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General Introduction






Mass spectrometry has developed into an incredibly powerful tool for the identification and
characterisation of biological molecules. Within the space of forty years the technique has evolved
from measuring the mass of small, volatile organic compounds to characterising the composition
of huge macromolecular complexes containing multiple proteins, lipids and nucleotides. As
biology is becoming more concerned with understanding cellular processes on a molecular level,
mass spectrometry provides a unique tool to study the protagonists in the cell that are the

proteins themselves.

The protein complement of a cell is exceptionally dynamic, constantly changing in response to the
cellular environment to ensure homeostasis and adapting over time to regulate cell division and
senescence. The term proteome was coined to define this set of proteins, and contemporary
proteomics (the study of the proteome) strives to identify and quantify all protein forms
expressed by a cell, tissue or organism at a given moment in response to precisely defined stimuli,

including their interactions with other biomolecules and cellular localisation.

In the post-genomic age, proteomics has evolved in order to meet the challenges of analysing such
large and dynamic systems. Sophisticated high-throughput, bottom-up proteomics methods have
been developed where entire proteomes are digested by proteolytic enzymes into large numbers
of peptides, which are then characterised by mass spectrometry. Particularly in the last few years,
bottom-up proteomics has been coupled with robust, high resolution separation strategies and
extremely fast scanning, sensitive mass spectrometers, to simultaneously identify and quantify
large numbers of peptides and, through them, large numbers of proteins. Rigorous bioinformatics

approaches have also been developed to validate this data statistically.

The recently proposed Human Proteome Project (HPP), which comprises two audacious
programs to map the protein based molecular architecture of the human body, is testament to
how far proteomics has advanced. However, despite the progress, bottom-up proteomics has
failed to live up to its promise in the important field of disease biomarker discovery. The success
of the human genome project probably meant that the bar was set too high, too early, but the

return on the huge in investment in proteomics in this domain has been undeniably low.

More and more evidence is being presented linking posttranslational modification (PTM) to
disease and this perhaps explains why proteomics has underperformed in this area. Indeed
bottom-up proteomics is fundamentally unable to address the complexity of the proteome
imparted by sequence variants and PTMs. PTM is unique among the processes leading to
proteome variation in that complete characterisation of posttranslationally modified proteins can
only be achieved at the protein level. Usual approaches based on proteolytic digestion are poorly

suited to this task, as they destroy the connectivity between peptides and their parent



proteoforms. New approaches to proteome analysis are therefore required, particularly those that
go beyond the capabilities of even state-of-the-art bottom-up proteomics and that are specially
adapted for characterising posttranslationally modified proteoforms. In this regard top-down

mass spectrometry holds great promise, despite still being in its adolescence.

Top-down mass spectrometry is a holistic approach to protein analysis that involves the
identification and characterisation of intact proteins. It is therefore most often concerned with
proteoforms - the many different molecular forms in which the protein product of a single gene
can be found. The approach is technically challenging and only in the past few years have the
technological advances been made to conceive application of this technique to large scale studies

or entire proteomes.

Bacterial proteomes are ideal models for application of the top-down methodology. They are large
enough in size for studies developing top-down proteomics (large-scale proteome analysis based
on top-down mass spectrometry) and are rich in the small to medium sized proteins that are more
amenable to top-down characterisation. They are also fertile hunting grounds for new and
unusual posttranslationally modified proteins. In addition, many bacteria are pathogenic and

their fundamental biology is both incompletely understood and relevant to human health.

One such pathogen is the Gram negative bacterium Neisseria meningitidis (Nm), the etiological
agent of cerebrospinal meningitis. Nm possesses a number of virulence factors, including type IV
pili (T4P). T4P are extracellular organelles expressed by several bacterial species and are involved
in multiple processes linked to colonisation and infection of the host. They are principally
composed of a single protein, the major pilin, which is called PilE in Neisseria spp. In the small
number of reference strains that have been partially characterised to date, this protein is found to
be expressed in a number of heavily posttranslationally modified proteoforms. However, the
biological function of many of these PTMs is currently unknown, as is the extent and variety of

PTM present on PilE in the wider bacterial population.

In close collaboration with the group of Dr Guillaume Duménil, this thesis aimed to develop mass
spectrometry methods and create a new top-down approach for the characterisation of

proteoforms of PilE..

A reference strain of Neisseria meningitidis was chosen on which to set up the initial top-down
experiment, with the aim of providing sufficient protein coverage for complete PTM localisation.
The approach was then to be adapted for high-throughput analysis of PilE purified from more
recent clinical isolates. Implementation of the methodology in a wider scale study, would allow

the variety of PTM present on PilE in the wider bacterial population to be sampled. As an



additional but optional goal, it was desirable to transfer the developed technique from FT-ICR to
Orbitrap mass spectrometers and from Nm to other pathogens for the characterisation of other

pilins and different PTMs.

This manuscript is divided into eight chapters, covering the different aspects of the development
and application of top-down mass spectrometry to pilin proteins. A materials and methods section

is provided as an annex.

Chapter one is divided into two parts. The first provides an introduction to the methodology
behind bottom-up proteomics and the fundamental limitations that render a top-down approach
necessary for the complete characterisation mixtures of proteoforms and proteomes. The
technological requirements of top-down mass spectrometry are outlined along with a brief
discussion of how the top-down experiment is performed in both targeted and discovery modes,
and adapted to the biological question at hand. This is illustrated by several examples. The second
part of the chapter is dedicated to the bacterium Neisseria meningitidis and places the proteins

under study in a biological context.

In chapter two, bottom-up mass spectrometry is used to completely characterise all proteoforms
and map all PTMs expressed by PilE purified from the Nm 8013 reference strain. These results are
presented in the form of a publication (Journal of Mass Spectrometry, 2013) and provide a basis

for development of the top-down approach.

In chapter three, the refined bottom-up approach is applied to PilE expressed by a number of
mutants of Nm 8013 in order to help elucidate the function of the phosphoglycerol modification
present on PilE. The publication included in this chapter (Science, 2011) uses these results to
detail a biological role for the phosphoglycerol modification. A molecular basis for our hypothesis

is also outlined and the implications on the meningococcal lifecycle discussed.

Chapter four chronicles the development of a top-down MS strategy for complete PTM
characterisation of PilE expressed by Nm 8013. The top-down experiment is constructed on both
FT-ICR and Orbitrap platforms. The effect of several important experimental parameters is
investigated using samples of PilE, and general trends in the fragmentation behaviour presented
that can be used to guide future implementation of the top-down methodology. The technical
challenges involved in implementing the top-down experiment on each instrument platform are

reviewed.

Chapter five describes the characterisation of PilE expressed by previously uncharacterised
clinical isolates of Neisseria meningitidis. These strains were isolated from cases of sepsis and

meningitis treated at the Limoges university hospital during recent, sporadic outbreaks of



meningococcal disease in central France. Some of the issues dealing with clinical isolates are
outlined and two case studies of complete top-down characterisation of all proteoforms of PilE
are presented. The first, concerning the 278534D isolate is given in the form of an accepted invited
manuscript (Proteomics, "Top-Down Proteomics" special issue scheduled 2014) and compares the
bottom-up and top-down approaches for PilE proteoform characterisation. Analysis of this strain
provides a concrete biological example of a case where the top-down methodology is required to
completely characterise several proteoforms present in the same sample. The second study
characterises multiple proteoforms of PilE from the 427707C strain which are expressed in a
complex mixture and with similar masses. The suitability of the top-down methodology to handle
such a situation is discussed and evidence is presented characterising a novel glycan expressed

by this strain.

Chapter six places the characterisation of PilE from these clinical isolates of Nm in a wider context.
All of the isolates belong to the class II group of Nm strains which express invariable pilin
sequences. This is in contrast to the hypervariable primary structures of PilE expressed by class I
strains. The results presented in this thesis map the PTMs of pilin from class II strains for the first
time, and show that PilE from class II isolates consistently harbours an unprecedented level of
glycosylation. Additional results presented in this chapter indicate that this elevated glycosylation
level has little effect on the morphology of the pilus fibre but a substantial effect on its surface. It
is also shown that the extent of glycosylation is not directed by the genetic background but rather
by the pilin primary structure. For the first time a hypothesis is outlined detailing the role of

glycosylation on PilE from class II strains as a means of antigenic variation.

Finally, in chapter seven, the top-down methodology developed during this thesis is used to
characterise the major pilin from a novel transformation pilus expressed by the Streptococcus
pneumoniae. The results are presented in the form of a publication (PLOS Pathogens, 2013) and
represent both the first report of a bona fide type 1V pilus in a Gram positive bacterium and the

first characterisation of such a pilus by mass spectrometry.

A general conclusion will end this manuscript including perspectives for future development and

application of the top-down mass spectrometry approach.






Chapter 1

Introduction






PartI - Mass Spectrometry

1. Protein Structure

Proteins are biological polymers constructed from covalently linked building blocks called amino
acids. Free amino acids (AAs) are small, chiral molecules containing a central a-carbon atom to

which is attached a primary amine, carboxylic acid and a functionalised side chain (Figure 1A).

B
Amide
Bond
OH
H R g ©
AL OH + OH N
HzN/‘%( HoN HoN H,0 HoN - OH
o 0 0

0 z
OH

A

Figure 1 - A) Structure of a naturally occurring L-amino acid. Side chain represented by R B) Reaction of
the amino acids phenylalanine and threonine to form the dipeptide Phe-Thr

A condensation reaction between the amine of one amino acid and the carboxylic acid of another
results in the formation of an amide (or peptide) bond allowing several AAs to link together and
form a non-branched covalently linked chain or peptide (Figure 1B). Peptides containing a few
AAs (two to around twenty) are known as oligopeptides and longer continuous chains as
polypeptides. Most proteins are long polypeptides greater than = 50 amino acids in length whose

number and the order in which they are arranged define the protein’s primary structure.

Proteins and large peptides do not often exist as extended chains, but fold into distinct structural
motifs such as alpha helices, beta sheets and loop regions (Figure 2 A-C). These regions of
secondary structure are held together by extended hydrogen bonding networks between the
backbone NH and C=0 groups and their formation is governed by the conformational flexibility of
neighbouring amino acid side chains. Additional structural stability may be impacted by metal
ions or other ligands, and cysteine residues may form covalent -S-S- bonds which act as chemical
cross links, anchoring the secondary structure into place and providing conformational rigidity.
Further folding of these local structural elements gives the mature protein a tertiary structure
(Figure 2 C). Tertiary structure ultimately determines a protein’s function and even proteins with
the same amino acid sequence may adopt different conformations that lead to drastically different
activity. Misfolded proteins such as this are implicated in a number of important pathologies
including cystic fibrosis, Alzheimers, Parkinsons and Gerstmann-Straussler-Scheinker diseaselll.

The tertiary structure of a protein also determines its propensity to interact with other small



biomolecules and proteins. Indeed in many cases proteins do not function alone but interact with

others in protein complexes. This defines a quaternary protein structure (Figure 2 D).
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Figure 2 - A) & B) Schematic of protein secondary structure, a-helix and 3-sheet respectively C) Protein
tertiary structure - crystal structure of the PagA protective antigen, PDB 1ACC, exhibiting multiple
secondary structural elements D) Protein quaternary structure showing interaction of 3 protein subunits
PagA, Cya (PDB 1K90) and Lef (PDB 1JKY)

Organisms have evolved to express a distinct set of proteins dependent on their specific
adaptations and requirements. The individual set of instructions that ultimately determines the

amino acid sequence of expressed proteins is locked within the genetic code of an organism.
Protein Biogenesis

In both eukaryotes and prokaryotes (bacteria and archaea) genetic information is stored in the
form of the polymeric biomolecule deoxyribonucleic acid (DNA). In the former, the DNA is housed
in the nucleus of the cell as chromatin; tightly wound, linear, double helices of DNA coiled around
protein complexes composed principally of histones. In the latter, DNA is mostly circular and
double stranded, supercoiled around “histone like proteins” in the bacterial chromosome or as
small, circular, individual sections known as plasmids. DNA is composed of 2’deoxyribonucleotide

(or simply nucleotide) building blocks that are elaborated with four bases and joined together by
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a phosphate di-ester linkage (Figure 3). Groups of three nucleotides code for a single amino acid
and are referred to as codons. Since there are 43 = 64 possible codon combinations we should
perhaps expect 64 amino acid variants. However it turns out that there is considerable genetic
degeneracy and several codons may code for the same amino acid. In addition codons are required
to define the beginning (start codon) and the end (stop codon) of a protein. This results in base
pair combinations coding for a total of 23 proteogenic amino acids of which the last three are more

recent additions(2-71,
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Figure 3 - Representation the molecular structure of the DNA double helix and single stranded RNA

The DNA of an organism contains many thousands of nucleotides. The human genome for example
contains 3 billion base pairs spread over 46 linear pieces or chromosomes. This vast array of
information is further increased since there are three possible ways to read the DNA (three
reading frames) and some organisms can decode DNA in both the 5’-3’ and 3’-5’ directions.
However not all of the DNA sequence codes for proteins. Indeed human DNA is now only thought
to contain just over 20,000-protein coding genes or exonsl®. Protein coding genes are
characterised by specific start and stop codons that demark each section of DNA and denote an
open reading frame (ORF). In eukaryotes there is only a single start codon, although several
alternate start codons are known in prokaryotes. In all domains of life there are multiple stop
codons. The start and stop codons allow the creation of lists of hypothetical protein candidates
from sequenced genomic data. In combination with other motifs such as the Shine-Dalgarno
sequence in prokaryotes they also serve to direct the cellular machinery to where protein-coding

genetic material begins and endsl[9l.



The way an organism translates this genetic information into proteins is rather complex and
differs substantially between eukaryotes and bacteria, however in both cases it essentially
involves two steps. In the first, the double stranded DNA helix is separated and each base in the
anti-sense strand is transcribed to a corresponding base on an mRNA intermediate (Figure 4). In
eukaryotes considerable processing of the mRNA then occurs and it is shuttled out of the nucleus

to the cytoplasm.
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Figure 4 - Simplified description of the first stage in DNA transcription

In the second step, the mRNA is delivered to a very large set of protein complexes, the ribosome
that translates the mRNA bases to their corresponding amino acids and polymerises them to form

the nascent protein. Some detail of this process is shown in Figure 5.

2. Diversity Imparted from the Genome

Understanding the fundamental process of how stored genetic information is turned into an
expressed protein allows one to appreciate the potential for gene product diversity. The situation
described in the preceding section is an ideal one and in reality diversity may be imparted into
the expressed proteome from a number of alternative outcomes of genetic processing (Figure 6).
A common example of this is alternative splicing where combinations of exons from the same gene
may be combined in different ways to form different gene products. These are known as
alternative splice forms (ASFs). Errors in the copying process or other regulated processes can
also give rise to single nucleotide polymorphisms (SNPs) in the gene which may (or may not)

change the identity of an amino acid in the expressed gene product (single amino acid
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polymorphism, SAP). Furthermore, there may be multipl

same gene, which also result in distinct gene products.
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3. Posttranslational Modification

Once the protein has been translated it may also become the target for further chemical
elaboration by other proteins. This process is referred to as posttranslational modification (PTM)
and encompasses a plethora of chemical changes including: proteolysis; modification of amino
acid chirality (Pro cis—trans isomerism); modification of amino acid side chains or termini
(deamidation, citrullination, pyroglutamate formation); the covalent addition of simple moieties
such as hydroxyl, phosphate, methyl or acetyl groups and more complex molecules such as sugars
(N-linked, O-linked); lipids and long aliphatic chains (myristolyation, palmitoylation); glycolipids
(glypiation); polypeptides or even small proteins (SUMOlyation, ubiquitinination, neddylation,
pupylation). The examples given here are by no means exhaustive but represent some of the most
common modifications reported in the Swiss-Prot databasellll. Novel PTMs such as 3-
phosphoglyceryl-lysine continue to be reported as understanding of cellular processes
deepenslill. Until relatively recently PTM was considered an exclusively eukaryotic process,
however despite their smaller genomes many PTMs have since been discovered in bacteria and
archaea, and perhaps because of their more promiscuous lifestyle they have become a rich

fountain of new and interesting PTMs.

PTMs are increasingly being linked with regulation of protein function and as such are an essential
piece of information to achieving total understanding of cellular processes. More and more
evidence is being presented that many aspects of fundamental cell biology rest on pathways
regulated by PTM; this includes transcription and gene expression directed by the histone code.
The variety that PTM brings to gene products also helps explain the unexpectedly small number
of proteins coded for by the human genome and others. Indeed it is being realised that the
complexity that characterises biological processes occurring in higher organisms may not
necessarily require a huge number of proteins but tight regulation and modulation of cell function

may be imparted though PTM regulated process involving a much smaller set of modified proteins.

Several expressions have been employed to describe the different posttranslationally modified
forms of a protein including, isoform, protein species, protein variant, protein form etc. Isoform
has a strict IUPAC definition that restricts its use to gene products having a high sequence identity
and issuing from the same gene family or polymorphisms. The term proteoform has recently been
coined to encompass all variants of the same gene product including changes due to genetic
variations, alternatively spliced RNA transcripts and post-translational modifications. It is this

term that will be used throughout this thesis!12l.
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4. Identification of Proteins Using Bottom-Up Proteomics

Identifying the protein content of a biological sample has been an enviable challenge ever since
the first studies on protein rich substances such as egg white and blood plasma. Despite these
samples being highly abundant in protein (albumin and fibrinogen respectively) identification of
the protein molecules presented a considerable challenge because their high molecular mass and
diverse chemical reactivity rendered them difficult to characterisation by classical chemical
methods. Clearly the most definitive way to identify a protein would be to determine its complete

amino acid sequence.

In 1951 Frederick Sanger & Hans Tuppy were the first to achieve this remarkable feat, sequencing
the 30 amino acid beta chain of the protein insulinl3.14l. This was quickly followed by sequencing
of the alpha chainl!5 16l and localisation on of the intra-chain and inter-chain cysteine bonds('7],
Sanger received the Nobel Prize for this work in 1958 and his basic methodology persists to this

day.

Sanger pioneered a “divide and conquer” strategy to protein sequencing where the protein, too
complex to analyse intact, was cleaved into smaller pieces using a combination of acid hydrolysis
and proteolytic enzymes. The resultant peptides were then separated and individually sequenced
though highly laborious steps of chromatographic separation, chemical derivatisation and further
chromatographic separation. Since different proteolysis methods resulted in different peptides,
the small peptide fragments often overlapped and could thus be pieced back together to
eventually reveal the sequence of the entire protein. This divide and conquer strategy has
remained essentially the same and forms the cornerstone of contemporary “bottom-up”

proteomics.

4.1. Beginnings of Bottom-Up Proteomics

The techniques used for protein identification have however developed substantially since the
1950s. The introduction of sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE) enabled proteins to be easily separated as a function of their molecular weight and the
introduction of two dimensional electrophoresis (2DE) allowed more complex mixtures of
proteins to be separated by both molecular weight (MW) and isoelectric point (pl), permitting
hundreds to several thousand proteins to be separated and on large format polyacrylamide gels,

focused into spots and visualised using dyes and fluorophores!8l,

Whilst gel based techniques revolutionised protein separation, correlating an observed spot to a
known protein remained challenging. Estimates of only MW and pl are clearly insufficient to

provide definitive protein identification (protein ID). Initially proteins were extracted from gels
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onto membranes and N-terminal sequences determined using Edman degradation. Databases of
genomic data provided lists of putative proteins against which the N-terminal sequence could be
compared, with a positive match providing a protein ID. However, extraction of the intact protein
from the gel could be difficult, especially for high MW proteins. N-terminal sequencing was limited
to the first 30-50 N-terminal residues and was also problematic for proteins with a high MW or
those with a blocked N-terminus. The process was cyclic, identifying one amino acid at a time and
therefore slow, taking several hours per protein even on automatic sequencers. It was also not
particularly sensitive, requiring several micrograms of pure sample and protein identification
proved impossible if the examined protein was not already present in a database or if the N-
terminus of the protein had been modified posttranslationally. Internal posttranslational
modification could also arrest sequencing prematurely. Using this method the differentiation of
proteins with homologous N-termini was often simply impossible although integration of MW and

pl from the 2D gel as additional parameters could narrow down the possibilities.

An interesting improvement was reported where extracted proteins were chemically digested
using cyanogen bromide or skatole (4-methyl-2,3-benzopyrrole), to give a small number of large
peptides. The digestion products were then sequenced by Edman degradation and matched
against databases in an approach called mixed peptide sequencingl!9. However, a method to
digest proteins into peptides within the gel matrix was developed which abrogated the need for
protein extraction so long as the resulting peptides could be efficiently analysed[20l. In this regard
the arrival of biological mass spectrometry proved a game changer, opening up the possibility for

higher throughput large scale protein identification by two principal methodologies.

4.2. Peptide Mass Fingerprinting

Mass spectrometry had been used for many years for the structural examination of organic
molecules. The organic compound of interest was often ionised in vacuo using high energy
electrons (electron impact, EI) forming unstable radical cations which would undergo
fragmentation or rearrangement and produce a number of daughter ions (fragment ions).
Accelerating these ions through a magnetic field causes a deflection of their path, proportionate
to their mass (m) and inversely proportional to their charge (z). Scanning though a range of field
strengths to separate the ions followed by detection in a photomultiplier can be used to calculate
the absolute mass of each fragment ion produced and structural information can be obtained from

careful interpretation of the resultant mass spectrum.

Applying this procedure to peptides or other fragile biomolecules proved difficult due to their
poor ionisation and thermolability. New ionisation techniques such as secondary ion mass

spectrometry (SIMS), fast atom bombardment (FAB) and chemical ionisation (CI) were developed
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that enabled peptide ionisation for the first time. The implementation of experimentally simpler,
softer ionisation techniques such as matrix assisted laser desorption (MALDI)[2L 221 and
electrospray ionisation (ESI)[23] bought in a new era of sensitive and routine analysis of

underivatised, intact peptide and protein ions (Figure 7).
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Figure 7 - Soft ionisation methods A) MALDI A mixture of analyte and chemical matrix crystallised onto a
metal support is ionised in vacuo by a UV laser. The mixture is vaporised and a cation (usually proton)
transferred from the matrix to the analyte. Positive ions are transferred into the mass spectrometer B) ESI

Analytes dissolved in a volatile, usually acidic solution are sprayed from a positively charged needle or
capillary Again the charge carrier is often a proton.

Refinement of ionisation techniques coupled with the development of new mass spectrometers
equipped with time of flight (ToF) and quadrupole (Q) type mass analysers allowed the digest
products of gel spots to be readily analysed in peptide profiling experiments. MALDI-time of flight
mass spectrometry (MALDI ToF MS) became a popular choice since this type of analysis could be
readily performed over a relatively large low mass range 400-4000 m/z and affords singly charged
peptide ions. When proteins are digested with a proteolytic enzyme such as trypsin that cleaves
at specific amino acid residues (Lys and Arg in the case of trypsin), mass analysis of the peptides

formed gives a distinctive pattern for the protein of interest or peptide mass fingerprint (PMF).

With the revolution occurring in informatics and gene sequencing occurring at the same time it
was quickly realised that PMF, or rather the masses of peptide signature ions, could be used in
conjunction with databases of genomic information for the identification of proteins. If one had a
list of all of the expected proteins in an organism, a list of expected peptides could be generated
by taking into account the specificity of the enzyme used for digestion. Protein databases derived
from genomic data could then be annotated with the masses of expected peptide ions, and
comparison of experimental ions from the PMF profile and these in silico digestions used to

identify the proteins present in 2D gels.

Thus the classical proteomics workflow was born. Complex protein samples were separated by
2DE, spots stained with dyes then excised, digested and PMF performed. Matching of PMF data

with protein database finally furnished protein identification (Figure 8).
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CLASSICAL BOTTOM-UP WORKFLOW
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Figure 8 - Classical proteomics workflow for protein ID by PMF

PMF can be quite a successful approach to achieve protein identification especially when the high-
resolution mass measurement is performed. This has been made possible by substantial technical
improvements in ToF instruments over the last decade or so. The PMF approach does however

suffer several drawbacks.

Firstly, unexpected peaks in the peptide digest are particularly problematic as they increase the
risk of false positive protein ID. Miscleavages from inefficient proteolysis and some
posttranslationally modified peptides can now be handled by appropriate database matching
algorithms. However, complex mixtures of peptides from multiple proteins are still not well
supported due to alack of dynamic range in the MS step and increased risk of false positive protein
ID. Secondly, merely examining peptide masses does not provide any amino acid sequence
information and thus several peptide fragments are required to produce a confident protein
match. Missing peptides due to large size, poor ionisation efficiency and ion suppression mean
that in some cases PMF is only sufficient to narrow down the list of possible proteins rather than

provide definitive protein identification. In addition highly posttranslationally modified proteins
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and those not already in a database simply cannot be identified. If the observed peptide ions could
be sequenced inside the mass spectrometer an additional level of information could be provided

that would greatly facilitate protein identification.

4.3. Peptide Sequencing By Tandem MS

Early work by Biemann had shown that the fragments produced during electron ionisation mass
spectrometry of individual, derivatised peptides could be used for amino acid sequencing?4l and
once intact peptides could be successfully ionised it was quickly demonstrated that they could be
fragmented inside the mass spectrometer in tandem MS (MS/MS) experiments. Various
fragmentation techniques were developed for different instrumental platforms such as post
source decay (PSD) in the free field region of the flight tube in MALDI ToF instrumentsl[25. 26],
collisionally activated dissociation (CAD) in specially designed collision cells in triple quadrupole

mass spectrometers(2’] and resonant excitation of the parent ion, in several forms of ion trap.

Fragmentation of peptides may either result in cleavage of the protein backbone or cleavage of
the amino acid side chains. There are three principal places that cleavage can occur on the peptide
backbone: between Cq and C=0 of a particular amino acid; between C=0 and NH (the amide bond)
and between NH and C, of the next amino acid. Roepstorff and Fohlman developed a nomenclature
for peptide fragmentation(?8] which was later extended by BiemannI29 that describes fragment
ions issuing from cleavage of these three bonds. If the fragment ion contains the peptide N-
terminus then it is termed a, b and c respectively. If the daughter ion is C-terminal then it is
designated x, y and z. lons are often followed by a subscript number indicating which peptide bond
has been fragmented (counting from the respective terminus) (Figure 9).
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Figure 9 - Roepstorff nomenclature for peptide ion fragmentation(28]
Both PSD and CAD impart vibrational energy to the parent ion though successive low energy
collisions with inert gasses such as N, He and Ar and produce characteristic b and y type fragment
ions for which the activation barrier is generally the lowest. It was found that unlike Biemann'’s EI

spectra, fragmentation spectra of peptides issuing from PSD and CAD were rarely dominated by

one or two stable product ions, rather they contained many intense peaks. These peaks
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correspond to series (or ladders) of ions built up from the N-terminus (b type ions) and or C-
terminus (y type ions) of the peptide. The mass difference between each pair of ions in the series
(rung of the ladder) corresponds to that of an individual amino acid. Often the two ion series meet
in the middle or even overlap allowing the sequence of the entire peptide to be derived. If
complete sequencing is achieved, uncertainty only remains for the isobaric amino acids
leucine/isoleucine and near isobaric amino acids lysine/glutamine when experiments are

performed with low resolution instruments.

At around the same time techniques such as pre-flight tube ion gating in MALDI ToF instruments,
modulation of the rod potentials in hybrid mass spectrometers such as QqQ or Q-ToF instruments
and modulation of the trapping potentials in ion trap mass spectrometers quickly became
available to isolate, or separate, individual ions from mixtures such as PMF profiles inside the

mass spectrometer. These ions could then be fragmented to provide sequencing information.

The advent of tandem mass spectrometry brought about two new methods for protein
identification. The first was an augmentation of PMF identification where ions from a PMF profile
would be selected and sequenced by MS/MS inside the mass spectrometer. The sequence tags
produced helped to confirm protein identifications and brought added confidence to results.
Instead of requiring many peptide fragments only one or two sequenced fragments were required
to achieve a confident protein ID. Automation of this process would lead to high throughput

identification of proteins from 2DE.

The second was the “direct sequence tag search” approach pioneered by Mann, where the PMF
data could be discarded and the more specific sequence tags from MS/MS of peptide ions used
directly to identify proteins from a databasel30l. The amino acid sequences furnished though
MS/MS could be searched directly against protein databases in order to identify the protein of

interest.

This provoked a paradigm shift in protein identification and with the correct instrumental
development one could now imagine peptides being constantly delivered to the mass
spectrometer, selected and sequenced one after the other. Realisation of this idea relied on
efficient ways to separate peptides and an efficient method to deliver them to the mass

spectrometer.

4.4. LC-MS/MS for High-Throughput Bottom-Up Protein Identification

In contrast to MALDI, electrospray ion sources allow a free flowing liquid interface to be directly
coupled to the mass spectrometer. To achieve efficient spray conditions several criteria must be

met. In particular the analyte must be sprayed in a volatile solvent and be free of non-volatile salts
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or particulates that may clog the electrospray needle. This requirement is even more stringent for
smaller nanoESI interfaces that allow lower flow rates and thus greater sensitivity. Several such
flow through methods such as capillary electrophoresis (CE) and liquid chromatography (LC)
have been developed for the separation of both peptides and proteins from complex mixtures. CE
involves separation as a function of differential mobility in an electric field and essentially
depends on the charge carried by the analyte and its molecular mass. Whilst benefiting from
incredibly high resolution, due to electroosmotic flow in the electrophoretic capillary, interfacing
CE with mass spectrometry whilst maintaining high sensitivity has proved challenging and
continues to be the subject of on-going work3l. Liquid chromatography has enjoyed much more

Success.

LC involves separation of molecules based on their competing preference for stationary and
mobile phases. Separation of peptides by this approach turns out to be much simpler than
separation of proteins. For this reason the following description relates specifically to peptides,
although the principles are essentially the same for proteins and the topic will be returned to later
in this thesis. In the most commonly employed method, reverse phase LC (RPLC), a mixture of
peptides is first adsorbed onto a hydrophobic solid phase. This usually is comprised of silica beads
functionalised with long chain (often Cig) alkyl groups tightly packed into a column. The bound
analyte is then eluted in an increasing gradient of hydrophobic solvent, such as the organic
solvents methanol and acetonitrile. Hydrophilic peptides with little affinity for the C1s phase are
eluted first followed by those of increasing hydrophobicity as the percentage of organic solvent in
the mobile phase is increased. Peptide separation is thus is achieved as a function of analyte

hydrophobicity.

With the addition of a volatile acid (such as formic or acetic acid) to aid ionisation, relatively minor
modifications to the electrospray source and an appropriate flow rate, LC systems can be easily
coupled directly to a mass spectrometer. MS analysis can thus be performed on peptides as soon
as they elute from the column. If chromatography has been performed correctly they arrive to the
mass spectrometer in concentrated, well separated bunches. There is generally ample time for

both mass measurement and tandem MS/MS to be performed.

In reality several peptides may co-elute from the LC column and arrive at the MS together. In such
cases automated parent ion selection, then fragmentation, enables consecutive MS/MS
experiments to be performed without the need to make repeat MS measurements. MS/MS spectra
and thus sequence information is linked to a specific parent ion in the acquisition data file. (This
of course required significant advances in acquisition software, automation of instrument control

and improvements in mass analyser resolution.)

21



Identification can now be achieved by matching peptide masses (from m/z) obtained in the MS
spectrum against an appropriately digested protein database (with a tolerance related to analyser
resolution). This first-pass filter narrows down the possible number of candidate peptides. Then
masses derived from the MS/MS experiment can be matched with the theoretical fragment ions
expected from the peptide candidates. Confidence metrics or scores for these peptide-spectrum
matches (PSMs) have been invented in order to enumerate the quality of the match and confidence

metrics imposed to discard matches under a certain significance threshold.

In this “shotgun” approach to protein identification, it is the peptides which are examined and
identified experimentally. Only when a certain number of appropriate peptides have been
identified at a given significance or confidence level. is the related protein also identified. The
presence of a protein is directly inferred from peptide identification. Robust statistical tests such
as decoy database searching and various types of false discovery rate (FDR) have been introduced
in order to reduce the number of false peptide and protein identifications. Additional methods for
validation of peptide and protein ID may also be used to add a further level of confidence. This

modern LC MS/MS bottom-up proteomics workflow is illustrated in Figure 10.

LC MS/MS
BOTTOM-UP WORKFLOW

& o

Protein Mixture

Protein Digestion
LY
4

Peptide mixture E Ms

)
separation ﬁ MS/MSl 'ﬂl

‘ MS Spectra
MS/MS Spectra

Database
Matching

s A Peptide Mixture
i

| =ANGMAR Peptide Spectrum Matches

Scoring
Ranking
Grouping

(Validation)

Protein ID

Figure 10 - Contemporary LC MS/MS bottom-up proteomics workflow

4.5. State-of-the-Art Bottom-Up Proteomics

Interestingly from its beginnings as a protein centric discipline, proteomics has become incredibly

peptide centric. The arrival and adoption of robust LC-MS/MS methods represented a paradigm
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shift for protein identification. No longer did proteins have to be painstakingly separated by 2DE
then identified by MS but many proteins can be effectively identified after one pot digestion and
LC-MS/MS. This idea is particularly compelling because it means that entire proteomes can be
examined rather than isolated proteins and complete sample analysis achieved in much shorter

time frame.

In order to divide very complex proteomes into smaller subsets or enrich for particular proteins
or peptides of interest, many diverse fractionation techniques such as: strong and weak cation
exchange (SCX, WCX); anion exchange; isoelectric focusing (IEF); hydrophilic interaction liquid
chromatography (HILIC); size exclusion chromatography (SEC); gel based fractionation; and
affinity purification strategies have been developed to complement separation by RPLCI32l.
Specific protocols such as combined fractional diagonal chromatography (COFRADIC) 331 have also
been developed for offline RPLC fractionation. MS workflows such as the MudPIT strategy
pioneered by the Yates lab are then used for analysis of MS/MS data from these fractionated

samples[34l.

The quest to extend the dynamic range, to mine ever further into the proteome and to achieve
higher and higher numbers of identified proteins has undoubtedly been an important driving
factor in instrument development. Fast scanning, high resolution mass spectrometers with a large
dynamic range and optimised peptide fragmentation such at the Thermo QExactive are producing
very high quality, high confidence, high resolution MS/MS data. This means less and less is
information is demanded before a positive peptide ID and therefore protein identification is

accepted as fait accompli.

Instrument improvement and the introduction of ultra-high pressure LC systems is even allowing
entire proteomes to be analysed in single LC runs on long nano-LC columns[3 361, As example of
this performed during this thesis on the proteome of Neisseria meningitidis is shown in Figure 11.
A recent report from the Mann group has identified over 4,000 proteins from Lys-C
digested Saccharomyces cerevisiae lysates using this techniquel37l. This is close to the total number
of expected cellular proteins expressed under standard growth conditions. A very recent report
from the Coon group has achieved similar results but with only a 1.3 hour acquisition time using

a fast scanning Orbitrap Fusion mass spectrometer(3sl.

Increasingly accurate ways are being devised to quantify proteins from bottom up data including
label-free and tag based techniques such as isotope-coded affinity tag (ICAT)[3%, tandem mass tag
(TMT)40l, isobaric tags for relative and absolute quantitation (iTRAQ)“! and stable isotope

labelling by /with amino acids in cell culture (SILAC)[2l. In the previous report by the Mann group
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on the yeast proteome, over 3,500 proteins could be accurately quantified using a SILAC strategy

with a similar method set up during a differential experiment.

A continually developing area of bottom-up proteomics is the identification of large numbers of
post translational modifications at the proteome level. Since specific posttranslationally modified
proteins often represent only a small fraction of the expressed proteome, enrichment of modified
species at either the peptide or protein level is usually performed. Many PTM specific enrichment
protocols have been devised such as immobilised metal affinity chromatography (IMAC) for
phosphopeptides[43. 44, lectin enrichment in the case of glylcopeptides and immunoprecipitation
of GG tagged peptides in the case of ubiquitination*sl. Specialised LC MS/MS strategies are then
applied to increase coverage of modified peptides and identify PTM sites. For example a
combination of SCX fractionation after protein digestion, IMAC phosphopeptide enrichment
followed by RPLC MS/MS using CAD, ETD and a decision tree based MS method enabled the Coon
group to identify 10,844 district phosphosites and 4,339 proteins in an analysis of the human

embryonic cell phosphoproteomel*sl.
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Figure 11 - Single run RPLC MS/MS on a cell lysate of Neisseria meningitidis using a 30cm nano-LC column
and 4 hour chromatographic gradient. 1,115 proteins were identified at an FDR<1%. Data acquired by
Miss Debora Pasquali

This thesis does not deal explicitly with bottom up-proteomics and the state of the art of this field

including various methods for quantification, PTM identification, applications to interactomic and
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systems biology and the need for good search engines and robust validation is presented
elsewherel7.48]. What is of particular relevance is the divide and conquer bottom-up methodology
used and the fundamental constraints that using this approach may impart for both the

identification and characterisation of proteins.

5. Limitations of the Bottom-Up Approach for Proteoform Identification

The bottom-up approach is undoubtedly able to identify peptides very successfully. This is
important as it partially fulfils the first goal of proteomics; confirming a protein encoded by the
genome is actually expressed. Identification of a protein is assumed if one or more peptides has
been positively matched against an appropriate genomic database within defined confidence
limits. In effect a link is made between the peptide and the assumed gene product. The
fundamental limitations of the bottom-up approach concern the validity of this assumption and

stem from the digestion of proteins early on in the proteomics workflow.

The issues that arise from this assumption are outlined by the protein inference problem,
described in detail by Nesvizhskii and Abersold for which there are two general cases?l. In the
simplest, the identified peptide may not be unique and potentially belong to several unrelated
proteins present in the genomic database. This situation is attenuated in very large proteomes
and has no finite solution; probabilistic methods must be used to rank the possible matches.
Alternatively the peptide-protein link may be an oversimplification of reality and the assumed

gene product may simply be incorrect. This situation is illustrated by two important examples.

The first is when the incorrect gene product has been assumed at the level of the protein primary
sequence. A good example of this concerns ASFs. ASFs are common proteoforms and may
represent a large proportion of the expressed proteome, for example a specially designed study
on Aspergillus flavus has shown that ASFs may account for over 40% of identified proteins!50l. They
also be extremely important factors in disease states, for example an ASF of the protein RON
promotes cell motility in gastric carcinomal5!l. Protein databases do not generally contain all
alternative splice gene products in an attempt to minimise redundancy and this makes the
identification of ASFs in standard proteomics experiments unlikely. Even if databases were
complete, many proteoforms of this kind would likely be missed simply due to poor sequence
coverage because sampling peptides that cover all of the non-homologous regions is required for
identification of the correct ASF. This problem is compounded in the case of single amino acid
polymorphisms (SAPs). Like ASFs these are SAPs are ubiquitous and are often missed in
proteomics studies as databases are not fully annotated[52l. Both ASFs and SAPs may require 100%

protein sequence coverage in order to be confidently identified.
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Incomplete sequence coverage is the first great weakness of the bottom-up methodology. Even in
the most comprehensive proteomics studies, the average sequence coverage of identified proteins
is below 50%. Rarely is a 100% sequence coverage achieved for any identified protein and in the
case of low abundance proteins, where identification comes from only one or two peptides,
sequence coverage of less than 10% is relatively normal. Inroads into this problem can be made
by more extensive fractionation, the manufacture of faster mass spectrometers with greater
sensitivity, greater dynamic range and more efficient fragmentation methods, that achieve more
extensive protein coverage; but 100% sequence coverage from an entire proteome is simply an
unrealistic expectation from bottom-up MS. Even for more abundant species some peptides will
be too small to identify and will always remain underrepresented due to poor ionisation[53! and
the proteotypic peptide phenomenon (even if multiple enzymes are used for digestion). Using a
bottom-up methodology to achieve 100% sequence coverage of a majority of proteins in an entire

proteome is an all but impossible goal and has even been described a surreal objectivel54l.

The second example concerns the case of PTM. Any protein identified with less than 100%
sequence coverage could be potentially modified post translationally on an unsampled part of the
sequence. One simply cannot be sure as the reference mass of the parent proteoform is
unavailable due to the digestion step early on in the workflow. Furthermore, PTM often results in
the expression of multiple proteoforms of the same gene product. Now identification may not
concern one gene product but multiple proteoforms, each distinguished by the number and

localisation of PTMs on the protein backbone.

Chait et al. and others have pointed out even if 100% sequence coverage could be achieved for
one proteoform, bottom-up MS may still produce an incomplete picture because low abundance
proteoforms may not be sampled in the conventional bottom-up experiment(>5l. This is another
manifestation of the 100% sequence coverage problem. There is however a more fundamental
problem where PTM is concerned. PTMs rarely work alone and multiple PTMs are often present
at different sites on different proteoforms of the same gene product. In certain cases a bottom-up
methodology becomes fundamentally unable to completely describe populations of parent
proteoforms even if 100% sequence coverage of each proteoform is achieved, including PTM
identification and site assignment. The problem becomes a combinatorial one that becomes

impossible to resolve using a bottom-up methodology!>¢l.

6. Top-Down Mass Spectrometry

Top-down mass spectrometry (TDMS) has been proposed as alternative to the bottom-up

approach. In TDMS protein identification and characterisation is performed entirely at the protein
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level. Since no proteolytic digestion is involved there is no loss in connectivity during the analysis
and experiments are performed on the expressed gene products themselves. TDMS therefore does
not suffer from the drawbacks of the bottom-up methodology and offers the possibility of

identifying both proteins and proteoforms.

It is helpful to straight away to distinguish two different types of TDMS experiment since whilst
the fundamental pieces of information required from each may be similar, the experimental
conditions may be quite different. The first may be described as “targeted mode” and is typified
by the top-down identification and detailed deep characterisation of a single highly enriched
protein or set of proteoforms. Often the putative identity of the protein i.e. the gene from which it
has issued is a known piece of information. The second is the recently reported “discovery mode”
where a complex sample is examined with the aim of identifying as many proteins and
characterising as many proteoforms as possible. There is a greater emphasis placed on
identification in this mode whilst retaining the deepest level of characterisation practically

possible. General workflows fort the two modes are depicted in Figure 12.
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Figure 12 - General workflows for targeted and discovery mode top-down mass spectrometry

TDMS is technically demanding, hence why bottom-up has developed at a much faster rate. In all

TDMS experiments there are some fundamental requirements that stem from the challenges that
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come with working with proteins. Before it is demonstrated how a top-down experiment is

performed in practice, these additional requirements will be outlined and briefly discussed.

6.1. Efficient Sample Ionisation

TDMS requires efficient methods to transfer intact proteins into the gas phase. Just as the soft
ionisation techniques revolutionised peptide ionisation, they achieved a similar success for
proteins. The two most commonly used ionisation methods in TDMS are MALDI and ESI, much for

the same reasons as in bottom-up proteomics.
MALDI

Tanaka et al. presented his design for the laser desorption mass spectrometer in 1987 and with it
the first entire protein mass spectra of lysozyme and carboxypeptidase-A. His results were
formalised into a paper in 1988I21] and were followed closely by those of Hillenkamp who
demonstrated an extended mass range up to 67 kDa for bovine albumin with his UVLD-ToF
instrumentl22l. MALDI enjoyed significant use in the early days of proteomics for mass
measurement of intact proteins after extraction from 2D gels[57l. Whilst MALDI is particularly good
for protein profiling, problems fragmenting singly charged protein ions have meant that other
than a few isolated examples(s8 59, the alternative ESI is the ionisation method of choice for top-
down experiments. New matrixes and the matrix assisted ionization vacuum ionisation
(MAIVI)Ie0l approach are being developed to produce multiply charged ions and may change this

in the future.
ESI and nano-ESI

Unlike MALDI, electrospray (ESI) produces highly charged proteins ions due to the nature of the
desolvation process. Building upon earlier work on ion jets, electrospray was introduced by
Yamashita and Fenn in 1984161], interfaced with mass spectrometers and LCI¢2l and quickly applied
to the analysis of large biomolecules including proteins ranging in size from 5.7 kDa (insulin) to a
133 kDa (BSA dimer)23l. Electrosprayed proteins are almost always observed as a number of
different peaks each corresponding to a different charge state of the protein at m/z values
dependent on the protein mass and the number of ionising protons. This has been found to vary
with electrospray solution composition, pH, temperature and instrumental parameters such as
source temperature and pressure and these factors must be taken into account to ensure efficient

ionisation.

Conveniently the observed charge state of a protein correlates loosely with protein size. This
means that even very large electrosprayed proteins are usually visible in the m/z 200-4000 range

available to most mass analysers. This can be seen most clearly in the ESI-Q-ToF spectrum of a
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148 kDa immunoglobulin (IgG) acquired by M. Christian Malosse in our lab (resolution =10 000
at m/z 400).
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Figure 13 - ESI-Q-Tof Spectrum of an IgG (148 kDa)

There has been no step change in practical ESI since the introduction of the technique, only a
refinement of the original process that has come with better understanding of the electrospray
mechanism. This has focused on improving efficiency and sensitivity. Indeed these are very
important parameters when performing top-down MS because ion loss at the front-end of the
mass spectrometer is difficult to compensate for downstream and may drastically limit analysis

options.

ESI has benefited from optimised source geometries and the introduction of sheath and nebulising
gasses to increase desolvation efficiency. Theoretical treatment of the ESI process determined that
smaller droplets provide more efficient ionisation. This led to miniaturisation of the standard
electrospray source by Wilm and Mann who used pulled glass capillaries of 1-2 um orifice
diameter(é3 641, With their interface they achieved flow rates in the low nL/min and sub picomolar
sensitivity of proteins extracted from gelsié5l. They also outlined the importance of salt removal
from protein samples to ensure a stable continuous spray. Using a similar approach the McLafferty
group achieved attomolar sensitivity and flow rates below 1 nL/minl66 ¢71. For online nanospray
as used in discovery mode, the pioneering work of Caprioli showed that flow rates of several
hundred nL/min were possible and achieved zeptomolar sensitivity with peptides under highly
optimised conditionsl68l. This type of design forms the basis of modern LC-MS interfaces and

performs very well with both peptides and proteins.
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Another important parameter is the composition of the electrospray solvent. Two broad types of
electrospray solution are used. The first type is a mix of water, organic solvent (such as acetonitrile
or methanol) and a volatile acid to aid ionisation. This mixed phase spray solution is denaturing
and destroys proteins solution phase tertiary structure. It is compatible with reverse phase
chromatography, produces the best conditions for efficient ESI and is used in the majority of top-
down studies. The second type is an aqueous buffer solution of a volatile salt such as ammonium
bicarbonate. Spray solutions of this type are non-denaturing and allow the solution phase
structure of proteins to be persevered. ESI in non-denaturing conditions is termed native spray

and has been used in top-down studies that aim to probe tertiary structurel69-711,
Supercharging

The distribution of protein charge states and the maximum observed charge state can be an
important factor in TDMS. Several methods have been developed to artificially increase the
average number of charges carried by electrosprayed ions. Termed supercharging this usually
involves mixing one of several additives such as sulfolene, dimethylsulfoxide (DMSO) or m-
nitrobenzyl alcohol into the electrospray solution. The current hypothesis is that during
electrospray these low vapour pressure, low basicity molecules make up an ever increasing
proportion of liquid inside the evaporating droplet keeping the droplet intact whilst a greater

proportion of available protons are sequestered by the analyte.

Other methods to shift the charge state envelope to higher charge states include complexation
with trivalent metal ions!’2l and heating of the capillary that is used to transfer ions from the
source region of the mass spectrometer (electrothermal supercharging)(73l. Whilst the latter is an
easy parameter to change and may be a practically useful solution, the addition of salt can have
deleterious effects to signal intensity and complicate MS spectra. Supercharging additives can also
cause pollution of the source region and ion optics. For these reasons, supercharging has found

isolated uses in targeted mode TDMS but has not achieved widespread adoption.

6.2. Robust Sample Delivery Systems for Targeted TDMS

Targeted mode top-down experiments are mostly carried out on protein mixtures off-line (not
coupled to LC). When sample quantity is high, ESI is used simply because it is more robust and
easier to implement. nano-ESI is more appropriate for lower sample concentrations and smaller
volumes. Pulled capillaries similar to those used by Wilm and Mann are still used to introduce the
sample. These may take the form of metal needles, metal coated tapered glass capillaries or pulled
glass capillaries where the circuit is completed by a metal wire placed inside the electrospray

needle.
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These needle types are all particularly laborious to prepare, position in front of the mass
spectrometer and once in place are difficult to regulate. Particulates must be removed from the
protein solution in order to prevent needle clogging and achieving a stable spray may be difficult
with proteins that tend to aggregate or stick to the capillary orifice (Figure 14). Once a stable spray
is established one must adopt a hit-and-hope attitude, since if the spray stops mid experiment,
often due to needle clogging, there is no easy way to reinitiate the spray. This can be pretty

irritating if it occurs half way through a 15-30 minute acquisition!

Clogged Nanospray Capillary

Crystals

Figure 14 - A pulled borosilicate capillary with orifice diameter of around 3 pm that clogged mid run,
presumably due to analyte precipitation or crystallisation, during experiments performed by the author

An automated solution, the Advion NanoMate, uses a robotic “mandrel” to aspirate sample from a
96 well plate (or other container or surface) and deliver it to a prefabricated conductive silicon
wafer chip that is prepared with an array of nano-ESI nozzles. The chip sits in front of the MS
orifice and acts as a nano-ESI source. The capability to automatically introduce sample, monitor
the electrospray current during acquisition and change electrospray voltage, back pressure and
nozzle mid run if required greatly facilitates the acquisition of top-down spectra especially over
an extended time frame. The NanoMate is the method of choice for targeted mode TDMS and can

also be coupled with LC.

An application illustrating the versatility of this device has been presented through top-down
analysis of haemoglobin variants(74. Here Edwards et al. take advantage of the liquid extraction
surface analysis (LESA) capabilities of the NanoMate and haemoglobin is directly dissolved into
the electrospray nozzle by automated soaking of dried blood spots in electrospray solution and

immediate injection into the mass spectrometer (Figure 15).
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Figure 15 - Photograph of the LESA enabled NanoMate used for direct sampling of dried blood spots and
cartoon of the electrospray process (right). Orbitrap mass profiling of a haemoglobin sample and coverage
resulting from top-down CAD MS/MS of the unknown variant labelled V4 (left) Adapted from Edwards et
al.l’4]

6.3. High Resolution Mass Measurement

High Resolution for Protein Mass Measurement

Early mass spectra from electrosprayed proteins showed clear but broad peaks at multiple m/z
values (much like Figure 13). Before a protein mass can be calculated from such spectra the
individual charge state of the spectral peaks must be obtained. This is achieved by application of
equation (1)75I where z, is the charge of a particular peak in the spectrum, m, is the measured
m/z value of that peak, m1,.; is a similar value from the peak in the charge state distribution with
next smallest m/z, and m, is the mass of the charge carrier, usually a proton. (There are many
varieties of this equation that can be interchanged by simple substitution and rearrangement)
2, = Mp—1 — Mg "
My — Myp—q
Once the charge state of a peak has been determined simple multiplication of z,and m, minus the

mass of the charge carriers, gives an approximation of the neutral protein mass M.

This can be scaled and averaged for all charge states to give a more accurate neutral M; by

application of equation (2) where nythe number of spectral peaks chosen for the calculation.

1
M,=— ) z,(m,—m
T n() n( n a) (2)
n
Reduction of the various charge states of a protein to their fundamental mode can be achieved by
anumber of mathematical treatments and is an example of spectral deconvolution. Deconvolution

aims to collapse series of repeating peaks (charge states) into a single peak of nominal mass. There

32



are various ways to achieve this and the detail of the mathematical models are beyond the scope
of this thesis. The maximum entropy method is particularly noteworthy and useful for
transformation of spectral data into a distribution of singly charged or neutral isotope
distributions. This can be especially useful for generating deconvoluted mass profiles of measured

proteins.

Peptide ions are often visualised by MS as very narrow peaks whereas proteins give much broader
peak shapes that increase in width with increasing mass. This is because the atoms that make up
proteins naturally exist in different isotopic forms and therefore so do the proteins themselves.
Even a very small protein such as ubiquitin (8.6 kDa) contains over a 1,200 atoms and thus a huge

number of isotopologues with a range of distinct masses differing by approximately 1 Da.

On low resolution mass spectrometers, such as those used to recorded early protein spectra, even
the charge states of small proteins are visualised as broad peaks. Only the average mass of the
protein (May) can be determined from the peak apex. As the resolving power of the mass analyser
is increased isotopic peaks are resolved. This is shown in Figure 16 for the theoretical [M]+ ion of

the protein ubiquitin.
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Figure 16 - Representation of the [M]* ion of the protein ubiquitin with increasing resolution, R, from
unresolved isotopes (left) to baseline resolution (right). Peak shape is Gaussian. R is calculated using the
m/Amsoy, definition

Once peaks are sampled at isotopic resolution, charge state determination is relatively
straightforward. The mass difference between singly charged isotope peaks is approximately one
mass unit, therefore the charge state of an isotope cluster is given by equation (3) where 4m;s, is
the m/z difference between adjacent isotope peaks.

1
= dmis (3)

Once the resolution is sufficient for the individual isotopes to be resolved, and if the signal to noise
ratio (S/N) is high enough, a small peak will appear at the low mass end of the distribution. This
monoisotopic peak corresponds to the protein exclusively formed of atoms in their lowest
commonly observed isotopic state, the mass of which defines the monoisotopic protein mass

(Mmono)-
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As the protein gets larger and the probability of forming the protein exclusively from atoms in
their lowest isotopic mass decreases, the monoisotopic peak becomes even smaller with respect
to the most intense peak in the isotopic envelope. This can easily be shown by considering the
cases of a small and medium sized protein. For ubiquitin (8.6 kDa) the monoisotopic peak
represents 4% of the intensity of the total envelope. For a typical medium sized protein (50 kDa)
this drops to below 1x10-6 %. This means that for large proteins and low intensity signals,
regardless of the resolving power of the analyser, the monoisotopic peak may never actually be
distinguishable from the spectral baseline unless special measures are taken to reduce spectral

noise either experimentally or by signal processing.

If data are sufficiently resolved to distinguish the isotopes but the S/N is too low for the
monoisotopic peak to be visible, Senko, Beu and McLafferty proposed that a theoretical
distribution of a hypothetical AA “averagine” could be used to calculate the position of the
monoisotopic peak and thus obtain an accurate Mmoo Averagine has the formula
Ca.9384H7.7583N1.357701.4773S0.0417 and an average molecular mass of 111.1254 Da and is based on the
natural abundance of the amino acids in the Protein Identification Resource database available at
the timel76l. When trying to estimate the monoisotopic peak of a measured protein, the measured
average mass is used to calculate non-integer number of averagines that would be required to
achieve that mass. The atom numbers of the elements in this hypothetical “polyaveragine” are
then rounded to integer values and the isotopic distribution of the averagine protein calculated
and fitted to that of the observed distribution. This has been found to provide a very accurate
estimation of the monoisotopic peak if the initial distribution is also of a good quality. This

approach is also called “de-isotoping”.

In targeted mode top-down experiments an accurate Mmono is extremely useful and can even be
used to achieve protein ID without an MS/MS step. For example Robertson et al. used high
resolution mass profiling of 18.6-18.7 kDa mouse urinary proteins (MUPs) with a 9.4T Apex III
FT-ICR to identify four major urinary protein (MUP) components. Isotopic resolution of the 18.6-
18.7 kDa parent ion peaks allowed calculation of an accurate Mmono and protein ID was simply
achieved by comparing masses with reported MUP sequences. In one case where masses of the
proteins were extremely close, careful examination of overlapping isotope clusters and
examination of those predicted theoretically allowed the distinction of two forms that differed by

only 0.985 Da (difference between peaks of 0.015 Da). This was later confirmed by LC separation.

An accurate Mmono can also greatly aid the assignment of PTMs and other proteoforms. When a
high resolution spectrum is available, some PTMs such as cysteine oxidation may be investigated

explicitly at the protein level without the need for fragmentation. Furthermore an accurate parent
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protein mass will support high resolution fragmentation data and may prove decisive in PTM
assignment. For example trimethylation and acetylation, both common modifications on histones,
differ in mass by 0.036 Da. This small mass difference is only distinguishable at an elevated

resolving power.
Limits to Achieving Isotopic Resolution of Proteins

Achieving isotopic resolution on even small proteins requires specialised mass analysers that
permit high resolution mass measurement. The demands placed on this component depend both
on the size of the protein and also the mode of sample ionisation. In the case of MALDI, where
ionised proteins will be singly charged, the mass analyser requires a very large mass (m/z) range
but a comparatively low resolving power, as the isotopologues of the protein will be separated by
=1 Da. On the other hand, if ionisation is performed by electrospray, protein ions will be multiply
charged. The m/z range required for protein mass measurement will therefore be smaller, but the
resolution required is much higher, as isotopologues of the protein will now be separated by

smaller m/z intervals that depend on the protein charge state (Equation 3).

High resolution ToF instruments provide a greater than standard resolution that is theoretically
independent of m/z. However, the ion detectors traditionally used in these instruments decrease
in sensitivity with the mass of the analyte. This limits the usefulness of ToF based MS for the
analysis of large molecular weight speciesl’’. New technological developments such as the
nanomembrane detector(’8! and improvements to conversion dynodes are beginning to change
this, however at present two analysers; the ion cyclotron resonance (ICR) cell, and more recently
introduced Orbitrapl7% 89 are found the heart of most instrumental platforms used to perform

TDMSI81l,

The mode of operation of these two analysers is presented in greater detail in the Materials and
Methods section and elsewherel82 831, Briefly, both analysers trap ions in electrical (Orbitrap) or
both electrical and magnetic fields (ICR). During detection, ions are caused to oscillate at a
frequency that is inversely proportionate to their m/z. This oscillation is detected as an image
current (transient) and a mass spectrum reconstructed from this signal by means of a Fourier

transform.

The maximum theoretical resolution that can be achieved by these analysers depends on a
number of parameters including m/z (decreases linearly with m/z for FT-ICR and with the square
root of m/z for Orbitrap systems), magnetic field strength (in the case of FT-ICR), the potential
applied to the outer electrodes (for Orbitrap), signal detection time, signal sampling rate (related

to the Nyquist frequency) and the mathematical model by which the detected signal is processed.
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The relationship that some these factors have to theoretical resolving power is summarised in

Figure 17.
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Figure 17 - Dependence of resolving power on m/z for the following analysers (all data are shown for a
0.76 s scan): Standard Orbitrap (magnitude mode, 3.5 kV on central electrode), Compact high-field trap
(absorption mode, 3.5 kV on central electrode), FT-ICR (magnitude mode, 15 T), FT-ICR (absorption mode,
15 T). Taken from Zubarev et al.[°]

In practice, several additional factors decrease the maximum achievable resolution. Orbitrap
systems are “resolving power limited” by the instrument software to 100,000 (Velos model),
240,000 (Velos Elite and Fusion models) at m/z 400. On both analyser types the most common
experimental parameter that is changed to increase resolution is signal detection time. However,
despite the very low pressures inside the ultra-high vacuum of the mass analyser (=1x10-10 torr),
the vacuum conditions are not ideal. Collisions with residual gas molecules dampen the detected
signal over time and decrease the quality of the information that can be obtained from long
transients. This is clearly shown in Figure 18 where a transient from the 33+ charge state of
carbonic anhydrase has been recorded at standard and reduced pressures (pressure in the
Orbitrap is determined by the pressure in HCD cell). Even at low pressures, signal dampening is

clearly seen and this reduces the maximum achievable resolution.
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Figure 18 - Effect of pressure on recorded transient and spectral resolution for the 33+ charge state of
carbonic anhydrase. Adapted from Thermo application note

In addition to long transient times, high resolution also requires high signal fidelity. High numbers
of ions in the cell favour ion-ion interactions and increases space-charge effects. This results in
non-ideal ion motion and leads to rapid signal loss, which in turn decreases the achievable
resolution. Regulating the number of ions that are present the cell is essential to maintaining high
resolution and high mass accuracy. This feature is present on Thermo instruments as they are

equipped with an automatic gain control (AGC).

Another important parameter for signal survival over long periods of time is the quality of the
electrostatic field in the Orbitrap (and the harmonicity of the DC trapping potential in the ICR cell).
These both need to be as close to ideal as possible to ensure the homogeneity of the ion packets
throughout detection. Resolution of more than one million has been achieved recently on an
Orbitrap system in which this parameter, which mainly depends on the accuracy at which the
electrodes are machined (nanometer range), had been carefully examined[84. A new harmonised
FT-ICR cell (“leaf cell”) has been also recently introduced by Nikolaev et al. that has increased the
experimentally achievable resolving power of FT-ICR instruments considerably (>20 million),

even at low magnetic field strengthsl(85. 86l,

Furthermore, large proteins are inherently expressed as a large number of isotopologues. Thus in
a complete isotope envelope there are both a large number of ions, and many ions with very
similar masses. These isotopologues will all have very similar precession frequencies. Such a
scenario can greatly increase space charge effects and cause the precessing ion packets to mix
together (phase locking) and their precession frequencies to coalesce. This phenomenon has been

observed in both ICR cells and Orbitrap mass analysers[87], and results in mass shifts and a loss of
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resolution. These problems are aggravated if the protein bears non-covalent adducts from salts or
the electrospray solvent. Unfortunately both of these become more likely as the protein size

increases.

Taken together these reasons help explain why unit mass resolution has only ever been reported
for three proteins over 100 kDal88-90], The current unit-resolved mass record was set by Marshall’s
group in 2011191, They achieved baseline resolution of a 147 kDa monoclonal antibody on a home
built 9.4T FT-ICR equipped with a “leaf type” ICR cell, at high spectral density (6-18 Mword) and

with a transient acquisition time greater than 10s in duration.
High Resolution for Interpretation of MS/MS Data

Many different fragmentation techniques have been used in top-down experiments; two of which
were used by Smith et al. to create the first assigned top-down spectra reported in the first issue
of JASMS in 19900911, The protein melittin (2.8 kDa) was fragmented by in source dissociation (ISD,
also called nozzle skimmer dissociation, NSD) on a QqQ mass spectrometer where applying a high
voltage to their modified ESI inlet caused collision with gas molecules in the high pressure region
of the ion source and CAD type fragmentation. In the same paper, CAD of cytochrome-C performed
in the collision cell provided useful “protein fingerprints”, but identifying the product ions from
the spectra proved impossible due to “both the absence of product ion charge and the limited
mass resolution”. Later that year an article from the same group demonstrated more impressive
top-down spectra from a more reasonably sized protein, RNAse A (13.8 kDa) using both ISD and
CAD after cysteine bond reductionl2l, however again assignment of the product ions proved
difficult. At the end of this paper they conclude, “Ultrahigh resolution, a unique capability of FTMS,
would permit unambiguous product-ion charge state determination, (by the observation of
isotope peaks) and allow unknown sequences to be more easily interpretable”, a clear nod to the

requirement for high resolution to assign the fragments from protein fragmentation spectra.

MS/MS spectra of proteins are inherently complex. If a pair of complementary ions is considered,
b/y for example, a small protein with 150 amino acids has the potential to produce 298 singly
charged fragment ions. If multiply charged species have been fragmented (as is usually the case)
the majority of fragment ions will be both multiply charged and present in a number of different
charge states. In addition each fragment ion will have its own isotope cluster containing multiple
peaks which become more numerous with increasing fragment ion mass. This greatly increases
the total number of fragment ions present and results in a very crowded MS/MS spectrum, full of

multiply charged isotopic distributions that often overlap Figure 19.
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Figure 19 - Zoom on a 10 m/z window of a typical ECD MS/MS spectrum, in this case of the 20* charge
state of the of the protein myoglobin (17 kDa), showing many multiply charged fragment ions. [on masses
are monoisotopic

Making sense of the “forest” of fragment ions produced is a considerable challenge that can be
tackled in two possible ways. The first is to reduce the complexity of the spectrum by reducing the
charge state of all fragment ions. This spreads the spectrum over a larger m/z range and reduces
fragment ions to charge states that many mass spectrometers instruments can resolve. This
strategy is achieved though ion/ion protein-transfer reactions and has been pioneered by
McLuckey and co-workers in order to extend top-down to lower resolution trap instruments. The
second is to develop robust algorithms to treat this complex data either manually or
computationally. These approaches rely on calculating the charge state of the observed isotope

clusters and therefore require highly resolved MS/MS data.

6.4. Efficient Fragmentation Methods Adapted for Proteins

As instruments have developed so have fragmentation techniques and modern mass
spectrometers are equipped with an arsenal of different activation modes all of which can be used
for protein fragmentation. Fragmentation techniques fall into two main camps, vibrational an

electronic.
Vibrational Modes for Primary Structure Investigation and non-labile PTMs

Vibrational modes include ISD, CAD, HCD (high energy C-trap dissociation), BIRD (blackbody
infrared dissociation), SORI-CAD (sustained off resonance induced collisionally activated

dissociation), IRMPD (infrared multi photon dissociation) and SID (surface induced dissociation).
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Vibrational activation can be performed on most mass spectrometers; either in a dedicated
collision cell, ion trap or simply in the source region. HCD is limited to Orbitrap type instruments

and BIRD, IRMPD and SORI-CAD are mostly associated with FT-ICR instruments.

In vibrational fragmentation modes energy is pumped into a molecule through collision with a
surface (SID), inert gasses (ISD, CAD, HCD) or by absorption of low energy IR photons (BIRD,
IRMPD). Since usually energy is deposited in small packets over several milliseconds this process
is ergodic, energy is deposited and partitioned throughout the vibrational modes of the system
until there is sufficient internal energy to overcome the activation barrier for bond cleavage. The
fragmentation channels open to the molecule depend strongly on the quantity of energy involved,
the manner in which itis deposited and on the molecule structure. Vibrational techniques produce
mostly b/y type ions tend to be more efficient than electronic methods, with a greater percentage
of parent ion(s) being converted into fragments (rather than charge reduced species). They have

proved particularly useful for the characterisation of truncations and SAPs.

This is demonstrated in a report by Laitaoja et al. who used a combination of intact mass profiling
and CAD performed in the external collision cell of a 12T Apex-Qe FT-ICR mass spectrometer to
investigate sequence variants of the major bovine seminal plasma protein PDC-109 (13 kDa)[931.
Fragmentation was sufficient to identify four new variants including a proteoform truncated by
14 residues at the N-terminus, another variant with two point mutations; P10L and G14R, and two

minor proteoforms that also appeared to be truncated at the N-terminus.

In another report performed on an LTQ-Orbitrap platform, sequence variants of the plasma
proteins haemoglobin and transthyretin have been analysed by a multiple stage top-down
methodologyl94l. After mass profiling, protein ions of interest were selected and fragmented in a
two-step MSn strategy. ISD was used to generate large b and y type ions. The ions were examined
for abundant fragments containing putative SAPs and these were selected in the LTQ and
subjected to CAD to localise the modification site. In the case of transthyretin a G6S modification
was elucidated. For haemoglobin the strategy was evaluated in detail and an E6V mutant
confirmed on a sickle cell variant. This is one of the few examples of top-down MS on this older

generation Orbitrap system.

Electronic Modes for Primary Structure Investigation and Labile PTMs
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Fragmentation modes that involve electronic excitement include UVPD (ultraviolet
photodissociation), ETD (electron transfer dissociation)[®s, ECD (electron capture
dissociation)[9¢l and higher energy forms®7l. ECD and ETD can be collectively referred to as ExD.
UVPD is currently limited to spectrometers modified in-house of which several types have been
reported. ECD (and its higher energy derivatives) is mainly limited to FT-ICR type instruments
although some attempts have been made to couple it with other instrument types[®8 99 and a top-
down ECD MS/MS of ubiquitin has been demonstrated in modified Q trap(100l, ETD is available on

many different instrument types including Q-ToF, Q trap, LTQ, FT-ICR and others.

UVPD involves absorption of a photon that promotes a valence electron into a higher energy state.
When performed with a 193 nm laser, =3 eV is deposited. This results in both fast and slow
fragmentation, depending on the proportion of internal conversion during electronic relaxation
that precedes fragmentation, and forms a mixture of ion types a, b, ¢, x,y, z, v, w, and d. UVPD is a
fairly new technique for protein fragmentation, despite being at the origin of the discovery of ECD.
It appears to be very efficient and enjoys high parent to daughter ion conversion. It is also
extremely rapid requiring only several nanoseconds for fragmentation. Its utility when labile
PTMs are present is yet to be evaluated however it seems incredibly promising for SAP

identification and for localising non-labile PTMs such as oxidation[101l,

ECD and ETD involve the capture or transfer respectively of low energy electrons <2 eV to a
protein cation. This results in the formation of a radical cation and triggers a sequence of fast
electronic transitions that ultimately results in fragmentation of the protein backbone. The detail
of the mechanism is discussed in the Materials and Methods section. Fragmentation occurs very
quickly after electron capture/transfer (it was originally reported to be non-ergodic although this
has been refuted by theoretical calculation performed by Turecek and others) and produces

primarily c¢/z type fragment ions.

Electronic modes find particular uses in the identification and characterisation of proteins
harbouring labile PTMsl(102 1031, Modification such as glycosylation, phosphorylation, sulfonation
and nitrosylation are easily lost during vibrational fragmentation due to facile cleavage of the
protein-PTM bond. Conversely ECD and ETD preserve even the most labile PTMs when performed
in the correct conditions and are particularly useful for PTM site localisation. They are however
less efficient often producing abundant charge reduced molecular ions and requiring a longer duty

cycle.

One of the most impressive uses of ECD and ETD has been for the characterisation of intact
antibodies (>100 kDa). Tysbin’s group analysed two intact antibodies, murine MOPC 21 IgG and
human anti-Rhesus D IgG by ETD on a maXis UHR qTOF instrument achieving fairly impressive
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22% and 16% sequence coverage respectivelyl104l, Using a different approach on an Orbtirap
Velos Pro instrument they extended this coverage to around 33% on the Humira IgG1l kappa
antibody (148 kDa) by combining up to 10,000 transients from multiple LC MS/MS runs and
different ETD interaction times performed on different precursor charge states!105]. Marshall’s
group achieved a similar sequence coverage of 34% on the recombinant humanised IgG kappa
antibody (148 kDa) by ECD fragmentation of all charge states up to m/z 3500 ona 9.4 T FT-

ICRI106], The phased MS/MS spectrum and associated sequence coverage is shown in Figure 20.
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Figure 20 - ECD MS/MS of all charge states of an intact antibody. Coverage of the light (right top) and
heavy chains (right bottom) indicates the localisation of the cysteine bonds and N-linked glycan. Adapted
from Mao et al.[106]

Combinations of Vibrational and Electronic Fragmentation for Deep Characterisation

On polyvalent instruments the choice of fragmentation technique depends greatly on the aim of
the top-down experiment and often the type of PTMs that one wishes to identify. The different
strengths of the two types of fragmentation (vibrational and electronic) have often resulted in
their complimentary use in targeted mode TDMS. Generally data from separate experiments is

pooled together to produce a more complete picture of the proteoform of interest.

Peng et al. used a combination of ECD and CAD on a 7T LTQ-Ultra FT-ICR for the deep
characterisation of human salivary a-amylase (HSAMY)[107l. This is a particularly challenging
protein to work with because of its size (56 kDa) and the presence of 5 cysteine bonds. MS/MS of
non-reduced native HSAMY identified cleavage of the 15 residue N-terminal signal peptide and
formation of pyroglutamic acid. Unambiguous localisation of 3 cysteine bonds was also achieved

in the native form, with two more overlapping cysteine bonds being localised through
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fragmentation after partial reduction with tris (2-carboxyethyl) phosphine (TCEP). The
monoisotopic mass furnished by high resolution mass profiling allowed confirmation of complete

PTM characterisation (Figure 21).
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Figure 21 - High resolution MS spectra of non-reduced and completely reduced HSAMY, 10 Da
corresponds to 5 intact disulfide bonds, shown in the cartoon of the protein. (Top) Combined sequence
coverage from ECD and CAD top-down MS/MS of reduced and non reduced forms of HSAMY (bottom) one
red dot on the fragment ion indicates +2 Da, 2 red dots +4 Da etc. Adapted from Peng et al.[107]

In a particularly interesting study Jia et al. used a polyvalent mass spectrometry approach for the
de novo sequencing and PTM characterisation of crustacean hyperglycemic hormone (CHH)-
family neuropeptides (8 kDa)l%8]. Top down de novo sequencing using CAD, ECD and HCD
performed on three different instrument platforms achieved 75% coverage of the primary
sequence and the identification of two PTMs (pyroGlu and C-terminal amidation) on the
Callinectes sapidus salivary gland CHH. This approach proved complementary to online TDMS and
bottom-up in which 50% and 81% sequence coverage was achieved respectively and ultimately
resulted in full sequence elucidation. This approach was successfully extended to other CHH

peptides in C. borealis and MALDI imaging used to show their localisation in the sinus gland.
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7. Performing Top-Down Mass Spectrometry

7.1. Targeted Mode Top-Down Mass Spectrometry for Deep Proteoform
Characterisation

In a typical targeted mode TDMS experiment an enriched protein or simple set of proteoforms is
prepared and analysed by tandem MS. If the sample is of low enough complexity the purification
step can even be done away with, and components selected inside the mass spectrometer.
Proteins of interest are ionised and injected into the mass spectrometer. Protein masses are then
measured in a mass profiling experiment and may be compared to the expected mass from the
genome in order to check for the presence of PTM. This is the first stage of TDMS. In the second
stage protein ions of interest are manually selected, isolated and fragmented also inside the mass
spectrometer. This produces complex fragmentation spectra. In the third step the raw data is
processed either manually or by software tools to provide a list of monoisotopic fragment ion
masses. In a fourth stage these lists are matched to expected fragment ions in the case of MS/MS
and the fragmentation data visualised. Characterisation of PTMs may be performed in a fifth and

final analysis stage.
Protein Separation

Targeted mode TDMS generally requires fairly large quantities of protein (at least tens of
picomoles) especially if experimental parameters need to be refined. A good guideline is that the
protein of interest needs to be by far the major component of the protein sample and gives a
visible band when analysed by Coomassie stained SDS-PAGE. For this reason application based
literature that uses deep characterisation mode TDMS is dominated by proteins of natural high
abundance such as proteins from body fluids (haemoglobin, salivary proteins, urine proteins etc.),
recombinant proteins, those purified though techniques amenable to larger quantities such as
FPLC, tag based affinity approaches and more recently GelFree or highly optimised enrichment

protocols.
Step 1 Mass Profiling

The first step of the TDMS experiment is mass profiling. The sample is injected using glass
capillaries or a NanoMate system and the source parameters and transfer optics of the mass
spectrometer tuned to ensure good transmission of the protein ions. If the sample signal is very
low the ions may be accumulated in external quadrupole storage devices or ion traps in order to
improve S/N. The ions are then transferred to the mass analyser and detected for the time
required to achieve the appropriate (usually isotopic) resolution. Often several transients (scans)

are accumulated in order to further improve S/N and improve the quality the observed isotopic
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distributions. This provides a birds-eye view of the proteins present within a sample. Figure 22

shows a mass profile spectrum of a protein present in at least two major proteoforms.

14217.8158

14*
100

15¢ 144838234 g+
13*

147502006
~0a

ot . FI 1 P! PN RTTY T -
1000 14100 14200 14300 14400 14500 14600 14700 14500 14900

12+

50 16*

9+

Relative Abundance

17+

Y 1 Y miz
900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Figure 22 - Mass profiling of the small protein PpdD purified from E. coli and present in two major
proteoforms

Once information has been obtained on the protein content of the sample, ions of interest may be
identified and MS/MS performed. The experimental mass of an intact protein can also be
compared the theoretical one (deduced from genomic data) and early information on the presence

of PTMs, or unexpected truncations (such as Met removal) can be often easily deduced.
Step 2 Isolation and MS/MS

MS/MS may be performed on selected charge states or on the entire mass range. If a mixture of
proteoforms is present (such as in Figure 22) selection of the desired proteoform is often
performed, externally to the mass analyser in an appropriate quadrupole or ion trap. lons are
isolated and allowed to accumulate to the desired intensity. On FT-ICR platforms ion selection can
also be performed within the ICR cell however this method of isolation is only practically used if
a very narrow m/z window or multiple, separate m/z notches of the mass spectrum are required.
On Orbitrap platforms the ion packet is then fragmented externally in the C-trap (HCD) or LTQ
(ETD, CAD). In FT-ICR systems fragmentation may occur externally or inside the ICR cell in the
case of ECD, IRMPD and SORI CAD. Fragmentation is followed by high resolution mass analysis of
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fragment ions. An example of this is parent ion selection — fragmentation procedure is shown in

Figure 23.
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Figure 23 - Protein parent isolation (PpdD 15+ charge state) and top-down ETD MS/MS performed on an
Orbitrap Velos mass spectrometer

For proteins many possible fragmentation channels may be open and this dilutes the intensity of
the fragment ions produced. The larger the protein the greater the number of possible
fragmentation channels, the more complex the spectrum and the lower the average S/N of the
individual fragment ion isotope distributions. Signal to noise has been shown to increase
proportionately to the square root the number of scans recorded. Many repeat scans (often a few
hundred but sometimes more than 1,000) are therefore usually taken and the transients summed
to produce the final MS/MS spectrum. Acquisition time may last for several minutes up to several
hours in order to achieve the required number of scans. The exact time depends on the duty cycle
and this in turn depends strongly on three parameters; the parent ion accumulation time, the

fragmentation mode chosen and the time required for ion detection (desired resolution).
Practical Considerations for Larger Proteins

The conservation of gas phase structure introduces some problems when fragmenting proteins of
larger size. Unfortunately top-down MS/MS spectra of proteins >=40 kDa are characterised by
limited fragmentation, concentrated around the protein termini. Often no fragmentation at all is

observed in the central region of the protein and in some cases even terminal regions may remain
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impervious to examination. This is a major problem for extending TDMS to larger proteins in
targeted mode and effectively limits the range of the proteome accessible in discovery mode.
Several techniques have been developed in order to disrupt the residual structural elements and

increase the mass range of proteins accessible to TDMS.

Supercharging has been used to induce unfolding but has limitations as previously discussed.
Other approaches involve imparting vibrational energy to the molecule in an effort to disrupt
tertiary structure prior or during the fragmentation event. Note that if activation is performed
prior to fragmentation, care must be taken to ensure the protein does not have sufficient time to

refold before the fragmentation step.

In a seminal work, McLafferty’s group used various techniques to push the upper mass limit for
TD MS/MSI1091, Strenuous IRPMD (long irradiation time) proved partially useful for fragmentation
of 3-Gal (116 kDa). More successful was a new approach termed “prefolding dissociation” (PFD).
Here ions are subjected to low energy collisions in the high pressure (=1x10-3 bar) capillary-
source skimmer region of the mass spectrometer then rapidly accelerated in the relatively high
pressure 1.3x10-6 bar post skimmer was also used. A cartoon fo this process is shown in Figure

24.

Initial application of this technique with the protein PurL (143.5 kDa) gave 50 assignable fragment
ions and indicated N-terminal processing and removal of a Met residue. Combining spectra
obtained under different experimental conditions (different capillary temperatures and pre and

post skimmer voltages) gave ions representing 173 different cleavage sites.
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Figure 24 - PFD model for protein unfolding with the stages of pre-folding dissociation aligned with the
appropriate region of the mass spectrometer. Adapted from Han et al.20%]
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The addition of various ammonium salts to the electrospray solution changed the fragmentation
pattern such that at total of 287 different cleavages were obtained representing 73% of the first
100 N- and C- terminal inter residue bonds. Use of PFD combining results from experiments
performed with different parameters, yielded 87 cleavages for the 200 kDa human C4
glycoprotein. This is even more impressive given the high glycosylation state and number of

cysteine bonds that tis protein carries.

Finally the combination of five PFD spectra obtained from the linear protein myco-cerosic aid
synthase (229 kDa) gave 62 cleavages that extended over 100 AAs into the protein. This proof of
concept study clearly showed that PFD enabled useful fragmentation spectra to be obtained for
proteins over 200 kDa in size and sufficient fragmentation obtained to enable database
identification. However for these larger proteins fragmentation was still limited to the termini and
therefore is of limited use for detailed PTM characterisation. Moreover PFD would likely result in
the loss of more labile PTMs as was observed here with human C4 glycoprotein. This work also
underlines an important strategy of combining results obtained under different experimental
conditions, in which different fragmentation channels may be favoured, in order to increase

sequence coverage and protein characterisation.
Step 3 Spectral Processing - Peak Picking and Deconvolution

Once mass spectrometry data has been acquired spectral processing is performed. Both mass
profiling and high-resolution MS/MS spectra are processed in similar ways either manually or

using a variety of software tools.

In a manual approach isotope clusters are identified visually, their charge state calculated (by
application of equation (3)), and an estimate of the Mmono made based on the expected number of
peaks in the distribution for an ion of that size or an averagine based fitting algorithm. This is
followed by deconvolution where Mmono is converted into a protein or fragment mass. Mmono
determination is often subjective for large isotope clusters and can take over a week to treat a

single top-down MS/MS spectrum!

Alternatively in an automatic approach several proprietary tools such as SNAP 2.0 (Bruker) or
Xtract (Thermo) may be used on instrument specific data formats or freely available algorithms
such as Thorough High Resolution Analysis of Spectra by Horn (THRASH) may be employed!110l.
These types of tools perform peak picking, de-isotoping and deconvolution and output peak lists
of the monoisotopic masses of spectral components. In most cases a score based on how well the
isotope pattern matches the averagine based theoretical pattern is also provided (fit factor). This

can be useful in evaluating confidence in the peak picked data. These tools do have limitations and
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an empirical evidence suggest some perform better than others, particularly in extracting

information from overlapping isotope clusters in MS/MS spectra.

The effectiveness of automated peak picking and de-isotoping tools of this type relates directly to
the quality of the mass spectral data and the power of the post-acquisition processing. The ability
to resolve low abundance peaks in the isotope distribution of fragment ions is directly dependent
on ion intensity (S/N) and fragment ion size. The higher the S/N the more peaks in the isotope
cluster will be visible and the greater probability that the cluster will be picked. The intensities of
the visible ions will also have a direct impact on the calculated M; since the averagine pattern will
be shifted to ensure the best match with the observed peak pattern, no matter how poor it is. Low
intensity signals must therefore reach a certain S/N threshold before they can be considered
useful. For example one may be able to deduce three peaks from a large fragment ion from the
baseline which is enough to deduce its charge state, but insufficient to estimate a meaningful
Mmono- Using automatic tools for peak picking and deconvolution helps remove the subjectivity

from data interpretation even if it may sometimes produce errors with low quality data.
Step 4 lon Assignment & Data Visualisation

For mass profiling data, a deconvoluted mass profile is often reconstructed (Figure 22 inset). In
targeted mode TDMS the putative sequence of the protein is often already known. The
experimentally measured protein mass can therefore be compared to the expected mass, with any
difference suggesting the presence of an ASF, SAP or PTM. The MS/MS data can then be used to
confirm the modification status of the protein. The list of monoisotopic fragment masses produced
from the peak picking and deconvolution step is used to match fragment ion masses against a
reference list of predicted ions, calculated in silico from an inputted protein sequence. A mass
tolerance either in Dalton or parts per million (ppm) is used at this point to avoid false
assignments. The ion type searched for is obviously dependent on the fragmentation mode
employed. Loss of neutrals (H20, NHz or AA) may complicate spectra but can also be used to

confirm ion assignment.

This matching can either be performed manually or with several software packages such as
Biotools (Bruker), BUPID Top-Down, BIG MASCOTHI1l, SEQUESTI12], OMSSAIl13] and
ProSightPTMI[114] (sold as ProSightPC by Thermo). The result is usually visualised as a fragment
map which depicts the protein sequence with fragment ions represented as blocks or lines. Again
there is no universally accepted method for representing this data and groups have developed

their own preferred formats.
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Fragmentation Map Used to Depict Sequence Coverage
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Figure 25 - Typical fragmentation map used to visualise top-down data

Step 5 PTM Assignment & Scoring

When PTMs or ASFs are suspected the procedure for ion assignment varies depending on whether
they will be assigned manually or not. Often some prior biological knowledge coupled with a
detailed examination of the mass profile can give some clues to the number and identity of PTMs
present, and presents a good starting point. Definitive PTM identification and localisation is
performed with the MS/MS data. In manual type assignment it is assumed that the spectrum
should be sufficiently good to contain enough fragment ions. For any PTMs that are known to be
present (chemical modifications such as carbamidomethylation of cysteines for example) the
mass of the PTM is added in the appropriate place on the protein sequence and the theoretical ion

masses recalculated.

A “first pass” at ion assignment is then performed and the data visualised. Often a sequence of
fragment ions will be assigned and stop abruptly at a particular residue. This is a strong indication
that this residue is modified. If no ions are assigned at all then this is a strong indication that the
protein sequence is incorrect or the termini are modified. Once a putative site of modification has
been identified previous biological knowledge can be used to test modifications on a particular
site. The site is modified with the mass of the PTM, theoretical ions recalculated and assignment
reattempted. If the ion sequence continues past this residue then one can reasonably assume that
is modified. If not then other PTMs must be trialed. There are a number of manual techniques for
PTM identification when the PTM is completely unknown or unexpected. This iterative process is
continued until the mass of the modified protein matches that obtained from the mass profiling

experiment.
Automatic Identification of PTMs in Targeted Mode TDMS

The process of PTM assignment can also be performed using specialised modes in a number of
software tools. There are two types of tool available, the choice of which depends on how much

information that is already known about the PTM (identity and localisation). The first type
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requires the user to propose expected modification and is similar to the process performed during
shotgun PTM identification in bottom-up proteomics. Tools that operate in this way include BIG

MASCOT, SEQUEST, OMSSA and ProSightPTM.

The second type of tool will try to find completely unknown PTMs. There are several ways to do
this and the details of the approach depend on the tool. In the “Delta m (Am) Mode” of
ProSightPTM the software calculates the difference between the observed and calculated

molecular mass (Am) at the protein level as a basis for localising PTM during ion matching.

A different approach to PTM localisation is provided by MS-TopDownl!15] and its newer version
MS-Align+*11¢], This software finds spectral alignments between top down MS/MS spectra and
truncated protein segments. With the precursor mass as an additional input and when data quality
is high this tool can narrow down PTM containing regions and suggest PTM masses without any

prior information. This approach is particularly powerful for de novo PTM identification.
Scoring of PTM Assignments

In targeted mode the protein ID is often known, therefore scoring generally only concerns
different PTM assignments. When multiple PTMs are present there are often many ways to
arrange the PTMs on the protein backbone and scoring systems can help assign confidence to each
of these possibilities. Similarly to bottom-up proteomics when top-down experimental MS/MS
data is processed automatically, some system, of scoring the protein spectrum match (PrSM) is
applied to enumerate the confidence in the assignment. Different scoring metrics are used

depending on the software chosen for data analysis.

Probably the most widely used scoring system is the Kelleher P-score as implemented in
ProSightPTMI!14l. The basis of the P score is shown in equation (4) where x is given by equation
(5), M, is the mass accuracy of the MS?, n is the total number of fragment ions and fis the number

of matching fragment ions.

L _Ghre
P = Pf,n —T (4)
1
= .2.M. -2
SETEREI a (5)

The P score (and related g score) essentially scores assignments based on the total number of
fragment ion matches but there have been some problems raised with its appropriateness
because of its relative simplicity. A newer “lambda score” is being worked on by Richard LeDuc
(Indiana University) in collaboration with the Kelleher group. This new score is based on Bayesian

probability, where prior information can be integrated into the scoring model. The function used
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to calculate the score promises to take into account more parameters such as ion intensity and the

propensity of cleavage between certain amino acids.

The construction of appropriate scoring functions remains an area of top-down proteomics that

is in development and a topic of on-going research and intense debate.

7.2. Examples of Targeted Mode Top-Down Mass Spectrometry

Building on early studies on model proteins, TDMS is increasingly being applied to biological
samples and has found particular utility in field of human health!'?7l. For example Ge’s group has

used targeted mode TDMS to study myocardial dysfunction.

In a 2011 report they published the first clinical application of top-down MS-based quantitative
proteomics for biomarker discovery from tissuesl!8l. After affinity purification of Troponin I, a
candidate biomarker for chronic heart failure, from both post-mortem and donor heart tissue,
high resolution mass profiling was used to show that Troponin [ was expressed in multiple
proteoforms bearing different number of phosphate PTMs. They then quantitatively mapped the
proportion of phosphorylation in samples taken from healthy hearts and those from patients

suffering mild hypertrophy, sever hypertrophy, and congestive heart failure using (Figure 26).

Remarkably they found that the extent of phosphorylation correlated with disease progression
and decreased as contractile dysfunction became increasingly severe. A similar decrease was
shown when fresh tissue recovered after surgery from healthy donor hearts was compared with
tissue from hearts exhibiting end-stage failure. Combining the mass profiling results from a
number of patient samples in a large scale study enabled the proportions of non-modified, singly,

doubly and triply modified phosphoforms to be statistical validated.

Using ECD fragmentation performed on a 7T LTQ-Ultra FT-ICR MS they also mapped the
phosphorylation sites in these proteoforms and showed that during disease progression
dephosphorylation occurred first at Ser?2 then at Ser23. These results demonstrate the power of
TDMS to provide an overview of expressed proteoforms, provide label-free quantitative
information, and then be used in a target approach for deep characterisation of a novel proteoform

biomarker.
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Figure 26 - Workflow used for Troponin I (cTnl) purification from heart tissue, quantitative MS for

proteoform mapping and MS/MS for phosphorylation site identification. (Top) Mass profiles of the

Troponin I proteoforms from healthy and diseased hearts. ECD MS/MS of the monophosphorylted
proteoform from A) healthy & B) diseased hearts and C) the dephosphorylated form from a healthy heart.

(Bottom) Adapted from Zhang et al.[118]
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Another area where top-down mass spectrometry has been extensively applied is that of histone
proteoform mapping(119-123], Histones are a major part of the chromatin around which DNA is
spooled and are known to carry multiple PTMs such as lysine and arginine methylation, lysine
acetylation and serine or threonine phosphorylation. The combinations of these PTMs generate a
histone code that directs chromatin related cellular processes. Core histones can be divided into
four families [H4, H2B, H2A and H3]. In a recent report from the Pasa-Tolic group a total of 708

histone proteoforms were identified from a sample of purified HeLa cell core histones!124l,

To separate histone forms prior to MS a metal free online 2D LC-MS/MS separation strategy was
used where the major histone families were first separated by RPLC then proteoforms were
further separated in a second dimension by WCX-HILIC coupled to a LTQ Orbitrap Velos Mass
spectrometer (Figure 27). The system was as automated as possible to avoid time-consuming and
labour intensive offline fractionation. Top-down MS/MS was performed with both ECD and CAD
fragmentation and the results combined for maximum sequence coverage and precise PTM
localisation. The results from MS/MS were processed using ProSightPTM, and even thought the
identities of the core proteins are unknown, this report provides an example where automated
PTM assignment and scoring becomes particularly useful if not essential. This study represents
the largest investigation into histone modification performed to date and provides yet another

example of the high level of diversity that proteoforms present bring to the proteome.
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Figure 27 - 2D LC-MS/MS strategy for separation of core histones by family then further separation of
proteoforms and top-down MS/MS. PTM assignment is shown for a component of the acx3 fraction.
Adapted from Tian et al.[*24]

54



7.3. Discovery Mode Top-Down Proteomics

Discovery mode is a natural evolution of targeted mode TDMS where top-down experiment is
performed in a high-throughput fashion on a more complex sample. The ultimate goal of discovery
mode TDMS is the complete characterisation of all proteoforms present in an entire proteome.
For this reason discovery mode is often simply referred to as top-down proteomics. The
realisation of a robust top-down methodology has taken many years to perfect because further
experimental demands are introduced by the increased number of analytes and a shorter
experimental window imposed by the online MS/MS experiment. Some of these specific technical

challenges and solutions are outlined below.
Pre-Fractionation & Sample Separation & Sample Injection

In discovery mode TDMS proteins are often separated by RPLC and delivered to the mass
spectrometer in a fashion analogous to that found in the high-throughput bottom-up proteomics.
Separation of proteins by RPLC results in a resolution lower than that achieved on peptides and
so multidimensional fractionation methods are used to reduce the sample complexity to avoid too

many co-eluting speciesl125l,

Methods that separate proteins in solution are particularly desirable as they are amenable to
multiplexing and facilitate integration into the top-down proteomics workflow. Important
techniques that have been implemented into top-down workflows include, SEC and GelFree
(molecular weight)l12¢], sIEF[127] & CE (pI)I127-129], cation and anion exchange chromatography
(basic and acidic residues - related to pl), HILIC (hydrophilicity)130.131] and RP chromatography
(hydrophobicity). Modifying these techniques for use with proteins however can be nontrivial and
sometimes may require high concentrations of detergents, chaotropic agents or salt to maintain
protein solubility. Dialysis for solvent exchange or precipitation is often required prior to sample
injection in order to maintain compatibility with electrospray. These steps complicate the

workflow and great care is often required to avoid sample loss.
Considerations During MS & MS/MS

The major difficulty in performing on-line top-down characterisation is the reduced time available
for protein fragmentation on an LC time scale (<1-2 minutes). This limits the time available for
scan acquisition. The factors that increase the duty cycle such as scan accumulation to improve
S/N in both MS and MS/MS, electronic fragmentation modes (long activation time) over
vibrational ones (short activation time), increased resolution though longer detection times are
often performed at the expense of selection of other precursors and often a balance must be struck

between deeper proteome coverage and more complete proteoform characterisation. This is a

55



particular problem on Bruker FT-ICR instruments in which the stages of the MS/MS experiment
(accumulation, fragmentation, and detection) are performed in a strictly linear fashion. On newer
Orbitrap systems these stages are overlapped for example while detection in one cycle is being
performed accumulation is started in the next. This greatly increases scan speed. Since vibrational
modes result in a greater percentage of parent to fragment ion conversion these are most often
employed to achieve protein ID in top-down proteomics experiments. Electronic modes are often

used to provide complementary fragmentation or identify labile PTMs.
Data Analysis, Protein Identification and PTM assignment in Discovery Mode

In discovery mode the approach to data analysis becomes much more akin to bottom-up
proteomics. There is no question of performing manual data interpretation and thus appropriate
software such as ProSightPTM, BIG MASCOT or MS-Align* is required to perform both protein ID

and PTM characterisation.

There are two basic strategies to achieve protein identification; the first uses the intact protein
mass obtained from deconvolution of the MS scan plus fragmentation data to match, score and
rank both non-modified and modified proteins. This is similar to the automatic approach
described for targeted mode and thus BIG MASCOT, SEQUEST, OMSSA and ProSightPTM can be
used for this type of identification. Extensive fragmentation is not required to establish confident
protein ID with around 6-10 good quality fragment ions often being sufficient. This alleviates some

of the experimental pressures required from extensive sequence coverage.

The second approach may not use the MS data but simply interrogates the data from MS/MS,
looking for ladders of ions that correspond to putative sequence tags. These tags are then matched
against the database creating a smaller set of proteins against which the full fragmentation data
may be fully matched and scored. This option is also available in ProSightPTM. It is also used by
the USTag tool which can perform protein ID but does not score matches(132. MS-Align* also relies
on matching sequences of ions. At the very least this approach demands good sequence coverage
in some localised areas of the protein. When deciding between multiple PTM matches an
appropriate scoring system score becomes an incredibly important parameter as does the

development of approaches to calculate an FDR. These are both topics of on-going research.

When deep characterisation of proteoforms is required and the search space is expanded to look
for multiple combinations of multiple PTMs (often with a very large mass window) database
searching becomes a highly computationally demanding procedure. This requires extension of
software tools to support parallel computing on multi core architectures. Even then data

treatment may take several days or even weeks to complete.
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7.4. Examples of Discovery Mode Top-Down Proteomics

Large scale top-down proteomics studies have grown and in number and complexity since the
first reports in the early 2000s and have now been performed on at least one proteome from each
of the three domains of life, and the two model proteomes often used in bottom up proteomics;
Saccharomyces cerevisiae (baker’s yeast) and the human HeLa3 cell line. The results from major

top-down proteomic studies published since 2003 are represented in (Figure 28).
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Figure 28 - Histogram of proteins (blue cylinders) and proteoforms (orange cylinders) identified in the
major top-down proteomic studies published since 2003. Studies referred to are Forbes[133], Tsailt34],
Wul13s], Bunger [13¢], Liul116], Ansong(137], Mengl138], Kellie[139], Ahlfl140], Tranl!41] and Catherman (2012)[142]
(2013)[143]

There are two major trends that can be seen in the histogram. The first is the big improvement in
both protein and proteoform ID since the introduction of the high-field Orbitrap in 2011. The
second and the most striking feature is the number of proteoform IDs compared to the number of
proteins. This is threefold higher in the studies from Ansongl[137], Kelliel139], Ahlfl140] and Tran et
al.'*1] and nearly five time higher for the most recent study by the Kelleher group!43l. This
provides a strong indication of the huge diversity that is imparted to all proteomes through
proteoforms. Some of these studies are briefly presented in greater detail to outline some of the

specific features of the top-down proteomics approach.
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Until very recently the largest top-down proteomics study performed to date was published by
Keheller group in 2011 and concentrates on the identification rather than characterisation of as
many proteoforms as possible in HeLa S3 cells[141l. Fractions enriched in nuclear, cytosolic and
mitochondrial membrane proteins were prepared from whole cell lysates. After multidimensional
fractionation firstly by sIEF (four to five fractions) then GelFree (nine fractions) the proteome,
which has now been separated into 36-45 fractions, was subjected to RPLC TDMS using a 12T LTQ

FT Ultra FT-ICR mass spectrometer. This separation strategy is shown in Figure 29.
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Figure 29 - Multidimensional separation strategy used for top-down proteomics of HeLa cells. Taken from
Tran et al.[141]

A separate MS/MS method was used for proteins sparing three different mass ranges and both
ISD and CAD modes were employed for protein fragmentation. Data were combined from three
complete fractionation experiments performed on the nuclear extract, five on the cytosolic extract
plus two GelFree RPLC-MS/MS runs on the mitochondrial membrane extracts totalling around
378 total LC-MS/MS runs. The resulting MS/MS data were first processed by several pieces of
software for protein mass deconvolution then by a version of ProSightPTM for protein
identification and PTM assignment that has been adapted to run on a cluster. 1,043 unique

proteins and over 3,000 proteoforms were identified in this manner at an FDR of 5%.

Discovery mode TDMS has also been used by the same group for the identification and
characterisation of mitochondrial membrane proteins. After mitochondrial separation from HeLa
S3 cells and membrane purification, GelFree separation was followed by RPLC-MS/MS usinga 12T
LTQ-Velos-FT-Ultra MS. CID and ISD were employed as the fragmentation methods in a top 2 MS

method. Pooling results from 30 GelFree fractions a total of 246 proteins were identified, 107
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were mitochondrial, of which 83 were characterised as membrane proteins based on high
confidence transmembrane helix prediction. Of these 83, 53 were identified with N-terminal Met
cleavage and or acetylation. A myriad of other PTMs were found including myristoylation,
trimethylation, ProGlu formation and an [-V SAP consistent with a reported SNP. Membrane
proteins are notoriously difficult to handle by bottom-up methods and this study clearly shows

the utility of the top-down approach for analysing proteins of this class.

A very recent study again by the same group has extended the study of membrane proteins to
membrane enriched fractions of H1299 cells(143]. In this report 1,220 proteins were identified, 856
of which were designated as membrane associated by gene ontology. In addition over 5,000
proteoforms were observed. This sets a new bench-mark for the scale of top-down proteomics

investigations.

In another report Ahlf et al. evaluated the new high field Orbitrap for TDMS proteome mapping
using H1299 human lung cancer cells on a Velos Elite system[!40]. A GelFree approach for initial
sample fractionation was used followed by RPLC-MS/MS. A data dependent top 3 method was
applied where HCD, ETD and CAD were performed sequentially on proteins with masses <25 kDa

and ISD and HCD on proteins > 25kDa. Results were processed using ProSight (Figure 30).
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Figure 30 - Workflow used by Ahlf et al. for discovery mode TDMS of the proteome of H1299 human lung
cancer cells. Taken from Ahlf et al.1140]

The complementarity of the fragmentation methods for protein ID was shown through a separate
experiment on a single GelFree fraction. Results from 9 full experimental replicates were pooled

leading to the identification of 690 unique gene products at an FDR of 5% and an impressive 2,366
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proteoforms including 337 phosphorylations, 75 monomethylations, 58 dimethylations, 31

trimethylations and 892 acetylations. Note the high 3:1 proteoform/protein ratio in this study.

Moving to the bacterial proteome, the study by Ansong et al. is particularly important as it shows
that discovery mode TDMS has developed sufficiently to be used in differential proteomics. The
bacterium Salmonella Typhimurium was grown in both normal and minimal media representing
basal and “infection-like” conditions. Without performing sample fractionation, RPLC-MS/MS was
performed on a whole cell lysates of bacteria grown in these two conditions using a long nano-LC
column (80 cm), long 250 min gradient and both HCD and ETD fragmentation on an Orbitrap
Velos mass spectrometer. Data was processed using the MSAlign* software tool resulting in the

identification of 563 proteins and 1,665 proteoforms at a 5% FDR.

Of the many proteoforms identified, 25 exhibited S-thiolation. Thiolation was found to occur in
two forms, glutathionylation or cysteinylation. Surprisingly the former appeared almost
exclusively in the basal growth condition whilst the later was almost exclusive to the infection like
condition. The PTM switch from glutathionylation to cysteinylation which occurred upon

changing the growth conditions is evidenced for the YifE protein (Figure 31).

Many studies correlating proteomics to the disease state are differential and this work provides
proof-of-principle that top-down proteomics can be applied to this area. When coupled with other
top-down studies that have been performed on more relevant biological samples, such as that by
Cabras et al. on the salivary proteome of patients with Down syndromel44], it is clear that TDMS
shows great promise to probe the roles that posttranslationally modified proteoforms play in

disease.
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Part Il - Neisseria meningitidis - A Deadly Human
Pathogen

1. Neisseria meningitidis and Meningococcal Disease

Neisseria meningitidis (Nm) is a Gram negative bacterium and commensal of the human
nasopharynx. It is best known however as the etiological agent of cerebrospinal meningitis. First
isolated by Weichselbaum in 1887, Nm exhibits a distinctive diplococcal shape, as shown when

visualised by transmission electron microscopy (TEM) (Figure 32).

500 nm

Figure 32 - Negative staining electron micrograph of a single Nm diplococcus of the 8013 strain

Pathogenic Nm is encapsulated by a polysaccharide layer that is lipid anchored into the bacterial
outer membrane. Variation in sugars exposed on the surface of the capsule leads to different
serological reactivity and the identification 13 distinct Nm serotypes (A, B,C,D,H, LK, L, X, Y, Z,
29E and W135), of which five serogroups A, B, C, Y, and W135 are most associated with human
diseasell45], Classification of the bacterium may also be performed in a more gene centric fashion
by multi locus sequence typing (MLST)[146 1471, In the case of Nm, this involves defining clonal
complexes based on the sequence of seven housekeeping genes. This enables the genetic similarity
of different strains to be evaluated and compared. The MLST approach is now widely adopted and
has been used and to class commensal strains in carriage studies(*8! and track hyper invasive

lineages as they spread.
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1.1. Epidemiology

Nm is an exclusively human commensal and is thought to be present in between 10-20% of the
human population at any given time. Carriage rates have been reported to be significantly higher
in closed or semi-closed populations such as university students and military recruits;
presumably due to an increase in aerosol based transmission. The majority of the time Nm
remains a benign commensal, but for as yet unknown reasons it may develop into a highly

dangerous pathogen.

In western countries meningococcal disease is mostly caused by Nm serogroups B and C.
Outbreaks are often geographically localised, sporadic and unpredictable resulting in a
substantial public health burden[149l. Meningococcal disease is endemic in other parts of world,
such as central Africa, where it is often attributed to serogroup A. The area of sub-Saharan Africa
stretching from Senegal in the west, to Ethiopia in the east is particularly prone to frequent and
deadly meningitis outbreaks and is therefore often termed the meningitidis belt. The number of
cases in this region usually rises in the dry season and during large population migrations such as
the Hajj pilgrimage where infection rates here have been known to reach 1,000 cases per 100,000
inhabitants (the WHO definition of an epidemic is > 100 cases per 100,000). Meningitis in Africa
therefore constitutes an enormous global health burden and is the focus of international

prevention efforts.

1.2. Meningococcal Disease

Meningococcal disease mostly manifests itself through early flu like symptoms. These can develop
into purpural skin lesions, sensitivity to bright light, fever, vomiting, stiffness around the neck area
and a severe headache. Meningococcal infection often develops very quickly and within a several
hours may result in cerebrospinal meningitis and/or severe sepsis coupled with circulatory
collapse (meningococcemia). Both of these conditions are potentially deadly and have a high rate

of mortality that is around 50% if left untreated.

The rapid onset of the disease is exemplified by the recent, high profile death of a researcher in
San Francisco, CA, USA who contracted meningitis after accidental exposure in the lab where he
worked, only 17h after manifestation of the initial symptoms(150l. Diagnosis of meningococcal
infection requires culture from blood or CSF (often obtained though lumbar puncture) and may
be easily treated with appropriate antibiotics. This lowers the mortality rate to around 10-
15%/151, but even if the patient survives the infection, subsequent disability and even limb loss
are common outcomes. Rapid disease progression and seemingly benign initial symptoms often
delay effective early treatment and make Nm an incredibly dangerous pathogen in countries with

sophisticated medical care and devastating in areas where this is not the case.
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1.3. Vaccination

Many cases of meningitis can be prevented though effective vaccination and both polysaccharide
based and polysaccharide-protein conjugate vaccines have been developed against Nm
serogroups A, C, Y, and W135. A highly effective quadrivalent vaccine catering for all of these
serogroups was released in 2005. Recent programmes of widespread vaccination in countries
throughout the meningitidis belt are having a particularly positive effect with the last major

epidemic occurring in 20091152],

Serogroup B strains (NmB) present a particular problem for vaccine development. In this
serogroup the polysaccharide capsule is formed of the glycan (2—8)-a-N-acetylneuraminic acid
which is similar to several human antigens. It has thus been deemed an unsuitable vaccine target
for fear of autoimmune development(!53], Robbins et al. have however recently revaluated this

position and argue that cross reactivity may not be as serious a problem as previously thought[154.

Other surface exposed molecules have also been used in outbreak specific meningococcal vaccines
and are currently being trailed in several efforts to develop a broad based Nm vaccine that would
be effective against NmB (Pfizer-Wyeth, Novartis)[55. These newer vaccine candidates contain
multiple components to increase strain coverage and increase efficacy, many of which are derived
from surface proteins of the bacterium itself. In the wild type bacterial population these surface
antigens are found to be hypervariable, and thus epitopes of emerging pathogenic strains may not
be the same as those isolated previouslyl!5é 1571, Vaccines are therefore expected to become less
effective over time, even if they contain multiple components. A better understanding of the
molecular mechanism of meningococcal disease may reveal alternative potential antigens and

novel strategies to combat and prevent infection.

1.4. Escaping Immune Detection and Mechanisms of Disease

In addition to the polysaccharide capsule, Neisseria meningitidis harbours a number of surface
antigens that influence bacterial interactions with the host (Figure 33)[156], These include type IV
pili, the lipopolysaccharide layer (LPS) and several ubiquitous surface proteins such as Opa and
Opc (involved in adhesion to host cells), PorA (forms a cation selective pore) and NadA (an invasin
promoting adhesion and invasion into host cells!*58]). Neisseria meningitidis has evolved the ability
to vary the structure of these surface exposed motifs in order to escape the host immune system.

This is achieved using two main strategies; phase, and antigenic variation[159],
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Figure 33 - Prominent outer-membrane (OM) components of N. meningitidis that influence bacterial
interactions with host cells. Taken from Virjil156]

Phase variation is a mechanism for on/off switching of protein expression(160. 1611, Phase variable
genes are characterised by repeat sequences or homopolymeric tracts in, or upstream of, the open
reading frame (ORF) which increase the propensity for slipped strand mispairing during DNA
duplication. This causes contraction and expansion of these repeat sequences, pushing the ORF in
and out of frame and switching the relevant gene on or off. There are 24 known families of phase
variable genes in Neisseria spp. and a further 25 strong candidates!62]. Over half of these encode
for surface expressed proteins (such as Opc, Opa, PorA NadA), enzymes known to modify surface
proteins (PglA, PglE, PglG, PglH) or are proteins involved in the synthesis of LPS (LgtA, LgtC, LgtD).
The polysialyltransferase SiaD required for polysaccharide capsule expression is also phase

variablel163],

Antigenic variation refers to the expression of multiple antigenically distinct forms of a single gene
product within a clonal populationlté4. As such, expression of proteoforms with different PTM
complements and expression of proteoforms with different primary structures both constitute
forms of antigenic variation. Antigenic variation of the protein primary structure may be the result
of gene transfer which can be defined as unidirectional recombination of variant DNA into a
homologous locus. This process occurs in Nm by a number of different molecular mechanisms.
One of these mechanisms relating specifically to PilE, the major constituent of type IV pili is
represented in Figure 36. This type of antigenic variation results in the expression of proteins
which have hypervariable primary structures. Both OpA and PilE are known to undergo antigenic

variation(159],

Employing both antigenic variation and phase variation to rapidly alter its surface structure aids

Neisseria meningitidis in avoiding immune detection. In this regard it can therefore be consider
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somewhat a “master of disguise”. This can pose particular issues for both vaccine design and

bacterial clearage during infection.

Nm may become pathogenic after it has crossed the epithelial layer and gained access to the
circulatory system. The trigger for this event is currently unknown. Once in the bloodstream the
bacteria adhere to the blood vessels, multiply and aggregate. This colonisation of the vasculature
triggers coagulation of the blood, inflammation and loss of vasculature integrity causing
potentially life threatening septicaemial65-1671, Proliferation in blood vessels also allows access to
the blood brain barrier from where the meningococcus can gain access to the cerebral spinal fluid
(CSF). For both initial colonisation of the nasopharyngeal mucosa and at each stage of this
infection model, extracellular organelles called type 1V pili (T4P) are found to be key protagonists

mediating multiple interactions between bacteria and the hostl68l.

2. Type IV Pili

T4P are long, extracellular, filamentous organelles common to numerous bacterial species
including Pseudomonas aeruginosa, Vibrio cholera, Escherichia coli, Nm and the related pathogen
Neisseria gonorrhoeae (Ng) which colonises the human urogenital tract(16°l. Nm and Ng exhibit
some important differences, their preferred biological niche being just one example, but share
significant similarities with respect to pilus biology. Whilst we are particularly concerned with
Nm, evidence drawn from both Nm and Ng is useful to present a complete picture of these highly

complex and versatile organelles.

2.1. T4P Function

T4P are implicated in multiple, diverse processes including manipulation of host cells, electron
transfer, biofilm formation and bacterial motility[170. In Nm type IV pili are required for four
important life processes: host-cell adhesion, bacterial aggregation, signal induction and

transformation(179],

Bacterial adhesion to both endothelial and epithelial cells has been shown to be severely impaired
or completely abolished in non pilated variants of Neisseria spp. thus indicating that T4P are

indispensable for host cell attachmentl171-173],

Microscopy of bacterial colonies has shown that pili from neighbouring bacteria are often
observed to aggregate or bundle. These inter-bacterial ties are believed to promote colony
integrity and adhesiveness!'74l and it has been shown in vitro that bundling partially helps

bacterial colonies cope with shear stresses similar to that found in the vasculaturel75 176],
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Pili have also been found to trigger several signalling processes in host cells. Attachment of T4P is
required for the deformation of the host cell membrane, which also aids in coping with shear
stressli7¢l. Attachment of T4P to human brain microvascular endothelial cells has been shown to
recruit the Par3/Par6/PKC( polarity complex that is required for intercellular junction formation.
Recruitment of this complex weakens junctions and is thought to promote crossing of the blood

brain barrier(77]. This recruitment is not found to occur for epithelial cells['78].

Lastly, T4P are required for natural transformation; a process that involves uptake of exogenous
DNA and integration into the bacterial genome. Transformation is useful for promoting genetic
variation and DNA repair. T4P are heavily implicated in the initial step of DNA binding which must

take place before internalisation can occurl(174l,

2.2. Biogenesis & Structure

T4P are biological macropolymers formed of repeating protein subunits arranged in a helical
fashion to create the long (several um), thin (5-8 nm) and flexible fibre observed as the pilus
(Figure 34)11791. In Neisseria spp. the major component of T4P is the major pilin PilE, a 14-18 kDa
protein coded by the pilE gene. Pilus assembly occurs in the periplasm. PilE is translated in the
cytosol and transferred into the inner membrane ready for assembly. Here it is processed,
polymerised in the periplasmic space and pushed out through a pore in the outer membrane to
form long filaments observed as pili. Pili are dynamic organelles and may also retract back inside
the bacterium. This is thought to occur through depolymerisation of the fibre and is necessary for

transformation and a type of bacterial locomotion called twitching motility[180.181],

Meningococcus

Globular Exposed
C-terminal Domain

Pilin
subunit

Structured Hidden
N-terminal Domain

Figure 34 - Structure of the pilus showing helical arrangement of pilin subunits and the two major
domains of the PilE monomer
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Pilus expression in wild-type (WT) Nm requires 15 proteins including the major pilin PilE
(PilC1/PilC2, PilD, PilE, PilF, PilG, PilH, Pill, Pil], PilK, PilM, PilN, PilO, PilP, PilQ and PilW)(182 183],
The specific role of many of these Pil proteins remains uncertain and the function of only a small
group has been described in detail. PilD is a bifunctional enzyme that processes PilE into a mature
form184.185], PilF is a traffic ATPase thought to provide the chemical energy for pilus extension!!86l.
PilQ is the principal component of the outer membrane pore and together with PilM, PilN, PilO,
PilP is thought to form a large periplasmic channel constituting a core transmembrane
complex[187-189] jn which PilG, PilH, Pill, Pil], PilK and PilW are thought to play additional structural
and stabilising rolesl190l. PilC1 and PilC2 are involved in the fine tuning pilus adhesiveness and

controlling host cell motility[1911,

Seven additional proteins (ComP, PilT, PilT2, PilU, PilV, PilX and PilZ) are dispensable for pilus
formation but play important roles in mediating the diverse array of pilus functions!192l. PilT is an
ATPase thatis responsible for pilus retraction. PilV, PilX and ComP (the minor pilins) share overall
structural homology with PilE and are thought to be integrated within the pilus fibre since they
co-purify with PilE after pilus purification. ComP has been linked to DNA binding(193], PilV to
epithelial cell adherencel194 and the induction of signalling(l7¢], and PilX has been found to
promote bacterial aggregation[195]. PIIX is believed to counteract pilus retraction through a hook
type D region that forms links with other PIIX subunits integrated into other bundled pili [1941. This

increases friction between neighbouring fibres and impedes retraction.

PilE is by far the major component of the pilus fibre and biogenesis machinery and therefore has
the greatest potential to mediate interactions with other biomolecules including those of the host

immune system. The structure of PilE will therefore be examined in closer detail.

3. The Major Pilin - PilE
3.1. Structure of PilE

PilE is a ladle shaped protein with a long, hydrophobic, N-terminus that protrudes from a more
globular C-terminal head (Figure 35)[19l. The hydrophobic alpha helical N-terminal “handle” plays
a largely structural role promoting packing interactions on the inside of the pilus fibre. The
globular “spoon” C-terminal domain of PilE is more hydrophilic with several important structural
motifs that are exposed on the surface of the pilus. It is these surface exposed regions that mediate

interactions with the biological milieu.
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Figure 35 - Domains and structural features of the major pilin PilE

PilE is a small protein which varies in length from between 140 and 180 amino acids. The first 5-
6 residues represent a short leader sequence that is cleaved posttranslationally by PilD before a
conserved phenylalanine residue. The N-terminal region spanning the first 50 or so amino acids
is virtually identical amongst all known PilE sequences. Outside of this region PilE may undergo
considerable sequence variation. The middle proportion of PilE is described as mildly variable
with local regions of hypervariability, whilst in the C-terminal D-region that is demarked by two
cysteine residues, is particularly hypervariable and exhibits hardly any homology between
strains. Figure 37 (top) shows an alignment of the “variable type” PilE sequences and is annotated

with the protein secondary structure.

3.2. Sequence Variation

The hypervariability of the PilE primary sequence is another example of antigenic variation, used
by Nm to promote immune escape. Indeed electron microscopy, X-ray crystallography and
molecular modelling have shown that many of the sequence variable regions of PilE lie exposed

on the surface of the pilus fibre. This is particularly apparent for the cystine bound D region loop.

The origins of this antigenic variation can be traced to homologous recombination of the pilE gene
with several silent pilS cassettes that are clustered close to pilE in the bacterial genomel159. pilS
genes lack both the promoter and the initial 5° 150 bp sequence that corresponds to the N-
terminus of PilE but share significant homology with the rest of the pilE gene. During

recombination events DNA elements are transferred from pilS to pilE in a unidirectional, RecA
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dependent fashion and the original pilE gene is discarded. A carton of this process is shown in

Figure 36.

pilE expression locus Silent pilS loci

\

Conserved Variable

\

Conserved Variable

RecA-mediated | Gene conversion
recombination

\H — H pils1 pilS2 pils3 pilS4

Conserved Variable

Figure 36 - Cartoon representing the homologous recombination of genetic material from the pilS
cassettes into the pilE gene. This mechanism is responsible for antigenic variation of PilE. Taken from
Davidsen et al.[159]

The molecular mechanism by which this exchange occurs is complex and a matter of current
investigationl(197-200] but the frequency of such gene conversion is remarkably high and has been
estimated to occur at 1.6x10-3 events per colony forming unit per generation/201l. This method to
escape the immune system has been a longstanding precept of pilus biology and is the principal

reason why PilE was deemed unsuitable as a vaccine target in the late 1980s.

In 2010 a large bank of PilE sequences from clinical isolates of Nm was reported. These are shown
in Figure 37. Unexpectedly, rather than being comprised entirely of the variable type, which is
known to undergo antigenic variation, many strains showed significant and unprecedented
conservation of their PilE sequencel2021*. The question therefore arises, “if antigenic variation of
PilE promotes immune evasion, how do all of these strains that express an invariable PilE

sequence escape immune detection?” The answer to this question is as yet unknown.

Note that in this paper and elsewhere PilE sequences are grouped into two classes based on reactivity
with an SM1 monoclonal antibody. Whilst class I sequences are hypervariable and class II conserved, we
find the term generates confusion and simply "variable” or “nonvariable” is an adequate description. The
word “class” will be reserved exclusively for genetic organisation.
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4. Posttranslational Modification of PilE

An additional means to promote structural diversity an antigenic variation is through
posttranslational modification. PilE is a highly modified protein that has been found to harbour a
number of unusual PTMs. After cleavage of the leader sequence, the bifunctional enzyme PilD
methylates the N-terminusof PilE[!85]. In addition to an intact disulfide bond between the cysteine
residues enclosing the D region, these two PTMs are consistently present on all previously
characterised pilins. The additional PTMs of PilE can be divided into two groups comprising O-
linked glycans and phosphoforms. To date PTM of PilE has been investigated in only a limited
number of Neisserial strains; two from Ng and three from Nm. Evidence from both Nm and Ng

strains will therefore be grouped in order to present the most complete picture of pilin PTM.

4.1. Glycosylation

PilE may be glycosylated by two core glycans 2,4-diacetamido 2,4,6-trideoxy o-D-hexose
(DATDH)[203] and 2-acetamido 4-glyceramido 2,4,6-trideoxy a-D-hexose (GATDH)[204] (Figure 38).
These may be further elaborated by up to two additional hexose (Hex) subunits to form
disaccharides and trisaccharides respectively. Pilin is always found to be glycosylated and in the
strains examined to date Ser3 is consistently and exclusively reported to be the sole site of glycan
attachment. The glycan is therefore located in the a-f3 loop region of PilE and exposed on the pilus
surface. The evidence to support the identity and position of the glycan on the protein backbone
comes from numerous studies, the conclusions of which have undergone refinement as

experimental methods have developed. These reports are summarised in Table 1.

HO
H4C 0 0
\f CH, HO CHy
HN J\ HN J\
~ o ~ o
HO Deeerns Ser HO [© JPPP Ser
H3CYNH HSCYNH
0 0
DATDH GATDH

Figure 38 - Structure of the bacterial glycans DATDH and GATDH
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The pgl System, Glycan Structure & Phase Variation

When the DATDH glycan was first identifed on pili purified from Nm, discovery of glycosylation,
and indeed PTM in general, was a novelty for bacteria. Since then several complete bacterial
glycosylation systems have been described[2!1l. In Neisseria spp. the protein glycosylation (pgl)
system is responsible for glycan synthesis and PTM. Hartley et al. have recently presented a
detailed biochemical characterisation of this pathway including associated stereochemistry of the

glycan intermediates (Figure 39)[212],

UDP-GIcNAc UDP-4-keto UDP-4-amino UDP-diNAcBac
OH
PgID 0 PgIC PgIB-ATD
HO 9 TR 8 S HY 2 7 X AcHN Q
HO NAD* NADH HO PMP  PLP HO AcCoA CoASH HO
AcHN oupp AcHN oupp > AcHN & pp ACHN( o
L-Glu «a-KG
Und-PP-diNAcBac-(Gal),
OHOH
Und-PP-diNAcBac-Gal * PgIB-PGTD
PgIE OHOH PglA
(0] Y N
UDP UDP-Gal HO UDP UDP-Gal  Und-PP-diNAcBac
OH
AcHN ACHN 2 AcHN R
0 HO
Pgll
AcHN AcHN AcHN
° 0 S
Cytoplasm PgIF 2 % 3 &
ge} c o IC é 'C
c 3 o =] 3 3
o Q. - Q Q. Qo
Periplasm &' PgIO &' OHOH
o e o]
NHAc pilin
o Ho&»o o
"NHAC OH 0
L HO HO &
OH ot 0
HO O W OH NHAc
Pilin with O-linked glycan
HO OH
pglB/pglB2 Phase Variable Y pglG/pglH~ alternative glucosyltransferases

Figure 39 - pgl glycosylation system adapted from Hartley et al.[212] (Note that the homolog of PglO is PgIL
in Nm)

Synthesis of the glycan occurs in the cytoplasm where a succession of core enzymes (PgID, PglC,
PglB) first acts on a core 0-linked uridine phosphate (UDP) N-acetyl glucosamine (GIcNAc) sugar.
The glycan core is constructed then transferred to a lipid anchored undecaprenyl phosphate (P-
Und). The Und-PP linked sugar may then be further elaborated by PglE and PglA which attach
successive galactose subunits. In some Nm strains PglH and Pgll may fulfil this role with glucose
as the substratel213]. The glycan can be further O-acetylated, usually at only one site, by Pgll[214].,

Once completely formed, the sugar is translocated into the periplasm by the flippase PglF where

74



it is transferred en-bloc to its substrate by the oligosaccharyltransferase PglL (note that the

homolog of PglO is PglL in Nm). Glycosylation of proteins therefore occurs in the periplasm.

Interestingly, there are several levels of variation present in the pgl pathway that result in
different final glycan structures. The first occurs in the core pgl locus. Two alternative forms of
the pgIB gene, pglB1 and pglB2 code for proteins with different transferase domains: pglB1 an
acetyltransferase and pglBZ a glycerotransferase. This results in the synthesis of two different
core glycans, DATDH and GATDH respectively, that have alternate substituents at the 4 position
(acetamido versus glyceramido) (Figure 38). pglBZ has been shown to be present in
approximately half of Nm isolates suggesting that half of clinically relevant strains express the

GATDH glycanl204],

The second important level of variation concerns the other pgl genes, of which pglA, pglE, pglG,
pglH and pgl are all found to be phase variable. This can result in the expression of up to six
possible glycan structures for a given Nm strain[215l. Genotyping has been successfully used to

predict the expressed glycan by examining the phase of the relevant genes.

The pgl system has recently been shown to be broad based in Neisseria spp. acting on substrates
other than PilE[216-218], The glycoproteins identified are all thought to be anchored or within the
bacterial membranes and represent a wide spectrum of functions including a group involved in
periplasmic electron transfer reactions (Ngo1769, AniA, CycB and CcoP) and another that form
membrane fusion proteins in complex with efflux pumps (MtrC, MtrD, MacA). Glycosylation has
also been found on a likely C-terminally truncated from of the PilQ outer membrane porin. These
examples further underline the diversity that can be found in the bacterial proteome and highlight

the fact that whilst overlooked for many years, bacteria too possess general systems for PTM.

4.2. Phosphoforms

In addition to glycosylation, PilE may also be modified by a variety of phosphoforms such as
phosphate (P)[205], phosphoethanolamine (PE)[206. 2071 phosphocholine (PC)[206. 207, 219] and
phosphoglycerol (PG)220] (Figure 40).

PG PE PC e/
OH NH, '\N:\
T P
Il |l |
___O—F}’—O OH O0—P—0 0—P—0
Ser OH ser C}JH Sor ri)H

Figure 40 - Phosphoforms phosphoglycerol (PG), phosphoethanolamine (PE), phosphocholine (PC)
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PilE is always found to be modified by at least one phosphoform and there is observable variation
in the phosphoform structure. Phosphoform modification of pilins is found to be exclusively O-
linked to serine residues and occurs at three distinct loci. The major modification site seems to be
at Ser®8/69 with some pilin populations containing a minor component additionally modified at
Ser93/94, Ser¢8/69 is located in the a-f loop and Ser?/9¢ on the conserved (3;-f3 loop feature
connecting the second and third strand of the antiparallel, four strand beta sheet!1¢8l. Both of these
regions are exposed on the pilus surface. Similarly to glycosylation, the evidence to support these
conclusions was obtained over a number of years through multiple studies. The relevant reports

are also summarised in Table 1.
Enzymes Involved in Phosphoform Modification

In both Nm and Ng the enzyme PptA, coded by the phase variable pptA gene, is required for
addition of PE and PC to PilE[221,222], Ljke glycosylation, phosphoform modification occurs in the
periplasm. The preference for PE or PC seems to depend on a number of factors including
expression of the minor pilin PilV, although the reasons for this are completely unknown[2071. PC
and PE modification in Nm has recently been specifically attributed to a putative consensus
sequence, XAS where X is a negatively charged amino acid[223l. The generality of this sequence has
not yet been confirmed, however the PptA homologue in Ng does not seem to show this sequence
specificity nor do the phosphoform modification sites reported in Nm HT1125. The mechanism

by which PG is added to pilin was unknown at the beginning of this thesis.

5. Biological Role of PTM

5.1. Glycosylation

The surfaced exposed nature of the glycan, coupled with its high propensity for structural
variation are thought to play roles in promoting antigenic variation. Convincing explanations for
additional biological roles have remained elusive. Glycosylation is not required for pilus formation
and Marceau et al. negated a role in pilus adhesiveness(208l, In a rather complex more recent
report, Vik et al. study the effect of the glycan on a hexa-histidine tagged PilE mutant that is
associated with a growth arrest phenotypel224l. They find that the growth arrest depends on the
length of the glycan chain. Growth arrest is fully inhibited when the monosaccharide form is
present (both DATDH and GATDH) but reduced in disaccharide constructs and negated when a
trisaccharide is expressed. In conclusion they assert that the glycosylation status of PilE probably
has some influence on pilin-subunit-subunit interactions and that is may be important for
assembly and disassembly of the fibre in the periplasm. Whilst the study is interesting is validity

in the wild type bacterium is unclear.
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The glycan has also been linked to host cell receptor binding. An early study seemed to correlate
putative pilin N-linked glycosylation status with bacterial adhesiveness, but since pilin
glycosylation is now known to be O-linked the significance of this study is unclearl!72l. Perhaps the
point mutations made in the study induced adhesion related conformational changes in the pilus
fibre? A more recent study in Ng suggested that that glycosylation was necessary for binding to
the I domain of the CR3 receptor found on human cervical epithelial cellsi225. Since CR3 is a known
signal transducer for phagocytic cells it was supposed that this may promote pathogen survival.
Another report from the same group concerning Nm proposes that the glycan on the CS311#3

strain is involved in binding platelet activating factorlz2él.

Overall, other than its potential role in promoting immune escape through phase variation, the

biological function of the glycan remains unclear.

5.2. Phosphoforms

The biological significance of the phosphoform modifications is also unclear and continues to be
a subject of investigation. Similar to pilin glycosylation, phosphoform modification is always found
in specific surface exposed regions of the globular domain. There is also some limited variation
between phosphoforms and since they are surface accessible they have the potential to mediate
interaction with other biomolecules and change the structure of the pilus surface. In a recent
report from Jen et al. using the Nm CS311#3 strain, PC modification near the C-terminus has been
shown to increase pilus-platelet activating factor binding affinityl226] however it must be noted

that PC has not been previously reported in this region of PilE from any other strain.
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