
+17 5498 5556
+18 5193 5659
+19 4919 5715
+20 4673 5796

Averages are calculated over the charge state distribution observed in the spectrum.

IM-MS conditions used in this analysis were controlled to retain native protein structures. It is
therefore expected that the 4 sub-complex populations reflect a solution phase dissociation of bPFD.
It is proposed that the intact hexamer undergoes some minor dissociation in solution before IM-MS
analysis. These dissociations are not due to gaseous interactions within the Synapt, as typical gas
phase dissociations eject a single monomer of the stripped oligomer, inducing simultaneous
dissociation and unfolding of the macromolecule, which is not observed here [223], [238], [422],

[423], [439]-[441].

Previous structural studies of eukaryotic PFD propose that the a like subunits 3 and 5 construct the
core component of PFD and are therefore within the centre of the jelly fish shaped complex [89],
[91], [93], [95], [98]. The suggested subunit arrangement positions the a subunits 3 and 5 opposite
each other surrounded by B subunits (Figure 6.5A). The ‘native’ mass spectrometric analysis of bPFD
revealed dissociated trimers of the complex, suggesting possible internal interactions and subunit

topology. It is presumed that the subunits within the respective dissociated trimer must have strong
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non-covalent interactions with the ability to retain this assembly throughout the analysis. Therefore,
observation of the MS data of the dissociated trimers 1+5+6, 2+3+4, 1+4+6, 2+3+5 along with the
previously proposed subunit assembly within the PFD complex reveals possible underlying
substructures. Figure 6.5 illustrates the bPFD subunit arrangement previously proposed, and the

possible subunit arrangements according to the MS analysis.

Observation of trimers consisting of subunit 1+5+6 and 2+3+4 from previously published subunit
assemblies of eukaryotic PFD (Figure 6.5A), indicates several potential scenarios. As these subunits
are opposite to each other, it is highly likely that dissociation has occurred through the middle of the
intact bPFD complex, ultimately suggesting that the bonds holding these trimers in the intact bPFD
complex are not as strong as the bonds holding the subunits within their respective dissociated
trimer. Figure 6.5B illustrates this scenario with the breaking of bonds between subunit 2 and
subunit 1, and subunit 4 to subunit 6, as indicated by the red line. Alternatively, the dissociation of
these trimers may suggest undiscovered binding interactions between the respective trimers as
illustrated in 6.5B by the purple lines for trimer 1+5+6 and by the green lines for trimer 2+3+4.
However, there are some published papers stipulating a strong interaction occurring between the
archaeal PFD a subunits 3 and 5, which conflict with the dissociation of these trimers [89], [93], [98].
Nevertheless, it has been previously indicated in this thesis that prokaryotic PFD studies do not

necessarily translate to eukaryotic PFD and this particular interaction may not be present in bPFD.

The dissociation of the trimers 1+4+6 and 2+3+5 observed in the mass spectrum are more difficult to
explain. It is proposed here that the sub-complexes 1+4+6 and 2+3+5 may have an underlying
interaction with the respective subunits in their trimer, forming 2 substructures within the jelly fish
like shape. A closer look at subunits 3 and 5 on the previously deduced EM model of eukaryotic PFD
(Figure 1.6B), illustrates that these subunits have more of an internal arrangement in comparison to
subunits 1, 4 and 6. However, the results here indicate that the trimer 2+3+5 has an overall larger
CCS value. It is possible that trimer 1+4+6 constructs the inner core or scaffold of the eukaryotic PFD
while trimer 2+3+5 is overlaid, therefore having a more external arrangement in the PFD complex
assembly, resulting in trimer 2+3+5 being more exposed, allowing the dissociation of the trimers.

The proposed interactions are illustrated in Figure 6.5C.
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Figure 6.5: (A) Schematic diagram of the previously proposed bPFD subunit arrangement. (B) The complex is able to
dissociate as indicated by the red line to give trimers consisting of subunits 1+5+6 & 2+3+4. (C) This subunit arrangement
may have internal underlying interactions as indicated by the purple & green lines that allow the dissociation of trimers
2+345 & 1+4+6.

Typical IM-MS experiments utilise the calculated CCS restraints to guide the development of a model
of the intact complex, generally integrating previous structural information derived from NMR,
crystallography or molecular dynamic simulations for comparison. As is expected, the calculated
results here reveal the dissociated trimers have CCS values smaller than the intact complex. Figure

6.6 illustrates a schematic diagram of the CCS value of intact bPFD and the sub-complexes.

1+5+6

3499 A2 2+3+5

3840 A2
intact mPFD

6146 A2

2+3+4 1+4+6
3807A2 3337 A?

Figure 6.6: Representative diagram of the calculated CCS of intact bPFD & the trimers of subunits 1+5+6, 2+3+4, 2+3+5 &
1+4+6.

A comparison between the measured CCS and the computationally derived CCS of the complex
model structure is desirable. As previously mentioned, very little structural information of bPFD is
available, ultimately obstructing the comparison of the derived CCS bPFD to eukaryotic PFD models.
Fortunately there are bacterial PFD models with well-defined structures available in the PDB
acquired through x-ray crystallography. The BLAST global alignment of phPFD and mtPFD to bPFD

previously compared in Section 3.2.1 shows that there is little global sequence similarity, however,
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domains of PFD were previously determined to be conserved across homologues, suggesting that
function and structure across evolutionary linages may have been conserved. Therefore, the
computationally derived CCS models of phPFD and mtPFD can be used as a rough estimation for

comparison to experimental bPFD CCS.

To compare the CCS of bPFD to phPFD and mtPFD, the Leeds method was employed [229], [230],
which utilises the projection algorithm (PA). This is a good initial estimation and is explained in detail
elsewhere [442]. The PA methodology neglects multiple collisions between the proteins, ions and
buffer gas and is therefore generally an underestimation of the experimental CCS of proteins [233],
[372]. However, it has been shown that it is correlated with the experimental CCS for protein
complexes (R? > 0.99) [432]. The scaled PA is used here by multiplying the PA CCS by a factor of 1.14
as previously demonstrated [432], [433]. The CCS of the PFD species can therefore be compared

here and are listed in Table 6.2.

Table 6.2: Computational & experimental CCS values of different species of PFD

Species of Mass PDB CCS (A2?) derived from IM-MS CCS (A?) derived from Scaled PA CCS Reference
PFD (kDa) TWIM. Na. Leeds method. Helium. (A?)
bPFD 100.1 - 6146 +614 - - -
phPFD 88.0 27Dl - 4002 £59 4562 167 [84]
mtPFD 79.8 1FXK - 3973 +60 4529 168 [93]

The experimentally derived CCS of intact bPFD of 6146 A? can be compared to the theoretically
calculated CCS values of phPFD and mtPFD. In terms of calculated CCS, phPFD and mtPFD are smaller
than bPFD by approximately 26 %. These size comparisons are unsurprising, as the prokaryotic PFDs
are significantly smaller than intact bPFD in terms of mass by 12.1 % and 20.3 %, phPFD and mtPFD
respectively. Furthermore, the overall primary structures of these species are shorter in length and
have replicate subunits unlike the heterohexameric bPFD. However, the comparison here can give
insight into the different chaperoning mechanisms of the PFD species and the substrate size capacity
as published studies stipulate eukaryotic PFD is able to encapsulate the substrate for correct
refolding [91], [95], [96]. The larger experimental CCS of the bPFD suggests a larger cavity inside the
eukaryotic chaperonin. This helps reinforce the studies that suggest eukaryotic PFD aids in the refold
of misfolding substrates through the simultaneous distal tip interaction and partial encapsulation,

rather than only through the distal tips, which is suggested to occur for prokaryotic PFD.

159/284




The experimentally derived CCS of intact bPFD can also be compared to the size of the negatively
stained TEM images. Figure 6.7 illustrates the reconstructed models of hPFD derived from TEM and
the approximate lengths of the hPFD models. Rough CCS estimates can be determined from these
models by calculating the lengths to determine the area of the models. The area calculated for the
front of hPFD (Figure 6.7A) is approximately 8125 A2, while the bottom of the molecule is estimated
around 5672 A2 and the side of the complex is calculated to be approximately 5529 A2. An average of
these areas gives a rough CCS estimation of 6442 A2, which is within the range of our experimentally

derived CCS of intact bPFD of 5532-6760 A2

Figure 6.7: The 3D reconstruction of hPFD from electron micrographs including measured lengths. (A) Side view of hPFD,
(B) bottom view of hPFD & (C) side view of hPFD. Adapted from [95].

The comparison of the experimentally derived CCS average of bPFD to the crystallography models of
phPFD and mtPFD and the TEM data of hPFD reveals a relatively similar CCS estimation.

Subsequently, there is high confidence in the calculated CCS from the IM data.

6.2.2.2: CID IM-MS Analysis of bPFD

In an effort to extract further complex assembly information from the bPFD sample, tandem MS
analysis was applied. Tandem MS, following isolation of ions at m/z 5023 corresponding to bPFD

([M+20H]?**) at a voltage of 200 V is seen in Figure 6.8.
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Figure 6.8: Tandem MS spectrum of selected ion 5023 m/z. A CID voltage of 200 V was applied. No ions corresponding to
stripped oligomers are observed in the spectrum. Tandem MS analysis was performed on at least 3 separate occasions,
displaying the same peaks observed here.

Following CID, the intact bPFD complex was found to dissociate (Figure 6.8). Although many peaks
can be seen between 1000-3000 m/z and trace amounts of ions observed around 4800 and 5250
m/z; the low ion count, similar ion mobilities and overall convoluted spectrum did not allow the
deconvolution of the spectrum at these m/z ratios. However, 2 defined peaks at 3296 and 3550 m/z
can be clearly seen in the spectrum. These peaks correspond to [M+14H]*** and [M+13H]*** of the
trimer consisting of subunits 1+5+6, as previously calculated in Section 6.2.2.1. Although the amount
of ions for the trimer peaks was low, the ATD was still extracted and the calculated CCS average of
the CID induced trimer was 4474 A2. This ultimately shows that an increase in CID voltages results in
subsequent bPFD and subunit dissociation and unfolding, discussed in Section 6.2.2.1. As the trimer
of bPFD subunit 1, 5 and 6 is observed in Figure 6.8, this reveals the strong interactions of these
subunits to each other with unfolding of the trimer evident in the calculated CCS average of 4474 A2

as opposed to the ‘native’ IM-MS analysed trimer calculated to be 3499 A2,

Although the CID data presented here reveals trimer dissociation of the intact bPFD, the results are
not consistent with normal CID pathways (Section 6.2.2.1). Fortunately, the deviation from the
expected results has been observed elsewhere and it is possible that CID parameters and the unique
protein structure has attributed to these outcomes. A study of intact mtPFD conducted by Robinson
et al. utilising CID was able to demonstrate the expected monomer and oligomer products [94].
mtPFD concentration was at 15 uM in an aqueous solution of 10 mM AA at pH 8, analysed by MS
with CID voltage set to 50-150 V, pressures of 8.7 x 10 Pa (source) and 7.1 x 10 Pa (analyser) and a
capillary voltage of 1650 V. Disruption of the mtPFD hexamer to the pentameric species and
monomer B subunit was clearly observed in the spectrum [94]. However, a 1/25 dilution of the
sample in an aqueous solution of 10 mM AA at pH 8, analysed by MS with CID voltage set to 150 V,
pressures of 1.9 x 10° Pa (source) and 7.1 x 10® Pa (analyser) and a capillary voltage of 1750 V
reveals a spectrum with a high abundance of trimers and tetramers. Relative high abundances of the

mtPFD dimer were also formed as a dissociation product of intact mtPFD under conditions that
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strongly destabilise the complex [94]. This particular study also investigated the aqueous thermal

dissociation of mtPFD.

It can therefore be concluded that the parameters utilised for the tandem MS analysis of bPFD were
under conditions that strongly destabilised the complex, resulting in possible monomers that could

not be resolved (1000-3000 m/z) and a trimer consisting of subunits 1+5+6.

6.2.2.3: Thermal Denaturation IM-MS Analysis of bPFD

Thermal denaturation was applied to the sample using the CTC developed. As seen in Figure 6.9,
increasing the temperature of the bPFD complex causes a shift of the charge state distributions to
the lower m/z region of the spectrum as well as an overall decrease in sensitivity as the complex is
thermally dissociated. Figure 6.9 illustrates that an increase in temperature of the CTC from room
temperature to 35 °C marginally decreases the intensities of the peaks corresponding to the
contaminant endoplasmin. However, all other peaks in the spectrum appear to be the same. A
further increase to 45 °C reveals the peaks corresponding to intact bPFD have drastically decreased
in relative intensity, and endoplasmin is now the predominant species in the thermally treated
sample. MS analysis at this temperature reveals peaks corresponding to trimer bPFD 2, 3 and 5 of
4336, 4026 and 3758 m/z are no longer observed in the spectrum. A temperature increase to 55 °C
shows that the intact bPFD complex and the dissociated trimer 1, 4, 6 are no longer present in the
spectrum, which suggests further dissociations or aggregation. Peaks corresponding to the bPFD
trimers of 1, 5, 6 and 2, 3, 4 are still present in the spectrum and are also present in the MS analysis
at 65 °C. Unfortunately the contaminant endoplasmin is present throughout the thermal IM-MS
assay. This is unsurprising as it is a heat shock protein and is upregulated and stable in thermal stress

conditions [66].
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Figure 6.9: MS spectrum of bPFD at different temperatures (25-65 °C, 10 uM bPFD in 100 mM AA) utilising the CTC
coupled to the Synapt HDMS mass spectrometer. The highlighted charge states correspond to (yellow) intact bPFD,
(blue) endoplasmin, (purple) trimer consisting of bPFD subunits 2, 3 & 5, (green) trimer of subunits 2, 3 & 4, (grey) trimer
of subunits 1,5 & 6 & (red) trimer of subunits 1, 4 & 6.

It is evident in Figure 6.9 that although some small dissociations of the intact bPFD was observed in
the ‘native’ IM-MS analysis at room temperature, increasing the temperature of the CTC resulted in
further dissociation of the hexamer, primarily into its trimers of subunits 1+5+6 and subunits 2+3+4.
This ultimately means that the binding interactions of the subunits in the respective trimers have
strong non-covalent interfaces. The increase in noise following the incremental increases in CTC
temperature suggests aggregation and protein precipitation. Although it is unclear whether smaller
species are present in the spectra due to the loss in sensitivity with the increase in solution

temperature, further dissociations of the bPFD trimers cannot be ruled out.

Following MS analysis of the thermal dissociation assays of bPFD, the FWHMs of the ATDs of the ions
were extracted and the drift times were converted to CCS utilising the standard calibration curve

[426]. Figure 6.10 reveals the reconstructed CCSDs of the ions corresponding to intact bPFD analysed
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at temperatures 25-45 °C. The spot on the CCSD marks the CCS value derived from the drift time at

the peak of the ATD.

It can be seen on Figure 6.10 that the charge states at 25 °C have the lowest CCS values in
comparison to CCS of 35 and 45 °C. At charge [M+17H]*"*, the CCS reflects the smallest protein
conformer. The ions analysed at 25 °C of higher charge states [M+18H]*®*-[M+21H]?!* have similar
CCS values at approximately 6150 A% revealing a similar conformation. At charge state [M+20H]?**
an increase in CCS to approximately 6350 A? is observed. In comparison, the analysis of bPFD at 35 °C
illustrates a similar trend to the ions observed at 25 °C, with a slight increase in CCS values at
approximately 50 A2 and higher CCS values at charge states [M+21H]** and [M+22H]?* by
approximately 150 A?, possibly revealing an unfolding intermediate at this temperature. Further
increases in temperature to 45 °C show 2 peaks corresponding to intact eukaryotic PFD, with
significant increases in CCS values to approximately 6770 A%, suggesting a high proportion of protein
unfolding. Unfortunately, at higher temperatures, no peaks were seen related to intact bPFD,
revealing complete dissociation of the macromolecule or possible aggregation. Further analysis of
the data and CCSDs of the bPFD ions show a variation in the width of the CCSDs, with charge states
[M+21H]?* and [M+22H]?** illustrating notably longer distributions than the more refined charge
states [M+17H]*"*-[M+20H]?°*. This reveals an increase in conformational ensembles for the ions
corresponding to the higher charge states [M+21H]*** and [M+22H]?*?*, consistent with coulombic

unfolding.

It should be noted that the variation in CCS values between charge states is a typical occurrence.
Higher charged ions generally have a more unfolded structure, as there is an increase in surface area
enabling the attachment of more protons during ESI [412]. The similar calculated CCS values and
CCSDs of charge states [M+18H]*®*-[M+20H]?** of bPFD reveal a stable conformation. The thermal
denaturation of bPFD by CTC and analysed by IM-MS was repeated to demonstrate the
reproducibility of the results obtained. The repeat was found to have similar spectra to those seen in

Figure 6.9 and the CCSDs calculated differed at most by £10 %.
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Figure 6.10: The CCSDs derived from the IM-MS thermal dissociation experiments of intact bPFD complex at
temperatures 25 °C (blue), 35 °C (red) & 45 °C (green).

Following extraction of the CCS values and CCSDs of intact bPFD, the same method was applied to
the dissociated trimers, and the CSSDs of the charge states [M+13H]***-[M+15H]*** are plotted as a
function of temperature in Figure 6.11. Figure 6.11A illustrates that the ions corresponding to charge
state [M+13]*%* for 4 trimers are seen trend in a similar manner. A steady increase in calculated CCS
values is seen to occur from 25-45 °C, suggesting partial unfolding of the trimers. At temperatures of
45-55 °C, the CCS values seem to remain relatively similar, indicating a stable conformation. Further
thermal aggregation to 65 °C induces further protein unfolding as the calculated CCS increases. It is
noted that ions corresponding to trimers 2+3+4 (highlighted in green) and 1+4+6 (highlighted in red)
in Figure 6.11 are seen to increase in size following temperature changes and have no peaks
observed at higher temperatures. This ultimately reveals that these trimers are sensitive to thermal

stimuli, possibly resulting in further dissociations or aggregation at these high temperatures.

In comparison, ions relating to the trimers 1+5+6 (highlighted in blue) and 2+3+5 (highlighted in
purple) are observed throughout the thermal dissociation assay, indicating high resistance to
thermal stimuli. Figure 6.11B illustrates that the ions of charge state [M+14]*** have very different

trends with the increase of temperature. lons corresponding to trimer 1+5+6 at this charge state are
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seen to retain a relatively similar CCS values throughout the assay, whilst trimer 2+3+5 is seen to
increase in size throughout the analysis of 25-35 °C, and remaining stable at temperatures 35-45 °C.
Further increases in CCS value is observed for the temperatures of 45-55 °C and the last acquisition
of 65 °C is seen to retain this calculated CCS. Interestingly, the trends observed in Figure 6.11A for all

the trimers are also present in Figure 6.11C, albeit at slightly higher CCS peak values.

The violin plots of Figure 6.11, enable a visual comparison of the peak CCS values and CCSDs of the
ions correlating to the bPFD sub-complexes to simultaneously reveal the conformational ensembles
and unfolding intermediates of the trimers. The CCS values plotted as a function of temperature aids
in the determination of the unfolding structure following the thermal stimulus and all ions
correlating to the bPFD complex and the dissociating sub-complexes are seen to exhibit increasing
drift times over the course of the thermal aggregation assay, which equates to increasing CCS values
synonymous with the unfolding of protein structure [443]—-[445]. The CCSDs observed in these plots
reveal that the distribution increases for the ions analysed at high temperatures of 55 °C and above.
Large CCSD widths are associated with a high number of different conformational ensembles and
intrinsic polymorphism, which is likely to have occurred here for the ions analysed at 55 °C and 65
°C. Travelling wave IM instruments have been reported to have a resolving power of 40 therefore
corresponding to a resolution of 0.025 or 2.5 % [446], [447]. The peak widths observed in Figure 6.11
for the sub-complexes are seen to range from 0.070 (7.0 %) to 0.111 (11.1 %), which are
considerably greater than that expected CCSDs based on the resolution of the instrument. This
ultimately shows that the large widths of the distributions are attributed to the structure of the

complexes and therefore supports the idea of conformational flexibility.
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Figure 6.11: The CCSD derived from the IM-MS thermal dissociation experiments of the bPFD sub-complexes; trimer of
subunits 1, 5 & 6 (blue), trimer of subunits 1, 4 & 6 (red), trimer of subunits 2, 3 & 4 (green) and trimer of subunits 2, 3 &
5 (purple). The product ions (A) [M+13H]3+, (B) [M+14H]*4* & (C) [M+15H]*5* are plotted as a function of temperature.
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As previously mentioned in Section 6.2.2.2, the thermal solution phase and gas phase dissociation of
prokaryotic PFD has previously been thoroughly investigated [94]. The MS spectrum of mtPFD under
mild ‘native’ conditions reveals small dissociations of the complex, similar to the data obtained here
seen in Figure 6.2. The intact mtPFD complex was found to be a relatively stable macromolecule
despite high gas-phase activation and thermal aggregation. lons correlating to the intact prokaryotic
molecule are seen in the spectra following MS analysis at temperatures of 70 °C and CID activation
of 150 V [94]. This was not seen for the analysis of bPFD, which was observed to completely
dissociate at temperatures above 45 °C and with CID at voltages of 200 V. The difference in complex
dissociation between the species of PFD is unsurprising as mtPFD is a hyperthermophile that grows
optimally at 65 °C [94]. Given the structural integrity of mtPFD in conditions of elevated kinetics,
complete dissociation was observed at temperatures above 85 °C and a thorough examination of the
MS spectra revealed products of dimers and trimers, however the predominant product seen was
the monomeric B subunit of mtPFD. As monomer subunit dissociation was not observed for bPFD, it
is suggested that there is a high degree of structural cooperativity within the eukaryotic PFD,
particularly in the sub-complex trimers seen in the spectra. It is therefore proposed that the folding

and biological activity of bPFD differ from mtPFD.

To summarise, the IM-MS analysis of the bPFD sample in ‘native’ conditions revealed small amounts
of complex dissociation into its trimer sub-complexes. Following thermal aggregation, dissociation of
the complex was seen to increase and resolution is lost. Complete dissociation of the intact bPFD
complex is observed at a temperature of 55 °C. At this temperature trimer 2+3+5 is also seen to
disappear from the analysis followed by trimer 1+4+6 at 65 °C. Trimers 1+5+6 and 2+3+4 are present
to the end of the IM-MS analysis. The CCS values calculated are observed to increase with the
increase in thermal activation, a common characteristic of unfolding macromolecules.
Unfortunately, further assays were unable to be conducted past 65 °C as difficulty was present in
sample ionisation and obtaining an even spray at higher temperatures. The data seen here for
solution-phase thermal activation suggests that between 25-35 °C there seems to be an equilibrium
in solution between the intact bPFD and the dissociated trimers. Increasing the kinetic energy
available causes this equilibrium to shift towards unfolding of the complex and further dissociations,

particularly to trimers 1+5+6 and trimer 2+3+4.
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6.2.3: IM-MS Analysis of hPFD Subunits 5 and 6

6.2.3.1: ‘Native’ IM-MS Analysis of hPFD Subunits 5 and 6

hPFD subunits 5 and 6 were buffer exchanged into a solution of AA at a concentration of 10 uM and
analysed by a Waters Synapt HDMS. The positive ion nanospray IM-MS spectrum of the hPFD
subunits are shown in Figure 6.12. Above the conventional mass spectrum is a drift plot, showing the
drift time of the ions present in the sample. It is seen in Figure 6.12 that 3 separate Gaussian state
distributions can be clearly seen in each plot. A deconvolution of the MS spectrum reveals that the

complexes observed here correlate to a monomer, dimer and trimer of each hPFD subunit.
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Figure 6.12: IM-MS spectrum of (A&B) hPFD subunit 5, (C&D) hPFD subunit 6 (10 pM, 100 mM AA, pH 7.4). (A&C) The IM
drift plot of the hPFD subunits. Circled are different species of the subunits. (B&D) The conventional mass spectra of the
hPFD subunits. The highlighted charge states correspond to (yellow) trimer, (purple) dimer & (green) monomer.
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Figure 6.12B reveals that the relative abundance of monomeric hPFD subunit 5 is similar to trimeric
hPFD subunit 5, suggesting a significant population for both species and stability of the oligomeric
species. The dimers and trimers present in the spectrum are likely to be formed in solution due to a
self-chaperoning or self-aggregation mechanism. This ultimately reveals the solution dynamics of
hPFD subunit 5 and its ability to interact with itself to form complexes, as previously suggested in
Chapter 5. In comparison, the predominant species in the MS analysis seen in Figure 6.12D is the
monomeric hPFD subunit 6, followed by the dimer and then the trimer species. It is apparent that
eukaryotic PFD subunit 6 has the ability to interact with itself to form complexes; however, in

‘native’ conditions at equilibria, the B subunit has a preference for the monomeric species.

It must be noted that the native MS acquisition of the hPFD subunits reveal spectra with peaks that
are relatively broad. Unfortunately, the broad MS peaks are due to solvent adducts from the salts
and detergent required to extract and solubilise the proteins from the E. coli cells. Extensive buffer
exchanges were applied to the sample to remove the majority of salts and detergent, however

complete removal could not be done without compromising the native state of the proteins.

The drift time of the complexes were extracted from the drift plot (Figure 6.12A&C) at the peak of
the ATD and were converted to CCS values using a standard calibration protocol [426] and are

displayed in Table 6.3.

Table 6.3: The mass & calculated CCS values derived from the spectrum of the individually expressed hPFD subunit 5
analysed by TWIM Waters synapt (N,).

hPFD Subunit 5 hPFD Subunit 6
Charge State m/z | CCs (A?) m/z CCs (A?)
Monomer 22827 Da Ave: 1823 20215 Da Ave: 1688
+7 3261 1665 2980 1533
+8 2853 1794 2608 1680
+9 2536 1865 2318 1852
+10 2283 1969 2086 -
Dimer 45654 Da Ave: 3039 40430 Da Ave: 3029
+10 4565 2859 4044 -
+11 4150 2965 3676 2921
+12 3805 3085 3370 3015
+13 3512 3248 3111 3153
Trimer 68481 Da Ave: 4670 60645 Da Ave: 4368
+14 4892 4490 4691 4084
+15 4565 4605 4378 4182
+16 4280 4730 4104 4305
+17 4028 4858 3863 4385
+18 3805 5055 3648 -

Averages are calculated over the charge state distribution.

170/284




Unsurprisingly, Table 6.3 reveals the calculated monomeric CCS for hPFD subunit 6 is significantly
smaller than subunit 5, due to the respective amino acid sequence lengths. However, it is interesting
to see that the average CCS values calculated for the dimers reveal a similar CCS. This suggests that
the oligomerisation interactions of hPFD subunit 5 are more compact than for hPFD subunit 6 and
can give insight to the binding mechanisms of a and B subunits of eukaryotic PFD. It is suggested that
the coiled coils of hPFD subunit 5 encase and intertwine itself to form a more compact structure,
while hPFD subunit 6 may be interacting with itself through contacts at the distal tips, resulting in a

slightly larger conformation.

6.2.3.2: Thermal Denaturation IM-MS Analysis of hPFD Subunits 5 and 6

To examine the thermal stability of the hPFD subunits by IM-MS, the CTC developed was utilised and
spectra were acquired for the temperatures 25-65 °C. IM-MS parameters were set to ‘native’
conditions, to ensure all spectra acquired were reflective of the solution thermal dissociation
conformers. Figure 6.13 illustrates the mass spectra of hPFD subunit 5 and hPFD subunit 6 analysed

from 25-65 °C.
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Figure 6.13: MS spectrum of (A-E) hPFD subunit 5 & (F-J) hPFD subunit 6 at different temperatures (25-65 °C, 10 uM
protein in 100 mM AA) utilising the CTC coupled to the Synapt HDMS Mass Spectrometer. The highlighted charge states
correspond to (yellow) trimer, (purple) dimer & (green) monomer.

Figure 6.13 reveals an increase in the monomeric species for both hPFD subunits following the
increase in temperature, consistent with dissociation observed in thermal denaturation of proteins
[351], [363], [448], [449]. As it has already been established in Section 6.2.3.1 that hPFD subunit 5
exists predominantly as a trimer, the MS analysis at 35 °C shows that the abundance of ions
correlating to the trimer (highlighted in orange, Figure 6.13B) has decreased at this temperature and
the most abundant peak is now related to the monomeric molecule at charge state [M+8H]%,
highlighted in green. Interestingly, the opposite is true for the hPFD subunit 6 (Figure 6.13B), and a
marginal increase in relative abundance of the oligomeric species is observed at this temperature.
Increases in temperature to 45 °C reveal little change to the MS spectrum for hPFD subunit 6 (Figure
6.13H). However, in Figure 6.13C for hPFD subunit 5, a further decrease in the relative abundance of
the oligomeric species in comparison to the monomer is exhibited. Following further temperature
increases to 55 °C (Figure 6.13D&l), a shift of the charge state distribution of the monomeric species

is seen to move to the higher m/z, and the most predominant ion in both spectra correlate to charge
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state [M+9H]**. A small decrease in the relative abundance of the oligomeric species for hPFD
subunit 6 is also observed. The data obtained at 65 °C show further decreases in oligomeric ions for
hPFD subunit 6 (Figure 6.13J), while there are only peaks relating to monomer and denatured hPFD
subunit 5 present in the spectrum (Figure 6.13E), indicating complete dissociation of the hPFD
subunit 5 dimer and trimer. Following the MS analysis of the thermal dissociation experiment, the
ATD of the ions were extracted and the peak CCS value and CCSDs were derived and are plotted in

Figure 6.14.

Figure 6.14 reveals that the ions corresponding to the monomer of hPFD subunits 5 and 6 illustrate
different trends. Figure 6.14A shows that the ions relating to charge state [M+6H]%*-[M+9H]°* of
monomer hPFD subunit 5 are seen to change very little throughout the thermal aggregation assay.
Although each ion exhibits a different CCS value, the increase in temperature is seen to affect the
calculated CCS values by a maximum of 40 A2 It should also be noted that at higher temperatures
(55-65 °C), the ions corresponding to [M+6H]®* and [M+7H]”* were not observed. This is related to
the charge state distribution shifting to higher charges following thermal activation that is
synonymous with the unfolding of a macromolecule. The unfolding events can be clearly seen for
the CCS value and CCSDs of charge state [M+10H]*%, as the CCS value increases significantly from
room temperature to 65 °C. In contrast, ions relating to monomer hPFD subunit 6 of charge states

[M+7H]”* and [M+8H]®* are seen to have relatively small CCS increases.

Similar to the monomer ions of charge state [M+10H]'®* of hPFD subunit 5, the ions correlating to
the dimeric form is seen to have very small changes with the temperature increase from 25-35 °C.
However, the analysis at 45 °C results in slightly larger increases of the CCS values, which is
continued at 55 °C. Further temperature increases revealed no ions correlating to dimers or trimers
were observed at 65 °C, therefore indicating complete dissociation of the oligomeric species. Figure
6.14D illustrates that the ions for the trimer of hPFD subunit 5 behaved in a relatively similar manner
to the dimer. The temperature change from 45-55 °C was seen to initiate the largest CCS value

increase seen for the majority of the ions, and no trimer ions were observed in the analysis at 65 °C.

It is interesting to see that the trend seen for hPFD subunit 5 is observed for hPFD subunit 6 ions
correlating to the dimer and trimer species. The ions illustrated in Figure 6.14E-F are seen to
increase in size following the temperature increase from room to 35 °C. The ions are seen to remain
at this size until the temperature reaches 65 °C, where another increase in CCS is seen. The
exception of this trend is observed for the charge state of [M+14H]*** of the dimer and charge state

of [M+15H]*** of the trimer, where the ions of [M+14H]*** have a calculated CCS value that remains
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constant throughout the assay and [M+15H]** of the trimer is seen to follow a steady increase in

CCS from 25-45 °C and remains at the CCS of 4479 A? until the end of the assay.

Interestingly, the relative CCSDs for the ions relating to the monomers of the hPFD subunits appear
to be larger than the ions correlating to the dimers and trimers. As previously mentioned in Section
6.2.2.3, the resolution of traveling wave instruments is 0.025 (2.5 %), [446], [447]. All distribution
widths observed here are greater than the resolution of the instrument and therefore reflect
conformational assemblies and flexibility of the subunits. The normalised CCSDs relating to the
monomer of hPFD subunit 5 are calculated to range from 0.051 (5.1 %) to 0.173 (17.3 %). It is highly
likely that the large distributions observed here are a result of molecular dynamics of the self-
chaperoning mechanism. In contrast, the CCSDs for the dimeric species is seen to range from 0.050
(5.0 %) to 0.088 (8.8 %), while the relative distributions seen for the trimers have a slightly larger
range from 0.046 (4.6 %) to 0.110 (11.0 %). The ions corresponding to hPFD subunit 5 monomers are
observed to have the biggest range in comparative CCSDs following the thermal dissociation assays.
This suggests flexibility of the monomer conformation, indicating a higher number of conformational
assemblies in comparison to the dimers and trimers. In comparison, the relative CCSDs of dimers
appear to have a small range and this can be explained through the activation of the self-
chaperoning mechanism equating to a more rigid structure. This reduced conformational flexibility is

also seen for the trimeric species, however, to a smaller extent.

A similar trend to hPFD subunit 5 is observed for the calculated relative CCSDs of hPFD subunit 6.
The ions corresponding to monomers have a normalised distribution of 0.059 (5.9 %) to 0.128 (12.8
%). This range is significantly smaller than the calculated range for hPFD subunit 5, indicating that
monomeric subunit 6 is a less dynamic compound in comparison to monomer hPFD subunit 5. The
relative distributions of the dimer are between 0.047 (4.7 %) and 0.108 (10.8 %) and for the trimer
the lowest comparative CCSDs is at 0.063 (6.3 %) and the largest is calculated to be 0.117 (11.7 %). It
is therefore proposed that the conformational assemblies and structural integrity of the hPFD

subunit 6 species appear to remain relatively similar throughout the thermal dissociation assay.
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To summarise, the native IM-MS data obtained for the hPFD subunits reveal that the molecules free
in solution at a temperature of 25 °C were able to interact to form homo-oligomers. Although it has
been stipulated in previous studies that oligomerisation can occur due to the concentration of the
sample, nanospray of proteins at these micro molar concentrations have been previously calculated
to contain on average one molecule per droplet [450]. It is interesting to see that hPFD subunit 5
trimer is the predominant form found in the solution in native IM-MS analysis, while the folded
monomeric form is the predominant species in the data obtained for hPFD subunit 6. This indicates
that hPFD subunit 5 is more active in self-association, reinforcing the molecular dynamics seen for
the subunits in Chapter 5. The results here can also be compared to previously published data of the
prokaryotic PFD, with the hPFD subunits 5 and 6 representing their respective subunit class. The
published MS analysis of the mtPFD a subunit in low-energy conditions showed peaks correlating to
monomers and dimers, with the dimers the predominant species in the spectrum [94]. Fandrich et
al. suggested that the mtPFD a subunit formation was due to the dimeric core seen in the intact
hexameric PFD complex. The results shown here reveal the dominance of the trimeric form by hPFD
a subunit 5 which do not align with the published data for prokaryotic PFD. In contrast, the analysis
of mtPFD B subunit was found to be monomeric under all MS conditions applied [94]. Although,
trimers and dimers of hPFD subunit 6 were observed in the spectrum, the monomeric species was
the predominant form, consistent with the data for the prokaryotic mtPFD B subunit. It is possible
that the formation of the oligomers by the hPFD subunits may be due to a self-chaperoning
mechanism, however it is also plausible that the trimers formed may have some underlying
biological chaperone function, with the incorporation of additional subunits potentially increasing
the molecular cavity resulting in an increase in substrate binding and therefore improved chaperone
efficiency. The different propensities observed for trimer formation by hPFD subunits 5 and 6 could
be a contributing factor to the fibril inhibition efficiencies reported for each subunit in Section

3.2.4.1.

It has been previously determined that eukaryotic PFD and its subunits are holdase chaperones, with
biological activity likely to be achieved through a transient hold and release mechanism. The
required chaperone to substrate ratios are typically determined through concentration dependant
studies. However, the free forming dimers and trimers were not monitored in our studies and it is
possible that the self-oligomerisation of the hPFD subunits may have affected the ThT assays
conducted in Section 3.2.4.1. There are 2 possible scenarios arising from the self-oligomerisation of
the hPFD subunit chaperones. The first considers the chaperone to substrate ratio remaining the
same throughout the self-oligomerisation process despite the increase in chaperone size. As the

hPFD subunit binds to itself, this affects the number of units available to interact with the misfolding
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peptide and consequently detrimentally impacts the chaperoning efficiency. Alternatively, the hPFD
subunits require the formation of oligomers to efficiently perform holdase activity, as seen in a
previously published study of mjPFD, where the prokaryotic PFD a subunit is required to form
oligomers for chaperone activity [87]. Both possible scenarios lead to the overall diminished number

of available units for chaperone holdase function.

These assumptions and possible scenarios can also be compared to the experiments conducted with
bPFD, where self-oligomerisation is not seen. A trend is therefore proposed between the propensity
for oligomerisation and chaperone activity. It is suggested that the increase in self-oligomerisation
results in the decrease of macromolecule units available for holdase function and subsequently
results in a decrease in chaperone activity. This correlates the IM-MS results seen here and the fibril

inhibition efficiencies observed for hPFD subunit 5, hPFD subunit 6 and bPFD in Section 3.2.1.4.

Further observation of the hPFD subunit thermal aggregation data shows the difference in thermal
dissociation between the eukaryotic PFD subunits 5 and 6. Increases in temperature were seen to
dissociate the oligomers of both hPFD subunits, with steady decline in ions correlating to the trimers
and dimers observed until complete dissociation at approximately 55 °C. Although both subunits
were seen to behave similarly under thermal conditions, there were a few key differences observed
in the IM-MS analysis that reveal the different thermal dissociation pathways of the hPFD subunits.
Following increasing temperature, the IM analysis of hPFD subunit 5 was seen to exhibit minor
changes in the calculated CCS values of folded monomer while the MS spectra revealed that the
relative abundance of ions shifted towards the unfolded monomer. In comparison, the MS data
collected for hPFD subunit 6 showed that the folded monomeric conformation was the predominant
species throughout the entire experiment, while the IM analysis revealed that there were large CCS
changes occurring to the molecule. This ultimately shows that the hPFD subunits undergo different
thermal dissociation pathways and reinforces the resilience of hPFD subunit 6 to thermal

degradation, which was also observed in Section 4.2.3.

Analysis of the thermal aggregation assay conducted with intact bPFD establishes that the complex
dissociates into trimer sub-complexes. The data presented in this Chapter suggests the dissociated
trimers have strong binding interactions and are stable in conditions of high kinetic energy, in
particular the sub-complex consisting of eukaryotic PFD subunits 1, 5, and 6 was observed
throughout the thermal dissociation experiment. It should be noted that trimers were also observed
in the native IM-MS analysis of the intact bBPFD complex. This may suggest that the protein readily
dissociates into its respective trimers. Although the dissociation of eukaryotic PFD has not been

reported before, sHSP chaperones have been previously reported to readily modulate quaternary
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structures for biological function, such as dissociate into dimers and monomers during heat shock
[451]-[453]. It is possible that the dissociation observed here for bPFD into its respective trimers
may have the same implications, however further studies are required to investigate the validity of

this.

In conclusion, the experiments in this Chapter were able to verify the stoichiometric arrangement of
the subunits in bPFD and show possible internal interactions of the subunits. The propensity for
trimer formation of the hPFD subunits 5 and 6 when free in solution combined with the results seen
in Chapter 3 establish a possible trend between self-oligomerisation and fibril inhibition efficiencies.
In addition, it was previously reported in Chapter 4 that the hPFD subunits, in particular subunit 6,
were tolerable to high temperature changes and this was further validated here. The IM-MS data
was also able to validate the molecular dynamics of the hPFD subunits as was previously suggested

in Chapter 5.
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6.3: Experimental

All materials were purchased from Sigma Aldrich (USA) unless otherwise stated.

6.3.1: Sample Preparation

bPFD was purified from bovine testis tissues as described in Chapter 3. The resulting intact bPFD
complex solution was adjusted to 10 uM with an aqueous solution (50 mM AA at pH 7.4 unless
otherwise stated). The concentration of bPFD was determined spectrophotometrically by measuring
the absorbance at 280 nm and using the calculated extinction coefficient for each individual subunit
(Refer to Appendix E). The concentration of the contaminants was deducted from the overall

calculated concentration.

The subunits of hPFD were expressed and purified from E. coli as described in Chapter 3. The subunit
solutions were adjusted to a concentration of 10 uM (50 mM AA at pH 7.4 unless otherwise stated).
The concentration of hPFD was determined spectrophotometrically by measuring the absorbance at

280 nm, using a calculated extinction coefficient (Refer to Appendix E).

6.3.2: lIon-mobility Mass Spectrometry

‘Native’ like IM-MS spectra were acquired on a Synapt HDMS system (Waters, UK) [114], using
nanospray in the positive ion mode. The sample was introduced using platinum-coated borosilicate
capillary needles that were prepared in-house. The Synapt HDMS instrument parameters were
optimised to remove the majority of adducts whilst preserving non-covalent interactions, and were
typically as follows; capillary voltage, 1.6 kV; cone voltage, 60 eV; trap collision energy, 10 V; transfer
collision energy, 10 V; source temperature, 50 °C; backing pressure, 5 mBar; IMS cell pressure (N,),

0.5 mBar; travelling wave velocity, 350 ms™; travelling wave height, 9-11 V.

6.3.3: Data Analysis

Peaks in the experimental ATD are fitted by Gaussian curves and the CCS values were derived from
the drift time corresponding to the peak of the ATD. The peak drift times were obtained from the
Synapt HDMS were normalised for charge state and a nonlinear correction function was applied for
calibrant ions such that their relative differences mirror those previously observed for the same ions
as described in detail elsewhere [206], [231], [426]. CCSs of the reference samples were taken from
the literature using values for ubiquitin, myoglobin, cytochrome ¢ and serum amyloid P component

[454].
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CCSDs were derived from the FWHM of the ATD and the smallest and largest values of the range
were converted into CCS values in a similar fashion described for the CCS values obtained from the

peak ATD. CCSDs were plotted as violin plots.

CCSs of model protein structures were calculated using the Leeds Method (developed by Ashcroft
and co-workers). Structural coordinates from previous studies using NMR and X-ray crystallography

were obtained from the Protein Data Bank (PDB) with accession numbers indicated in the text.

6.3.4: Thermal Denaturation Experiments

Following the experiments of ‘native’ IM-MS, the CTC was attached to the glass capillary and the
temperature was allowed to stabilise for 60 seconds before acquisition was initiated. A series of IM-
MS acquisitions at different temperatures (over the range of 25-65 °C) were acquired on the Synapt
HDMS system (Waters, UK) using identical experimental parameters to ‘native’ like conditions:
capillary voltage, 1.6 kV; cone voltage, 60 eV; trap collision energy, 10 V; transfer collision energy, 10
V; source temperature, 50 °C; backing pressure, 5 mBar; IMS cell pressure (N,), 0.5 mBar; travelling

wave velocity, 350 ms™; travelling wave height, 9 V.
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Chapter 7:

Chemical Cross-linking of the Human

Prefoldin Subunits 5 and 6

7.1: Introduction

Chemical cross-linking (CXL) has the powerful ability to covalently link interacting molecules
together. As a result of this property, CXL has developed over the last 2 decades to provide advances
in structural biology [455]. The combination of CXL, proteolytic digest and MS analysis can provide
distance constraints for structural modelling and bind transient interactions. CXL studies are now
commonly employed to elucidate low resolution tertiary structures [262], [456]-[459] or to probe

protein-protein interactions [113], [266], [267].

As described previously in Chapter 2, CXL bottom up studies typically share a common workflow,
with minor deviations in the analysis protocol depending on the CXL reagent used and the particular
instrumental analysis required [457], [460]—[463]. Although the aim of any cross-linking reaction is to
form covalent bonds between proximal residues to elucidate native conformations or investigate
protein-protein interactions, other reaction products are possible. The reactive groups of the cross-
linking reagent may not bio-conjugate with an appropriate residue or may be deactivated prior to
bio-conjugation through hydrolysis. Alternatively, a peptide may contain several CXL modifications.
This therefore results in a complex mixture of products including unmodified proteolytic peptides,
dead-end, intramolecular and intermolecular cross-linked peptides, or higher order adducts (Figure

2.10).

Although the plethora of products increases the complexity of data analysis, identification of each
cross-linking adduct type can provide some structural information. For example, dead-end cross-
linking adducts are able to give solvent accessibility of the native conformation, intramolecular
cross-links may give information about local structural elements i.e. secondary and tertiary
structure, whilst intermolecular cross-links provide distance information that may be used to define
binding interfaces [261], [274], [458], [460], [461]. Together, this information can generate distance

constraints within a protein or protein complex that can be employed to approximate the higher
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order structure of the complex. Analysis of the CXL data is often difficult and time consuming; here
we present several approaches to facilitate the identification of cross-linked peptides, the first is the

incorporation of a facile cleavable spacer arm within the CXL reagent.

CXL reagents designed to be readily cleaved by collision induced dissociation (CID) allow cross-linked
peptides to be rapidly identified through their unique fragmentation patterns obtained by MS/MS.
The facile CID fragmentation pathways of sulphur containing linkers in peptide and protein systems
by both positive and negative ion MS are exploited in this chapter to rapidly identify cross-links. The
popular commercially available homobifunctional cross-linking reagent dithiobis(succinimidyl
propionate) (DSP), undergoes facile fragmentation of the disulphide bond upon CID in negative ion
mode, giving rise to characteristic fragments of cross-linked peptides enabling easy identification of
the cross-linking type and site. Scheme 7.1 shows the expected products of DSP fragmentation from
intermolecular and dead end cross-linked peptides in negative ion MS/MS mode. Upon CID, peptide
anions cross-linked with DSP will give rise to characteristic fragments of peptide +54 Da (A’), +120 Da
(B’), +86 Da (C’), and +88 Da (D’) [462], [463]. Although DSP products have been analysed by MS in
both positive and negative ion mode [463], [464], it has been reported that positive ion MS analysis
of DSP fragments are difficult to identify due simultaneous backbone fragmentations observed in the

spectra [260], [465].
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Scheme 7.1: Expected fragmentation pathways for DSP intermolecular & dead end cross-linked peptides in negative ion

MS/MS mode. DSP fragments about the disulfide bond are labelled A’-D’ consistent with fragmentation pathways

described by Calabrese et. al [463].

Lu et. al described the synthesis and application of a novel sulphonium ion-containing cross-linking

reagent, S-methyl 5,5'-thiodipentanoylhydroxysuccinimide (S55’'THS), designed to fragment

exclusively via facile cleavage of the C-S bond directly adjacent to the positively charged sulphonium

ion during positive ion MS/MS (Scheme 7.2) [466]. As seen in Scheme 7.2, CID results in a 6

membered heterocyclic iminotetrahydropyran (l) that increases the mass of the peptide by 83 Da,

and a s-methylthiopentanoyl (S) fragment which correspondingly increases the peptide mass by 130

Da [466].
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ion MS/MS mode. Fragments are labelled according to Lu et al. corresponding to formation of a 6-membered
iminotetrahydropyran (I) & s-methylthiopentanoyl (S) group [466].

Both DSP and S55'THS are homobifunctional cross-linking reagents with two active NHS ester
groups. As previously mentioned in Chapter 2, NHS esters principally target primary amines (-NH3)
for bio-conjugation and in proteins, these are present either at the end of the amino acid
polypeptide chain at the N-terminus or in the side chain of Lys [265]. S55'THS is able to cross-link
peptides at distances up to approximately 20 A (taken from Ca-Ca to allow for side chain flexibility),

whereas DSP is able to cross-link up to a distance of 12 A [265].

Traditional CXL workflows utilise software dedicated to the automated identification of cross-linked
peptides to filter the plethora of products that are obtained in CXL experiments [273], [467]-[470].
Of these software packages, this work utilises the unique fragmentation identification feature of
MeroX. MeroX was developed by Gotze et. al to analyse LC-MS/MS spectra of facile CID cleavable
CXL reagents [273]. The algorithms in this software generate all possible cross-linking combinations
from the sequence database and subsequently match the theoretical cross-links to the acquired
MS/MS spectra. Input of the relevant FASTA sequence file, the exported LC-MS/MS data in mgf
format and the specificities of the cross-linker are therefore required for automated peptide cross-
link identification. Scoring of the matched candidate and applying a mix-target decoy are also
options available in MeroX to determine false identifications. Although MeroX is able to identify
potential cross-links, ambiguity in the position of the cross-link can still be present. Previous LC-
MS/MS analyses of cross-linked peptides have used ‘pseudo MS3 experiments’ to enable the
sequencing of the intermolecular cross-linked peptides through MS/MS experiments on product ions

formed by inducing capillary-skimmer dissociation in the ion source [128], [246]. These experiments

184/284



are useful for sequences with more than one Lys chain available for cross-linking as characteristic
modifications of cross-linked Lys side chains allows for the identification of the exact location of the
cross-linking site in protein systems of unknown structure. Unfortunately, spectra acquired at high
CID can cause side chain fragmentation in addition to normal backbone fragmentation, complicating

interpretation.

As previously explained in Chapter 2, orthogonal separation by IM allows for the simplification of MS
spectra. Briefly, the selection of a drift time region combines the MS spectra of the detected ions
with that selected mobility, therefore removing contributions of ions from outside the selected drift
time. In systems without LC, IM can be utilised as an alternative separation method. This
simplification of MS is exploited in our CXL analysis method when analysing with cross-linked
products with a cleavable spacer arm. In addition CID is achieved following IM and prior to MS
analysis, therefore resulting in the MS detected fragment ions having the same drift time as the
precursor ions. This phenomenon, known as time aligned fragmentation, simplifies the spectra and
due to efficient separation of size to charge, the same peptides with different CXL sites are able to

be separated.

7.1.1: Aim

This chapter aims to compare the analysis of cross-linked protein samples by IM-MS, LC-MS/MS or

LC-IM-MS/MS, utilising cleavable linkers, to inform the optimum workflow for protein CXL analysis.

To effectively utilise the CID spacer arm of the cross-linking reagents and the time aligned
fragmentation to aid in cross-link identification, the diagnostic fragmentation pathways of the cross-
linked products must be understood. The aim of this chapter is to develop a systematic CXL
approach to identify protein cross-links in a site specific manner, and enable the construction of low
resolution tertiary structures. The effectiveness of this method is first demonstrated with simple
peptides and the structurally well characterised protein, ubiquitin, before attempting this method
on hPFD subunits 5 and 6. An additional aim of this chapter is therefore to determine the binding

interfaces of hPFD subunits 5 and 6 to AP (1-40) through the newly developed CXL approach.
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7.2: Results and Discussion

7.2.1: Synthesis of Cross-linker S55’'THS

S55'THS was first synthesised based on the general method of Lu et al. [466] in a four step
procedure starting with the cheap and readily available reagent 5-bromovaleric acid 1. By this
approach, 5-bromovaleric acid 1 was first converted to 5-mercaptopentanoic acid 2 under standard
conditions (thiourea and ethanol). 2 was then converted to the dicaboxylic acid 3 with the addition
of acid 1 in a basic aqueous solution at 50 °C via a nucleophilic substitution as seen in Scheme 7.3.

The dicarboxylic acid 3 was purified over silica gel to give a white solid (92%).

1: 5-bromovaleric acid 1. 2: 5-mercaptopentanoic acid
0 HN™ "NH; | EtOH, reflux, 24 hr 0O

Br/\A)J\OH M NaOH, 90 °C, 24 hr HS/V\)J\OH

2.75
3.2 M H,80,

1. Br(CH5)4CO,H (1),
7.5 M NaOH, 50°C, 24 h
4: 5,5'-thiodipentanoylhydroxysuccinimide 2 HCI (cor?c.) '

1. NHS, EDC
DCM, rt, 16 hr O 0]

0O O
0] 0]
N\OJ\/\AS/\/\)J\O/N 2 EtOAc HOJ\MS/\/\)J\OH
(¢] (o]

3: 5,5'-thiodipentanoic acid

CHgsl, CHCI3
rt, 4 days

0] O

0] 0]
M@~
N‘O S (¢} N
0 [ 0

5: S55'THS

Scheme 7.3: Four step synthesis of S55’THS cross-linking reagent adapted from Lu et al. [466].

Although Lu et al. utilised the insoluble coupling reagent N,N’-dicyclohexylcarbodiimide (DCC) to
conjugate N-hydroxysuccinimide (NHS) to the dicarboxlylic acid 3, here it was found that the reagent
DCC was challenging to solubilise in DCM, and the difficult removal of by-products compromised the
yield of product 4. Therefore the coupling reagent N-ethyl-N-(3-dimethylaminopropyl)carbodiimide

(EDC) was used instead.

Experimentally, the mixture of EDC, NHS and dicarboxylic acid 3 were dissolved in DCM and stirred
at room temperature for 16 hours. Isourea and unreacted reagents were removed via silica gel
filtration to afford a purified oily residue of cross-linker 4. To obtain the desired fixed positive

charge, methylation of sulphur was conducted with the addition of iodomethane dissolved in
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chloroform to give product 4 and this was stirred at room temperature for 4 days to afford product
5, S55'THS (crude 78%). It was found that due to the moisture sensitive nature of S55’'THS, it could
not be purified without compromising the NHS reactive ends. Using crude S55'THS will likely
increase the amount of by products in the CXL reaction; however it will not detract from the overall

experiment. S55'THS was used in CXL experiments without further purification.

7.2.2: Cross-linking of Ac-AAKA

To experimentally demonstrate the efficient bio-conjugation of the reagents to primary amines and
subsequent low-energy CID fragmentation of intermolecular cross-links, DSP and SS5'THS were
cross-linked to the model peptide Ac-AAKA (401.5 g.mol?) under conditions known to generate high
yields of cross-linked adducts. Due to the acetylation of the N-terminus, this peptide contains a
single free amine group on the side chain of the Lys. Subsequently, the cross-linking reagents may
conjugate only at this amine and the possible products for this experiment include one unmodified
peptide, one dead-end cross-link and one intermolecular cross-link product. Although this CXL
experiment is not biologically relevant, it is able to validate NHS-ester containing cross-linking bio-
conjugation and it is able to define the characteristic fragmentations of the resultant adducts [462],
[466]. Following the cross-linking reaction, the organic solvent was removed and the sample was
desalted. Subsequent analysis by IM-MS applying CID in the transfer region enables time aligned
fragmentations. Intermolecular cross-linked peptides, dead-end products and unreacted peptide
were present, as identified by the expected mass, and time alighed fragmentation data were

recorded at low collision energy (Figure 7.1, 7.2).

Figure 7.1A shows the IM-MS/MS analysis of DSP cross-linking of Ac-AAKA. The intermolecular cross-
links produced were identified based on m/z (975 m/z) at a corresponding drift time range of 5.8-6.1
msec (Figure 7.1A&B). The product ions of the DSP intermolecular cross-links are analogous to the
natural Cys disulphide fragments described in Scheme 7.1, with all 4 possible characteristic product
ions, A’ to D’ of 454, 486, 488 and 520 m/z easily recognised, allowing rapid identification of the
intermolecular cross-linked peptides. The singly charged dead-end cross-links can also be clearly
seen in the spectrum, with the same CID product ions observed at a different drift time of 3.1-3.3
msec. The lower drift time is consistent with the smaller CCS of dead-end modified peptides (Figure

7.1A blue) compared with those that are intermolecular cross-linked (Figure 7.1 red).
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Figure 7.1: (A) Negative ion IM-MS/MS analysis of DSP cross-linked peptide Ac-AAKA using Waters Synapt. (B)
Summation of the drift time 5.8-6.1 msec highlighted in red generates the simplified mass spectrum of the
intermolecular cross-link (975 m/z). Here the intermolecular cross-linked peptide & its time aligned fragmentation
products (the disulphide fragments labelled A’-D’ at 454, 486, 488 & 520 m/z) are readily identified. (C) Summation of
the drift time 3.1-3.3 msec highlighted in blue generates the simplified mass spectrum of the dead-end modified cross-
link (592 m/z). The time aligned fragmentation products (the disulphide fragments labelled A’-D’ at 454, 486, 488 & 520
m/z) are readily identified.

Positive ion MS analysis of DSP cross-links has been reported, and fragmentation of the reagent
reveals 2 peaks with a 66 Da mass difference as a result of disulphide bond cleavage [465], [471].
However, these signals also occur in addition to the abundant backbone fragmentations which
dominate the spectrum and are therefore difficult to observe. Consequently, our CXL methods

utilising reagent DSP are only analysed by negative ion MS.

Figure 7.2A shows the positive ion IM-MS/MS of cross-linked Ac-AAKA using S55’THS and a range of
products is observed. The singly charged intermolecular cross-linked peptides (1016 m/z) are
observed to have an arrival time distribution (ATD) of 8.9-9.2 msec. Summation of this drift time
range reveals the simplified spectrum shown in Figure 7.2B. The time aligned fragment product | (the
6-membered iminotetrahydropyran, 484 m/z) is readily identified. From Figure 7.2A, MS summation
of the drift time 5.7-6.2 msec generates the spectrum in Figure 7.2C. The singly charged dead-end
cross-link is also seen in Figure 7.2A and the MS spectrum clearly reveals the corresponding

fragment product ion | is aligned to the precursor ion (730 m/z) by drift time.
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Figure 7.2: (A) Positive ion IM-MS/MS analysis of S55’THS cross-linked peptide Ac-AAKA using Waters Synapt. (B)
Summation of the drift time 8.9-9.2 msec highlighted in red generates the simplified mass spectrum of the
intermolecular cross-link (1016 m/z). Here the intermolecular cross-linked peptide & its time aligned fragmentation
product (the 6-membered iminotetrahydropyran labelled I, 484 m/z) are readily identified. (C) MS summation of the
drift time 5.7-6.2 msec highlighted in blue generates the simplified mass spectrum of the dead-end modified cross-link
(730 m/z). Here the modified peptide & its time aligned fragmentation product (the 6-membered iminotetrahydropyran
labelled 1, 484 m/z) are readily identified.

Fragmentation of S55'THS modified peptides seems to favour formation of the product ions
containing iminotetrahydropyran (l) rather than s-methylthiopentanoyl (S) modifications. This is
consistent with the analysis of Lu et al. who suggested that the two C-S bonds do not have identical
cleavage efficiencies, hypothesised to be due to different “solvation” environments of the
nucleophilic R-amide bond and e-amide bond responsible for the sulphonium cleavage reactions,

which subsequently affects the nucleophilic reactivity of these groups [466].

Analysis of Ac-AAKA cross-linked with either DSP or S55’'THS demonstrates the fast and efficient
covalent bonding of the cross-linking reagents and easy identification of the cross-links through the
simplification of the spectra utilising IM. Although 3 products are possible in this CXL reaction
(unmodified, dead-end, inter-molecular cross-links) Figures 7.1 and 7.2 reveal a range of species
detected. This is likely due to multiply charged product ions, side chain fragmentations and back-
bone cleavages obtained with CID. It is noted that the transfer CID energy required for

fragmentation of negative ion DSP intermolecular links was higher than that for positive ion
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fragmentation of intermolecular 55S’THS cross-links. Higher abundances of unwanted fragmentation

by-products were also observed in the DSP spectra.

7.2.3: Cross-linking of Ubiquitin

To further validate the application of DSP and S55’-THS as IM-MS cleavable CXL reagents, the model
protein ubiquitin was cross-linked, proteolytically digested, desalted and analysed by IM-MS using
the appropriate ion mode. Predicted cross-linked peptides were generated using MeroX software
and manually identified through the characteristic expected cross-linker fragments aligned in drift

time.

DSP cross-linking of ubiquitin has been well investigated in both negative and positive ion MS [260],
[275], [463] with partial sequence information obtained for some peptide fragments [128]. Figure
7.3A shows the negative ion IM-MS spectrum of ubiquitin treated with DSP. Although the data
contains a plethora of products, the cross-links are identified by their m/z, and further confirmed by
the characteristic time aligned fragmentations. The selected drift times in Figure 7.3A correspond to
the intermolecular cross-link LIFAGKssQLEDGR-LIFAGK4sQLEDGR and the dead-end cross-link
LIFAGK4sQLEDGR-DSP-OH. The difference in mobility of the cross-linked peptides allows the
summation of the corresponding drift time range to reveal the time aligned fragmentation to the

precursor cross-links.
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Figure 7.3: (A) IM-MS/MS analysis of DSP cross-linked ubiquitin using a Waters Synapt. (B) Summation of the drift time
region 3.7-4.1 msec highlighted in red generates the simplified mass spectrum of the intermolecular cross-link
(LIFAGK43QLEDGR-LIFAGK,43QLEDGR). (C) MS summation of the drift time 9.2-9.5 msec highlighted in blue generates the
simplified mass spectrum of the dead-end (LIFAGK;3sQLEDGR-DSP-OH) cross-linking products. Here the time aligned
fragmentation products (the disulfide fragments labelled A’-D’) are indicated accordingly.

190/284



The intermolecular cross-linked peptide LIFAGK;sQLEDGR-LIFAGK43QLEDGR is a symmetrical dimer
link, with a calculated monoisotopic mass of 2865.5 Da and observed at 1432 m/z ([M-2H]*) as seen
in Figure 7.3B. The ATD of the ions is found to be 3.7-4.1 ms and the simplified MS extracted from
this drift time range reveals the cross-linked fragments observed at 1399 m/z and 1465 m/z
consistent with A’ and B’ fragmentations of LIFAGKs;sQLEDGR. Unfortunately, the fragments
corresponding to C' and B’ overlap the doubly charged precursor and are not readily observed.
However, the drift time alignment of the A’, B’ fragments to the precursor ion confidently confirms

the cross-link identity.

The 1537 m/z precursor identified as the dead-end modified peptide of LIFAGK4sQLEDGR has an ATD
of 9.2-9.5 ms, as highlighted in Figure 7.3A. The corresponding simplified MS spectrum shows singly
charged fragment ions at 1399 m/z, 1431 m/z, and 1465 m/z (A’-C’) (Figure 7.3C). These product ions
are therefore drift time alighed to the dead-end hydrolysed LIFAGK4;sQLEDGR precursor ([M-H]Y).
Dead-end cross-linking products are generally readily identifiable due to the small mass losses
resulting from cleavages of the labile disulphide bond. The fragmented by-products of 106 Da and
138 Da (Scheme 7.1) are also observed in the simplified MS (data not shown), further verifying the
identity of the dead-end cross-link. The low abundance observed of the A’-C’ fragmented ions is due
to the minimal CID activation energy utilised to reduce competing fragmentation of side chains and
backbone. Unfortunately in this case, several unwanted peaks corresponding to unmodified partially
digested peptides overlap the drift time of intermolecular and dead end LIFAGKssQLEDGR cross-links

and can also be observed in both spectra.

An intramolecular cross-linked peptide of AK,slQDK33sEGIPPDQQR was also observed in the cross-
linking experiment however, fragmentation of this peptide produces a complex MS/MS spectrum.
Cleavage of just the cross-linker is unobservable as this pathway produces no change in mass and
instead minimal energy dissociation induces backbone and sidechain fragmentation. CID activation
shows a loss of water at m/z 1349 and side chain cleavages occur at Aspi, and Asps, which are
consistent with previous negative ion peptide CID studies (data not shown) [128], [463]. However, as
cleavage of the cross-linker moiety is not observed, these modifications cannot be confirmed by our
method. Nevertheless, limited information is offered by this type of bio-conjugation, as it provides
distance constraints between residues relatively close in sequence and therefore can only define

local secondary and tertiary structures.
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The observed products and the corresponding fragment ions of the cross-linked products of
ubiquitin using DSP are summarised in Table 7.1. In total, 1 intermolecular cross-link, 1

intramolecular cross-link, and 3 dead-end modifications are confidently identified.

Table 7.1: Summary of observed cross-linking products for DSP treated ubiquitin with observed fragmentations

reported.
Ca
Observed Drift Time distance
Peptide Monoisotopic Mass (Da) lons (ms) (A)
Intermolecular Cross-Links
LIFAGK48QLEDGR-LIFAGK4gQLEDGR 2865.5 2" 4.0 NA
Observed fragments:
LIFAGK4sQLEDGR (A’) 1399.8 1
LIFAGK4sQLEDGR (B’) 1465.9 1
LIFAGK4sQLEDGR (C’) 1431.7 2
LIFAGK4sQLEDGR (D’) 1433.7
Intramolecular Cross-Links
AK20IQDK33EGIPPDQQR 1895.9 1,2 12.2,2.8
Dead End Modifications
IQDK33EGIPPDQQR-DSP-THS-OH 1715.8 1,2 10.7,2.8
Observed fragments:
1QDK33EGIPPDQQR (C') 1608.7 1,2
IQDK33EGIPPDQQR (D’) 1610.8 1,2
LIFAGK4gQLEDGR-DSP-THS-OH 1538.7 1,2 9.3,2.7
Observed fragments:
LIFAGK4sQLEDGR (A’) 1399.8 1
LIFAGK4gQLEDGR (C’-H20) 1414.7 1
TLSDYNIQKe3ESTLHLVLR-DSP-THS-OH 2322.1 - -
Observed fragments:
TLSDYNIQKe3ESTLHLVLR (C’) 2215.1
TLSDYNIQKe3ESTLHLVLR (D’) 2217.1

*For fragment ion annotations refer to Scheme 7.1.

Disulphide cross-linking reagents that are analysed in negative ion mode MS are rarely utilised to
determine low resolution 3D structures of proteins due to low MS sensitivity and competing low
energy backbone and side chain dissociation. Although this is a unique feature of negative ion MS,
such low energy backbone and sidechain cleavages may compete with cross-linker fragmentation
and therefore potentially hamper the identification of the cross-linked peptide. It has been reported
that the Asp side chain effectively loses water in negative ion mode MS and is generally the most
abundant peak observed in negative ion spectra of peptides [128], [246], [472]. In addition to this
water loss, negative ion sidechain fragmentations have also been reported for Glu, GIn and Asn (Asn
and GIn lose NH3 from the side-chain) [246]. The side chain fragmentation of Ser has also been
reported to be more facile than backbone cleavage [473]-[475]. It is due to these previous reports of
sidechain and backbone fragmentations dominating negative ion spectra that analysis of ubiquitin

cross-linked with DSP were not conducted at higher CID energies. Other disadvantages of the
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negative ion approach include loss in MS sensitivity and the sequencing of peptides is substantially
less routine in this mode. It should also be noted that in a previous study where the negative ion
cleavages of disulphide containing proteins were investigated, it was shown that all four possible
product ions were not evident in all cases [463]. Although the application of negative ion based
proteomics approaches provides a complementary method to the conventional positive ion studies
of proteins and peptides, the disadvantages mentioned here result in difficult identification of cross-
links and have led us to focus on positive ion MS for the investigation of the tertiary structures of

hPFD subunit 5 and 6 (Section 6.2.5).

Although several studies have investigated the low resolution structure of ubiquitin using other
cross-linking reagents in positive ion mode MS [275], the cross-linking of ubiquitin to a positive
sulphonium ion-containing facile cleavable cross-linking reagent is novel. Figure 7.4A shows the
positive ion IM-MS/MS spectrum of ubiquitin treated with S55’THS. Similar to the data for ubiquitin
treated with DSP, the reaction mixture contains a range of products. Possible cross-links generated
by MeroX were matched to m/z features in the spectra and the identity of the cross-linked peptides
was further confirmed through the observation of the characteristic time aligned fragmentations
(Scheme 7.2). The simplified MS spectrum of the intermolecular linked product and dead-end
modified product containing the same tryptic peptide sequence (LIFAGK4,sQLEDGR) is selected as an
example and shown in Figure 7.4. The selected drift time at 2.6-3.0 ms reveals the intermolecular
cross-link of LIFAGKssQLEDGR-TLSDYNIQKssESTLHLVLR observed at 923 m/z ([M+3H]*) with a
calculated monoisotopic mass of 3687.9. The cross-link is further verified through the observation of
the time aligned CID fragmentation products of 738 m/z, corresponding to the
iminotetrahydropyran, | fragment of the TLSDYNIQKeESTLHLVLR peptide and 715 m/z,
corresponding to the s-methylthiopentanoyl group, S fragment of the LIFAGKssQLEDGR peptide. This
same m/z ion can also be seen in the MS spectrum of the dead-end modified LIFAGK4sQLEDGR
(calculated monoisotopic mass of 1428.7) in Figure 7.4C. The MS spectrum here is a summation of
the ions with a drift time of 3.7-4.2 ms. It should be noted that the mass of the dead-end cross-
linked peptide LIFAGK;sQLEDGRTLSDYNIQKg3ESTLHLVLR-S55'THS-OH corresponds to the mass of
intermolecular cross-link LIFAGK,sQLEDGR-TLSDYNIQKs3ESTLHLVLR (3687.9 Da). A fragment
corresponding to | fragment of the dead-end modified peptide (Pepl) was identified in the simplified
spectrum, ultimately revealing the similar drift time of the ions associated with both the

intermolecular and the dead-end cross-link.

Figure 7.4C reveals the extracted spectrum for the dead-end modified peptide LIFAGKssQLEDGR
peptide ([M+H]%*) reacting at Kss with one NHS group of S55’THS while the other has hydrolysed. The

193/284



715 m/z fragment ion is drift time aligned with a precursor at 788 m/z. The mass difference of 148
between precursor and fragment ion immediately identifies the peptide as dead-end modified,
providing a rapid method for differentiation of cross-linking product type, while the detection of

both parent and fragment ions gives confident identification of the modified peptide.
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Figure 7.4: (A) IM-MS/MS analysis of S55'THS cross-linked ubiquitin using a Waters Synapt. Highlighted are selected drift
time regions from which simplified mass spectra can be generated. (B) Summation of the drift time region 2.6-3.0 msec
highlighted in red generates the simplified mass spectrum of the intermolecular cross-link LIFAGK,3sQLEDGR-
TLSDYNIQKg3ESTLHLVLR. lons corresponding to the dead-end LIFAGK,3sQLEDGR-TLSDYNIQKg3;ESTLHLVLR-S55’THS-OH
(Pepl) are also found in this spectrum. (C) Summation of the drift time region 3.7-4.2 msec highlighted in blue generates
the simplified mass spectrum of dead-end LIFAGK;3QLEDGR-S55’THS-OH. The cross-linker modified ions are labelled | & S
for the iminotetrahydropyran & s-methylthiopentanoyl fragments respectively, while the cross-linked peptides are
labelled M.

In total for S55’THS cross-linked ubiquitin analysed by IM-MS/MS, an intermolecular peptide cross-
link, an intramolecular cross-link and 4 dead-end modifications were identified from the spectra,
which are summarised in Table 7.2 along with the observed characteristic time aligned fragments.
These results are consistent with the ability of S55’THS to cross-link primary amines on Lys residues
at a distance of up to 20 A between a-carbons on the protein backbone, taking into account the
length and flexibility of the lysine side chain, and with the known sequence and structure of
ubiquitin. It is observed that the majority of modifications detected involve Kus, suggesting this

residue is highly accessible to cross-linking reactions.
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Table 7.2: Summary of observed cross-linking products for S55’-THS treated ubiquitin analysed by IM-MS/MS.

Ca
Observed Drift Time distance
Peptide Monoisotopic Mass (Da) lons (ms) (A)
Intermolecular Cross-Links
LIFAGK4gQLEDGR-TLSDYNIQKe3ESTLHLVLR 3687.9 4+ 5% 3.6,2.9 17.9
Observed fragments:
LIFAGK4sQLEDGR (I) 1428.7 2*
LIFAGK4sQLEDGR (S) 1475.7 2*
TLSDYNIQKs3ESTLHLVLR (I) 2212.1 3*
TLSDYNIQKs3ESTLHLVLR (S) 2258.1
Intramolecular Cross-Links
AK20lQDK33EGIPPDQQR 1934.9 2+,3* 4.2,1.8
Dead End Modifications
1QDK33EGIPPDQQR-S55’-THS-OH 1753.8 2+,3* 3.4,15
Observed fragments:
IQDK33EGIPPDQQR (I) 1605.8 2+,3*
LIFAGK48QLEDGR-S55’-THS-OH 1575.7 2+,3* 3.6,1.9
Observed fragments:
LIFAGK43QLEDGR (I) 1428.7 2*
TLSDYNIQKe3ESTLHLVLR-S55’-THS-OH 2360.1 3*,4* 2.7,2.0
Observed fragments:
TLSDYNIQKs3ESTLHLVLR (1) 2212.1 3*,4*
LIFAGK4gQLEDGRTLSDYNIQKe3ESTLHLVLR-S55’-THS-OH 3687.9 5* 2.9
Observed fragments:
LIFAGK48QLEDGRTLSDYNIQKs3ESTLHLVLR (1) 3539.8 4+

*For fragment ion annotations refer to Scheme 7.2.

It should be noted there are signals observed in the MS spectrum corresponding to undigested,
unmodified protein. These peaks do not obstruct the identification of cross-linked peptides, however
they contribute to unwanted background ions and as a consequence, cross-linked peptides with low
abundance may be overlooked. This can also means that there are less modified peptides available
for detection. The addition of LC separation was then added to the analysis workflow for S55’THS
cross-linked ubiquitin to separate and further minimize the unwanted CXL products observed in the

simplified MS spectra.

The products of ubiquitin crosslinked with S55'THS were analysed by LC-IM-MS and were thus
orthogonally separated over 2 steps before MS detection. For comparison to the IM-MS analysis
conducted previously of ubiquitin cross-linked with S55’THS, the same intermolecular cross-linked
product (LIFAGK;sQLEDGR-TLSDYNIQKgESTLHLVLR) and the dead-end modified product
(TLSDYNIQKg3ESTLHLVLR-S55'THS-OH) are selected. The cross-linked peptides elute in different
regions of the LC chromatogram, 10-11 min and 11-12 min bins respectively (Figure 7.5B&D)
however, as the parameters for IM are consistent with the previous analysis, the same drift time is
observed and the exported MS of the ions at 2.6-3.0 ms and 3.7-4.2 ms reveal the corresponding

cross-linked peptides.
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The ions previously observed in Figure 7.4B are seen here in Figure 7.5C, however an additional peak

is detected at 1131 m/z ([M+2H]*) that corresponds to the TLSDYNIQKs3sESTLHLVLR-S fragment with

a calculated monoisotopic mass of 2259.1. Also, a comparison of Figure 7.4C to Figure 7.5E reveals

the decrease in background ions, and the fragment ion of the TLSDYNIQKeESTLHLVLR-I, is clearly

observed. This ultimately demonstrates that the separation of the CXL products by both IM and LC

increases MS sensitivity and significantly reduces the background ions to allow previously

undetected ions to be observed, subsequently allowing confident identification of fragment ions,

and verifying the effectiveness of this CXL analysis approach.
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Figure 7.5: LC-IM-MS/MS analysis of S55'THS cross-linked ubiquitin using Waters Acquity System coupled to a Waters
Synapt. Highlighted are selected regions of the (A) LC chromatogram which give rise to (B & D) drift time plots from
which simplified mass spectra can be generated. Selection of drift time 3.5-3.7 msec reveals (C) intermolecular cross-link
LIFAGK,3QLEDGR-TLSDYNIQKgESTLHLVLR. lons corresponding to the dead-end LIFAGK;sQLEDGRTLSDYNIQKg3ESTLHLVLR-
S55’THS-OH (Pepl) are also found in this spectrum. Selection of drift time 2.0-3.0 msec reveals (E) dead-end
TLSDYNIQKe3ESTLHLVLR-S55'THS-OH cross-link. The cross-linker modified ions are labelled | & S for the
iminotetrahydropyran & s-methylthiopentanoyl fragments respectively, while the intermolecular cross-linked peptides
are labelled 1 & 2, & precursor ion labelled M.

A close up of the drift plot at signals 739 ([M+4H]°*) and 923 ([M+3H]*) reveal that each signal has

only one ATD, this subsequently means that the ions corresponding to intermolecular cross-link
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LIFAGK2sQLEDGR-TLSDYNIQKg3ESTLHLVLR and dead-end modified
LIFAGK43QLEDGRTLSDYNIQKg3ESTLHLVLR-S55’THS-OH are not resolved in this analysis.

In total, for ubiquitin cross-linked with S55’THS and analysed by LC-IM-MS, 3 intermolecular peptide
cross-links, 1 intramolecular cross-link and 4 dead-end modifications were identified from the
spectra, which are summarised in Table 7.3 along with the observed characteristic time aligned
fragments. The intermolecular cross-linked peptides are consistent with previous CXL-MS studies of
ubiquitin [463], [464], [476] and are also consistent with the ability of S55'THS to cross-link primary
amines on Lys residues at a distance of up to 20 A between Ca on the protein backbone. Since all
detected modified cross-linked peptides contain a single Lys, we are able to unambiguously assign

the cross-link to residues 48-63.

Table 7.3: Summary of observed cross-linking products for S55’-THS treated ubiquitin analysed by LC-IM-MS.

Drift Ca
Observed Retention Time distance
Peptide Monoisotopic Mass (Da) lons Time (min) (ms) (A)
Intermolecular Cross-Links
LIFAGK4gQLEDGR-TLSDYNIQKe3ESTLHLVLR 3687.9 4+ 5% 13-14 3.6,2.9 17.9
Observed fragments:
LIFAGK4sQLEDGR (1) 1428.7 2*
LIFAGK4sQLEDGR (S) 1475.7 2*
TLSDYNIQKe3ESTLHLVLR (I) 2212.1 2%, 3*
TLSDYNIQKs3ESTLHLVLR (S) 2258.1 2*
TITLEVEPSDTIENVK27AK- IQDKe3EGIPPDQQR 3721.9 4+ 5% 14-15 35,29 17.5
Observed fragments:
TITLEVEPSDTIENVK27AK (1) 2069.1 3*
TITLEVEPSDTIENVK27AK (S) 2116.1 2*
IQDKe3EGIPPDQQR (1) 1605.8 2+
IQDKe3EGIPPDQQR (S) 1652.8 2%, 3%, 4*
TLSDYNIQKe3ESTLHLVLR- 4.8,4.1,
TLTGK11 TITLEVEPSDTIENVK 4629.5 4+ 5%, 6% 14-15 3.7 19.2
Observed fragments:
TLSDYNIQKe3ESTLHLVLR (I) 2212.1 -
TLSDYNIQKe3ESTLHLVLR (S) 2259.1 3%, 4+
TLTGK1u1 TITLEVEPSDTIENVK (1) 2370.2 2*
TLTGK1u1 TITLEVEPSDTIENVK (S) 2417.2 -
Intramolecular Cross-Links
AK20IQDK33EGIPPDQQR 1934.9 2%,3* 8-9 4.2,1.8
Dead End Modifications
3.9, 3.5,
IQDKe3EGIPPDQQR-S55’-THS-OH 1753.8 2+,3* 8-9 2.0
Observed fragments:
IQDKe3sEGIPPDQQR (1) 1605.8 2+
LIFAGK48QLEDGR-S55’-THS-OH 1575.7 2+,3* 10-11 3.2,2.0
Observed fragments:
LIFAGK43QLEDGR (I) 1428.7 2%,3*
TLSDYNIQKe3ESTLHLVLR-S55’-THS-OH 2360.1 3*,4* 11-12 3.0,2.1
Observed fragments:
TLSDYNIQKs3ESTLHLVLR () 2212.1 3*,4*
LIFAGK4gQLEDGRTLSDYNIQKg3ESTLHLVLR-
S55’-THS-OH 3687.8 4+ 5* 13-14 3.6,2.9
Observed fragments:
LIFAGK48QLEDGRTLSDYNIQKs3ESTLHLVLR (1) 3539.8 3*,4*

*For fragment ion annotations refer to Scheme 7.2.
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To evaluate the resolving power of the 2 currently commercially available LC-IM-MS systems, the
same samples of S55’THS cross-linked ubiquitin were then run on an Agilent Infinity LC coupled to an
Agilent 6560 IM-MS system. There were several differences in the experimental setup between the
different instruments. For samples analysed on the Waters HDMS Synapt, constant CID voltage of 42
V was used throughout the entirety of the run. Although this was the optimal voltage observed for
cross-linked Ac-AAKA, as both product and fragment ions could be seen in the spectrum, it is not
necessarily the optimal voltage for larger peptides. It was also decided that a tandem MS approach
would enable faster and easier cross-linker identification, especially through the automated
software MeroX. Therefore, samples analysed by the Agilent Infinity LC-system coupled to the
Agilent 6560 IM-MS were subjected to tandem MS. Unfortunately, the input of data into MeroX is
limited to LC-MS/MS files, and IM files were not recognised. As a consequence a LC-MS/MS
acquisition was run, with the parameters set to allow the selection of the 10 most abundant ions in
each MS scan to be fragmented through a ramped voltage. This enabled a CID voltage applied to
each ion so that the cross-linker spacer arm fragmentation could occur as well as and backbone
cleavages. As a result, samples were analysed first by positive mode LC-MS/MS with an applied ramp
CID voltage. The LC-MS/MS data was exported as a mgf file and processed by MeroX to identify
cross-linked peptides, and to determine the optimal CID voltage. Samples were then analysed by LC-
IM-MS/MS and the ions identified by MeroX were then manually cross referenced to the LC-IM-
MS/MS data.

S55'THS treated ubiquitin was subjected to analysis using the Agilent Infinity LC-system and Agilent
LC-IM-MS system. All the same ubiquitin cross-links identified in this analysis were identified in the
Waters Acquity coupled to Waters HDMS Synapt analysis. It was previously determined that ions
corresponding to intermolecular cross-link LIFAGKssQLEDGR-TLSDYNIQKg3ESTLHLVLR and dead-end
modified LIFAGKssQLEDGRTLSDYNIQKssESTLHLVLR-S55'THS-OH (739 & 923 m/z) overlapped and
could not be resolved. During the manual cross reference of the IM-MS data obtained using the
Agilent 6560, the ions at 739 ([M+4H]>*) and 923 ([M+3H]*) m/z were seen to elute from the column
at 16.3-16.5 minutes as highlighted in Figure 7.6A. Summation of the ions at this retention time
reveals the drift plot shown in Figure 7.6B. Although the ions at 739 m/z had one ATD, the ions at
923 m/z had 2 resolved ATD distributions, at 26.2 and 25.9 msec (Figure 7.6B inset). Extraction of the
ions at these separate drift times reveals different mass spectra seen in Figure 7.6. C, D, E and F. The
summation of the ions at the drift time 26.1-26.3 msec (Figure 7.6B red highlight) results in 2

different mass spectra. The first frame (Figure 7.6C) reveals the mass spectrum at low collision
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energies and the intact cross-linked peptide 923 ([M+3H]*) m/z can be clearly seen in the figure. The
second frame (Figure 7.6D) shows the mass spectrum with applied CID and the corresponding
fragment ions to those seen in the first frame. As both spectra were extracted from the same drift
time, the fragment ions 738, 1000 and 1131 m/z observed in Figure 7.6D are time aligned to the
precursor 923 m/z and corresponds to fragments of the dead-end modified
LIFAGK;sQLEDGRTLSDYNIQKe3ESTLHLVLR-S55'THS-OH. 738 m/z corresponds to the backbone
fragment at yig in addition to the | spacer arm with a charge of 3+ (yisl**). 1000 m/z corresponds to
backbone fragmentation of yis plus the fragmented spacer arm of | with an overall 2+ charge (y1s!%*)
and 1131 m/z corresponds to backbone yis including the S cleaved spacer arm with an overall 2+
charge (y1s5%*). The ions observed here correlate to both backbone cleavage and a fragmented
spacer arm, ultimately revealing that there are some backbone bonds that are energetically

favoured for fragmentation over others.

In the same manner, extraction of the ions seen at drift time 25.8-26.0 msec (Figure 7.6B yellow
highlight) reveal Figure 7.6E at low collisional energy and 7.6F at high collisional energy. From Figure
7.6F, the fragment ions can be correlated to the intermolecular cross-link LIFAGKisQLEDGR-
TLSDYNIQKs3ESTLHLVLR. Similar to the peaks seen in Figure 7.6D, ions 602 m/z (y10l1%*), 626 m/z
(y10S13*), 1000 m/z (y1s12%), and 1104 m/z (ysS1**) correspond to the simultaneous cleavage of the
backbone and spacer arm. However, a peak arising from spacer arm cleavage and intact
LIFAGK;sQLEDGR (S) and TLSDYNIQKeESTLHLVLR (1) is seen at 738 m/z as previously observed in
Figure 7.4B and 7.5C.
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Figure 7.6: LC-IM-MS/MS analysis of S55'THS cross-linked ubiquitin using an Agilent Infinity LC-system coupled to an
Agilent 6560 IM-MS system. Highlighted are selected regions of the (A) LC chromatogram which give rise to (B) drift time
plot from which (C, D, E & F) extracted mass spectra can be generated by selection of drift time bins to identify (C & D)
dead-end cross-link LIFAGKssQLEDGRTLSDYNIQKgESTLHLVLR-S55'THS-OH & intermolecular cross-link LIFAGK,3sQLEDGR-
TLSDYNIQKg3ESTLHLVLR. The cross-linker modified ions are labelled | & S for the iminotetrahydropyran & s-
methylthiopentanoyl fragments respectively, while the intermolecular cross-linked peptides are labelled 1 & 2, &
precursor ion labelled M.

The time aligned fragmentations seen here demonstrate the powerful orthogonal separation of IM
and reveal that the Agilent 6560 is able to resolve ions at a higher resolution than the Waters
Synapt. Since all the ubiquitin detected modified cross-linked peptides contain a single Lys, we are
able to unambiguously assign the cross-links. However, in circumstances where large biological
complexes have numerous Lys and therefore several possible sites of bio-conjugation, ambiguity in
the location of the modified Lys is present. In these cases, the tandem MS system implemented on
the Agilent 6560 is likely to induce backbone cleavages similar to those seen in Figure 7.6 and will
allow site-specific cross-linking information. The remaining experiments were therefore conducted

on the Agilent Infinity LC-system and Agilent 6560 IM-MS instruments.

The intermolecular linked peptides of ubiquitin are displayed on the protein crystal structure in
Figure 7.7. This ultimately demonstrates the complementary results of high resolution

crystallography and low resolution CXL techniques. It is seen from Table 7.3 that the majority of
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modifications detected involve Lys63, and to a lesser extent Lys48 suggesting that these residues are

highly accessible to cross-linking reactions.

Figure 7.7: Identified intra-protein cross-links displayed on an X-ray crystal structure of ubiquitin (PDB 1UBQ) [16]. Only
Lys side chains are shown.

It is apparent from Figure 7.4, 7.5 and 7.6. that, even with orthogonal LC and IM separation, it is
possible to observe a number of peptides in the extracted mass spectrum with unresolved elution
and drift times from the complex tryptic sample. Nevertheless, the combination of parent ion mass
detection with time aligned multiple fragment identification gives high confidence to the
identification of cross-linked products from complex samples. In addition, the advantages of this
approach, including the rapid time scales of IM separation, the ability to locate the modified Lys and
the reduced need for accurate mass measurement with detection of multiple characteristic ions and
simple differentiation of inter-, intra- and dead-end linked peptides makes the approach highly

effective in protein structure determination.

7.2.4: Cross-linking of Caerin 1.10

In order to further illustrate the resolving power of IM for CXL analysis, the peptide caerin 1.10 was
treated with S55’THS. Caerin 1.10 (GLLSVLGSVAK;1HVLPHVVPVIAEK,4L) is an amphibian peptide
known for its antimicrobial activity and it was chosen for CXL analysis simply due to its availability

and its 3 sites with the ability to bio-conjugate; at the N-terminus and 2 Lys side chains at amino acid
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11 and 24 [477]. S55’'THS was added to Caerin 1.10 at a 3:1 ratio of reagent: peptide and incubated
at room temperature for 1 hour. The solvent was removed and the samples were reconstituted in

water and subjected to analysis.

LC-MS/MS data of crossed-linked caerin 1.10 was analysed using MeroX to identify sites of bio-
conjugation. Only a single dead-end cross-link (561.9 m/z ([M+4H]>*) was identified by MeroX,
however, ambiguity in the location of the single dead-end modification is apparent (data not
shown). There is difficulty in determining the specific site of the cross-linker modification, due to the
fragments corresponding to both models of the doubly modified CXL peptide. It is therefore
concluded that LC-MS/MS is unable to resolve isomeric peptides for caerin 1.10 with differences in

cross-linking location in this case.

It was also noted that only 1 cross-link was identified by MeroX, despite the ions correlating to
higher order cross-links seen in the spectra. The low number of possible cross-links generated by
MeroX reveals the software is unable to efficiently identify higher order cross-links, as the algorithm
implemented does not include the possibility of multiple cross-links [273]. These were therefore
manually calculated for the peptide caerin 1.10 and identified through correlations within the
spectra. Figure 7.8A shows the combined selected retention time region of 10.3-10.5 mins that gives
an extracted mass spectrum at low collisional energy (Figure 7.8B) to reveal a doubly dead-end
cross-link (759.9 m/z ((M+2H]*) and 1012.9 m/z ([M+H]**). The MS/MS fragmentation of 759.9 m/z
([M+2H]*) (Figure 7.8C) and 1012.9 m/z ([M+H]?**) (Figure 7.8D) exposes the locations of the cross-
linkers at either the N-terminus and Ki; or at the N-terminus and Kja. In both fragmented frames
(Figure 7.8C&D) the highest abundant fragment in the spectra corresponds to the mass of caerin
1.10 with 2 iminotetrahydropyran modifications at 685.7 m/z (Pepl+I**) and 913.9 m/z (Pepl+I*®) as
indicated. Backbone fragmentation is also observed in these frames and both ions can be sequenced
from this data. The spectra reveal cross-linker modifications at the N-terminus and Ki; and at the N-
terminus and K4 as seen in Figure 7.8C&D. It is noted that the abundance of the fragments relating
to the cross-linking at the N-terminus and Ki; are higher than N-terminus and Ka4 for both spectra. A

manual search of the LC-MS/MS data revealed the doubly modified peptides are not resolved by LC.
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Figure 7.8: LC-MS/MS analysis of S55’'THS cross-linked peptide caerin 1.10 using an Agilent 1290 Infinity LC system
coupled to an Agilent 6560 IM-MS system. Highlighted is the selected regions of the (A) LC chromatogram which gives
rise to (B) the simplified mass spectra at low collisional energy & MS/MS fragmented product ions of (C) 760 m/z & (D)

1013 m/z.

To demonstrate the resolving power of IM, cross-linked caerin 1.10 was next analysed by IM-MS/MS.
The ions correlating to the doubly dead-end modified peptides (759.5 and 1012.9 m/z) were
searched in the spectrum and were found in to be separated by IM as shown in Figure 7.9A. Figure
7.9A inset reveals the single ATD of 759.5 m/z ([M+2H]*) at 35.5 msec and the 2 separate ATD of
1012.9 m/z ([IM+H]**) at 42.2 msec and 39.1 msec. The 2 separate ATD of the 1012.9 m/z ions

subsequently exposes the 2 separate structural isomers of the double dead-end cross-link.

It should be noted that the combination of the ions at drift time 35.0-35.3 msec, revealed a
simplified mass spectrum with a high abundance of the ion seen at 759.5 m/z ([M+2H]*"). However,
the time aligned CID spectrum showed ions that correlated to cross-linker modifications at both the
N-terminus and Ki; and at the N-terminus and K4 (data not shown). This is due to the overlapping

ATD of the highly charged ions.

In the same manner to cross-linked ubiquitin, MS/MS analysis by Agilent 6560, the selection of the
drift times 41.2-43.3 and 39.0-39.2 msec, extracted the simplified mass spectra without CID (Figure
7.9B&D) and with an applied CID voltage (Figure 7.9C&E). The CID frame reveals the time aligned
fragments to the isomers of 1012.9 m/z. As simultaneous spacer arm and backbone cleavages are
seen in the spectra, sequencing of the cross-linked peptide and the location of the cross-linker

modifications can be identified.
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Figure 7.9: (A) IM-MS/MS analysis of S55’THS cross-linked peptide caerin 1.10 using an Agilent 6560 IM-MS system.
Inset: lons 760 m/z & 1013 m/z corresponding to 2x dead-end cross-linked peptides. (B&D) Summation of the respective
drift times generates the simplified low collisional energy mass spectra. (C&E) Full sequence MS/MS coverage is
extracted for the cross-linked peptide at high collisional energy.

Figure 7.9C reveals ions relating to either backbone cleavages or simultaneous backbone cleavages
and cross-linker spacer arm cleavages. The fragment ions seen in the spectrum and the identified
sequences are summarised in Table 7.4, where it can be seen that the majority of ions correspond to
backbone b ions attached to an iminotetrahydropyran (I) and are singly charged. This ultimately
reveals that the amine at the N-terminus is covalently modified by S55’'THS. Table 7.4 also reveals
that the y ion cleavages of the peptide do not have bio-conjugations attached. As the y ions
observed reach up to y11 without an | or S attachment, it can therefore be deduced that Lys at 24 has
not been chemically modified. From these results, although full coverage of the amino acid sequence
is not seen for the doubly-modified cross-linked peptide, it can be summarised that the location of

the cross-linker is at the N-terminus and K.
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Table 7.4: Fragment ions observed in the MS spectrum of caerin 1.10 treated with S55’THS extracted at the drift time
42.2 msec. The modified cross-linkers are located at the N-terminus & at Kj;.

m/z Corresponding Peptide
1012.9 (IM+H]3"

253.1 1+GL (b2l1*)
260.2 I+GLL (b3l
453.2 [+GLLS (bal®*)
552.3 I+GLLSV (bsl™)
665.4 1+GLLSVL (bsl*)
366.2 KL (y2%*)

769.5 PVIAEKL (y7*)
1201.7 PHVVPVIAEKL (y111*)

*For fragment ion annotations refer to Scheme 7.2.

The time aligned fragment ions observed in Figure 7.9E were extracted and summarised in Table 7.5,
which illustrates a similar number of backbone b and y ions are present in the spectrum and each
backbone cleavage observed has the addition of an iminotetrahydropyran. This subsequently reveals
that the identified ions all have simultaneous backbone and cross-linker spacer arm cleavages. The
fragment ions 253.1, 453.2, 552.3, 665.4 m/z are also seen in Table 7.4 and correspond to singly
charged ions with an iminotetrahydropyran attached. It can therefore be deduced in the same
manner as previous, that a cross-linking modification occurred at the N-terminus. Table 7.5 reveals 3
more ions correlating to backbone b cleavage with an attached iminotetrahydropyran, and therefore
this site is confidently assigned. A doubly charged fragment ion at 1135.2 m/z is seen to correspond
to the simultaneous backbone cleavage of GLLSVLGSVAKHVLPHVVPVIA and an
iminotetrahydropyran spacer arm fragment (b1*), ultimately revealing that there is no CXL
modification on Ki;. The observation of this ion suggests that the second site of CXL bio-conjugation
is at K24. The remaining ions in Table 7.5 agree with this site of modification. The backbone y ions all
have an attached fragmented spacer arm and therefore from the data presented here, the bio-

conjugation is confidently assigned to the N-terminus and Kaa.
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Table 7.5: Fragment ions observed in the MS spectrum of caerin 1.10 treated with S55’THS extracted at the drift time
39.1 msec. The modified cross-linkers are located at the N-terminus & at K.

m/z Corresponding Peptide
1012.9 (IM+H]3"
253.1 1+GL (b2l1*)
366.2 I+GLL (b3l
453.2 [+GLLS (bal®*)
552.3 [+GLLSV (bsl™)
665.4 1+GLLSVL (bsl*)
722.4 1+GLLSVLG (b7I%)
1135.2 1+GLLSVLGSVAKHVLPHVVPVIA (b221%*)
342.2 I+KL (y21),
851.5 I+PVIAEKL (y711*)
950.6 I+VPVIAEKL (ysl*),
1049.6 I+VVPVIAEKL (ysl*)
1186.7 I+HVVPVIAEKL (y10l'*)
1283.7 [+PHVVPVIAEKL (y111%*)
642.4 [+PHVVPVIAEKL (y1112*)
1396.8 1+LPHVVPVIAEKL (y121%*)
913.9 (Pepl+13)

*For fragment ion annotations refer to Scheme 7.2.

It can therefore be confidently concluded from this IM-MS analysis that the 1012.9 m/z ions with the
drift time of 42.2 msec give the doubly dead-end cross-linked caerin with the modifications located
at the N-terminus and K;1, while the 1012.9 m/z ion with the drift time of 39.1 msec are the doubly
dead end cross-linked peptide with the modifications located at the N-terminus and Kis. A quick
comparison of Table 7.4 and Table 7.5 reveal more fragment ions are presented in Table 7.5,
therefore the spectrum seen in Figure 7.9E reveals higher sequence coverage of the cross-linked
peptide at drift time 39.1 msec. Although the precursor ion for both doubly dead-end cross-linked
caerin corresponds to the same m/z, it is possible that the isomers respond differently to the same
CID voltage applied. It is suggested that the caerin peptide modified at the N-terminus and Ki; is
more susceptible to CID than modified caerin at the N-terminus and Ka4, resulting in fragmentations
of single residues that ultimately lead to the overall decreased amount of ions relating to backbone

b and yions.

In conclusion, the powerful orthogonal separation of IM is demonstrated here in the separation of
these dead-end modified isomers. Although analysis by LC-MS/MS revealed both modified peptides,
IM-MS/MS was able to resolve the doubly cross-linked isomers for confident location of the
modifications. It is likely that analysis of S55'THS treated caerin 1.10 by LC-IM-MS/MS would further
simplify the spectra, however, due to the easy sequencing and identification of the site specific
cross-linking of the spectra available, no further analysis on this sample was needed. The

combination of IM and MS/MS is therefore especially useful for the analysis of large protein
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complexes with abundant Lys available for CXL that can lead to structural isomers, complicating

cross-linker identification, and possibly leading to erroneous structural restraints.

7.2.5: Cross-linking of hPFD Subunits 5 and 6

To determine the possible structure and conformation of the individual hPFD subunits 5 and 6, CXL
was employed. The synthesised hPFD subunits 5 and 6 were independently prepared in solutions of
PBS and treated with S55'THS at a 50-fold concentration, which was calculated to be the optimum
lysine to reagent ratio of 1:3 [478]. Following overnight incubation at room temperature, the cross-

linked samples were subjected to reduction and alkylation before digestion by trypsin.

The samples were analysed by positive mode LC-MS/MS and then by LC-IM-MS/MS. The LC-MS/MS
data was exported as a mgf file and processed by MeroX to identify cross-linked peptides. These ions
were then manually cross referenced to the LC-IM-MS/MS data. Unfortunately the algorithms and
software currently available for identifying cross-links are limited to single bio-conjugations and
higher ordered cross-links are not identified. Therefore peptides with more than 1 Lys modification
require manual calculation and identification. As this would take a prohibitive amount of time and
the determination of singular cross-links is sufficient to provide insight into the 3D structure of
proteins [274], [457], identification of higher order cross-links is not included in this structural study

of the hPFD subunits.

All CXL experiments were conducted a minimum of 3 times with each reaction analysed by LC-
MS/MS and LC-IM-MS/MS a minimum of 2 repeats. The CXL products seen in this section were seen

at least twice from independent repeats.

7.2.5.1: hPFD Subunit 5 Cross-linked with S55’'THS

The LC separation of hPFD subunit 5 treated with S55’'THS reveals a plethora of products as seen in
the chromatogram shown in Figure 7.10A. The selected LC bins of 17.9-18.1 minutes and the
selected drift time of 32.3-32.5 milliseconds (Figure 7.10B red highlight) reveals the intermolecular
cross-link of YVEAKa7DBLNVLNKss-YVEAKs;DBLNVLNKssNEGKsy observed at 1286.6 m/z ([M+2H]*)
with a calculated monoisotopic mass of 3857.9 (Figure 7.10C). The cross-link is verified through the
observation of the time aligned CID fragmentation products seen in Figure 7.10D. lons
corresponding to the simultaneous cleavage of spacer arm and backbone of peptide 1,
YVEAK47DBLNVLNKss are seen at 1131.0, 1064.0 and 744.1 m/z, corresponding to bos with the 6-
membered iminotetrahydropyran (bol1%*), bs with the s-methylthiopentanoyl modification (bgS1*)

and yi, also with the s-methylthiopentanoyl (y1,S1%), respectively. In conjunction, simultaneous
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fragmentation of spacer arm and the peptide YVEAK4;;DBLNVLNKssNEGKss are seen at 1098.6, 984.5
and 966.7 m/z; these relate to both yy and ys with an iminotetrahydropyran modification each
(yol2'*) (ysl2'*) and bis plus a s-methylthiopentanoyl attachment (b152%*). In addition, a peak
correlating to this intact peptide with the iminotetrahydropyran modification is also seen.
Determination of these ions enables the identification of the specific cross-linked Lys residues and all
other related fragments observed in the spectrum without the attachment of a spacer arm such as
473.3 (y41*), 930.0 (ys1'*), 164.1 (b11/2*) and 263.1 m/z (b,1/2*) serve as reinforcements to the

located bio-conjugation.

To further demonstrate the effectiveness of our approach, Figure 7.10A shows the selected
retention time of 29.5-29.7 minutes and the selected drift time of 28.5-28.7 milliseconds, to reveal
the intermolecular cross-link of VVQTKa2YVEAK47DBLNVLNKssSNEGKeo-
K106| DFLTK11,QMEK116| QPALQEK12HAMK1,8 Observed at 934.8 m/z ([M+5H]®*) with a calculated
monoisotopic mass of 5603.95. The MS/MS fragmentation frame verifies the cross-link through the
observation of the time aligned CID fragmentation products of 738.9 and 891.0 m/z, corresponding
to the backbone cleavage of KigslDFLTK;112QMEK:16|QPALQEK124HAMK 28 at  yi;  with an

iminotetrahydropyran attached and yi4 plus a s-methylthiopentanoyl modification.

Backbone fragmentations without bio-conjugations are also present in the spectrum for
VVQTKa,YVEAK;DBLNVLNKssSNEGKeo with y ions observed at 204.1 (y,1), 333.2 (y31'*), and 1018.3
(y181**) m/z. The second peptide K106l DFLTK11,QMEK116lQPALQEK124HAMK12¢ is also seen to cleave at
bis and bis resulting in ions at 943.0 (b1s2%), and 1071.6 (b1s2?*) m/z. Although these time aligned
fragmentations do not show spacer arm attachments, they are in agreeance with the other related

ions and therefore assist with the determination of the site of bio-conjugation.
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Figure 7.10: LC-IM-MS/MS analysis of S55’THS cross-linked hPFD subunit 5 using an Agilent Infinity LC-system coupled to
an Agilent 6560 IM-MS system. Highlighted are selected regions of the (A) LC chromatogram which give rise to (B&E)
drift time plots from which extracted mass spectra (C, D, F & G) can be generated by selection of drift time bins to
identify (C&D) intermolecular cross-link YVEAK,7DBLNVLNKss-YVEAK,;,DBLNVLNKssNEGKso, & (F&G)
VVQTK42YVEAK47DBLNVLNKssSNEGKso-K105|DFLTK112QM EK116|QPALQEK124HAMK128. The cross-linker modified ions are
labelled | & S for the iminotetrahydropyran & s-methylthiopentanoyl fragments respectively, while the intermolecular
cross-linked peptides are labelled 1 & 2, & precursor ion labelled M.

CID labile CX-MS reagents of the type discussed in this chapter rely on the cross-linker fragmentation
to occur at lower energies than any of the backbone cleavages, to allow the peptides involved in any
intermolecular cross-link to be separated and sequenced independently. However, it was observed
that fragmentation of the precursor ions resulted in many simultaneous cleavages of the spacer arm
of S55'THS and backbone. This was also observed in Section 7.2.3 and 7.2.4. It is likely that the
calculated collision energy ramp is set at a voltage that enables the fragmentation of both the spacer
arm and the peptide. Although this parameter can be adjusted, ions that are higher in charges have

been found to fragment more easily than ions with a lower charge.

In total for S55’'THS cross-linked hPFD subunit 5 analysed by Merox there were 4 intermolecular

cross-links found and these are summarised in Table 7.6.
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Table 7.6: Summary of observed cross-linking products of S55’-THS treated hPFD subunit 5 analysed by MeroX &

manually identified in the LC-IM-MS/MS analysis.

Retention
Observed Time Drift Time
Peptide Monoisotopic Mass (Da) lons (min) m/z (msec)
Intermolecular Cross-Links
1191.6,
DFFK104aR-QMEK116| QPALQEK124 2382.2 2%, 3* 18.9 794.7 33.4,24.1
Observed fragments:
217.1 (y2512*), 364.2 (yaS12+), 685.4 (ys21*)
VVQTKa2YVEAK47DBLNVLNKssSNEGKso-
K106/ DFLTK112QMEK116|QPALQEK12aHAMK128 °603.95 o 29-6 9348 28.6
Observed fragments:
333.2 (y31%*), 204.1 (y21%*), 943.0 (b1622*), 891.0 (y14522*), 1071.6 (b1822*), 738.9 (y12122*), 1018.3 (y1s12*)
TAEDAK100DFFK10aRK106-
HAMK128QAVMEMMSQKi138lQQLTALGAAQATAK 153 4846.4 5* 26.1 970.1 26.1
Observed fragments:
1167.6 (y21122*), 1264.6 (y22522*), 1283.6 (b10511*), 1355.7 (y2223*), 1610.5 (([M-OH]+2H)3*), 966.4 (([M-H20]+4H))5*
YVEAK47DBLNVLNKs5-YVEAK47DBLNVLNKssNEGKsg 3857.9 4+ 3+ 18.0 19268_:26' 32.4,27.6

Observed fragments:

1131.0 (bsl11¥), 473.3 (ya1l*), 930.0 (ys1!*), 1064.0 (bsS11*), 744.1 (y12512*), 1098.6 (ysl21*), 984.5 (ysl21*), 1016.3 (Pepl22*), 966.7

(b16522*), 164.1 (b11/21), 263.1 (b,1/21%)

Dead End Modifications

843.4,
TAEDAK100DFFK10aRK106 -S55’-THS-OH 1684.8 2%, 3* 23.7 562.6
Observed fragments:
173.1 (b21%*), 350.2 (bsl?*), 431.3 (y3S'*), 618.8 (b1ol?*)

25.1,22.6

*Fragment ion annotations: corresponding b or y ion fragment, the attachment of the | or S modification, the corresponding 1 or 2

peptide and the overall charge of the ion.

In these experiments it is difficult to distinguish between cross-links forming within a protein or

between multiple protein molecules, due to the propensity for oligomerisation previously exhibited

in other chapters. For simplification, the intermolecular cross-links obtained for hPFD subunit 5 were

plotted onto a schematic diagram as intramolecular protein links (Figure 7.11) to demonstrate the

potential 3D constructs of the complex and for comparisons to cross-links observed between the

chaperone and AB(1-40). The CXL data indicates that Kio4 is in close proximity to a K116 and a Ky and

that Kaz is close to a Kiz4. As residue Kigs has more than one bio-conjugation identified, this suggests

that this residue is highly solvent accessible.
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Figure 7.11: Schematic diagram of the identified cross-links for hPFD subunit 5. Only Lys residues are shown. Dashes
represent amino acids. Solid lines represent the intra peptide cross-links observed.

The previously proposed structure of eukaryotic PFD [89], [91], [93], [95], suggests that hPFD subunit
5 within the complex has an elongated tertiary structure with a B-sheet central domain ranging from
Kss to Tos in the sequence to form a tweezer like construction. It is suggested that the residues within
this region interact with the other subunits of PFD to hold the complex in its claw like structure,
while the N-terminus and C-terminus branch out, both forming hydrophobic a-helices that are likely
to interact together. The data complied here reinforces the literature derived hPFD subunit 5
tweezer like assembly with the turn of the sequence occurring between the residues K47 and Koa. It is
interesting to note that no bio-conjugations were observed for residues near the termini. This can be
explained through the hydrophobic nature of the distal end that causes it to coil and bury into itself,

therefore causing the Lys residues to become inaccessible.

7.2.5.2: hPFD Subunit 6 Cross-linked with S55’'THS

In the same manner as hPFD subunit 5, hPFD subunit 6 was cross-linked using the positive ion mode
cross-linking reagent S55’THS, digested by trypsin and analysed by LC-MS/MS and LC-IM-MS/MS. As
an example, summation of the chromatogram between the range 22.3-22.4 minutes (Figure 7.12A)
reveals the corresponding drift plot seen in Figure 7.12B and the selected drift time of 24.6-27.9
milliseconds reveals the intermolecular cross-link of YQQLQK49DLSKs3SMSGR-YQQLQK4gDLSK53SMSGR

observed at 750.6 m/z ([M+4H]**) with a calculated monoisotopic mass of 3748.9.
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The MS/MS fragmentation frame verifies the cross-link through the observation of the time aligned
CID fragmentation products of 868.4 and 1190.6 m/z (Figure 7.12D), corresponding to the
simultaneous spacer arm and backbone fragmentation: yis with the s-methylthiopentanoyl
modification (y1451/2%") and yio with the 6-membered iminotetrahydropyran (yi0l1'*), respectively.
Backbone fragmentations without bio-conjugations are also present in the spectrum at 175.1
(yi1¥*/y12"), 376.7 (y71**/y;2%) and 980.5 (ys1'*/ys2'*) m/z. As there are no time aligned
fragmentations observed correlating to the modification occurring at Kss, it is proposed that both

peptides are cross-linked at Ka.
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Figure 7.12: LC-IM-MS/MS analysis of S55’THS cross-linked hPFD subunit 6 using an Agilent Infinity LC-system coupled to
an Agilent 6560 IM-MS system. Highlighted are selected regions of the (A) LC chromatogram which give rise to (B&E)
drift time plots from which extracted mass spectra (C, D, F & G) can be generated by selection of drift time bins to
identify (C & D) intermolecular cross-link YQQLQK19DLSKs3SMSGR-YQQLQK49DLSKs3SMSGR, & (F&G) DLSKs3SMSGR-
QKgoLEAQLTENNIVK7,EELALLDGSNVVFKsgs or DLSKs3SMSGR-QKgLEAQLTENNIVK7,EELALLDGSNVVFKge or dead-end
DLSKs3SMSGRQKgLEAQLTENNIVK7,EELALLDGSNVVFKge-S55’-THS-OH. The cross-linker modified ions are labelled | & S for
the iminotetrahydropyran & s-methylthiopentanoyl fragments respectively, while the intermolecular cross-linked
peptides are labelled 1 & 2, & precursor ion labelled M.

Extraction of features over the retention time 25.1-25.3 minutes of the LC chromatogram (Figure
7.12A yellow highlight) reveals a drift plot with ions 870.9 m/z ([M+4H]°*) and 1088.3 m/z ([M+3H]*)
(Figure 7.12E). The inserts of Figure 7.12E display the ATD of these ions and it can be observed that
870.9 m/z has one ATD whereas 1088.3 m/z is seen to have 2 ATD. Unfortunately, the simplified
mass spectra from the drift times correlating to ion 1088.3 m/z revealed that the ions did not

fragment at the set CID voltage. However, extraction of the drift time 26.0-26.3 milliseconds shows
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the spectra seen in Figure 7.12F-G. It can be seen that the precursor ion 870.9 m/z in Figure 7.17F is
low in relative abundance and consequently a high abundance of unwanted overlapping time

aligned fragmentations are observed in Figure 7.17G.

The cross-links identified by MeroX and manually confirmed in the LC-IM-MS/MS data are listed in
Table 7.7. Figure 7.17G illustrates the fragment ions correlating to the precursor 870.9 m/z are seen
at 872.9, 1092.5, 573.3 and 1146.6 m/z and the intermolecular cross-link that corresponds to this is
DLSKs3SMSGRQKeo-LEAQLTENNIVK72EELALLDGSNVVFKgs. The ions at 872.9 m/z corresponds to
fragment yis of LEAQLTENNIVK7;EELALLDGSNVVFKgs plus an iminotetrahydropyran modification
(y1s122*), while 572.3 m/z relates to bs of the same peptide (bs2'*), and 1092.5 m/z is suggested to

correlate to the backbone cleavage by of DLSKssSMSGRQKso plus a s-methylthiopentanoyl (b;1%*).

Fragment ions 872.9 and 1092.5 m/z are capable of supporting 2 different intermolecular cross-
linking scenarios of DLSKs3SMSGRQKeo-LEAQLTENNIVK7,EELALLDGSNVVFKgs and DLSKs3SMSGR-
QKeoLEAQLTENNIVK7,EELALLDGSNVVFKgs. Fortunately, the observation of 573.3 (bs2!*) m/z allows
the identification of the bio-conjugated peptides DLSKs3SMSGRQKgo-
LEAQLTENNIVK7EELALLDGSNVVFKse.

It is seen in Figure 7.12E insert that there are 2 ATD observed for 1088.3 m/z which ultimately
suggests the presence of 2 cross-linked structural isomers. Table 7.7 shows that the fragment ion
1146.6 m/z seen in Figure 7.17G associates with the backbone cleavage and spacer arm
iminotetrahydropyran of dead-end cross-linked peptide
DLSKs3SMSGRQKeoLEAQLTENNIVK7,EELALLDGSNVVFKge-S55’-THS-OH  (bsol®*).  Unfortunately, the
precise location of the dead-end cross-link cannot be determined from the acquired data with the

possible Lys modification likely to occur at Kss, Kgo, or K72.

If necessary, further sequencing of the identified cross-links from the LC-IM-MS/MS analysis can be
accomplished through the selection of targeted ions and CID parameters can be set specifically for
fragmentation of the selected ion. However, as the identification and site specific determination of
the intermolecular cross-link was achieved, and the location of the dead-end cross-link of
DLSK53SMSGRQKgoLEAQLTENNIVK7,EELALLDGSNVVFKgs-S55’-THS-OH  will  only give solvation

information, further sequencing was not conducted.
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Table 7.7: Summary of observed cross-linking products of S55’-THS treated hPFD subunit 6 analysed by MeroX &
manually identified in the LC-IM-MS/MS analysis.

Monoisotopic Observed Retention Drift Time
Peptide Mass (Da) lons Time (min) m/z (msec)
Intermolecular Cross-Links
DLSK25SMSGRQK32- 1088.3, 31.1, 28.2,
LEAQLTENNIVKasEELALLDGSNVVFKss 4350.3 4+ 5% 25.2 870.9 26.1

Observed fragments:
872.9 (y1s122*), 1092.5 (beS11*), 573.3 (bs21¥)

AQAAK122AGAPGK125-DLSK25sSMSGRQK32 2433.3 4+ 16.6 609.1 22.7
Observed fragments:
116.0 (b121*), 514.8 (y10512*), 229.1 (b221+), 261.5 (ysl13+), 397.2 (y722*)

RLDYITAEIKssR-AQAAK150AGAPGK128AAAAFESR 3361.8 3* 36.8 1121.3 31.3
Observed fragments:
217.1 (y2512%), 221.1 (bs13+), 628.3 (yal11*), 816.9 (y1652%*), 823.4 (b1021*), 962.5 (bg1!*), 1090.6 (y10l21*), 1115.6 precursor(-17)3*

KsLQGEVEK1s-
AGAPGK128AAAAFESRACSLEACGTK146 3522.7 5* 14.6 705.4 24.2
Observed fragments:
606.8 (b13122*), 924.0 (b18522*)

YQQLQK21DLSKs3SMSGR-YQQLQK21DLSKs3SMSGR 3748.9 5* 22.4 750.6 24.8
Observed fragments:
175.1 (y11/2%), 376.7 (y71/22*), 868.4 (y1451/22*), 980.5 (ys1/21*), 1190.6 (y1011*)

Dead-end Cross-Links

DLSK2sSMSGRQK32LEAQLTENNIVK44EELALLDGSNV 1088.3, 31.1, 28.2,
VFKsg-S55’-THS-OH 4350.3 4+ 5% 25.2 870.9 26.1
Observed fragments:
1146.6 (bsol3*)

QELGEARATVGK78R-S55’-THS-OH 1644.9 3* 204 549.0 21.7
Observed fragments:
181.4 (yal3*), 459.2 (y-5%)

*Fragment ion annotations: corresponding b or y ion fragment, the attachment of the | or S modification, the corresponding 1 or 2
peptide and the overall charge of the ion.

The identified intra protein cross-links are plotted on a schematic diagram to demonstrate the
potential 3D construct of the hPFD subunit 6 in Figure 7.13. K35 and Ki2s are involved in at least 2 bio-
conjugations, which indicate that these Lys are easily accessible for solvation and modification. The
observed bio-conjugations expose the proximity with which a K;s and a Ki,3 are to the opposite end

of the primary sequence.
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Figure 7.13: Schematic diagram of identified cross-links for hPFD subunit 6. Only Lys residues are shown. Dashes
represent amino acids. Solid lines represent the intra peptide cross-links observed.

Similar to hPFD subunit 5, hPFD subunit 6 is proposed to form a tweezer like conformation in the
quaternary structure of eukaryotic PFD with a central B-sheet domain located between residues Lig
and Ees [89], [91], [93], [95]. From the data seen here, it is possible that hPFD subunit 6 has formed
this elongated tertiary structure, as the intermolecular cross-links formed are seen to occur from
residues near the N-terminus to the residues near the C-terminus. Alternatively, this could show
interactions from other hPFD subunit 6 units. The central B-sheet turn in the tweezer like structure is
likely to occur between the residues Kss and Ksgs, and allows the proximity of Ks to Kizs and Kis to Kiza.
The data seen for CXL hPFD subunit 6 could potentially reinforces the literature proposed structure

of the eukaryotic PFD subunit.

7.2.6: Cross-linking of hPFD Subunits 5 and 6 to Af(1-40)

To ascertain the binding interactions and interfaces of the expressed hPFD subunits to AB (1-40),
hPFD subunit 5 and 6 were each added to a solution of AB(1-40) at a 1:1 ratio and incubated at 37 °C
overnight to react. Cross-linking reagent was then added to the mixture at a 50:1 ratio of reagent:
protein at room temperature and allowed to cross-link overnight. Following the previous workflow,
samples were then proteolytically digested and subjected to analysis by LC-MS/MS and LC-IM-

MS/MS. Data from LC-MS/MS was exported as an mgf file as input into MeroX. MeroX calculated
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and identified cross-links were manually confirmed in the LC-IM-MS/MS spectra. Merox identified

cross-links not observed in the LC-IM-MS/MS spectra were removed and omitted from the data.

7.2.6.1: hPFD Subunit 5 Cross-linked to AB(1-40) with S55’'THS

The sample of hPFD subunit 5 and AB(1-40) treated with S55’THS contains a mixture of products as
seen in the chromatogram of Figure 7.14A. As an example of the data recorded, the LC
chromatogram region from 18.8-19.0 minutes was selected to extract the drift plot seen in 7.14B.
From this plot, the drift time of 24.0-24.3 milliseconds was selected to reveal the simplified mass
spectrum (Figure 7.14C) of the intermolecular cross-link of DFFK104R-QMEK116|QPALQEK;124 Observed
at 794.7 ([M+2H]**) m/z with a calculated monoisotopic mass of 2382.2 Da. This cross-link is verified
through the observation of the time aligned CID fragmentation products (Figure 7.14D). lons related
to the y, and vy, fragmentation of DFFKi0sR and the attached modified cross-linker s-
methylthiopentanoyl are seen at 217.1 (y,S1?*) and 364.2 (y.S1%*) m/z. A backbone fragmentation
without the modified cross-linker is also observed in the spectrum corresponding to the backbone
fragmentation of the peptide QMEK116|QPALQEK124 at 685.4 (ys2'*) m/z. Lastly, a peak related to the

loss of water from the precursor is also observed at 1182.6 (([M-H,0]+H)*) m/z.
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Figure 7.14: LC-IM-MS/MS analysis of S55’THS cross-linked hPFD subunit 5 & AB(1-40) using an Agilent Infinity LC system
coupled to an Agilent 6560 IM-MS system. Highlighted are selected regions of the (A) LC chromatogram which give rise
to (B&E) drift time plots from which extracted (C&F) mass spectra at low collisional energy & (D&G) high collisional
energy can be generated by selection of drift time bins to identify intermolecular cross-link (C & D) DFFK104R-
QMEK;116/QPALQEK ;4 & (F & G) (AB-(1-40)) NH2DAEFR- K106IDFLTK116QMEK;24. The cross-linker modified ions are labelled
|1 & S for the iminotetrahydropyran & s-methylthiopentanoyl fragments respectively, while the intermolecular cross-
linked peptides are labelled 1 & 2, & precursor ion labelled M.

In the same manner, the intermolecular cross-link of NH,DAEFR-K105IDFLTK112QMEK116 between
AB(1-40) and hPFD subunit 5 (1123.1 m/z ([M]+H)*?) is shown in Figure 7.14E-G. The selected LC
retention time of 25.5-25.8 minutes gives rise to an extracted drift plot (Figure 7.14E) from which
the ATD of 1123.1 m/z at 32.0-32.4 milliseconds can be selected. The MS/MS frame reveals the time
aligned fragment ions. Fragments observed with the attached cross-linker modification include 554.3
m/z (ysl2%*); FLTK140QMEK14s and the iminotetrahydropyran modification, 546.2 (b4l1'*); DAEF and
the iminotetrahydropyran modification, 317.1 m/z (b,S1%*); DA and the s-methylthiopentanoyl
modification. A backbone fragment ion is observed at 129.1 m/z (b12*) and the loss of water from
the precursor at 1114.1 m/z (([M-H,0]+H)%) is also seen in the spectrum. These time aligned
fragmentations ultimately allow confident identification of the cross-linked Lys amino acids. All
cross-links in the acquired spectrum that were recognised by MeroX and manually confirmed in the

LC-IM-MS/MS analysis are listed in Table 7.8.
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Table 7.8: Summary of observed cross-linking products of S55’-THS treated hPFD subunit 5 & AB (1-40) analysed by
MeroX & manually identified in the LC-IM-MS/MS analysis.

Monoisotopic Observed Retention Drift Time
Peptide Mass (Da) lons Time (min) m/z (msec)
Intermolecular Cross-Links
1191.6,
DFFK104R-QMEK116| QPALQEK124 2382.2 2%, 3* 18.9 794.7 33.4,24.1

Observed fragments:
217.1 (y2512*), 364.2 (yaS512*), 685.4 (ys21*), 585.3 (b9522*), 1182.6 (([M-H,0]+H)?*)

IDFLTK112QMEK116-
IQQLTALGAAQATAK15sAAAAFESRACSLEACG 969.9,
TKi71 4845.4 5%, 6* 26.2 808.4 26.7,25.2

Observed fragments:
423.8 (y9513*), 798.9 (b15522*), 989.5 (y30123*), 1241.6 (y23122*), 805.4 (([M-H20]+5H)5*)
K106/ DFLTK112-DCLNVLNKssSNEGKso 2566.3 3* 19.1 856.1 24.8
Observed fragments:
699.4 (bsI11*), 848.4 (beS1)
(AB(1-40)) NH2DAEFR-
K106|DFLTK112QMEK116 2245.1 2* 25.7 1123.1 32.2
Observed fragments:
129.1 (b121*), 546.2 (bal11*), 554.3 (ysl22+*), 317.1 (b251%), 1114.1 (([M-H20]+H)?)
(AB(1-40)) NH2DAEFRHDSGYEVHHQK6-
QAVMEMMSQK13slQQLTALGAAQATAK153 4846.3 5* 16.4 970.0 27.5
Observed fragments:
223.6 (b3S11*), 521.2 (bsl12¥)

Dead End Modifications

IQQLTALGAAQATAK153AAAAFESRABSLEACG
TK171-S55’-THS-OH 3595.8 4+ 25.6 899.7 27.6
Observed fragments:
147.1 (y1%*), 837.3 (Pepl**)
*Fragment ion annotations: corresponding b or y ion fragment, the attachment of the | or S modification, the corresponding 1 or 2
peptide and the overall charge of the ion.

To summarise, 3 intra-protein, 2 inter-protein and 1 dead-end cross-links were confidently assigned
from the acquired data. The intra-protein bio-conjugations of Kss to Kigs, Kios to K116, and Kiiz to
Kiss.are drawn on a schematic diagram including the 2 N-terminal inter-protein connections to reveal
the low resolution conformation of hPFD subunit 5 and the interactions it has to AB(1-40) (Figure
7.15). The schematic diagram of Figure 7.15 illustrates the inter-protein cross-links of AB(1-40) to the
Lys residues near the C-terminus of hPFD subunit 5. This suggests that there are surface binding
interfaces near the N-terminus of AB(1-40) and the hPFD subunit 5 residues of Ki1; and Kiss during

chaperone holdase activity.

It is interesting that the binding interactions are seen to occur at the flexible N-terminus of the AB
peptide as the cluster of hydrophobic residues are located in the middle and at the C-terminus of the
sequence [42]. It was determined in Section 4.2.4 that monomeric AB(1-40) adopts a partial B-sheet
structure in solution and previously published structural studies indicate an antiparallel B-sheet
structure forming between residues Li7 to D,3 and Asg to Vs, while the C-terminus is buried to shield
its hydrophobic amino acids and the N-terminus has been determined to be flexible and

unstructured [373]-[376]. Previous chaperoning studies of the AB monomer found stabilisation at
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the N-terminus was through electrostatic interactions, whilst stabilisation at the C-terminus was
through hydrophobic interactions [479], [480]. This ultimately indicates that the hPFD subunit 5

stabilises the misfolding substrate at the N-terminus through electrostatic interactions.

In addition, the lack of inter-protein cross-links between the peptide to the Lys residues at the N-
terminus of the hPFD subunit 5, suggests that the misfolding peptide is not encapsulated by
chaperone. It is possible that AB(1-40) has a transient and possibly surface superficial interaction
with hPFD subunit 5 where holdase activity occurs through the peripheral contact of the C-terminal
distal end of the chaperone to the N-terminus of the misfolding peptide via electrostatic

interactions.

Although, the chaperoning interactions observed here indicate superficial binding through
electrostatic interactions, it must be noted that hPFD subunit 5 may behave differently within the
full complex due to the presence of the other multivalent subunits. It should also be considered that
without the other restrictive subunits, flexibility of the hPFD subunit 5 may be present and the
interactions observed here ultimately demonstrate the mechanisms for this particular B-type
subunit when incubated individually, that may not occur when the subunit is within the full complex.
The other eukaryotic subunits may have a more prominent role in the chaperoning of misfolding
substrates. Alternatively, hPFD subunit 5 may behave as indicated above whilst within the complex

regardless.

K1s--Kza~..o ™

=

Y
~
1]
-
[+
Kol
2
[e)

aﬂ\v\

Figure 7.15: Schematic diagram of identified cross-links of hPFD subunit 5 to AB(1-40). Only Lys residues are shown.
Dashes represent amino acids. Solid lines represent the intra peptide cross-links observed.
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A comparison of the data obtained for the CXL of hPFD subunit 5 and the CXL of co-incubated hPFD
subunit 5 and AP(1-40) reveals the change in complex conformation with the addition of the
misfolding peptide. As previously detailed in Section 7.2.5.2, the intra-protein CXL of K4, to Kiz4 in
hPFD subunit 5 suggests the proximity of the N-terminal to the C-terminal. In contrast, Figure 7.15
reveals that the addition of AP(1-40) to the CXL experiment changes the intra-protein bio-
conjugations identified. The data shows that there are no bio-conjugations linking the distal ends of
hPFD subunit 5, subsequently revealing that the coiled tentacles of the chaperone are no longer in
proximity with each other. It is proposed that AB(1-40) may have disrupted this cross-link and
redirected the bio-conjugation elsewhere, or more likely, the hPFD subunit may have undergone
conformational changes to chaperone the misfolding substrate. The modified Lys residues of Kss to
K106 and K112 to Kis3 were not previously seen in the independently cross-linked hPFD subunit 5 data.
This suggests that a structure change of the subunit occurred to accommodate the misfolding
substrate as different Lys residues were exposed for cross-linking modification, and the residues Kss,

K106, K112 and Kis3 were previously buried.

In addition, comparison of the number of modified Lys residues on the hPFD subunit 5 can reveal the
possible restructuring of the protein. The CXL data of the co-incubated AB(1-40) and hPFD subunit 5
reveal 7 different Lys residue modifications on the chaperone compared with 5 for the independent
hPFD subunit. Although the majority of the cross-linked Lys residues are observed to vary between
the independent and co-incubation CXL data sets, there is some consistency seen in the data. The
bio-conjugation of Kigs-Ki16 is observed in both experiments, ultimately suggesting that these
residues remain in a relatively solvent attainable position in both experiments. It is proposed that
the chaperoning mechanism of the hPFD subunit 5 involves the disengagement of the C-terminal
distal end of the chaperone from the N-terminal distal coil to widen the principal cavity. This
conformation exposes residues on the C-terminal branch that assists in the identification and

stabilisation of the misfolding AB(1-40), leading to holdase activity.

7.2.6.2: hPFD Subunit 6 Cross-linked to AB(1-40) with S55’'THS

The complex formed by hPFD subunit 6 and AB(1-40) was cross-linked with S55’'THS to reveal several
intra-protein cross-links and of inter-protein cross-links between the hPFD substrate and the
disordered peptide. To illustrate this, the full LC chromatogram showing separation of the products
of the CXL reaction is seen in Figure 7.16A. Summation of the ions detected between the retention

time range of 16.8-17.0 minutes is shown in the drift plot of Figure 7.16B and from this data,
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selection of the drift time bins 24.2-24.4 milliseconds gives rise to the mass spectra at low and high
collisional energy (Figure 7.16C & D). The spectrum shown without CID exposes a peak at 858.8 m/z
with a monoisotopic mass of 4290.0 Da corresponding to the intermolecular cross-link between
hPFD subunit 6 and AB(1-40) of NH2DAEFR-AQAAK12;AGAPGK12sAAAAFESRACSLEACGTK146LGCFGG.
The subsequent MS/MS frame exposes the time aligned fragments and ions pertaining to the usual
backbone and spacer arm fragmentation seen at 764.4 (y30l2**), 799.7 (b,4123*), 864.9 (b1552%*), 929.5
(b2sl23*), and 1018.8 (y30l2%*) m/z. It is interesting to note that these fragments all correspond to
peptide 2; AQAAK12,AGAPGK;12sAAAAFESRACSLEACGTK146LGCFGG. Although no time aligned
fragments are detected for peptide 1, the bio-conjugation is confidently assigned to the N-terminus
of DAEFR as there are no other possible intermolecular cross-linking scenarios from the

corresponding time aligned fragments of peptide 2.

Figure 7.16 also shows the intermolecular cross-link of QKs;LEAQLTENNIVK;2-
LDYITAEIKssRYESQLRDLER (Figure 7.16A, E-G). The selected bins of the chromatogram from 25.1-25.3
minutes, as highlighted in Figure 7.16A, were extracted to generate the drift plot in Figure 7.16E.
From the drift plot, the range 26.1-26.3 milliseconds was selected to extract the mass spectra shown
in Figure 7.15F & G. Figure 7.16F reveals the ions at 870.9 m/z as the second most abundant peak of
the extracted mass spectrum at low collisional energy. These ions are consistent with the mass of
the intermolecular  cross-link K32LEAQLTENNIVK44-LDYITAEIKssRYESQLRDLER (calculated
monoisotopic mass of 4350.3 Da). This cross-link is confidently assigned with the observation of time
aligned fragmentation of peptide backbone and cross-linker reagent spacer arm. These are seen in
Figure 7.16E at 210.4 (bsS1%*), 918.5 (y13522*) and 994.5 m/z (yis12%*). Backbone fragmentations of
peptide 1; K3s2LEAQLTENNIVKqs, are seen at 817.4 m/z (y,1'*) and 1058.6 m/z (ys1'*). Backbone
cleavages of peptide 2; LDYITAEIKssRYESQLRDLER, are displayed in Figure 7.16G at 532.3 m/z (y42**)
and 919.5 m/z (bg2*).
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Figure 7.16: LC-IM-MS/MS analysis of S55’THS cross-linked hPFD subunit 6 to AB(1-40) using an Agilent Infinity LC system
coupled to an Agilent 6560 IM-MS system. Highlighted are selected regions of the (A) LC chromatogram which give rise
to (B&E) drift time plots from which extracted mass spectra at (C&F) low collisional energy & (D&G) high collisional
energy can be generated by selection of drift time bins to identify intermolecular cross-link (C & D) (AB-(1-40))
NH,DAEFR-AQAAK;12,AGAPGK;,sAAAAFESRACSLEACGTK;46LGCFGG & (F & G) QK32LEAQLTENNIVKj4-
LDYITAEIKssRYESQLRDLER. The cross-linker modified ions are labelled | & S for the iminotetrahydropyran & s-
methylthiopentanoyl fragments respectively, while the intermolecular cross-linked peptides are labelled 1 & 2, &
precursor ion labelled M.

All cross-links identified by MeroX and manually confirmed in the LC-IM-MS/MS analysis are listed in
Table 7.9. It is observed from Table 7.9 that MeroX was able to confidently identify 6 different CXL
modifications; 4 intermolecular cross-links and 2 dead-end cross-links. Of the 4 intermolecular cross-
links, 2 are inter-protein bio-conjugations between AB(1-40) and hPFD subunit 6 and 2 are intra-

protein within the hPFD subunit 6.
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Table 7.9: Summary of observed cross-linking products of S55’-THS treated hPFD subunit 6 & AB (1-40) analysed by
MeroX & manually identified in the LC-IM-MS/MS analysis.

Monoisotopic Observed Retention Drift Time
Peptide Mass (Da) lons Time (min) m/z (msec)
Intermolecular Cross-Links
DLSK25SMSGR-
QK32LEAQLTENNIVKasEELALLDGSNVVFKsg 4350.3 5* 25.3 870.9 26.7

Observed fragments:
841.8 (021523, 872.9 (y15122*), 1092.5 (bseS1%*), 573.3 (bs21*)

QK32LEAQLTENNIVKa44-LDYITAEIKssRYESQLRDLER 4350.3 5* 25.2 870.9 26.2
Observed fragments:
210.4 (baS13*), 532.3 (ya21*), 817.4 (y711*), 918.5 (y13522*), 919.5 (bs21*), 994.5 (y1512%*), 1058.6 (yo11*)

(AB(1-40)) NH2DAEFR-
AQAAK122AGAPGK128AAAAFESRACSLEACGTK146LGCFG
G 4290.0 5* 16.9 858.8 24.3
Observed fragments:
764.4 (y3012%*), 799.7 (b24123+), 864.9 (b13522*), 929.5 (b2sl23+), 1018.8 (ys0l23*)

AB(1-40)
HDSGYEVHHQK17LVFFAEDVGSNK28GAIIGLMVGGVV- 9743,
KsLQGEVEKis 4867.5 54 6* 26.3 812.1 26.1, 25.0

Observed fragments:
454.7 (y1852%), 683.6 (y26124*), 755.1 (y22123*)

Dead End Modifications

DLSK2sSMSGRQK32LEAQLTENNIVK44EELALLDGSNVVFKs
§-S55’-THS-OH 4350.3 5* 25.3 870.9 26.7
Observed fragments:
914.7 (y321**), 1146.6 (b3ol®*)

QK32LEAQLTENNIVKas-S55’-THS-OH 1858.0 3* 16.0 620.0 22.7
Observed fragments:

817.4 (y721*)

*Fragment ion annotations: corresponding b or y ion fragment, the attachment of the | or S modification, the corresponding 1 or 2
peptide and the overall charge of the ion.

The identified cross-links are plotted onto a schematic diagram (Figure 7.17) to illustrate the low
resolution conformation of hPFD subunit 6 and the interactions it has to AB(1-40) (Figure 7.17). The
schematic diagram reveals that the identified inter-protein cross-links occur to both the N- and C-
terminal distal ends of the hPFD subunit 6, bio-conjugated to the misfolding substrate at 2 separate
locations. One inter-protein cross-link is observed to occur at the N-terminus of AB(1-40) to Kias of
hPFD subunit 6, while the other is seen at Kys of AB(1-40) to Ks of hPFD subunit 6. As previously
discussed in Section 4.2.4 and 7.2.6.1, the AB(1-40) monomer is able to adopt a partial B-sheet fold
in an effort to shield it’s hydrophobic residues. Kys located on the AB peptide has been demonstrated
by previous studies to be part of the B-hairpin turn of the partial structure adopted [373]—[376]. This

suggests that the amyloidogenic peptide is encapsulated by the hPFD subunit 6.

The inter-protein bio-conjugations observed between the chaperone to AB(1-40) can also give
insight into the structural change of hPFD subunit 6 with chaperoning activity. Comparison of the
CXL intermolecular links found in Section 7.2.5.2 reveal that the protein residues of Ks and Ki,5 were
cross-linked. This intra-protein bio-conjugation suggests proximity of the termini without the

addition of AB(1-40). As this cross-link is no longer observed upon co-incubation, it can be assumed
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that the termini of hPFD subunit 6 are no longer within proximity following the addition of the
misfolding peptide. In a similar manner seen for hPFD subunit 5, the central cavity appears to have
widened to accommodate the substrate. However, little change is observed for hPFD subunit 6 in
terms of residue modification. Figure 7.13 reveals that the independently S55'THS treated hPFD
subunit 6 has a total of 6 different Lys residues modified and this is also observed in Figure 7.17.
Almost all the same residues have been modified, with the exception of residues Ki,; and Ks;. As the
residues Ks, Ks, Kas, Kgs and Ki,s are solvent accessible in Section 7.2.5.2, the addition of AB(1-40)
reveals that the solvation of these residues do not change. This ultimately shows that the
amphipathic coils of hPFD subunit 6 undergoes little unfolding and reorientation whilst undertaking

holdase chaperone activity of AB(1-40).

NHa-tag-Kyc,

oid beta 1
\_\3__.K16--K28-._O ™

aﬂ'\\]\

Figure 7.17: Schematic diagram of identified cross-links of hPFD subunit 6 to AB(1-40). Only Lys residues are shown.
Dashes represent amino acids. Solid lines represent the intra peptide cross-links observed.

Section 7.2.5.2 identified that the central turn and B-sheet in the tweezer like structure of hPFD
subunit 6 is likely to occur between the residues Kis and Kgs. The intra-protein cross-links seen here
appear consistent with this structural arrangement. Although little restructuring of the hPFD subunit
6 coils seem to occur during holdase chaperone activity, it cannot be ruled out that the reorientation
and exposure of the amphipathic coils occurs before the binding of the substrate as these temporal

interactions and flexibility of the protein were not integrated into these experiments.
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Comparison of the CXL data for co-incubated hPFD subunits 5 and 6 with AB(1-40) reveals that both
subunits may have increased the central cavity size between their respective amphipathic coils as
there are no bio-conjugations linking the C-terminal to the N-terminal during chaperone activity. The
distal coils of subunit 6 seem to have less of a structure change than subunit 5. More Lys residues on
hPFD subunit 5 are modified with the addition of AB(1-40) than for hPFD subunit 6, which suggests

that subunit 5 undergoes a larger change during chaperone activity than subunit 6.

In a previous structural study for prokaryotic PFD a and B subunits, it was identified that
hydrophobic grooves in the distal coils formed the central cavity in both cases [84], [85]. The
published molecular dynamic simulations of the archaeal PFD subunits reveal the importance of this
cavity for binding to misfolding substrates and chaperoning activity, similar to the results seen here.
Previous literature chaperone studies suggest that the prokaryotic PFD a subunit extends its central
cavity through the loosening of the distal coils and multiple conformational changes are observed
contingent on the size of the substrate. The results in this Chapter indicate that eukaryotic PFD a
subunit 5 also has the ability to loosen its coils. It was published that the prokaryotic a subunit
provides the multiple substrate recognition mechanism of phPFD, while the B subunit is essential for
the binding of non-native proteins. MD simulations showed that the distal regions of the prokaryotic
B subunit formed van der Waal contacts with the misfolding substrate [84], [85]. In particular, 117 of
the PFD B subunit near the C-terminal (phPFD has a total of 117 amino acids) has been indicated to
be a crucial residue for binding and redirecting of the misfolding substrate. The B subunit first
interacts with the surface of the unfolded proteins by the hydrophobic interaction to protect them
from aggregation. These published studies seem to align with the CXL results of hPFD subunit 6 seen
here, as both termini have cross-links to the misfolding substrate. However, the absence of cross-
links between the N-terminus to the C-terminus suggests hPFD subunit 6 extends its distal ends and
is therefore flexible, while the prokaryotic PFD B subunit has been reported to have a rigid structure
[84], [85]. Further, CXL assays for the eukaryotic PFD subunits 1, 2, 3 and 4, may reveal further

information on the chaperoning mechanism of intact PFD.

It has been suggested in previous studies of the hexameric PFD that the substrate binding
mechanism depends on the flexibility of the molecular clamp, similar to the results seen for hPFD
subunit 5, as a means to grip substrates of varying shapes and sizes [85]. It was thought that
eukaryotic PFD may be more limited in substrate binding than prokaryotic PFD due the 6 divergent
subunits and potentially specialised subunits, utilising a combination of its coiled-coil distal ends and
its spatial cavity to hold misfolded proteins rather than interactions only through the coiled-coil

distal ends seen for prokaryotic PFD [85], [95]. It is interesting to see that the archaeal PFD complex
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utilises only its tips for holdase interactions, whilst the archaeal PFD a subunit is seen to have
conformational flexibility. It is possible that the confines of the intact prokaryotic PFD constrict
movement of the subunits, while eukaryotic PFD has evolved to have flexibility in all the subunits, as
seen in the results here, enabling the use of its spatial cavity. These previously published studies also
suggested that the prokaryotic PFD subunits interact in a concerted or multivalent fashion to
chaperone misfolding substrates. A concerted interaction of the eukaryotic PFD subunit is likely to
occur based on the CXL results seen here as hPFD subunit 5 is seen to stabilise one end of AB(1-40)
while hPFD subunit 6 is observed to engulf the substrate. It is highly likely that the subunits interact
in a multivalent fashion to increase the overall chaperone efficiency, as was observed in Section

3.2.4.1.

To summarise, the novel approach of CXL with CID labile CX-MS reagents analysed by LC-IM-MS/MS
was developed to address some of the analytical challenges associated with higher order protein
structures investigated by CXL-MS. It is shown that the orthogonal separation power of IM allows for
simplification of spectra arising from complex tryptic digest mixtures following cross-linking, in turn
simplifying the detection of cross-linking products. In addition, the use of MS cleavable cross-linkers
and post IM CID allows for the detection of time aligned precursor and fragment ions, providing high
confidence identification of cross-linking modifications with residue specific location, and effectively
distinguishing between dead-end, intra- and inter-molecular cross-linked peptides. The data
presented herein indicate that LC-IM-MS/MS offers a clear advantage over traditional CXL-MS
methodologies for the identification of cross-linked peptides from complex mixtures. Utilising this
approach, independent CXL assays of hPFD subunit 5 and hPFD subunit 6 with S55'THS were
conducted and confident identification of the cross-linked peptides contribute to the construction of
low-resolution models for these eukaryotic chaperones. Further CXL assays of these subunits with
the addition of monomeric AB(1-40) revealed inherent flexibility of both hPFD subunits, with hPFD

subunit 5 demonstrating a higher degree of conformational changes.
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7.3: Experimental

All proteins and chemicals were purchased from Sigma Aldrich (Missouri, USA) unless otherwise
specified, and were used as received. DSP was purchased from Thermo Scientific (Rockford, USA)
and sequencing grade modified trypsin was purchased from Promega (Madison, USA). Rapigest was
purchased from Waters (Manchester, UK). Ac-AAKA was synthesised in-house using standard Fmoc
solid phase methods on 2-chlorotrityl chloride resin (GL Biochem, Shanghai, China) and purified by
HPLC to greater than 95 % purity.

7.3.1: Synthesis of S-methyl 5,5’-thiodipentanoylhydroxysuccinimide

The following procedure was adapted from Lu et. al. [466]. Compounds were characterised through
NMR with an Agilent 500 spectrometer (*H at 500 MHz, 13C at 125 MHz) in CDCls as the solvent
unless specified otherwise. 'H chemical shifts are reported in ppm relative to TMS (5 0.0) and 3C
NMR are reported in ppm relative to TMS (6 0.0). All J values were quoted to the nearest 0.1 Hz.
Multiplicities are reported as (br) broad, (s) singlet, (d) doublet, (t) triplet, (q) quartet, (qnt) quintet,
(sext) sextet and (m) multiplet. Mass spectra were obtained on a nanospray Waters Micro mass
spectrometer and samples were dissolved in a mixture of 50 % methanol and water unless otherwise
stated and parameters were set to capillary voltage, 2.1. kV; cone voltage, 60 eV; trap collision

energy, 10 V; transfer collision energy, 10 V; source temperature, 80 °C; backing pressure, 5 mBar.

5-Mercaptopentanoic acid. 5-bromovaleric acid (2.2 g, 12.2 mmol) and thiourea (1.4 g, 18.4 mmol)
were dissolved in EtOH (30 mL) and refluxed for 24 hours. The solvent was removed by rotatory
evaporation and 7.5 M NaOH (30 mL, 225 mmol) was added. The mixture was stirred for an
additional 24 hours at 90 °C. This solution was then cooled to 0 °C on ice and whilst cooled 2 M
H,SO4 (5 mL) was added slowly with stirring until the pH was 1 and the product was extracted with
DCM (2 x 100 mL). The combined extracts were dried over anhydrous Mg,SO, and concentrated by
rotatory evaporation to give the 5-mercaptopentanoic as colourless oil in quantitative yield. The
product was used without further purification (1.5 g, 91%). *H NMR (500 mHz, CDCl3): § 1.36 (t, 1H,
J=7.8), 1.65-1.78 (m, 4H), 2.38 (t, 2H, J=7.5), 2.55 (q, 2H, J=6.9), 9.80 (s, broad, 1H). 3C NMR (126
MHz, CDCls): 6 25.97, 26.80, 31.13, 36.08, 182.30. MS (CsH100.S, nanoESI): calculated [M+H]* 135.20,
found 134.92.

5,5’-Thiodipentanoic acid. 5-bromovaleric acid (2.4 g, 13.38 mmol) in 16.7 M NaOH (8 mL) was
added dropwise to a cooled solution (0 °C) of freshly prepared 5-mercaptopentanoic (1.5 g, 11.2

mmol) dissolved in 16.7 M NaOH (8 mL). The resulting reaction was stirred for 40-50 °C for 24 hours.
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The solution was then cooled to room temperature and acidified with conc. HCl to pH 1 and
repeatedly extracted with DCM (5 x 50 mL). The extracts were combined and dried over Mg,S0O,4 and
concentrated by rotatory evaporation to give 5,5 -thiodipentanoic acid as a white solid. The product
was used without further purification (2.4 g, 92%). *H NMR (500 mHz, CDCl;): § 1.63-1.79 (m, 8H),
2.40 (t, 4H, J=7.2), 2.54 (t, 4H, J=7.2). 3C NMR (75 MHz, CDCl5): 6 26.45, 31.53, 34.26, 36.18 and
181.95. MS (C10H1804S, nanokESl): calculated [M+H]* 235.31, found 235.09.

5,5’-Thiodipentanoylhydroxysuccinimide. 5,5 -Thiodipentanoic acid (150 mg, 0.64 mmol) and NHS
(184.3 mg, 16.02 mmol) were dissolved in dry THF (20 mL) and stirred for 5 mins at room
temperature under nitrogen, in darkness. EDC (307.4 mg, 16.02 mmol) was added to the reaction
which was stirred overnight. The solvent was removed by rotatory evaporation and the crude
product was dissolved with ETAC (20 mL). The resulting solution was washed with water (20 mL) and
then brine (20 mL). Precipitated by-products were removed by filtration through a thin layer of silica.
The solution was dried over Mg,SO. and concentrated by rotatory evaporation to yield a colourless
oil (210 mg, 77 %). 'H NMR (500 mHZ, CDCls): § 1.68-1.72 (m, 4H), 1.80-1.86 (m, 4H), 2.53 (t, 4H,
J=7.5), 2.62 (t, 4H, J=7.5), 2.81 (s, broad, 8H). 3C NMR (75 MHz, CDCls): & 26.34, 28.24, 31.10, 33.15,
33.79, 171.04 and 171.89. MS (Ci1sH2405N,S, nanoESI): calculated [M+H]* 429.46, found 429.37.

S-Methyl 5,5'Thiodipentanoylhydroxysuccinimide lodide. 5,5'-Thiodipentanoylhydroxysuccinimide
(50 mg, 0.12 mmol) and iodomethane (68 mg, 0.48 mmol) in chloroform (5 mL) were reacted for
four days. The solvent was removed by rotary evaporation to yield a crude pale yellow solid. *H NMR
(500 mHZ, CDCls): & 1.82-1.86 (m, 8H), 2.55 (t, 4H, J=6.5), 2.84 (s, 8H), 3.25 (s, 3H), 4.35 (t, 4H,
J=7.5). 3C NMR (126 MHz, CDCI3): & 24.83, 25.41, 25.38, 28.32, 33.18, 43.63, 170.72, and 171.95.
MS (Ci19H270sN5S, nanokESl): calculated [M+H]* 443.49, found 443.16.

7.3.2: Cross-linking of Ac-AAKA and Caerin 1.10

The peptides Ac-AAKA and caerin 1.10 (GLLSVLGSVAKHVLPHVVPVIAEKL) were dissolved in
anhydrous dimethyl sulfoxide (DMSO) to a concentration of 1 mM. The cross-linkers were dissolved
in dry DMSO and added to the respective peptides at a 1:1 mole ratio (Ac-AAKA) and a 3:1 mole ratio
(caerin 1.10). The mixtures were incubated at room temperature for 1 hour before being
concentrated to dryness using a SpeedVac concentrator. The remaining precipitates were
reconstituted with water and either desalted by Cis ZipTip (Milliopore, USA) before analysis or used

without further modifications.
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7.3.3: Cross-linking of Ubiquitin

Ubiquitin was dissolved in phosphate buffered saline (PBS, pH 8) to a concentration of 100 uM (99
uL), and the appropriate cross-linker dissolved in DMSO (1 pL, 100 mM) was added to a final molar
ratio of 10:1. Following 1 hour incubation at room temperature to allow cross-linking to occur, the
solution was diluted with NH4COsH (90 uL, 25 mM) and 1 % (w/v) of Rapigest (10 uL, Waters, UK) in
NH4COsH (25 mM) was added. This was briefly vortexed and heated at 80 "C for 10 min.
Dithiothreitol (5.5 pL, 100 mM) was added to the solution and briefly vortexed. The solution was
heated at 60 °C for 10 min and then cooled to room temperature. lodoacetamide (5.5 pL, 300 mM)
was added and the solution briefly vortexed and stored in darkness at room temperature for 30
mins. Trypsin (1 pyL, 1 ng/uL) was then added and the sample was incubated at 37 °C overnight. The

resultant solution was stored at -20 °C until analysed by either IM-MS or LC-IM-MS.

7.3.4: Cross-linking of hPFD Subunits 5 and 6 to A(1-40)

hPFD subunits 5 and 6 were buffer exchanged into PBS (pH 8) to a concentration of 50 puM.
Independent solutions or mixtures of the respective subunit and AB(1-40) at a 1:1 ratio were
incubated at room temperature for 1 hour. S55’THS dissolved in DMSO (1 uL, 250 mM) was added to
each solution at a final molar ratio of 50:1. Following an overnight incubation at room temperature
to allow cross-linking to occur, the solution was briefly vortexed and heated at 80 °C for 10 min. DTT
(5.5 puL, 100 mM) was added to the solution and briefly vortexed. The solution was heated at 60 °C
for 10 min and then cooled to room temperature. IAA (5.5 L, 300 mM) was added and the solution
briefly vortexed and stored in darkness at room temperature for 30 mins. Trypsin (50 pL, 20 ng/uL)
was then added and the sample was incubated at 37 "C overnight. The resultant solution was stored

at -20 °C until analysed by either LC-MS/MS or LC-IM-MS/MS.

7.3.5: Waters Synapt IM-MS

IM-MS analysis was performed using a Synapt system (Waters, Manchester, UK). The sample was
ionised using nano-electrospray ionisation, and IM-MS instrument parameters for positive ion mode
were typically as follows: capillary voltage, 1.6 kV; cone voltage, 60 V; trap collision energy, 6 V;
source temperature, 100 °C; backing pressure, 2.5 mBar; IMS cell pressure (N3), 0.5 mBar; travelling
wave velocity, 300 m.s%; travelling wave height, 8 V. IM-MS instrument parameter changes for
negative ion mode were: travelling wave velocity, 200 m.s?; travelling wave height, 9 V. After
separating according to mobility, ions were fragmented in the transfer region of the instrument for
CID experiments using a transfer collision energy of 30 eV for S55’THS linked peptides and 70 eV for
DSP linked peptides.
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MS data were processed using the program MassLynx (Waters, Manchester, UK, version 4.1). Cross-
linked peptides were predicted using MeroX software [273] and confirmed by manual identification

of expected cross-linker fragments aligned in drift time with the precursor ion.

7.3.6: Waters Synapt LC-IM-MS

LC-IM-MS analysis was performed using a Waters nanoACQUITY UPLC system fitted with an Atlantis
C18 300 pum x 150 mm column (3 um particle size) held at 35 °C coupled to a Synapt HDMS system
(Waters, Manchester, UK). Chromatographic separation at a flow rate of 10 pL.min* was performed
using a solvent composition profile of 1 % mobile phase B held for 1 min, followed by a linear
gradient to 40 % mobile phase B over 15 min, the column was then washed with 99 % mobile phase
B from 15.1 — 17 min followed by re-equilibration for 3 min at 1 % mobile phase B. Mobile phase A
and B consisted of 999:1 (v:v) H,O:FA and 999:1 (v:v) ACN:FA respectively.

The LC eluent was ionised using electrospray ionisation, and IM-MS instrument parameters were as
described in Section 6.3.5 with the following exceptions: fragmention in the transfer region of the
instrument for CID experiments using a transfer collision energy of 42 eV for S55’'THS linked peptides

and 45 eV for DSP linked peptides.

MS data were processed using the program MassLynx (Waters, Manchester, UK, version 4.1). The LC
chromatogram was binned into 20 equal bins, and drift-time plots and were generated for each 1
min bin. Similarly, mass spectra were generated from 0.5 ms bins in drift time, and were then
searched for cross-link products. Cross-linked peptides were predicted using MeroX software and
confirmed by manual identification of expected cross-linker fragments aligned in drift time with the

precursor ion.

7.3.6: Agilent 6560 LC-MS/MS

LC-MS/MS analysis of CXL peptides were performed using an Infinity BioHPLC connected to a 6560
IM-MS system (Agilent, California, USA). Agilent 1290 Infinity Il BioHPLC system fitted with an
Advance Bio Peptide Map column 2.1 x 250 mm column (2.7 um particle size) held at 60 °C coupled
to a 6560 IM-MS system (Agilent, California, USA). The sample was ionised by electrospray

ionisation, and LC-MS/MS instrument parameters for positive mode are as follows:

Chromatographic separation at a flow rate of 0.4 mL/min was performed using a solvent
composition profile of 3 % mobile phase B held for 1 min, followed by a linear gradient to 45 %
mobile phase B over 30 min, followed by a linear gradient to 60 % mobile phase B over 5 min and

the column was then washed with 97 % mobile phase B from 36-50 min followed by re-equilibration
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for 6 min at 3 % mobile phase B. Mobile phase A and B consisted of 999:1 (v:v) water:formic acid

and 999:1 (v:v) acetonitrile:formic acid respectively.

The LC eluent was ionised using electrospray ionisation, and MS instrument parameters were
typically as follows: capillary voltage, 3.5 kV; nozzle voltage, 1000 V; source temperature, 100 °C;
IMS cell pressure (N), 0.5 mBar; auto MS/MS, top 10 abundant ions. lons were fragmented in the
collision cell of the instrument using a calculated ramped collision energy. MS data were processed
using the program MassHunter Qualitative Analysis (Agilent, California, USA, version B.07.00). Cross-

linked peptides analysed by LC-MS/MS were matched using MeroX software [273].

7.3.7: Agilent 6560 LC-IM-MS/MS

LC-IM-MS/MS analysis of CXL peptides were analysed following parameters previously described in
Section 7.3.6. IM spectra were acquired, and following separation according to mobility, ions were
fragmented in the collision cell of the instrument using a calculated ramped collision energy. IM-MS
data were processed using the program IM-MS Browser (Agilent, California, USA, version B.07.01)
and cross-links identified in the LC-MS/MS analysis by MeroX were manually found in the LC-IM-
MS/MS acquired spectra.
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Chapter 8: Summary, Conclusions and
Future Directions

Previous investigations into the biological functions and structure of PFD have primarily utilised
species of prokaryotic origins. This hexameric protein is ubiquitously expressed and has been found
to chaperone misfolding substrates into their correct native conformation. PFD selectively inhibits
the aggregation of the substrate through a holdase mechanism, forming transient interactions with
the target protein through its amphipathic coils. These distal tips are an important structural aspect
of the chaperone and are part of an overall jelly fish like shape. The distal tentacles of eukaryotic
PFD are formed from 6 homologous subunits, and the assembly of these subunits give rise to a large
central amphipathic groove within the interior of the chaperone. It is within this highly conserved

groove that the majority of refolding interactions are known to occur, in an independent manner.

The ubiquitous nature and chaperoning mechanism of eukaryotic PFD has implicated the protein for
potential therapy in various diseases, including cancer and neurodegenerative diseases such as
Huntingtin’s, Parkinson’s and Alzheimer’s disease. Understanding the precise mechanism of PFD has
prompted much research, but as yet, has provided little clarity in terms of the potential role of PFD

and its subunits to these debilitating diseases.

Spectroscopic and biophysical analyses of the eukaryotic PFD and its subunits presented here
provide further structural and mechanistic insights to this elusive protein. The effect of PFD on the
misfolding of substrate AB(1-40) was investigated to further our understanding of the potential

therapy of PFD in the aforementioned disease states.

8.1: Summary of Results

The first focus of work presented here was to determine whether the co-incubation of eukaryotic
PFD with the monomeric AB(1-40) would affect the conversion of the misfolding substrate to
amyloid fibrils. The purpose of these experiments was to provide some mechanistic insight to the
possible chaperoning effects of PFD. The interaction of eukaryotic PFD with AB(1-40) was assessed in
vitro using ThT fluorescence assays, and it was determined that eukaryotic PFD and its subunits were
able to prevent fibril formation by the Alzheimer’s disease related protein. bPFD was seen to reduce
fibril formation by 76 %, while a reduction of 67 % and 18 % was observed for hPFD subunit 6 and 5,
respectively. The chaperones were found to redirect the aggregation of AB(1-40), leading to the

formation of monomeric intermediates. Cytotoxicity studies of the chaperoned product using
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cultured PC12 cells revealed that hPFD subunit 6 formed an intermediate that had a higher toxicity

than the substrate formed from hPFD subunit 5.

A combination of high and low resolution techniques were then applied to investigate the structure
of PFD at various levels, with the aim of gaining further insight into its biological activity from a
molecular view point. Far-UV CD analysis of the hPFD subunits 5 and 6 confirmed the proteins were
primarily of a-helical structure. The studies conducted in here demonstrated the adverse effect on
secondary structure with increases in pH for both subunits. However, a slight decrease in pH was
seen to increase the MRE and chromophore absorption. Melting profiles of the subunits were also
obtained to give insight into the folding and unfolding mechanism of the chaperones. Far-UV
analysis of hPFD subunit 5 following thermal aggregation revealed consistent data with previous
protein melting profiles while hPFD subunit 6 was found to have a high resistance to the thermal

stimulus and did not follow typical general melting curves.

In addition, the secondary structures of the incubated product following co-incubation of hPFD
subunit 5 or 6 with the monomeric AB(1-40) gave new insight to the overall structure of chaperoned

AB(1-40) and the high associated cytotoxicity.

Using a combination of 2D and 3D NMR spectroscopy, the determination of a high resolution
structure of hPFD subunits 5 and 6 was attempted. Unfortunately, the results in this Chapter
concluded that these protein complexes are not suitable for this technique under the conditions
employed. It was found that 3D NMR experiments required long periods of acquisition that
ultimately resulted in protein precipitation. Although there were some well resolved peaks obtained
in 2D NMR spectroscopy, the intensity of the peaks were low, peak broadening was observed and
many spin systems were missing. By analysis of spectra and secondary shifts *H-'H NMR TOSCY of
hPFD subunits 5 and 6, the majority of spin systems seen in the spectra were found to indicate a-
helical content. It was determined that the low number of peaks seen in the spectra was most likely
due to molecular dynamics as typical oligomerisation of the protein can cause line-broading.
Precipitation observed following acquisition also revealed aggregation and low solubility of the hPFD

subunits in conditions required for NMR analysis.

Native IM-MS analysis of bPFD allowed the CCS of the intact hexamer to be determined. Utilising the
developed CTC nanospray source enabled IM-MS analysis at a range of temperatures, allowing the
delineation of the equilibria for the protein complex before analysis. Increases in temperature were
seen to shift the equilibria away from the intact hexameric form into sub-complexes that increased

in size and polydispersity at elevated temperatures.
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In addition, the IM-MS analysis of hPFD subunits 5 and 6 revealed a combination of monomer, dimer
and trimeric species. It was therefore determined that hPFD subunits 5 and 6 have the ability to
form oligomers as a result of self-chaperoning activity, whereby intact monomers bind to slightly
unfolded monomers to prevent their aggregation. The incorporation of these additional subunits
increases the oligomeric size and dispersity so that there may be a potential increase in substrate

reactivity and improved chaperone efficiency.

Thermal dissociation assays conducted on the subunits revealed the resilience of the proteins to
thermal stimuli. In particular, hPFD subunit 6 was seen to uphold its oligomeric states at high
temperatures. The calculated CCS values and CCSDs were observed to increase in value with the
progression of the experiment, demonstrating the structural unfolding effects as a result of thermal

aggregation.

Finally, the focus of this study was to determine the binding interfaces of hPFD subunits 5 and 6,
including possible structure reorganisation to give an insight into the potential chaperoning
mechanism of eukaryotic PFD. Both subunits were first independently subjected to CXL using facile
CID cleavable cross-linker reagents and analysed by LC-IM-MS/MS. The results reinforced previous
tweezer-like models of the subunits. The addition of the misfolding substrate AB(1-40) to the assay
demonstrated flexibility of the apolar amphipathic distal branches of the tweezer like chaperones. It
was determined that AB(1-40) was encapsulated by hPFD subunit 6, while the substrate formed a
more superficial binding to hPFD subunit 5. Both subunits revealed extension of their central cavity
upon chaperoning. A higher number of cross-linker modifications was seen for hPFD subunit 5 and it
was determined that a larger extension occurred for the PFD a subunit. In totality however, the
evidence presented indicated that the chaperoning of AB(1-40) resulted in a significant structural
reorganisation of the hPFD subunits 5 and 6. Furthermore, this work demonstrated the utility of IM

in analysis of protein CXL studies.

8.2: Overall Conclusion

The work presented in this thesis demonstrates the vast array of well established and emerging
biophysical techniques in structural biology. Low resolution studies, which combine structural data
from a variety of techniques in an integrative approach, are becoming commonplace to characterise
many biological processes. The application and development of existing methods enabled the

potential structural model of eukaryotic PFD as illustrated in Figure 8.1.
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Figure 8.1: Schematic representation of eukaryotic PFD. (A) Possible eukaryotic PFD structure at equilibria. (B) Possible
eukaryotic PFD structure during chaperone activity of AB(1-40). AB(1-40) is represented by the black curved lines.

Figure 8.1A reveals the possible substoichiometric subunit arrangement of eukaryotic PFD, where a
possible internal arrangement occurs between subunits 1, 4, 6 and 2, 3, 5 as evidenced in Section
6.2.2. Unfortunately, the construction of the models in Figure 8.1 is based on several assumptions
obtained from the data of the individual PFD subunits. The distal branches of the hexamer in Figure
8.1A are of a-helical content and the regions of subunit contact are seen to be of B-sheet structure.
Although the secondary structures of the intact complex were not elucidated by far-UV CD, it is
highly likely that the results in Section 4.2.1 are able to represent the collective a and B subunits of
the chaperone. The primary sequence typically dictates the secondary structure of proteins and this

sequence remains the same regardless of the tertiary and quaternary protein level.

Figure 8.1B illustrates the possible flexibility of the distal branches during chaperone activity of AB(1-
40). Flexibility was seen in the CXL data obtained in Section 7.2.6 for the hPFD subunits 5 and 6
during chaperone activity. Unfortunately, the mechanism of bPFD was not explored by CXL it must
be noted that Figure 8.1B is based on the assumption that the subunits behave in a similar flexible
manner when they are part of the intact PFD complex. Therefore, it is cautioned that the schematic
diagram in Figure 8.1B is highly speculative and further work is required to determine the binding
mechanisms of the eukaryotic chaperone. The multivalent subunits of eukaryotic PFD are suggested
to identify and interact with the misfolding substrate through the extending of its branches.
Although, the chaperoning abilities of hPFD subunits 5 and 6 may not necessarily reflect the
interactions of eukaryotic PFD, this flexible scenario seen in Figure 8.1B, aligns with the data
obtained in Section 3.2.4, where chaperone efficiency was seen to significantly increase between the
eukaryotic PFD subunits and the intact chaperone complex. In conclusion, this thesis has increased
our structural knowledge of the elusive eukaryotic PFD and has given us an insight into the possible

mechanisms involved in its chaperoning activity.
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8.3: Future Directions

Defining the structure-function relationship of eukaryotic PFD is crucial to understanding the
mechanisms involved in protein chaperoning. More importantly, delineating this relationship has the
potential to inform therapeutic designs, the exploitation of the ubiquitous PFD could combat
neurodegenerative diseases that are associated with protein aggregation. For example, drugs could
potentially be designed to trigger the neurological upregulation of PFD, which could inhibit and

prevent protein aggregation.

Further work is required to obtain structure and mechanistic insights for eukaryotic PFD rather than
making assumptions based on the studies of individual eukaryotic PFD subunits. Unfortunately work
on the bPFD was restricted due to minimal amounts of sample. It is suggested here that continued
structure investigation of eukaryotic PFD should consider high resolution crystallography. Further
studies in CXL and LC-IM-MS/MS are also suggested, utilising bPFD and other misfolding substrates
to investigate the previously proposed structural extension of the central cavity. Mutation studies
could also aid in determining the specific residues of PFD involved in substrate protein binding and

interaction.

Further biological studies such as ThT assays, to be conducted on the dissociating sub-complexes of
bPFD, will allow the elucidation of the significance of these trimers. The possible dynamics of bPFD
should also be investigated in the presence of crowding agents that can mimic the intracellular
environment such as polyethylene glycol. To investigate the possibility of molten-globule binding
characteristics of PFD, analyses conducted using near-UV CD and ANS-binding experiments would be

able to determine whether the constructs had molten-globule character.

Overall, there are many more studies and researches to be conducted on eukaryotic PFD before its

potential therapeutic benefits might be realised.
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Appendix

Appendix A: The 20 Common Amino Acid Residues

Amino Acid Structure Residue Integral Mass

Alanine (Ala/A) 71

(0]
%O”
NH,
NH (o]
Arginine (Arg/R) )J\ /\/\H‘\OH 156
NH,
(o]
2
OH
o NH,
[e]
OH
o) NH,
[e]
OH
NH,
(e}
OH
NH,
(o]
OH

Asparagine (Asn/N) 114

H

Aspartic acid (Asp/D) 115

Cysteine (Cys/C) 103

HoN
H

Glutamic acid (Glu/E) How 129
HoN

Glutamine (GIn/Q) 128

N
H
NN
Hs/\Hk
o}
W
o}
Glycine (Gly/G) HZN\)J\ 57
OH
o)
OH
NH,

H
Histidine (His/H) N 137
]
N
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Isoleucine (lleu/I)

Leucine (Leu/L)

Lysine (Lys/K)

Methionine (Met/M)

Phenylalanine (Phe/F)

Proline (Pro/P)

Serine (Ser/S)

Threonine (Thr/T)

Tryptophan (Trp/W)

Tyrosine (Tyr/Y)

Valine (Val/V)

NH,

H o]

9

NH,

OH

113

113

128

131

147

97

87

101

186

163

99
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Appendix B: Amino Acid Sequences of Different Species of PFD

Species Sequence Pl Molecular mass
(mono isotopic)
Prefoldin Subunit 1 (beta)
Human MAAPVDLELKKAFTELQAKVIDTQQKVKLADIQIEQLNRTKKHAHLTDTEIMTLVDETNMYEGGRMFIL 6.32 14102.44
(hPFD) QSKEAIHSQLLEKQKIAEEKIKELEQKKSYLERSVKEAEDNIREMLMARRAQ
Bovine MAAPVDLELKKAFTELQAKVIDTQQKVKLADVQIEQLNRTKKHAHLTDTEIMTLVDETNMYEGVGRM 6.32 14214.50
(bPFD) FILQSKEAIHNQLLEKQKIAEEKIKELEQKKSYLERSVKEAEDNIREMLMARRAQ
Yeast MSQIAQEMTVSLRNARTQLDMVNQQLAYLDRQEKLAELTKKELESYPTDKVWRSCGKSFILQDKSKYV 8.97 12773.68
(yPFD) NDLSHDETVLLDQRKTLKIKKNYLETTVEKTIDNLKALMKN
phPFD MQNIPPQVQAMLGQLDTYQQQLQALVIQQKQKVQADLNEAKKALEEIETLPDDAQIYKTVGTLIVKTTK 7.88 13308.26
EKAVQELKEKIETLEVRLNALNRQEQKINEKVKELTQKIQAALRPPTAG
mtPFD MELPQNVQHQLAQFQQLQQQAQAISVOQKQTVEMAQINETQKALEELSRAADDAEVYKSSGNILIRVAK 4.87 13854.06
DELTEELQEKLETLQLREKTIERQEERVMKKLQEMQVNIQEAMKGAGINPGMGN
mjPFD MELPPQIQAQLMQLQQLQQQALAMILMQKQSVETELKECKKALEELEKSSSDEVYKLVGGLFVKRKKED 6.41 13366.70
VKKELEEKVETLELRVKTLEKQEEKLQSRLKELQEKIQKMIPTAQ
Random | TKAMAMQTKHEKLNMKTRLDIIQLLEATILTQEIQIQDTAVSEHLLREEGEALENIEKPKNQEKRFVKRRL
QLFEGEELADLDSYVHAADKSYLKKKKSVMTIMVAAMDKEKEQAIEQRQI
Prefoldin Subunit 2 (beta)
Human MAENSGRAGKSSGSGAGKGAVSAEQVIAGFNRLRQEQRGLASKAAELEMELNEHSLVIDTLKEVDETR 6.20 16637.61
(hPFD) KCYRMVGGVLVERTVKEVLPALENNKEQIQKHIETLTQQLQAKGKELNEFREKHNIRLMGEDEKPAAKE
NSEGAGAKASSAGVLVS
Bovine MAENGGRAGKSSGSGTGKGAVSAEQVIAGFNRLRQEQRGLASKAAELEMELNEHSLVIDTLKEVDETR 6.20 16637.61
(bPFD) KCYRMVGGVLVERTVKEVLPALENNKEQIQKHIETLTQQLQAKGKELNEFREKHNIRLMGEDEKPAAKE
NSEGAGAKASSAGVLVS
Yeast MEQRNNVFQAKYNEYKQILEELQTKIELGHDKDEHTIVIKTLKDAEPTRKCYRMIGGALVESDVQTSLPI 7.79 12985.85
(yPFD) LETKKENIEGTISKMKETLIQTAKEFEKWKKDNKIQVVKN
phPFD MQNIPPQVQAMLGQLDTYQQQLQALVIQQKQKVQADLNEAKKALEEIETLPDDAQIYKTVGTLIVKTTK 7.88 13308.26
EKAVQELKEKIETLEVRLNALNRQEQKINEKVKELTQKIQAALRPPTAG
mtPFD MELPQNVQHQLAQFQQLQQQAQAISVOQKQTVEMAQINETQKALEELSRAADDAEVYKSSGNILIRVAK 4.87 13854.06
DELTEELQEKLETLQLREKTIERQEERVMKKLQEMQVNIQEAMKGAGINPGMGN
mjPFD MELPPQIQAQLMQLQQLQQQALAMILMQKQSVETELKECKKALEELEKSSSDEVYKLVGGLFVKRKKED 6.41 13366.70
VKKELEEKVETLELRVKTLEKQEEKLQSRLKELQEKIQKMIPTAQ
Random | ENNKVKKESILQQEESGANSVVETGELARKGETAFKEEFKMTNYNVAGLDVGKCERGKAMIRAHKKGE
RTLRTILIVAPSKVLLQEAAERAEPVSLLAGNLLGAGIAGSSMGQSDAGELEQGAIREEVVARKSESEELN
HSQQKDARKLQGNMV
Prefoldin Subunit 3 (alpha)
Human MAAVKDSCGKGEMATGNGRRLHLGIPEAVFVEDVDSFMKQPGNETADTVLKKLDEQYQKYKFMELN 6.64 22643.44
(hPFD) LAQKKRRLKGQIPEIKQTLEILKYMQKKKESTNSMETRFLLADNLYCKASVPPTDKMCLWLGANVMLEY
DIDEAQALLEKNLSTATKNLDSLEEDLDFLRDQFTTTEVNMARVYNWDVKRRNKDDSTKNKA
Bovine MAASKDGCGVGEVAAGNGRRLHLGIPEAVFVEDVDSFMKQPGNETADIVLKKLDEQYQKYKFMELNL 6.01 22340.50
(bPFD) AQKKRRLGQIPEIKQTLEILKYKQKKKESTSSLETRFLLADNLYCKASVPPTDKVCLWLGANVMLEYDIDE
AQALLEKNLLTATKNLDSLEEDLDFLRDQFTTTEVNMARVYNWDVKRRNKDDSTKNKA
Yeast MDTLFNSTEKNARGIPQAPFIENVNEIKDPSDFELCFNKFQERLSKYKFMQESKLATIKQLKTRIPDLENT | 4.78 22987.64
(yPFD) LKCQSLRNHSDEGDESDEPILLHYQLNDTLYTKAQVDIPEDRADLKVGLWLGADVMLEYPIDEAIELLKK
KLADSEQSLTVSTEDVEFLRENITTMEVNCARLYNWDVQRRQDLKQAQEGTKNLKI
phPFD MAQNNKELEKLAYEYQVLQAQAQILAQNLELLNLAKAEVQTVRETLENLKKIEEEKPEILVPIGAGSFLK 6.43 16592.97
GVIVDKNNAIVSVGSGYAVERSIDEAISFLEKRLKEYDEAIKKTQGALAELEKRIGEVARKAQEVQQKQS
MTSFKVKK
mtPFD MEDQQRLEEIVNQLNIYQSQVELIQQQMEAVRATISELEILEKTLSDIQGKDGSETLVPVGAGSFIKAELK 4.70 15689.09
DTSEVIMSVGAGVAIKKNFEDAMESIKSQKNELESTLQKM GENLRKITDIMMKLSPQAEELLKKVRGSG
E
mjPFD1 MENMAEDLRQKAMALEIYNQQLQMIQSEITSIRALKSEIMNSIKTIENIKADEETLIPVGPGVFLKAKIVD 5.11 16079.60
DKALIGVKSDIYVEKSFNEVIEDLKKSVEDLDKAEKEGMKKAEELAKAITALRKELQTEIQKAQQAQDKK
Q
mjPFD2 MVNEVIDINEAVRAYIAQIEGLRAEIGRLDATIATLRQSLATLKSLKTLGEGKTVLVPVGSIAQVEMKVEK 4.45 16393.71
MDKVVVSVGQNISAELEYEEALKYIEDEIKKLLTFRLVLEQAIAELYAKIEDLIAEAQQTSEEEKAEEEENEE
KAE
Random | TVKENLRSTDVAAIVDKASEDQCDSCAFMPVLKGLQTEQNSLKLKRSMRDGQYLDLEIGLKAEKKVVN

YDGTKETDLVIEQEAEEGLMDTALKGRIRKYTLPVMQGNNYLRAEFYATNWEALAEEVKKNTDTLAPD
KEFSKLYADFTLLSDRTNLMKRPFGKLLMWTNDEPKNQKIHLMVQKMMFNKCDSRNKAQKD

Prefoldin Subunit 4 (beta)
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Human MAATMKKAAAEDVNVTFEDQQKINKFARNTSRITELKEEIEVKKKQLQNLEDACDDIMLADDDCLMIP 4.42 15217.55
(hPFD) YQIGDVFISHSQEETQEMLEEAKKNLQEEIDALESRVESIQRVLADLKVQLYAKFGSNINLEADE
Bovine MAATMKKAAAEDVNVTFEDQQKINKFARNTSRITELKEEIEVKKKQLQNLEDACEDIMLADDDCLMIP 4.43 15318.60
(bPFD) YQIGDVFISHSQEETQEMLEEAKKNLQEEIDALESRVESIQRVLADLKVQLYAKFGSNINLEADES
Yeast MELLPQGQRNNTQVTFEDQQKINEFSKLIMRKDAIAQELSLQREEKEYLDDVSLEIELIDEDEPVQYKVG 4.25 15170.78
(yPFD) DLFIFMKQSKVTAQLEKDAERLDNKIETLEDKQRDIDSRLDALKAILYAKFGDNINLER
phPFD MQNIPPQVQAMLGQLDTYQQQLALVIQQKQKVQADLNEAKKALEEIETLPDDAQIYKTVGTLIVKTTK 7.88 13308.26
EKAVQELKEKIETLEVRLNALNRQEQKINEKVKELTQKIQAALRPPTAG
mtPFD MELPQNVQHQLAQFQQLQQQAQAISVOQKQTVEMAQINETQKALEELSRAADDAEVYKSSGNILIRVAK 4.87 13854.06
DELTEELQEKLETLQLREKTIERQEERVMKKLQEMQVNIQEAMKGAGINPGMGN
mjPFD MELPPQIQAQLMQLQQLQQQALAMILMQKQSVETELKECKKALEELEKSSSDEVYKLVGGLFVKRKKED 6.41 13366.70
VKKELEEKVETLELRVKTLEKQEEKLQSRLKELQEKIQKMIPTAQ
Random | RFNLVLLADQTACMVLQQVKASQMQAMQNIIREETSFKEVARANEENDIGLEKDNKMDAEPAIIDAS
LKGTQDLFESNESKDLKFYALCKIHDQVAEQQEIENITREDLDIELVELIDSKEKAEDKMVTAKYE
Prefoldin Subunit 5 (alpha)
Human MAQSINITELNLPQLEMLKNQLDQEVEFLSTSIAQLKVVQTKYVEAKDCLNVLNKSNEGKELLVPLTSSM 5.94 17317.00
(hPFD) YVPGKLHDVEHVLIDVGTGYYVEKTAEDAKDFFKRKIDFLTKQMEKIQPALQEKHAMKQAVMEMMS
QKIQQLTALGAAQATAKA
Bovine MAQSVNITELNLPQLEMLKNQLDQEVEFLSTSIAQLKVVQTKYVEAKDCLNVLKKNNEGKELLVPLTSS 6.31 17374.05
(bPFD) MYVPGKLHDVEHVLIDVGTGYYVEKTAEDAKDFFKRKIDFLTKQMEKIQPALQEKHAMKQAVMEMM
SQKIQQLTTLGAAQATAKA
Yeast MSSQKIDLTKLNPEQLNAVKQQFDQELQHFTQSLQALTMAKGKFTECIDDIKTVSQAGNEGQKLLVPA 8.84 18344.51
(yPFD) SASLYIPGKIVDNKKFMVDIGTGYYVEKSAEAAIAFYQKKVDKLNKESVQIQDIIKEKTQYSLSIEAQIRQA
AIRQHEAMSKQQQQQQKKESSTA
phPFD MAQNNKELEKLAYEYQVLQAQAQILAQNLELLNLAKAEVQTVRETLENLKKIEEEKPEILVPIGAGSFLK 6.43 16592.97
GVIVDKNNAIVSVGSGYAVERSIDEAISFLEKRLKEYDEAIKKTQGALAELEKRIGEVARKAQEVQQKQS
MTSFKVKK
mtPFD MEDQQRLEEIVNQLNIYQSQVELIQQQMEAVRATISELEILEKTLSDIQGKDGSETLVPVGAGSFIKAELK 4.70 15689.09
DTSEVIMSVGAGVAIKKNFEDAMESIKSQKNELESTLQKM GENLRKITDIMMKLSPQAEELLKKVRGSG
E
mjPFD1 MENMAEDLRQKAMALEIYNQQLQMIQSEITSIRALKSEIMNSIKTIENIKADEETLIPVGPGVFLKAKIVD 5.11 16079.60
DKALIGVKSDIYVEKSFNEVIEDLKKSVEDLDKAEKEGMKKAEELAKAITALRKELQTEIQKAQQAQDKK
Q
mjPFD2 MVNEVIDINEAVRAYIAQIEGLRAEIGRLDATIATLRQSLATLKSLKTLGEGKTVLVPVGSIAQVEMKVEK 4.45 16393.71
MDKVVVSVGQNISAELEYEEALKYIEDEIKKLLTFRLVLEQAIAELYAKIEDLIAEAQQTSEEEKAEEEENEE
KAE
Random | EEVSLGLEVKAAAHHSGKPMNVEIPYGQAAMKLYQKLDMLLVILKKVGKKALNERTNLFEFKLKKELQE
TQQKSQTHALDMSQMNLLYLNPVTKQSAIYLFIMCNIEAQEKVDVSDIQTEEEADQQTSDIPAFADVQ
TQGKVLMTVAMTAKKVL
Prefoldin Subunit 6 (beta)
Human MAELIQKKLQGEVEKYQQLQKDLSKSMSGRQKLEAQLTENNIVKEELALLDGSNVVFKLLGPVLVKQEL 8.83 14573.80
(hPFD) GEARATVGKRLDYITAEIKRYESQLRDLERQSEQQRETLAQLQQEFQRAQAAKAGAPGKA
Bovine MAELIQKKLQGEVEKYQQLQKDLSKSMSGRQKLEAQLTENNIVKEELALLDGSNVVFKLLGPVLVKQEL 7.88 14545.76
(bPFD) GEARATVGKRLDYITAEIKRYESQLRDLEQQSEQQRETLAQLQQEFQRAQAAKAGAPGKA
Yeast MSELGAKYQQLQNELEEFIVARQKLETQLQENKIVNEEFDQLEEDTPVYKLTGNVLLPVEQSEARTNVD 4.70 13275.77
(yPFD) KRLEFIETEITRCEKNIRDKQEELEKMRSELIKLNNTAASTGPGR
phPFD MQNIPPQVQAMLGQLDTYQQQLALVIQQKQKVQADLNEAKKALEEIETLPDDAQIYKTVGTLIVKTTK 7.88 13308.26
EKAVQELKEKIETLEVRLNALNRQEQKINEKVKELTQKIQAALRPPTAG
mtPFD MELPQNVQHQLAQFQQLQQQAQAISVOQKQTVEMAQINETQKALEELSRAADDAEVYKSSGNILIRVAK 4.87 13854.06
DELTEELQEKLETLQLREKTIERQEERVMKKLQEMQVNIQEAMKGAGINPGMGN
mjPFD MELPPQIQAQLMQLQQLQQQALAMILMQKQSVETELKECKKALEELEKSSSDEVYKLVGGLFVKRKKED 6.41 13366.70
VKKELEEKVETLELRVKTLEKQEEKLQSRLKELQEKIQKMIPTAQ
Random | EQMYRKKTLTALLAESSTLQKKQVQKEGLRAQYNEVPKEEDGRSLAQQNGLQTALLGEQIQLQGESDI

KKSREGKFLVRLKIQAGVEQIAEALGQKRARVQEVLQLLNALREMPDLYEKQDESAFKV

Pyrococcus horikoshii (ph), Methanobacterium thermoautotrophicum (mt), Methanocaldococcus jannaschii (mj)

ph and mt only have alpha and beta subunits. mj has 2 alpha subunits and 1 beta subunit. Therefore,

the sequence of ph, mt, mj1 and mj2 a subunits are compared against all corresponding hPFD a

subunits (subunits 3 and 5). The sequence of ph, mt and mj B subunits were compared against all

corresponding hPFD a subunits (subunits 1, 2, 4, 6).
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Appendix C: lons Identified by Proteomic Analysis Correlating to

Endoplasmin
Observed Mass Mass Error Miss Sequence lon
m/z Expected Calculated (ppm) Score
460.2758 918.5371 918.5287 9 1 K.NKEIFLR.E 12
473.3086 944.6026 944.5906 13 0 R.GTTITLVLK.E 2
482.3007 962.5868 962.5800 7 0 K.LIINSLYK.N 5
541.2785 1080.5425 1080.5352 7 0 K.FAFQAEVNR.M 3
380.5354 1138.5845 1138.5731 10 0 K.LGVIEDHSNR.T 10
575.7777 1149.5409 1149.5302 9 0 K.EAESSPFVER.L 22
594.3522 1186.6898 1186.6710 16 0 K.SILFVPTSAPR.G 4
638.3306 1274.6467 1274.6354 9 0 R.ELISNASDALDK.I 8
743.3898 1484.7650 1484.7471 12 0 K.GVVDSDDLPLNVSR.E 40
515.6183 1543.8332 1543.8205 8 1 R.ELISNASDALDKIR.L 13
772.9248 1543.8351 1543.8205 9 1 R.ELISNASDALDKIR.L 18
537.9611 1610.8614 1610.8887 -17 2 R.MMKLIINSLYKNK.E + Oxidation (M) 3
1015.5478 2029.0810 2029.0579 11 0 R.LISLTDENALAGNEELTVK.I 14

Error (ppm): refers to the error window of the mass in parts per million. Miss: Refers to the b or y ions of a particular amino acid
that were not identified in the MS/MS frame. lon score: refers to the significance threshold, based on the calculated probability P,
-10Log(P). N.O.= not observed
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Appendix D: Genes Encoding the hPFD subunits 5 and 6

hPFD Subunit 5

Gene

atgtcgtactaccatcaccatcaccatcacgattacgatatcccaacgaccgaaaacctgtattttcagggegccatgggatecatggeccagageatcaatattaccga
actgaacctgccgcagcetggagatgctgaagaatcagetggatcaagaggtggagtttctgagcaccagceattgeccagetgaaagtggtgcagaccaagtatgtgg
aggccaaagactgcctgaacgtgctgaacaagagcaacgagggcaaagaactgetggtgecgetgaccageagceatgtatgtgecgggeaaactgeatgatgtgga
gcacgtgctgatcgatgtgggtacaggctattacgtggagaagaccgccgaagacgccaaagacttctttaaacgtaaaattgattttctgaccaaacagatggaga
aaattcagccggccectgcaggaaaagcatgccatgaaacaggecgtgatggagatgatgagecagaagatccageagetgacagcactgggtgecgcacaggeaa

ccgccaaagceageggecgetttcgaatctagagectgeagtctcgaggeatgeggtaccaagettggetgttttggeggatga

Sequence

MSYYHHHHHHDYDIPTTENLYFQGAMGSMAQSINITELNLPQLEMLKNQLDQEVEFLSTSIAQLKVVQTKYVEAKDCLNVLNKSNE
GKELLVPLTSSMYVPGKLHDVEHVLIDVGTGYYVEKTAEDAKDFFKRKIDFLTKQMEKIQPALQEKHAMKQAVMEMMSQKIQQL
TALGAAQATAKAAAAFESRACSLEACGTKLGCFGG

hPFD Subunit 6

Gene

atgtcgtactaccatcaccatcaccatcacgattacgatatcccaacgaccgaaaacctgtattttcagggegccatgggatecatggecgaactgattcagaaaaage
tgcagggcgaagtggagaaataccagcagctgcagaaggatctgagcaaaageatgageggtegecagaaactggaggeccagetgaccgagaacaacategtg
aaagaggagctggccctgetggacggtagcaatgtggtgttcaaactgetgggtecggtgctggtgaagcaggaactgggcgaageccgtgcaaccgtgggtaaac
gectggactacatcaccgecgaaatcaaacgctacgaaagecagetgegegatctggaacgtcagagegaacageagegtgagaccetggeccagetgcageagga

atttcagcgtgcccaggcagccaaagcaggtgcaccgggtaaageegeggecegetttcgaatctagagectgeagtctcgaggeatgeggtaccaagettggetgtttt

ggcggatga

Sequence

MSYYHHHHHHDYDIPTTENLYFQGAMGSMAELIQKKLQGEVEKYQQLQKDLSKSMSGRQKLEAQLTENNIVKEELALLDGSNVVF
KLLGPVLVKQELGEARATVGKRLDYITAEIKRYESQLRDLERQSEQQRETLAQLQQEFQRAQAAKAGAPGKAAAAFESRACSLEAC
GTKLGCFGG
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Appendix E: Computationally Calculated Properties of bPFD and

hPFD Subunits 5 and 6

bPFD complex

hPFD Subunit 5

hPFD Subunit 6

Molecular Weight (Ave) Da 100403.87 22931.1w/om 20185.83 w/om
22842.147 (av.) 20096.641 (av.)
22827.369 (mono.) 20084.176 (mono.)
Number of amino acids 889 205 180
Theoretical pl 5.51 5.98 6.60
Extinction coefficient 38195* 12170* 10555*
37820** 11920** 10430**
Abs 0.1% (=1 g/I) 0.380* 0.531* 0.523*
0.377** 0.520** 0.517**

Instability index

43.48 (unstable)

41.22 (unstable)

52.51 (unstable)

Alipathic index

88.68

81.90

78.17

Grand average of hydropathicity

-0.573

-0.301

-0.626

Notes: Open sources available on http://web.expasy.org/protparam/ were used to calculate these parameters. *assuming all pairs

of Cys residues form cysteines, ** assuming all Cys residues are reduced
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Appendix F: Post-hoc Test Following 1 Way ANOVA Summary of Cell

Viability Assays for AB(1-40) Co-Incubated with hPFD Subunit 5

Mean Difference q Significance: P < 0.05
Buffer
hPFD subunit 5 149.2 2.495 No
AB(1-40) fibrils 532.0 11.24 Yes
AB(1-40) monomer 774.1 17.12 Yes
1:0.02 269.8 6.427 Yes
1:0.1 484.6 10.99 Yes
1:0.2 542.0 12.56 Yes
1:0.5 562.4 12.89 Yes
hPFD subunit 5
AB(1-40) fibrils -382.7 6.125 Yes
AB(1-40) monomer -624.9 10.25 Yes
1:0.02 -120.5 2.654 Yes
1:0.1 -3354 5.573 Yes
1:0.2 -392.8 6.601 Yes
1:0.5 -413.2 6.906 Yes
AB(1-40) fibrils
AB(1-40) monomer -242.1 4.962 Yes
1:0.02 -262.2 5.726 No
1:0.1 -47.39 0.9922 No
1:0.2 10.05 0.2143 No
1:0.5 30.45 0.6436 No
AB(1-40) monomer
1:0.02 -504.4 11.56 Yes
1:0.1 -289.5 6.335 Yes
1:0.2 -232.1 5.182 Yes
1:0.5 -211.7 4.681 Yes
1:0.02
1:0.1 214.8 5.057 No
1:0.2 272.3 6.562 No
1:0.5 292.7 6.973 No
1:0.1
1:0.2 57.44 1.316 No
1:0.5 77.84 1.765 No
1:0.2
1:0.5 20.40 0.4726 No

Buffer, AB(1-40) fibrils and AB(1-40) monomer incubated independently. Ratio: AB(1-40) monomer: hPFD subunit 5. Mean
Difference: difference between the means of the data sets. g: false discovery rate (FDR) adjusted p values. Significance: if
probability (P) is calculated to be smaller than 0.05, than the sets of data are significantly different.
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Appendix G: Post-hoc Test Following 1 Way ANOVA Summary of

Cell Viability Assays for AB(1-40) Co-Incubated with hPFD Subunit 6

Mean Difference q Significance: P < 0.05
Buffer
hPFD subunit 6 75.04 1.688 No
AB(1-40) fibrils 649.1 17.90 Yes
AB(1-40) monomer 846.0 24.71 Yes
1:0.02 669.4 20.58 Yes
1:0.1 840.4 26.05 Yes
1:0.2 896.3 28.21 Yes
1:0.5 967.5 30.45 Yes
hPFD subunit 6
AB(1-40) fibrils -574.1 12.57 Yes
AB(1-40) monomer -771.0 17.48 Yes
1:0.02 -594.4 13.88 Yes
1:0.1 -765.3 17.45 Yes
1:0.2 -821.3 19.43 Yes
1:0.5 -892.5 21.11 Yes
AB(1-40) fibrils
AB(1-40) monomer -196.9 5.493 Yes
1:0.02 20.29 0.5928 No
1:0.1 191.3 5.631 Yes
1:0.2 247.2 7.379 Yes
1:0.5 318.4 9.505 Yes
AB(1-40) monomer
1:0.02 -176.7 5.509 Yes
1:0.1 -5.673 0.1784 No
1:0.2 50.25 1.606 No
1:0.5 121.5 3.881 No
1:0.02
1:0.1 171.0 5.711 Yes
1:0.2 226.9 7.715 Yes
1:0.5 298.1 10.14 Yes
1:0.1
1:0.2 55.92 1.921 No
1:0.5 127.1 4.367 Yes
1:0.2
1:0.5 71.21 2.493 No

Buffer, AB(1-40) fibrils and AB(1-40) monomer incubated independently. Ratio: AB(1-40) monomer: hPFD subunit 6. Mean
Difference: difference between the means of the data sets. g: false discovery rate (FDR) adjusted p values. Significance: if
probability (P) is calculated to be smaller than 0.05, than the sets of data are significantly different.
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