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Abstract

Mass spectrometry (MS) has been extensively used to analyse biological samples and has
evolved into an essential tool for proteomics research. Recent tremendous technological
advancements, including improving instrument accuracy, resolution and sensitivity, and more
freely accessible protein databases, have led to the growing importance of this technique. This
study contributes to this growing area of research by developing novel orthogonal workflows
that push the boundary of mass spectrometry capabilities, and allowed greater insight into the
protein environment. Specifically, this research describes new methodology for de novo
characterisation of disulfide bonding connectivity and de novo protein sequencing.

Investigating protein 3D structure can provide essential information when addressing the
issues in protein folding and function. One of the important structural features in proteins is
the disulfide links between cysteine residue pairs, which play crucial r oles in sustaining protein
3D structure. Although some conventional experimental techniques can provide information
of the disulfide patterns within a specific proteoform, there has been little quantitative analysis
due to cost and time limitations. Thus, there is a necessity for new approaches that increase
confidence in disulfide mapping and maximise the protein sequence coverage obtained. Here,
this study draws attention to the ability of a combination of pepsin and trypsin proteolysis and
the usage of dual fragmentation of electron capture dissociation (ECD) and collision induced
dissociation (CID) to assigning disulfide connectivity of proteins and maximise sequence
coverage. This protease approach is based on the accurate mass measurement of proteins
and high-resolution top-down fragmentation MS studies. Here we present our findings, which
confirm that the developed method has significant advantages.

Another main challenge in mass spectrometry-based proteomics is de novo protein
sequencing, especially for novel proteins such as monoclonal antibodies for which genome
information is often limited or not available. However, due to limitations in peptide
fragmentation coupled with coverage and ambiguities in spectra interpretation, complete de
novo assembly of unknown protein sequences remains challenging. Thus, there is a drive for
new strategies that increase fragment ion assignment efficiency in top -down mass spectra
and maximise the protein sequence coverage obtained. Here, we use a strategy for selective
chemical labelling of the protein N-terminus using reductive alkylation and utilise this chemistry
to introduce a halogen-based mass defect tag to the N-terminus of Insulin B chain, Ubiquitin,
Myoglobin and Rnase A. We outline the potential advantages of using this simple chemical
derivatisation in top-down de novo protein sequencing.
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Lay Summary

Proteins are unique entities of natural organisms. One crucial step to understanding
proteoforms is to determine their structure. Because by understanding the higher -level
structure of proteins enables one to better understand the biophysical interactions within the
cell. Thus, the aim of this work was to develop new analytical tools for the inve stigation of
protein structure.

Since each protein's sequence and disulfide pattern are unique, to at least some degree, it
helps distinguish proteins.Furthermore, since multiple proteins carry out most fundamental
cellular processes through molecular interactions, it helps study protein -protein interactions
and molecular biology of proteins. By employing electron capture dissociation (ECD) and
collision induced dissociation (CID) fragmentation techniques, we have been able to
understand better the disulfide pattern and the sequence of th e proteins. A novel approach to
interpreting data based on features associated with mass has been adopted for this work.
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1 Biomolecular Mass Spectrometry

1.1

Mass Spectrometry

1.1.1 Instrumentation

The basis of this thesis is the development of novel mass spectrometry (MS) methods to study
protein structure. In the past two decades, MS has become an essential analytical tool, and it
can provide both qualitative and quantitative information of analytes. 1 Researchers from all
disciplines of life sciences and beyond are working with this technique to identify and
characterise biomolecules. 2 Even though this analytical technique has only been widely
applied to life sciences recently, the tremendous technological advancements, including
instrument accuracy and sensitivity and more freely accessible protein database s, have
established this technique as an essential tool for studying many biological systems. This is
perhaps best exemplified in the field of proteomics, where MS has become the core analytical
technology. This discipline, which involves the identification of polypeptide chains in complex
mixtures including cell lysates, tissue extracts or clinical fluids, relies on sensitivity, speed and
resolution afforded by modern MS. 3,4

MS nominally measures the m/z ratio of gas-phase ions allowing the determination of
molecular masses of analytes. 5 Fundamentally, a basic mass spectrometer comprises an ion
source, a mass analyser and a detector (Figure 1.1). The injection of the analyte into the ion
source occurs by the inlet under a vacuum. The ionised analyte can obtain either positive or
negative charge and be manipulated by applied electric or magnetic fields. Then, the formed
ions proceed to the mass analyser, which separates them by their mass to charge ratio (m/z)
by influencing their movement by applying electric or magnetic fields. 6,7 An electron multiplier
is employed to sense the presence of ion signals emerging from the mass analyzer of an MS.
The task of the electron multiplier is to determine every ion of the specified mass passed by
the mass filter. The primary physical process that enables an electron multiplier to function is
based on the secondary electron emission theory. When a charged particle (ion or electron)
hits a surface, it induces secondary electrons to be emitted from atoms in the surface layer. 8
Ultimately, the signals are annotated and interpreted to get a mass spectrum. By examining
the mass spectrum, the analyte can be defined as each molecule has a unique mass
spectrum.6,7
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However, given the non-volatile nature of proteins, it is only since the development in the
1980s of the soft ionisation techniques of matrix-assisted laser desorption ionisation (MALDI)9
and electrospray ionisation 10 (ESI) made MS capable of analysing intact protein ions.

Figure 1.1: Schematic representation of a mass spectrometer. In a typical MS procedure,
the injection of the analyte into the ion source occurs by the inlet. The ionised analyte can
obtain either positive or negative charge and be manipulated by applied electric or magnetic
fields. Then, the formed ions proceed to the mass analyser, which separates them according
to their mass to charge ratio (m/z) by controlling their movement using electric or magnetic
fields. The ions are detected by a mechanism capable of determining charged species, such
as an electron multiplier. Ultimately, the signals are annotated and interpreted to get a mass
spectrum.

A key feature in making MS broadly applicable has been the development of ionisation
processes for polar macromolecules such as proteins and peptides. In particular, ESI 11 was
first used for the ionisation of biomolecules by Yamashita and Fenn 12 and is a "soft" low energy
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– ionisation technique that enables solution-phase particles to be transferred to the gas-phase,
generating protonated, even-electron ions.12

Figure 1.2: Schematic layout of electrospray ionization process (in positive ionization
mode). The analyte is injected through a hollow needle. A high voltage, typically 2 –5 kV, is
applied to the needle. Applying an electric field gradient between the sample capillary and the
electrode for ion entry distorts the analyte solution's meniscus, forming a Taylor cone that
ejects charged droplets that reduce in size until the ions are released into the analyser.
Charged droplets are released from the tip of the Taylor cone and evaporate as they move
towards the MS inlet to generate analyte ions.13

In ESI, the analyte is sampled directly from the solution through a capillary tube (Figure 1.2).
A voltage usually of up to 4 kV is applied to the capillary, with an auxiliary electrode typically
about 2-3 cm away.14,15 The auxiliary electrode is employed to generate an electric field that
induces separation of the charges in solution in the capillary tip. 16 This forms a Taylor cone
due to the high density of charge at the solution meniscus. A fog of charged droplets, typically
several hundred μm in diameter, emerged from the Taylor cone, is directed into the mass
spectrometer's inlet due to a potential and pressure gradient. The ESI -source temperature
and the nitrogen drying gas progressively reduce the droplets' size by evaporating the solvent.
Evaporation of the volatile solvents decreases the droplets' size and subsequently increases
the density of charge within the droplet. Eventually, the droplet reaches the point where the
surface tension cannot sustain the Coulomb force of repulsion, known as the Rayleigh limit. 11
At this point, Coulomb fission happens, and the primary droplet breaks down into tiny droplets,
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typically 10-50 nm in diameter. Eventually, the charged droplets are ejected into the gaseous
phase.13,17

Figure 1.3: Analyte transfer into the gaseous phase. Outline of the different electrospray
(ESI) mechanisms. Ion evaporation model (IEM) for small molecules (A), charged residue
model (CRM) for folded protein (B) and the chain ejection model (CEM) for unfolded protein
(C).This figure was adapted from Konermann et al. 15

The positive or negative charges will be dragged by a high electric field. The positive mode
will produce a positively charged aerosol. Basic molecules, consisting of an amino group,
would be analysed in positive ion mode because they are readily protonated to give positive
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charge ions. In contrast, a negatively charged aerosol is produced if the mode is a negative
ion. Negative ion mode is used for the analysis of acidic compounds. 18
Three different release models describe the final step in the ionisation process – the release
of analyte ions into the gaseous phase. Lower molecular weight molecules are thought to
move to the edge of the charged droplet, where the electric field favours ejection of the analyte
with charge once the droplet is adequately small (<10 nm). 11 This is referred to as the ion
evaporation model (IEM), displayed in Figure 1.3. In the IEM, a single droplet will contain
numerous small particles which are ejected from the droplet. Two competing mechanisms
have been suggested for larger biomolecules, such as native, structured proteins. Ordered
proteins in their native state follow the charged residue model (CRM), where they are left
inside the charged droplet during the IEM of small molecules and evaporation of the droplet. 19
Ultimately, this generates droplets carrying one analyte, which undergoes charge transfer
when the solvent fully evaporates. (Figure 1.3).

In contrast, denatured, disordered and hydrophobic proteoforms display a different ESI
behaviour described by the chain ejection model (CEM). 20 In this procedure, as the higherorder structure has meddled due to hydrophobic and electrostatic interactions, residues
usually buried within the folded structure become solvent accessible in the unfolded st ructure.
As the folded polypeptide's internal residues tend to be predominantly hydrophobic, these
result in the polypeptide series being pushed to the droplet's edge. Finally, similarly to the
IEM, the Rayleigh limit provokes the polypeptide chain's emission with a wide distribution of
charge states.21

1.1.2 Nano-electrospray

When low volumes and amounts of sample are available, nanoelectrospray ionisation (nESI)
can be employed. nESI 22,23 is a modified ESI variation and follows the equivalent ion ejection
mechanisms. In nESI, glass capillaries are utilised as spray capillaries pulled out at one end
either mechanically or by a laser to give orifices of just 1–10 µm in diameter. For adequate
conductivity, the capillaries are sputter-coated with a conductive material, such as gold, or a
thin alloy wire is injected into the capillary. The capillaries are loaded from the back with only
1–5 µL of the sample solution. A micromanipulator is needed to regulate the spray needle
under stereomicroscopic or video camera control towards the auxiliary electrode orifice. The
separating distance between the needle and the opening is only 0.5 to 2 mm. No liquid feed
system is employed; the liquid's dispersion and the produced flow rates of about 20–50 nL/min
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are only due to the electrical fields' forces when voltages between 0.5 and 1 kV are applied.
Some backpressure to the spray capillary by a gas-tight syringe is regularly implemented and
helps launch the flow. Spray capillaries are only employed once, which proffers the further
advantage that contamination and long-lasting memory effects are prohibited. 24

From the above, it can be concluded that nESI 's first primary advantage is the tiny sample
(1–3 µL) required for analysis. 25 Moreover, the nESI needle can be placed relatively close to
the MS's orifice, particularly for ESI sources employing the heated transfer capillary for which
only crude and uncritical alignment is required. The gas flow into the transfer capillary opening
ejects the nanospray aerosol thoroughly. Hence, the ESI mass spectra recorded under the
same mass spectrometric conditions typically display more intense signals despite a lower
liquid flow. Furthermore, the reduced sample size is less probable to contain high salt
concentrations, enhancing sensitivity. Therefore, if only limited amounts of sample are
available (as is usually the case in biochemical research), nESI is often the method of choice.

However, unfortunately, the performance of nESI is susceptible to minor variations during the
study, for instance, deviations in the emitter geometry, electric current, flow rate, and needles
alterations. Other standard issues include arcing and capillary tip breakage, mainly when
highly conductive aqueous solutions are studied. 24

1.1.3 Charge states of proteins ions in ESI mass spectra and their
relationship to protein structure in solution

It was shortly afterward the advent of ESI; in the late 1980s, MS was used to investigate intact
proteoforms for the first time. 26,27 As well as determining the accurate intact mass of the
polypeptides, it was apparent that hypotheses related to the structural form of both polypeptide
and non-covalent proteoform complexes could be achieved under controlled experimental
conditions. Thus, much was to be reached from investigating proteins ionised from
physiologically relevant conditions that do not disturb their formations. Th is form of protein MS
is known as native MS. Native MS allows the high sensitivity and resolution of MS to be applied
to more detailed, structural studies of individual proteoforms. 28–30 It also enables studying
proteoforms that are especially challenging to analyze by other systems, such as membrane
proteins31 or large viral capsids.32 Finally, the high throughput of MS means that large-scale
studies of multiple complexes can be conducted. 33
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Furthermore, preliminary studies were conducted by Loo and co -workers,34 which affirmed
that the accumulation of multiple charges (CSD) on a single protein ion during ionisation was
exceedingly affected by the solvent composition associated with the solution state formation
of a protein throughout ionisation. In the literature, CSD usually refers to the collection of
charge states demonstrated for a particular molecule under a given set of experimental
conditions.35 Since then, several other studies 34,36,37 have provided convincing evidence that
the number of protonation sites of a polypeptide is associated with the protein's solventaccessible surface area. 36

Figure 1.4: Example of a proteoform's theoretical mass spectra in a A) denatured
conditions and B) native conditions. The CSD observed in the native folded conformation
is more compact at higher m/z than in denatured protein conformation.

For a higher molecular weight folded protein, the range of surface protonation is narrowed
because the amino acidic side-chain groups are buried within the substrate, resulting in a
narrow CSDs, low overall charge and higher m/z values (Figure 1.4). In contrast, in an
denatured conformation, the same proteoform will have more exposed amino acid side chains
and thus a higher chance for surface protonation, leading to higher charge states, wider CSD
distribution, and lower m/z. High coulomb repulsion resulting from the increased surface
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charge is also a causative factor towards a larger, more unfolded proteoform ion at higher
charge states. These hypotheses correspond well with the view that as a protein unfolds, its
solvent accessible surface area increases, and hence higher charge states are observed.
Though it implements structural insights, considerable care should be taken to study CSD
since it can be affected by experimental conditions such as high instrumental voltages and
solvent composition.

1.1.4 Liquid Chromatography

Liquid chromatography (LC) facilitates the separation of molecules based on their relative
affinities to a solid stationary phase and a liquid mobile phase and is a valuable tool to couple
to MS to implement analytes' orthogonal separation (Figure 1.5). This is especially valuable
for analysing complex samples such as those resulting from proteomic experiments. LC
fractions can be collected and further separated by electrophoresis before M ALDI ionisation,
but regularly LC is coupled to MS (LC-MS) using ESI ionisation, allowing for consecutive
detection throughout the LC run. Traditionally, for protein and peptide separation, a reversedphase column is implemented to separate molecules based on hydrophobicity, so the most
soluble samples in water move through the column faster. 7 LC-MS in this project has been
used to obtain an accurate mass of polypeptides as it eliminates the necessity of transferring
the protein into an ESI-compatible buffer. 36 The non-volatile inorganic salts present in most
physiological buffers are unsuited to ESI as they form salt adducts such as [M+(n -1)H+Na]n+
ions, with high ionisation efficiency or surface activity that compete with analytes during ion
evaporation. Thus, this leads to a vastly decrease in the signal-to-noise ratio and obscures
the determination of the accurate protein mass while also generating salt formations on the
ESI capillary, likely leading to blockages. These issues are efficiently subdued during
reversed-phase LC-MS, as inorganic salts pass through the apolar column, have a short
interaction with the stationary phase, and are eluted first. This leaves the protein, now
unfolded, to be eluted from the column by increasing non-polar solvent concentration. 38–40
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Figure 1.5: Simplified schematic representation of an HPLC system. The schematic
diagram the above figure shows that the basic HPLC system consists of a HPLC pump,
injector, column, detector, and integrator or acquisition and display system.

1.1.5 Isotope Distributions

The isotopic distribution shown by biomolecules is a set of elemental and naturally occurring
isotopic abundances. A typical case within proteins is the element of carbon. The most
naturally occuring isotope of carbon is

12C,

yet a smaller amount of the heavier isotope 13C

(~1.1 %) is also present (Table 1.1). The addition of one 13C atom would raise the mass of a
protein by roughly one Dalton; similarly, this shift in mass would rise with each addition of 13C.
Heavy isotope merging is distinctive for each protein. As biomolecules carry numerous
carbons, the resulting molecular mass follows a mathematical distribution of units. The units
are chemically analogous while varying in isotopic distribution, referred to as 'isotopologues',
whereas the composition is known as the 'isotope distribution' or 'isotopologue distribution'.
The possibility of heavy isotope incorporation is identical at every carbon site along the protein
chain. Hence for polypeptides over 10 kDa, the molecular weight is sufficiently large that the
isotope peak referred to as the monoisotopic peak has a low amplitude (Figure 1.6), which is
inadequate for distinguishing it from the noise. 41 This is why for biomolecules over 5 kDa, the
average mass is most commonly used, or if the monoisotopic mass is required, the average
mass is used from the observed isotope distribution; however, this process can introduce
errors.42 The reality of the isotopologue distribution is even more complex as all the common
biomolecule elements (C, N, H, O and S) have several stable isotopes that contribute to the
total mass of the protein (Table 1.1). Interestingly, the configuration of the isotope distribution
is primarily regulated by the size of the polypeptide chain. The available evidence suggests
that as the biomolecule's molecular weight rises, so does the scope of inconsistency for
merging 13C and other less abundant isotopes.
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Table 1.1: Natural isotopic distribution of common elements. This table lists the mass
and per cent natural isotopic abundance for the stable nuclides observed in proteins.43
Z
1
6

Name

Symbol

Mole Fraction

Relative Atomic Mass

Hydrogen

1

[0.999 72 , 0.999 99]

1.007 825 0322

Deuterium

2

[0.000 01, 0.000 28]

2.014 101 7781

Carbon

12

[0.9884, 0.9904]

12

13

[0.0096, 0.00116]

13,003 354 835

14

[0.995 78 , 0.996 63]

14.003 074 004

15

N

[0.003 37, 0.004 22]

15.000 108 899

16

O

[0.997 38, 0.997 76]

17

[0.000 367, 0.000 400]

18

[0.001 87, 0.002 22]

H
H
C
C

7
8

Nitrogen
Oxygen

N

O
O

16

Sulphur

32

[0.9441 , 0.9529]

31.972 071 174

33

[0.007 29 , 0.007 97]

32.971 458 910

34

[0.0396 , 0.0477]

33.967 8670

36

[0.000 129 , 0.000 187]

35.967 081

S
S
S
S

31
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Figure 1.6: Impact of increasing molecular weight on the isotopic distributions. The
number on the black is the relative abundance of the monoisotopic peak, and the number on
red is the mass difference between the monoisotopic peak and the last one. As the polypeptide
mass rises, the biomolecule's increased atomic complexity raises the merging of heavy
isotopologues. This emerges as an increased number of isotopic peaks within the
configuration spread over a higher mass scale. Consequently, the percentage abundance of
the most abounding peak in the distribution becomes lower as the population's overall intensity
is dispersed amongst each of the isotopic peaks in the distribution.

1.1.6 The isotopic fine structure of the protein

A definite amount of energy, known as the binding energy, is endowed to a nucleus through
its formation. This is the force released if an atomic nucleus was to be formed from its
constituent distinct subatomic particles. This release of energy translates into a "loss of mass"
as a portion of a nucleus's mass is converted into that binding energy. 44–46 Thus, the mass of
any given atom or molecule is regularly slightly less than the sum of its protons (p), neutrons
(n), and electrons (e) of which the atom is made off. This discrepancy is referred to as the
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mass defect (MD), and it is exceptionally illustrated in Einstein's equation E = mc 2, in which
mass is related to energy. The following equation gives the mass defect (MD) of an atom:
∆𝑚 = [ 𝑍 (mp + me ) + (𝐴 − 𝑍)mn ] − matom

Where Δm is the MD (amu), mp is the mass of a p (1.007277 amu), mn is the mass of a n
(1.008665 amu), me is the mass of an e - (0.000548597 amu), matom is the mass of the nuclide
(amu), Z is the atomic number (number of p), and A is the mass number (number of nucleons).
For example, iodine, with Z = 53, a nominal mass A = 127 –defined as the integer mass of an
atom, and an atom mass of 126.90004 amu has an MD Δm = 1.1574.
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Figure 1.7: Mass defects of stable isotopes. The relative isotopic mass defect for common
stable isotopes was calculated as the difference in mass between the monoisotopic mass
(MIM) of the most abundant isotope and its nominal mass (NM). 47

The definition of MD is in the field of MS slightly differs from that above and just refers to the
difference between the nominal mass (NM) of an atom (i.e., 127 amu for iodine) and its
monoisotopic mass (MIM) (126.904473 amu), which gives an MD of -0.09553 for iodine. By
convention, carbon was assigned an MD of zero, while any other existing isotope has either
a positive or negative MD related to its binding energy to

12C,

Figure 1.7.48
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The effect of the mass defect on the isotopic distribution of a proteoform is illustrated in figure
1.4 and is defined as the isotopic fine structure of the isotopic distribution. A modelled peptide
was chosen with a molecular formula C 69H114N20O26S1 (Figure 1.8). As highlighted in Figure
1.8, the peptide exhibits 6 isotopic peaks, with the most abundant ones being M, M+1 and the
M+2 peaks. The M+1 peak is formed due to a particular heavy isotope contributing an extra
~1 Da to the peptide mass. This additional 1 Da can be provided by 15N (+0.99704 Da), 33S
(+0.99939 Da), 13C (+1.00336 Da) or 2H (+1.00628 Da) 49–51 as displayed in Figure 1.8 B.
Each isotope's discrete abundance contributes to the total abundance of the M+1 peak in
Figure 1.8. Likewise, the M+2 peak derives from either a single isotope adding ~2 Da or two
isotopes that provide ~1 Da. Due to the number of carbon atoms in the peptide and the natural
abundance of 13C (1.07 %), carbon has the most noticeable impact in Figure 1.8.

Table 1.2: Nominal- and monoisotopic mass and mass defect of elements found in
proteins and iodine.

Atom

Nominal mass/Da

Monoisotopic mass/Da

Mass defect/Da

12C

12

12

0

1H

1

1.007 825 0322

0,007825032

14N

14

14.003 074 004

0,003074004

16O

16

15.994 914 619

-0,005085381

32S

32

31.972 071 174

-0,027928826

127I

127

126.904 47(3)

- 0,095527

The high-resolution acquisition is required to observe this small peptide's isotopic fine
structure displayed in Figure 1.8 (>600,000). Predictably, as the peptide mass increases, it
becomes less probable that isotopic fine resolution will be adequately resolved, and the fusion
of heavier stable isotope merge will rise in complexity.42 Generating the statistical display of
isotopic peaks, we note in the isotopic distribution (Figure 1.8).
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Figure 1.8: Isotopic fine structure of a small peptide. The theoretical mathematical model
of a small molecular weight polypeptide chain [C 69H114N20O26S1] 3+ (A) and a closer shot of
both the M+1 (B) and the M+2 peak (C) to demonstrate the isotopic fine structure of the
peptide.
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1.2

Mass Resolution and Resolving Power

MS's mass resolution is the capacity to resolve between two adjacent peaks in a mass
spectrum. An MS's resolving power is defined as m/Δm, where m is the nominal mass for a
particular peak in the mass spectrum, and Δm is peak width at half maximum of the peak
height and is known as the full-width half maximum (FWHM). 52 The shorter the width band of
the adjacent peaks, the better separation can be achieved. This is demonstrated in Figure 1.9,
where the chemical structure of a low molecular weight protein, ( C769 H1212N210O218S 2)10+, is
displayed. It is apparent from Figure 1.9 that as the spectral resolution improves, the spectrum
changes from a single peak Gaussian distribution (blue line) to the isotopic distribution (black
line), although both describe the same polypeptide pattern. At the lowest resolution (blue line),
the peak's average mass can be only determined.

Figure 1.9: Varying resolution of a protein. At varying resolutions, the information deduced
from a spectrum varies. Lower resolution (5000, blue line) generates broader peaks from
which an average mass can be determined. As the resolution improves (12,000, green line;
20,000, dashed line), the isotopic peaks become evident. Fu rther increase in resolution
(100,000, black line) enables the isotopic distribution to be fully resolved .

Furthermore, this peak has a significant FWHM implying that two species at adjacent m/z may
be overlapping as a single stretched or modified distribution making assignment more
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challenging. As the resolution improves to the highest resolution (black line), the monoisotopic
peak is visible, enabling the polypeptide mass's accurate measurement. Each p eak of the
isotopic distribution is regularly spaced peaked and can give information about the charge
state, and various configurations that partially overlay can be determined separately.

The resolving power achievable can be influenced by several factors, such as the detector
capabilities of the MS employed, the mass of the analyte, the charge state distribution of the
analyte and the presence of attached salt adducts. 53 As mentioned earlier, adducts like sodium
and potassium ions result from trace salt concentrations in the ESI buffer. They induce an
increase in the protein mass and generate several smaller secondary distributions, overlaying
the primary protein distribution. This is critical for higher molecular weight species, as the
distribution for both the proteoform and the adduct may be observed as a singular, merged
distribution in the spectrum. Thus, the calculated average mass would not accurately reflect
the protein species' mass and will ultimately limit the protein analysis if undetected.
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1.2.1 Mass analysers

A mass analyser separates ions within an MS according to their m/z ratio. Mass analysers
vary in their ability to separate ions of comparable or near-identical m/z (resolving power), the
range of ions detected, and the last transmission efficiency. Several types of mass analysers
are employed in modern proteomics environments since each has its strengths and
weaknesses in various applications. 54
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1.2.1.1

Quadrupoles

A quadrupole is possibly the most commonly used mass analyser for ion separation according
to m/z. It consists of four parallel parabolic rods, connected as opposite pairs of electrodes, to
which either radio frequency (RF) or direct current (DC) voltages are applied (Figure 1.10).
Under a set electric field, only certain ions within a narrow m/z window will have a stable
trajectory to facilitate transmission through the quadrupole, whilst all the rest ions with unstable
paths will collide with the rods and walls of the mass analyser.

Figure 1.10: A schematic of quadrupole electrodes. The poles are arranged as two pairs
of electrodes, as illustrated in the electric circuit. The potential differences established
between the electrodes leads to a hyperbolic field. Ions are attracted towards the oppo sitely
charged electrodes, but the applied field results in potential switching of the electrodes and
thus, ions oscillate in the x and y directions while travelling in the z-direction.
A quadrupole mass analyser can utilise multiple modes. In the RF -only mode, a wide range
of m/z ions traverse the quadrupole (in effect, the device acts as an ion guide). Operated in
the static electric field, a quadrupole only enables a narrow window of ions through. By altering
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the voltages applied to the quadrupole, a wide range of m/z ions can be determined over a
short period of time. Quadrupole mass analysers usually have unit mass resolution and low
sensitivity when in MS scan mode but high sensitivity and broader dynamic range when
employed in a targeted analysis for distinct compounds. 55,56

Newton's motion equations can be employed to determine the charged ions' motion in an
electric field, and Mathieu's equation can be employed to conclude which m/z rates will be
transmitted for the applied voltages.
𝑑2 𝑥
𝑒 [𝑈 + 𝑉𝑐𝑜𝑠 (𝜔𝑡 )]
= −( )
𝑥
2
𝑑𝑡
𝑚
𝑟02
Equation 1
𝑑2 𝑦
𝑒 [𝑈 + 𝑉𝑐𝑜𝑠 (𝜔𝑡 )]
=
(
)
𝑦
𝑑𝑡 2
𝑚
𝑟02
Equation 2
𝑑2 𝑧
=0
𝑑𝑡 2
Equation 3
Where e is the magnitude of electron charge, m is the mass, u is the DC voltage, Vcos(ωt) is
the radio frequency voltage, and 𝑟𝑜2 is the distance of separation of rods.
Only ions of a specific m/z will have a steady trajectory to facilitate transmission through the
quadrupole for any given applied voltage - the residual ions will have weak trajectories and
will be moved into the rods. This enables specific m/z to be chosen from complex mixtures of
ions to deduct more experiments.

1.2.1.2

Time-of-flight Mass Spectrometry

Time-of-flight (ToF) mass analyser relies on the separation of ions based on the time taken to
travel through a field-free drift zone to a detector. 57,58 Pulses of ions are expelled and
accelerated by electric potential difference applied between an electrode and the extraction
grid to give them equivalent kinetic energies. The ions then enter the field -free drift region
where the spread of the velocities of the ions, due to their various m/z ratios, lead to separation
of the ions (Figure 1.11).59
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Figure 1.11: A schematic diagram of linear time-of-flight mass analyser demonstrating
ions with varying m/z ratios. The ion with a smaller m/z ratio (orange) arrives at the detector
before the ion with the higher m/z ratio (green) due to its higher velocity.
The m/z of analytes is defined by measuring the total time that ions need to pass through the
field-free drift zone between the source and the detector. Before it enters this region, an ion
with mass (m) and total charge (q=ze) is accelerated by the applied poten tial (Vs ) to give the
kinetic energy (Ek ):

𝐸𝑘 =

𝑚𝑣2
2

= 𝑞𝑉𝑠 = 𝑧𝑒𝑉𝑠
Equation 4

The velocity of the particle leaving the ion source is given by simple rearrangement of Equation
4 into:

𝑣=(

2𝑧𝑒𝑉𝑠 1/
) 2
𝑚
Equation 5

After the initial acceleration, the ion moves in a straight line at a steady velocity towards the
detector. The time (t) needed to travel the distance (L) and reach the detector is given as:

𝑡=

𝐿
𝑣
Equation 6

Substituting the value of v in Equation 5 gives:
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𝑚 𝐿2
𝑡 =
(
)
𝑧 2𝑒𝑉𝑠
2

Equation 7
Confirming that m/z can be determined from a measurement of t and that the higher the ion's
m/z ratio, the longer it needs to reach the detector.
The major shortcoming of the linear ToF mass analyser is its poor mass resolution. Variables
such as the length of the ion formation pulse and the variation of initial Ek generate a population
of flight times for ions with the equivalent m/z ratio. The heterogeneous primary energies of
the ions before acceleration leads to ions with equal m/z passing through the field-free drift
zone at varying velocities and reaching the sensor at slightly different times. Reflectrons can
be attached to the drift sections of ToF instruments to boost the mass resolution ( Figure 1.12).
The reflectron device extends the length of the drift zone and reverses the course of ion
velocities, adjusting for shifts in the kinetic energies. Ions with higher primary kinetic energy
penetrate further into the reflectron and thus need more time to be reflected.54

Figure 1.12: Schematic graph of a reflectron ToF mass analyser. Ions with a higher
primary kinetic energy (yellow) enter further into the reflectron, whilst ions with less kinetic
energy (green) are reflected faster. This raises the mass resolution achieved.
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ToF-MS instruments give high sensitivity and relatively fast acquisition time. Modern ToF
systems regularly have a mass resolving power of up to ~50,000 and mass accuracy of 1 –5
ppm after calibrating the system. 60

1.2.1.3

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry
(FT-ICR MS)

In 1974, Melvin B. Comisarow and Alan G. Marshall invented a new type of mass
spectrometer, FT-ICR MS.61 The technique relies on determining an ions m/z by monitoring
its cyclotron frequency in an established magnetic field. 62

There are several advantages to this technique. Most notably, it offers the highest resolving
power and mass accuracy compared to all types of mass spectrometers. In addition, it can
be adjusted for both analytical and physical chemistry measurements. Moreover, high resolution mass spectra from ions formed by almost every ionisation method can be
obtained.63–67 The technique is also suitable for a wide range of tandem mass spectrometry
approaches, and gas-phase fragmentation experiments can be performed to study ion
chemistry as well as photochemistry. 68–72 All the above features made FT-ICR a valuable tool
for the study of various samples such as proteomics, metabolomics, petroleomics. 73
In FT-ICR, the m/z of an ion is determined employing the defined cyclotron frequency (ω).
Traditionally with protein samples, nESI is employed to generate gaseous ions. The ions are
accelerated by increasing the vacuum until restrained within the Penning trap detection cell
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held within a superconducting magnet cooled with liquid helium. At this point, the ions'
movement is considered to be within a homogeneous static magnetic field (B), within a
voltage-gated cell that contains the ions. Therefore, we can reconstruct Newton's second law
of motion (Equation 7) in an electromagnetic field to generate the left section of Equation 8,
where q and v are charge and velocity, respectively. 75 As ions are free to move in the xy axis,
the Lorentz force is perpendicular, causing an angular acceleration to the ions, defined in the
right section of Equation 8 (Figure 1.13).

𝐹 = 𝑚∗ 𝑎
Equation 8
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Where m is mass and a is acceleration.

𝐹 = 𝑞𝑣𝑥𝑦 𝐵 = 𝑚

𝒗𝒙𝒚𝟐
𝒓
Equation 9

Figure 1.13: The ICR detection cell's orientation and direction of the electromagnetic
field B is shown on the left side. In this magnetic field, Ions will orbit the z-axis along the xy
axis as displayed to the right; ions of counter-charges will move in a circular motion in reverse
directions. This Lorentz motion is associated with the m/z and sets the basis of FT-ICR MS.
Equation 10 illustrates the ' 'ion's cyclotron angular frequency, ω c , without applying any other
electric field:

𝜔𝑐 =

𝑞𝐵
𝑚
Equation 10

In reality, ions need to be constrained in a defined area (for instance, an ICR cell) for frequency
measurement. For this reason, the application of an additional electric field to the ions is
inevitable (as a trapping voltage). Therefore, the ions are enclosed axially and radially by a
trapping electric field and the Lorentz force, respectively. In a standard closed cylindrically ICR
cell, the ions are introduced into the cell in the axial direction. Therefore, Equation 10 is not
valid to determine the ions' movement when a trapping potential is applied.
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The ions' movement under the quadrupolar potential is due to three mod es. These are an
axial vibration parallel to B with frequency ω z, a cyclotron movement with diminished frequency
ω+ and a rotational motion vertical to B with magnetron frequency, ω -. The cyclotron motion
with decreased frequency is measured to determine the m/z. The following equation illustrates
this movement: 62,76

𝜔𝑐
𝜔𝑐
𝜔𝑡2
2
√
𝜔± =
± ( ) −
2
2
2
Equation 11

As ions enter into and are trapped in the detection cell experience a reduced cyclotron motion
(ω+). It is essential to remember that ω+ will not generate a detectable signal within the
detection cell. To detect the ions, an oscillating electric field E(t) in the y-direction, described
by Equation 12, is applied within the two counter electrodes, as illustrated in Figure 1.14.
𝐸(𝑡 ) = 𝐸0 𝑐𝑜𝑠 𝜔𝑐 𝑡𝑗
Equation 12
𝐸0 =

𝑉𝑝−𝑝
2𝑉0
=
𝑑
𝑑
Equation 13

𝐸(𝑡 ) = 𝐸𝑅 (𝑡 ) + 𝐸𝐿 (𝑡 )
Equation 14
This electric field is generated by applying voltages of +V 0 and –V0 to the two parallel
conductive plates separated by a distance of d meters (Equation 13), The oscillation of E(t)
can be written instead as two alternating components ( Equation 14) rotating in opposite
directions, ER(t) orbiting in the same direction of the ion and EL(t) in the opposite. The ER(t)
rotates with the same sense as the positive ions, so it will push the ion s, while the EL(t) is offresonance; thus, it will have little effect on the ion's motion. The post excitation radius is
determined by employing Equation 15, and is independent of the m/z. Therefore, all ions can
be excited to the same radius by a sweep across a range of radio frequencies.

𝑟=

𝑉𝑝−𝑝 𝑇𝑒𝑥𝑐𝑖𝑡𝑒
2𝑑𝐵0

Equation 15
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Apart from the parallel electrodes which apply the oscillating electric field and excite the ions,
the detection cell also has two detector plates (Figure 1.14). Ions move around the cell with
the same post-excitation radius (Equation 15) but with different velocity. The discrete ion
packets of all m/z values induce a signal known as the free induction decay (FID), from which
individual frequencies are acquired through Equation 11 (Figure 1.14).77

Figure 1.14: Detection of ions within an ICR detection cell. Ions are excited with a
radiofrequency pulse utilising a potential difference between the two detection plates (E) to a
greater radius. At this point, the ions will induce a current across the detection plates (D) to
generate a complicated overlap of several overlapping frequencies. These radio frequencies
are separated by the Fourier transform function and converted into the m/z of the ion.
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1.2.1.4

Orbitrap Mass Spectrometry

The orbitrap is a high-resolution mass analyser like FT-ICR. It is based on a primer ion storage
device, the Kingdon trap, which engages orbital trapping in a constant electric field. 78 A
cylindrical ion trap with a central wire and a voltage applied to both advances elliptical
oscillation of ions accelerated into the trap. In the orbitrap, a central spindle electrode is run
coaxially through an outer coaxial (barrel-shaped) anode (outer electrode) (Figure 1.15). Ions
are injected parallel and off -centre to the z-axis and are restrained between voltages
implemented across the electrodes. Assuring the ions move forward to the inner electrode
and oscillate around the central spindle. 79

Figure 1.15: Oscillation of ions within the orbitrap detector. Ions are introduced to the
orbitrap parallel to the z-axis and held between the voltages applied to the central spindle and
outer barrel. The axial frequency (ω) of the ion along the z-axis is dependent on the m/z of the
ion and detected as a free induction decay (FID) and the axial frequency identified using a
Fourier transform. From this the m/z ratio of the present ions can be calculated and shown
within a mass spectrum.

𝑘
𝜔 =√ 𝑚
(𝑧 )

Equation 16
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𝑧(𝑡 ) = 𝑧0 cos(𝜔𝑡) + √(

2𝐸𝑧
) 𝑠𝑖𝑛(𝜔𝑡)
𝑘

Equation 17
The ions exhibit a complex axial rotation around the spindle electrode ( Equation 17), but
fortunately, the defined axial frequency (ω) is essentially the effect of the m/z of the ion
(Equation 16).80 Likewise to FT-ICR, the move of the ions is detected as they advance
towards the sensors (Figure 1.15), forming a complex FID, identifying the axial frequency (ω)
utilising the Fourier transform and employing (Equation 16) can determine the m/z of the ions
within the detector.

1.2.1.5

Hybrid Instruments

The combination of quadrupole mass analyser in the same apparatus as the FT -ICR and ToF
mass analysers enables the selective isolation of ions of specific m/z for further gas phase
manipulation and detection. This process is well known as tandem Mass spectrometry
(MS/MS). By employing gas-phase fragmentation techniques after isolation – fragment ions
can be linked to parent m/z values. In protein/peptide mass spectrometry, this technique
allows amino acid sequence information to be ascertained.6,54 Employing a hybrid system can
assist in protein identification and allows de novo sequencing of species with unknown primary
sequences.81 Furthermore, this process minimises the number of ions in the higher-resolution
mass analysers raising the m/z resolution obtained as charge-charge interactions are
reduced.
A hybrid instrument, the Bruker Daltonics SolariX-Qe FT-ICR MS, was employed extensively
to record the MS and MS/MS spectra displayed in this dissertation. Figure 1.16 displays a
simplified overview of the main segments on this instrument. Ions are formed by ESI and travel
through the flight tube to the ICR cell through several sets of ion optics, including ion funnels
and steering plates. The ICR detection cell is located within a 12 T superconducting magnet.
A mass resolving quadruple and collision cell hexapole reside within the source and the
transfer optics. For MS/MS, ions of a particular m/z can be isolated in the quadrupole followed
by CID in the hexapole or ECD in the ICR cell. The ability to precisely determine the m/z of
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large multiply charged precursors combing with the fragment ions makes FT -ICR MS a
compelling tool for proteins characterisation.

Figure 1.16: Simplified overview of the Bruker Daltonics SolariX-Qe FT-ICR mass
spectrometer. Regions highlighted in orange indicate where MS/MS may take place. Ions of
a particular m/z can be selected and isolated in the quadrupole prior to CID in the collision cell
hexapole, or ECD in the ECD cathode.

1.2.1.6

Ion Mobility Mass Spectrometry

Ion mobility coupled to mass spectrometry is an approach employed to investigate the
structure of proteoforms. However, unlike MS, the separation of ions is based on their size,
shape and charge, in other words, their mobility. 82 Ions are entered in pulses and moved by
the action of a linear electric field through a drift tube filled with an inert gas. Larger ions
undergo more collisions with the gas molecules and slowly cross through the drift tube. Then,
the separated ions are injected into the MS and are further studied. Utilising IM can provide
information about ion geometry in CCS (Ω) values. 82 CCS values are the average area of each
analyte ion that physically interacts with an inert gas molecule.4 IM -MS can be exploited to
interrogate the gas-phase stability of protein-ligand ions. By CIU-IMMS, the CCS values
evidence the unfolding pathway of the gas-phase complexes.83 Typically, the internal energy
of ions rises via collisions with the drift gas. To obtain a CIU fingerprint of a complex, the
collision energy voltage is increased stepwise to monitor its influence on the gas-phase
conformation of ions. The increase in the activation energy often leads to the observation of
higher CCS values, indicating an unfolding event.83,84
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1.3

Protein Mass Spectrometry

In the last two decades, MS has found extensive application in proteomics – the analysis of
an entire population of proteins in biophysical systems. 79 Proteomes are highly complex
systems, and thus there are various experimental workflows for their study, broadly classified
into two main strategies, which have been termed as (i) bottom-up and (ii) top-down mass
spectrometry.85,86

1.3.1 Bottom-Up Mass Spectrometry

A conventional approach and the mainstay of proteomic workflows, the bottom-up strategy
can be used to analyse large numbers of proteins simultaneously (shotgun proteomics). In
this workflow, proteins are enzymatically digested into smaller peptides using a protease such
as trypsin prior to MS (Figure 1.17).87 Proteases cleave the polypeptide chains into predictable
peptide fragments relying on the amino acid sequence and cleavage site of the enzyme
employed. Afterwards, the masses of generated peptides and fragmentation data are run
against a database to enable the identification of the parent protein for each peptide.88
The standard bottom-up workflow is known as data-dependent acquisition (DDA).89 In a DDA
approach, peptide masses are determined in one MS scan and as many of the peptides
identified in this scan as feasible are then fragmented in the MS to acquire detailed sequence
data. This can be performed in a single sub-second cycle, indicating a complete peptide study
can be carried out online with LC. It is mainly by this process that vast amounts of data have
been produced, including mapping of almost the entire human proteome. 90,91 At the point of
writing, the Human Proteome Map database 90 contains 30,057 identified proteoforms from
17,294 genes, all resolved from the determination of 293,700 peptide sequences.
This method has been developed to address a crucial issue in protein MS, the large size of
the intact polypeptide chains, making intact mass analysis challenging. As the polypeptide
chain increases its molecular weight, the intensity of the observed peaks drops since high
molecular weight species will have broad isotopic distributions, spreading the signal across
several peaks. Proteolysis before MS makes the bottom-up MS impartial to protein size and
highly sensitive, which is one of the significant advantages of this approach. 88 Due to these
advantages, more recent attention has focused on providing bottom-up applications for de
novo peptide sequencing in which enzymatic digestion is performed on intact proteins. 92
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However, this method's benefit is marred by the disadvantages associated with the partial
sequence coverage of the protein and, thus, no information regarding the presence of a posttranslational modification (PTM) within polypeptide chains. 93 When mapping PTMs using a
bottom-up approach, it can be feasible to localise the modification based on the amino acid
residues present alone; for instance, glutathionylation is only observed on cysteines.
Nevertheless, if numerous potential localisation sites exist, for instance, a single
glutathionylation is observed on a tryptic peptide carrying two cysteine residues, it is
impossible to locate the modified amino acid residue following a classical bottom-up approach.
Furthermore, when studying differentially mutated proteins, the combination that PTMs occurs
in cannot be defined because the peptides' mass cannot be directly correlated to the mass of
the parent proteoform. These shortcomings can be overcome employing tandem mass
spectrometry for protein and PTMs assignment.86

Figure 1.17: Bottom-up approach. In the Bottom-up method, enzymatic digestion is
employed to cleave intact proteins into peptides. Peptides are determined through MS, and
protein determination can occur by identifying peptides matched to a database. Peptides can
be fragmented further to generate extensive sequence information and locate a post translational modification to one distinct amino acid residue.
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1.3.2 Top-Down Mass Spectrometry

Top-down MS is an emerging process for the analysis of intact proteins. The term was
originated as a contrast with the bottom-up approach.94 The top-down approach was initially
proposed in McLafferty's laboratory. 95 In this approach, the entire mass of the protein is first
defined. A particular intact protein ion of interest can be isolated within the instrument prior to
fragmentation. In contrast to the bottom-up approach, the fragmentation of the protein occurs
within the MS (Figure 1.18).96

Figure 1.18: Top-down approach. In the Top-Down approach, intact proteins are introduced
straight to the MS. The precise mass of the intact macromolecule is determined, followed by
direct fragmentation. The generated precursor and fragments are then matched to potential
sequences from a database. This provides the potential for the complete assignment of PTMs.

The exact mass of an intact proteoform or protein complex can provide vital information such
as the nature of PTMs and their respective stoichiometries. Knowledge of the molecular weight
combined with the capacity to isolate individual modification states or isoforms within the MS
suggests that the relationship between the parent polypeptide and fragment ions is known.
Top-down MS, hence, enables the unambiguous assignment of protein PTM s states to be
resolved.
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Moreover, top-down MS leads to far more extensive cleavage of inter-residue bonds opposed
to bottom-up workflow because the entire protein sequence is available for investigation rather
than solely several peptides. Still, the number of cleaved inter -residue bonds regularly
diminishes with rising protein mass due to the lowered dissociation efficiency and
fragmentation over the internal region of higher molecular weight proteins (> ~30 kDa) is
regularly not adequate to determine the site of a PTM s unambiguously (knowledge of the
intact mass does, though, imply their presence). Over a molecular mass of ~50 kDa, the
parent protein fragmentation becomes highly problematic due to the increased complexity of
the molecular ions gas-phase tertiary structure. 88 The intact protein's cleavage produces a
complicated MS/MS spectrum with numerous overlapping, multiply-charged fragment ions
(Figure 1.19). Thus, high-performance mass spectrometers that provide superior resolving
power and mass accuracy, such as FT-ICR instruments (1.2.1.3), are required for the topdown study of proteoforms. Apart from the protein size, the instruments high cost is a limiting
factor in top-down MS protein research. These deficiencies of protein size can be overcome
utilising the middle down approach outlined below.

53

Figure 1.19: Top-Down MS/MS spectrum of a 13 kDa protein recorded on an FT ICR MS
with isolated precursor ion highlighted (♦). The FT ICR MS high-resolution allows for
distinguishing the isotope distributions of the generated fragment ions. The inset zoom
illustrates the overlapping distributions of the z 213+, z304+ and c436+ ions and the separate ion
distributions are highlighted by the modelled overlaid theoretical distributions.
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1.3.3 Middle-Down Mass Spectrometry

Middle-down MS is a process that intends to merge the advantages of bottom-up and topdown strategies while reducing their limitations, as mentioned earlier. 97 Here, likewise to
bottom-up, polypeptide chains are digested, yet, limited proteolysis is applied to generate
peptides more amenable to MS, yet large enough (usually > 3 kDa) to boost the average size
distribution of the generated peptides. The induced peptides can be then separated, followed
by precise mass measurement of the precursor ion and fragmented to produce a moderately
complex MS/MS spectrum comparable to top-down MS. The whole process of a standard
middle-down analysis is illustrated in Figure 1.1.98,99

Figure 1.1: Middle down approach. The middle-down workflow to PTMs assignment by MS.
The intact protein is proteolysed into large peptides utilising enzymes or a chemical cleaving
reagent. The large polypeptide chains may contain several PTMs sites yet be small enough
to enable extensive fragmentation, thus allowing univocal localisation of PTMs. Middle-down
MS is especially useful for providing extensive sequence coverage of a high molecular weight
protein
Despite its multiple advantages, the middle down approach suffers from several significant
drawbacks. The generation of few and long fragments occurs when enzymes are utilised to
cleave distinct or rare amino acids residues. However, much of the research up to now has
consistently shown that no suitable natural enzymes are proteolysing at these sites. 95 One
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approach to address this problem involves using chemical-mediated cleavage (such as CNBr,
3-bromo-3-methyl-2-(2-nitrophenyl)sulfanylindole

(BNPS-Skatole),

and

2-nitro-5-

thiocyanatobenzoic acid (NTCB acid)) to target these rare amino acid residues (Met, Trp, and
Cys), for which no particular proteases are assigned. 100 However, the key challenge with these
applications is the generation of multiple peptides with overlapping isotopic distributions. In
MS, broad isotopic patterns have been confirmed to be one of the principal barriers in
experimentally assigning the masses of peptides with adequate precision.101

1.4

Fragmentation

The fragmentation of biomacromolecules in the gas phase, whether caused by collisions,
photons, or some sort of charge exchange method, is central to the field of proteomics. 102 In
addition to providing a means to probe structure, these reactions frame the base for peptide
identification either de novo or through a library search. 103 Specifically, each of these ion
activation methods aims to induce specific fragmentation of the amide backbone at any of the
three bonds backbone of the repeating polymer chain (
Figure 1.2: A schematic of the fragments that may arise upon top-down fragmentation
study of a polypeptide backbone. a, b and c ions are N-terminus fragments and x, y and z
ions are C-terminus fragments. The subscript indicates the number of amino acid residues in
the generated fragment, counting from the N-terminus for a, b and c ions or the C-terminus
for x, y and z ions.
The lowercase number indicates the position of the fragmentation in the polypeptide sequence.
Sequence coverage values are the percentage of fragmentation sites observed relative to the
amino acid sequence's length. As the most extensively applied fragmentation process,
collision-induced dissociation (CID) has attributed a central role in the proteomics field, 104–107,
but several other techniques, such as ECD/ETD108,109 have drawn significant attention in
recent years.
) while avoiding cleavage of the side-chain functional groups or any side-chain PTMs.
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Figure 1.2: A schematic of the fragments that may arise upon top-down fragmentation
study of a polypeptide backbone. a, b and c ions are N-terminus fragments and x, y and z
ions are C-terminus fragments. The subscript indicates the number of amino acid residues in
the generated fragment, counting from the N-terminus for a, b and c ions or the C-terminus
for x, y and z ions.

The lowercase number indicates the position of the fragmentation in the polypeptide sequence.
Sequence coverage values are the percentage of fragmentation sites observed relative to the
amino acid sequence's length. As the most extensively applied fragmentation process,
collision-induced dissociation (CID) has attributed a central role in the proteomics field, 104–107,
but several other techniques, such as ECD/ETD 108,109 have drawn significant attention in
recent years.

1.4.1 Collision Induced Dissociation

CID, or alternatively known as collisional activated dissociation (CAD), is the most common
fragmentation process for tandem MS. In CID, the parent ion's internal energy is increased by
energetic collisions with neutral gas atoms (typically argon, helium or nitrogen). In the case of
peptide or protein fragmentation, this increase in internal energy induces peptide backbone's
cleavage and fragment ions formation. 110–113 Depending on the type of instruments used for
tandem MS either higher-energy C-trap dissociation (HCD) (on TOF and sector instruments),
or low-energy CID (usually performed on multipole e.g., quadrupole and ion trap apparatus),
can be carried out. The CID experiments performed here were executed in a hexapole
collisional cell, and ions were cleaved employing low-energy CID.
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Low-energy CID belongs to the group of so-called, "slow-heating" procedures, along with
several other MS/MS techniques, including IRMPD, sustained off -resonance irradiation CID
(SORI-CID) and blackbody infrared radiative dissociation (BIRD). 113–117 In these processes,
cleavage is mainly a result of the internal excitation of the parent ion. 118 In the case of CID,
each collision with the inert neutral gas atoms increases the internal energy until sufficient
internal energy is accumulated within the ion to overcome the dissociation barrier, leading to
dissociation. Fragmentation of proteoforms employing slow-heating systems results primarily
in the backbone amide bond's cleavage, generating b and y product ions. Thus, fragmentation
of the peptide backbone is usually not random, and particular fragment ions, for instance,
those emerging from cleavage of the facile amide bond on the N-terminus side of proline may
prevail the spectrum. 119 Furthermore, the cleavage of a labile PTM, such as phosphorylation
and small neutral losses such as H 2O and NH3 are also regularly observed. 120
CID is the most robust and readily used fragmentation process of proteoform ions in MS/MS
because it is relatively simple (in terms of its application), efficient and reproducible.121 Yet, a
shortcoming of CID that is particularly vital to top-down MS (concerning the study of intact
proteins) is the inverse correlation among molecular weight and dissociation efficiency.
Literature appears to validate that the rise of the macromolecule mass leads to the rise in the
number of degrees of freedom. This implies that many more energy channels exist whereby
an excited ion's internal energy may be dissipated. 102,114,121 The net consequence is a drop in
the yield of generated ions as molecular mass increases, and hence low amino acid sequence
coverage is obtained as proteoform size rises, thus application in top -down fragmentation
studies is limited. Furthermore, the tendency for CID to result in losses of side -chain
(especially with high-energy CID) is less than ideal for the analysis of protein PTM. 92

1.4.2 Electron Capture Dissociation and ETD

To address the issues outlined above, alternative ion activation approaches, electron-capture
dissociation (ECD) and electron transfer dissociation (ETD) (collectively known as ExD) were
introduced.122 ExD methods function via the move of a singular low energy electron to a
multiply protonated proteoform. The electron is transmitted either instantly (ECD) or from a
previously generated radical anion (ETD).123 Compared with the conventional slow-heating
activation processes as CID, ExD fragments peptide backbone N–Cα(c and z type ions) and
disulfide bridges, while preserving the labile PTM to a significantly higher degree. 124 Thus, this
makes ExD methods a powerful tool towards the structural study of several types of
biomacromolecules, including proteoforms, carbohydrates, oligonucleotides, and others. 122
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For the product ions of ECD to be visible by MS, the parent (positive) ion needs to be at least
doubly charged since the capture of an electron by a singly charged positive ion would end in
a zero charge.125 The cleavage of the radical species occurs very rapidly, and the possibility
of fragmentation of the N-Cα bond is hardly affected by the adjacent amino acid residue.
Hence, the method is non-ergodic and does not favour specific fragments. Fragmentation is
only unlikely to happen at the N-terminal side of proline residues due to the ring structure.126
Thus, even though ECD's efficiency is lower, a higher sequence coverage can often be
achieved compared to CID. 125 While in ETD, electrons are conveyed to the polypeptide ion by
radical anions. This reaction can be conducted in an ion trap compatible with most high resolution mass analysers, such as Orbitrap FTMS or TOF MS.

124

In contrast, ECD has

predominantly been conducted only on FT-ICR MS due to the need for sufficient overlap
among the protein ion cloud and the electrons formed by the cathode, which is enabled by
carrying out ECD runs in the FTICR detection cell. 127

59

2 Complete mapping of disulfide connectivity in disulfide-rich proteins
by high-resolution FT-ICR MS combined with pepsin and trypsin
digestion

2.1

Biological Redox Signalling

2.1.1 The Chemistry of Cysteine

The role of redox processes in cellular physiology has always been a key issue of study. 128
There is a rapidly growing literature in the biochemical field, which indicates that oxidation of
organic molecules and shift of electrons to molecular oxygen can deploy vast amou nts of free
energy utilised by cells for the generation of energy. However, quite early , it was also
determined that excess of by-products of aerobic oxidation, particularly reactive oxygen
species (ROS), might induce deleterious effects on cells, which are offset by multiple
physiological antioxidant defence systems. 129

Much of the current literature on ROS pays particular attention to describing the role of
biochemical radicals in redox signalling within several physical processes regarding
extracellular stimuli. 130,131 The amount of ROS is subtly controlled by many enzymatic and
non-enzymatic activities to maintain redox homoeostasis for conventional cell processes.
Specifically, ROS serve as agents in biological signal transduction, and many prokaryotic and
eukaryotic polypeptide chains are now perceived to have their functions regulated via ROS
oxidation arising on critical sulfur-containing amino acids cysteine (Cys) and methionine. 132–
134

Cys is the strongest nucleophile and the rarest amino acid in proteins, contributing only to 1.9
% of all natural amino acid residues. 135,136 Cys residues can undergo thiol-modifications due
to the ability of sulfur atom to adopt a wide range of oxidation states (-2 to +6) and distinct
chemical forms (chemotypes) (Error! Reference source not found.).135 Reactivity of the Cys
thiol group towards ROS depends on the accessibility and the pKa value, shaped by
microenvironmental conditions such as pH and neighbouring residues.137 Specifically, Cys
thiols with neutral pKa values of 8.4 to 8.6 are protonated and not redox -sensitive under
oxidative stress.138,139 In contrast, Cys thiols with low pKa are present in the deproto nated
thiolate anion form that is redox-sensitive to undergo thiol oxidation.139 For instance, Cys pKa
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values of 3.5 and 10 were determined for two active site Cys residues of the DsbA disulfide
oxidoreductase, but only the low pKa Cys was involved in thiol-oxidation of the substrate.139,140
Thus, the determination of the Cys pKa is crucial to reveal the redox-sensing Cys residues in
proteins and their function in redox signalling processes. Redox-sensitive Cys residues with
low pKa values can undergo different reversible and irreversible post -translational thiolmodifications under oxidative stress. Reversible thiol-disulfide switches are involved in redox
signalling processes and protect the thiol group against overoxidation. 139

Figure 2.3: Oxidative thiol modifications. Sulfur occupies a unique position in biology
because of its ability to adopt a broad range of oxidation states (-2 to +6) and distinct chemical
forms (chemotypes). This oxidative diversity, along with the inherent reactivity of the thiol and
thiolate modifications, drive to the amino acid cysteine being susceptible to a diverse range of
redox reactions which can lead to an array of protein covalent modifications.

2.1.2 The importance of disulfide bonds

In the literature, the S-S bond refers to a post-translational oxidative modification that imposes
a defined distance restraint via a covalent bond within two distant Cys residues (1.8 to 3. Å)
in the polypeptide, and it is this essence that makes the disulfide bond interesting (Error!
Reference source not found.).141,142 Disulfides serve as (essentially permanent) molecular
“staples” that direct and preserve the three-dimensional formation of proteins and define the
distance and angle restraints between the connected cysteine residues, sustaining the folded
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state in respect to the unfolded form. In addition, they can also take an active role in enzyme
activity, such as in redox-active polypeptides that are involved in thiol-disulfide interconversion
(e.g., the thioredoxin superfamily). In those cases, the disulfide formed on oxidation of
adjacent thiols is frequently found in high-energy strained formations (e.g., the so-called +/−
RH Hook and –RH Staple configurations), which are believed to facilitate rapid reduction back
to the di-thiol form. Such redox-active disulfides have been demonstrated to be essential for
regular cellular function, with perturbations assumed to be implicated in pathological
conditions that are defined by abnormal/altered redox states, including aging, cardiovascular
disorder, asthma, rheumatoid arthritis, cystic fibrosis, and multiple neurodegenerative
diseases (e.g., Alzheimer’s, Parkinson’s, Huntington’s, Creutzfeldt-Jakob disease).143

Figure 2.4: Cellular bond disulfide formation. Schematic representation of electron transfer
oxidation and reduction of disulfide bonds.

Anfinsen was the first to identify the crucial role that disulfide bonds play in ribonuclease by
conducting a set of experimental trials where he denatured, chemically reduced, oxidized, and
renatured the protein. 141 His research confirmed that when thiols are oxidized to disulfide
bonds under denaturing conditions, the ribonuclease’s activity has been remarkably
diminished compared to thiols oxidized under renatured conditions. The data yielded by this
study provide convincing evidence that that native disulfide chains need to be present for a
biomacromolecule to function properly as non-native disulfide bonds form an utterly altered
tertiary structure. 144–146

Since then, redox biologists have investigated different targets, and it has become clear that
the effect of disulfide linkages on the protein folding, complex formation, and protein function
is can not be generalised. 147 For example, several reports support the assertion that disulfide
bonds do not always stabilize their resident protein. Specifically, some disulfides provide little
support to stabilization, while others may destabilize their resident proteoform. 148,149
More recently, there has been a rapid growth of protein -based therapeutics, which are
regularly enriched with disulfide linkages to increase stability and support their biophysical
functions. Consequently, the complete characterisation of disulfide connectivity (disulfide
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mapping) has become crucial in the pharmaceutical industry to ensure safe drug products and
chemical consistency. 150–152 These findings highlight the urgent need for comprehensive
disulfide mapping techniques, as stated by Trivedi and colleagues. 150

2.1.3 Conventional Methods for Disulfide Bond Assignment

As noted, knowledge of the disulfide pattern is a significant issue in the biochemical field.
However, defining the disulfide connectivity for a given proteoform is a complicated problem.
Thus, several methods for disulfide bond analysis in proteins have emerged, employing a
variety of analytical tools to address this issue; these include structural techniques such as
Nuclear magnetic resonance (NMR) 153–155, and X-ray crystallography156,157 and sequencing
approaches such as Edman degradation 158,159 and mass spectrometry.

The use of structural techniques, despite successes, suffers from certain weaknesses. NMR
and crystallography approaches require relatively large amounts of highly pure protein
sample. Furthermore, X-ray crystallography uses the proximity of neighbouring thiols to
determine disulfide bond bridges rather than measuring actual disulfide chains. Another major
drawback to exploiting this system is the additional time needed for handling the data. After
raw experimental data are obtained, both NMR and X-ray crystallography require significant
amounts of time and effort. Lastly, these approaches, especially NMR, are not amenable to
large proteins.153–157
Edman Degradation can be useful if the studied sample is a peptide, usually less than 5 kDa
in molecular weight. The reaction efficiency of each degradation step is high which minimises
sample losses. However, the main shortfall of this approach is the need of a significant
quantities of chemical reagents and time throughout the experiment. Furthermore, it can only
interpret one pure peptide at a time, and the unit needs to have a free N-terminus to initiate
degradation reaction. 158,159 In contrast, mass spectrometry is an alternative analytical
technique that circumvents some of these shortcomings. 2,160,161

2.1.4 Current Methods for Assigning Disulfide Linkages in Proteins by MS/MS

Bottom-up MS is the most widely utilised method for mapping disulfide connectivity patterns
in biomacromolecules. The standard bottom-up proteomic strategies in MS-based disulfide
mapping includes three key steps (Figure 2.5). The protein target is enzymatically digested,
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usually using the enzyme trypsin, under nonreducing conditions to generate peptide
fragments. A subset of digest products containing the disulfide linkages exist as bridged
peptides, and analysis by proteomic LC/MS/MS workflows allow identification of peptide
sequences and assignment of specific cysteine pairs involved in disulfide bonds formation. An
ideal sample preparation process would release many disulfide-linked peptides and minimize
the formation of artefactual disulfide bonds. Afterwards, the disulfide-linked species are
separated by an LC system and are dissociated with appropriate MS/MS fragmentation
processes that are powerful enough to fragment the peptide backbones, yet soft enough to
preserve the disulfide chains integrity. Then, the MS/MS spectra are run by automated
software tools to distinguish disulfide bridged peptides and localize the disulfide bond sites. A
helpful tool can assign disulfide bonds with high sensitivity and accuracy and enable simple
validation to eliminate false positives. Therefore, several software platforms (Kojak, Maxquant,
ProteinMetrics, etc) have been developed that are capable of allocating disulfide connectivity
based on the MS/MS fragmentation patterns of proteolytic digests. 162–165

Figure 2.5: Bottom‐ up proteomics workflow for disulfide connectivity mapping. In the
Bottom-up method, enzymatic digestion is employed to cleave intact proteins into peptides.
Peptides are then chemically reduced and run by MS, and peptides are identified by running
them against a database. Afterwards, oxidised peptides are run by LC-MS/MS to generate
extensive sequence information and locate the disulfide bonds.
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The appealing features of the bottom-up method involve the availability of a wide range of
proteases to proteolysis high molecular proteins into small fragments (peptides bearing intact
disulfide chains) that are easier to analyse, compatible fragmentation processes, and the
capability to couple MS with LC to separate the proteolytic digests before injecting to the mass
spectrometer.166
However, despite recent technological advances, routine disulfide bridges mapping using this
approach is still challenging, especially for the analysis of disulfide-rich proteins (Figure
2.6).166–168 This is due to several complicating factors. Firstly, the presence of structural
disulfide bonds in the target protein often dramatically reduces the enzymatic efficiency upon
protease treatment, especially if this step is performed in solution. 152 Thus, insufficient
proteolytic digestion of oxidized cysteine-rich protein is common. Although this can be
mitigated by chemical denaturation before digestion, this additional step in sample preparation
is time-consuming and can be accompanied by unwanted chemical modification of protein
sidechains, hampering downstream data interpretation. Secondly, depending on the protein
primary amino acid sequence of the target protein, the production of the desired simple digest
products that exclusively contain a single disulfide bond may not be feasible. This is often
encountered when using a high specificity protease, such as trypsin, when an arginine or
lysine residue is not found between two cysteine residues. Again this becomes commonplace
in cysteine-rich proteins, containing nested disulfide bridges with closely spaced (or even
adjacent) cysteine residues. 169–172 Thirdly, proteolysis is routinely performed in the pH range
of 7.5–8.5 which is often necessary for optimal digestion. However, at this slightly basic pH,
disulfides are susceptible to rearrangement, termed disulfide scrambling. 168 This undesirable
phenomenon can be minimised by adjusting the pH to acidic conditions; yet, this will adversely
affect digestion specificity and efficiency. 168 Thus, with more than a single disulfide bond
present in the species to be analyzed, other strategies need to be developed for the routine
comprehensive assignment of the disulfide bond connectivity in cysteine -rich proteins.169
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Figure 2.6: The key challenges related to routine disulfide connectivity mapping are
enzymatic digestion, closely spaced cysteine residues, and S-S scrambling.

To overcome this challenge, some research groups have employed pepsin to identify disulfide
bonds. Pepsin is an acidic protease whose activity is greatly dependent on its pH. Pepsin has
its highest proteolytic activity at a pH within the 1.8 and 2.0 range. It remains stable, yet highly
active even when the pH falls to as low as 1.0. Moreover, previous studies have shown that
pepsin will begin to lose activity around pH 5 173, and it converts to an irreversibly inactive form
at a pH of around 7. Pepsin is increasingly set to become a vital tool in the proteomics field
due to its broad specificity. Previous studies appear to suggest that it preferentially cleave after
bulky hydrophobic amino acid residues. Because of its broad specificity, pepsin generates a
lot of peptides during digestion. The various cleavage sites imply that the peptides generated
are often low molecular weight, around 3 to 30 residues in length.168,174
This strategy is attractive for multiple reasons: the ability to perform efficient digestion at acidic
pH helps minimise disulfide bond reshuffling; while also ensuring that proteoforms
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conformations are likely to be unfolded and accessible to cleavage, allowing more efficient
proteolysis within closed-nested Cys residues of the substrate protein. 165,170,175,176 Pepsin,
which behaves optimally at low pH, is a proper choice for disulfide bond analysis, but its broad
specificity can hinder the assignment. Finally, pepsin generates complex digests that contain
overlapping peptides due to nonspecific cleavage, which thus leads to complicated
spectra.165,170,175–177 Although this characteristic affords the opportunity to cleave between Cys
residues which contain no conventional proteolytic site, it makes the assignment of the peptide
fragments challenging.
Another strategy that has been considered is the application of a variety of fragmentation
techniques for the MS/MS analysis of peptides. Collision induced dissociation (CID) is the
most prevailing dissociation technique for the study of S-S peptides.178 CID usually triggers
the preferential cleavage of the peptide backbone (amide) bonds, while leaving the S-S chain
intact, thus generating b and y ions that carry the disulfide link, as well as ions that do not
carry it. Although the assignment of produced CID ions of disulfide-bonded peptides was
based before on the presumption that only a single peptide bond is fragmented during CID,
Clark et al. recently confirmed that double cleavage of peptide bonds is typical during CID of
disulfide-joined peptides.179 One of the major drawbacks to adopting this system is that CID
dissociation is not ideal for distinguishing disulfide-linked peptides since it does not cleave the
disulfide bridges and generates difficult-to-interpret product mass spectra of the disulfidejoined peptides. In addition, in cases where closed nested disulfide linkages are involved,
information concerning each disulfide bond in the protein formation is lost. 180–182 Efforts have
been directed to tackle these obstacles by employing novel fragmentation techniques to
determine protein identity rapidly and provide comprehensive molecular connectivity
information.
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Figure 2.7: Fragmentation patterns for persulfide and dehydroalanine fragment ions
formed by C-S bond cleavage reactions, and for cysteine and cysteine thioaldehyde
fragment ions formed by S-S bond cleavage reactions.

Electron-capture dissociation (ECD), 183–186 electron transfer dissociation (ETD)151,183,187,188 are
alternative means of fragmentation that can be employed to provide disulfide connectivity
information. The key advantage of these dissociation techniques is that they are more efficient
than CID in fragmenting S–S bonds, hence enabling studying disulfide-protected regions.
However, data analysis can be tedious because ECD and ETD typically produce backbone
cleavages and cleavages resulting from the cleavage of a backbone bond in conjunction with
either C−S or S−S bond cleavage, leading to complex tandem m ass spectra. Figure 2.7
shows the four potential fragmentation products of disulfide linkages. The generating ions
produced by the latter type of cleavage involve mass shifts matching to cysteine thioaldehyde
(−2 Da), cysteine persulfide (+32 Da), or dehydroalanine (−3 3 Da).164 Generated fragment
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ions carrying more than one cysteine may have a mixture of these variants, thus further
complicating data interpretation.
Jiang et al.189 described a process that combines altering ETD/CID dissociation of the
disulfide-chained peptides and CID-MS3 fragmentation of the cysteine-bearing fragment ions
that emerged from the ETD-MS2 cleavage of disulfide linkages. This approach is appropriate
to map complex disulfide patterns, such as nested disulfides and cysteine clusters,190 along
with peptides fully cyclized by a disulfide chain. 191 However, due to the tremendous volume of
data produced due to the extra CID step, the process may not require samples that do not
contain complicated disulfide patterns. In his recent study, Massonnet demonstrated a similar
method for mapping disulfide chains of peptides carrying two disulfide bonds. After the
cleavage of the disulfide links by ETD, the produced species are separated by ion mobility,
and then the separated ions are identified by CID fragmentation. 192 Clark et al.178
demonstrated a simpler bottom-up ETD-based approach that is suitable for samples carrying
simple interchain disulfide-bonded peptides, involving disulfides with several disulfide-chained
strings. The system does not require an MS 3 step, and rather than searching the m/z values
of all identified disulfides, and potential shuffled disulfide chains, the extracted ion
chromatograms of all Cys carrying species are produced, and the ETD spectra of the peaks
in the extracted ion chromatograms are studied to assign the disulfide patterns. 178,193 The
determination of disulfide patterns is made when the fragments of cysteine -carrying peptides
are assigned in the same ETD spectrum, and the sum of their masses minus 2 Da (mass of
2H) corresponds to the molecular weight of the expected disulfide. The c and z ions emerging
from the amide split of the attached peptides can be utilised to further affirm the identities of
the disulfide chains. 193 This method is suitable to map the disulfide links in proteoforms whose
disulfide connectivity is unknown and confirm non-native or alternative disulfide bonds
promptly. The extracted chromatograms of cysteine-bearing peptides can also provide
information about any free thiol in the polypeptide without the need for alkylation. 194,195
Besides CID and ETD, higher-energy collisional dissociation (HCD) 196 and a dual
fragmentation method known as electron-transfer and electron-transfer/higher-energy
collision dissociation (EThcD) 197,198 are recently described fragmentation methods available in
specific Orbitrap instruments, and they are attaining more and more attention in disulfide bond
analysis.169,172,199 HCD exhibits only b and y ions in a manner similar to CID 200, while EThcD
spectra generate ions visible in both ETD and CID spectra, and it initial studies suggest its
performance may exceed ETD in comparative experiments. 168
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Despite the exceptional versatility and broad adoption of these method s, there are extensive
efforts to develop alternative ion activation systems, such as ones that favour disulfide bond
cleavages. Examples of these include the rise of photodissociation processes (UVPD; in 157
nm201, 193 nm160, and 266 nm) 202–204. The potential of employing UVPD at 157 nm to cleave
both inter-and intrachain disulfide links without charge reduction was initially demonstrated by
Zubarev and coworkers. 201 Agarwal et al. used 266 nm UVPD to selectively favour
fragmentation at S-S bonds while leaving fifteen other bonds intact, allowing for the
determination of disulfide chains patterns. Figure 2.8 demonstrates this homolytic S-S bond
cleavage at 266 nm. Research has provided ample support for the assertion that adjacent
chromophores such as tyrosine and tryptophan can increase photodissociation yield of the
disulfide linkage. A characteristic spectrum comprising three peaks is regularly observed: the
parent ion and two flanking peaks correspondent to the individual peptides. 202–204

Figure 2.8: Selective homolytic cleavage of the disulfide linkage with 266 nm
wavelength.

2.2

Research Outline

In this study, we described an efficient workflow (Figure 2.9) for both intra- and inter- disulfide
bridge assignment, including a combination of pepsin and trypsin proteolysis and the usage
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of dual fragmentation of ECD and CID without the need of a chromatographic system. As
others have highlighted, challenges associated with disulfide assignment by LC-MS of
nonreduced enzymatic digests are to resolve complex disulfide connectivity and ensure
confident data analysis. 167

Figure 2.9: Developed proteomics workflow for disulfide connectivity mapping. In this
method, enzymatic digestion is employed to cleave intact proteins into peptides. Peptides are
chemically reduced and run by FT-ICR-MS, and peptides are identified by running them
against a database. Afterwards, oxidised peptides are run by FT-ICR-MS and fragmented by
CID and ECD to generate extensive sequence information and locate the disulfide bonds.

As mentioned above, pepsin has the benefits of generating non -specific cleavages under
acidic conditions. However, the exceptionally high search space makes assignment based on
the mass of peptides alone quite challenging. On the other hand, trypsin protease only cleaves
after K and R; therefore, search space is significantly smaller. However, employing trypsin
alone is not adequate either since it does not provide comprehensive coverage of S-S bonds.
To address the issue thus, we have decided to combine both proteases. One of the simplest
ways of tackling this problem is to exclude the chromatographic system and achieve efficient
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separation of the fragments based only on the resolving power provided by the analytical mass
spectrometer. The main analytical mass spectrometer with such high resolving power is FT ICR-MS.85,161 The significantly high resolution of the FT-ICR-MS allows us to determine the
isotope fine structure of peptide sequences in pepsin digest and be used as an additional
confirmation of their identity. Thus, the aim of this work is to develop a chromatography -free
protocol for easy and efficient mapping of disulfide connectivity of disulfide-rich proteins on
high field FT-ICR platforms.

As a test protein, bovine serum albumin (BSA, P02769) was enzymatically digested, by trypsin
or pepsin, under nonreducing conditions to generate peptides. Bovine serum al bumin (BSA)
is a model protein in multiple pieces of research. It is structurally well-characterized and readily
available in its native conformational state. The primary structure of BSA was first published
in 1971 and later updated in 1990. BSA contains 583 amino acids, of which one free Cys thiol
and seventeen disulfide bonds. 143 The generated peptides were then chemically reduced and
analysed by high-resolution FT-ICR-MS by direct infusion, and the reduced peptides were
assigned from database searches. Afterwards, the same process was repeated without
reducing the disulfide bonds prior to analysis. Ions unique to the non -reduced peptide mixture,
indicating the presence of disulfide linkages, were subjected to CID and ECD to generate
extensive sequence information and locate the disulfide bonds. This framework overcomes
issues induced by disulfide reshuffling through sample preparation and provides a confident
assignment of both intra- and inter- disulfide bridges from MS/MS analyses. We evaluated the
integrated workflow using BSA (Figure 2.10), a disulfide-rich standard protein, as a model
protein and demonstrated that this approach could certainly and robustly locate disulfide
bridges on proteins.
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a)

Figure 2.10: Bovine Serum Albumin primary (a) and secondary (b) structures, the latter
containing its native SS cross-links. Based on Majorek et al.44 (Protein Data Bank code
3V03) and Huang et al. (Uniprot Code:PO2769).

2.3

Materials and Methods

2.3.1 Reagents

Bovine Serum Albumin (BSA) was purchased from Sigma Aldrich (Cas Number: 9048-46-8,
St. Louis, MO). Ammonium bicarbonate and TCEP-HCl (purity ≥98 %) were purchased from
Thermo, USA. Trypsin reagent and pepsin were purchased from Thermo, Germany.
Acetonitrile (ACN) (≥99.9 %) was purchased by VWR Chemicals (USA). Water (LC/MS Grade)
used for all experiments was obtained from Thermo Fisher Scientific, UK. Formic Acid (FA)
(≥96 %) was obtained by Sigma Aldrich (Germany).

2.3.2 Mass Spectrometry

Mass spectrometry was carried out using a 12 T SolariX FT -ICR instrument mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) with ESI ionization. Proteins (0.5–10 μM)
were prepared in

denaturing solution conditions with

ACN: H 2O: FA ratio of

49.95:49.95:0.1. Nitrogen was employed as the collision gas. MS experiments were
performed in the broadband mode from m/z 300–2000. Precursor ions of single charge states
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were isolated by a quadrupole Q1 with a selection window size of 1 –5 m/z. MS/MS
experiments were performed with the following settings: ECD; pulse length and ion
accumulation were modified as necessary; bias 1.5 V; ECD lens 15 V; CAD, collision energy
0-3 V. 50–100 scans were averaged for each MS experiment. 100 scans were averaged for
each ECD experiment.

2.3.3 Enzymatic Digestion

Pepsin was dissolved in a formic acid aqueous solution (1 %) at an initial concentration of
1.64 mg/mL. BSA with an initial concentration of 1.64 mg/mL in water was digested with
pepsin in a ratio of 20:50 (weight of pepsin: weight of BSA) at 37°C overnight. After digestion,
excess salts were removed prior to mass spectrometry analysis with ZipTip Bond Elut OMIX
C18 Ziptip (Agilent Technologies).
Trypsin was dissolved in a 50 mM ammonium bicarbonate aqueous solution at an initial
1.64 mg/mL concentration. BSA with an initial concentration of 1.64 mg/mL in water was
digested with trypsin in a ratio of 20:50 (weight of trypsin: weight of BSA) at 37°C overnight.
After digestion, excess salts were removed prior to mass spectrometry analysis with Bond Elut
OMIX C18 Ziptip (Agilent Technologies).

2.3.4 Chemical Reduction of the Peptide Mixtu re

The peptides mixture was controlled at pH = 5 by adding HCl or NaOH. Afterwards, TCEP.HCl
(10 mM) was added to the mixture and left incubating at 37 °C for 2 hours to ensure that all
the peptides were reduced. After reduction, excess salts were removed prior to mass
spectrometry analysis with ZipTip Bond Elut OMIX C18 Ziptip (Agilent Technologies).

2.3.5 Data Analysis

FT-ICR spectra were analysed using DataAnalysis software (Bruker). Peak lists were
generated by the Sophisticated Numerical Annotation Procedure (SNAP) used as part of the
Bruker DataAnalysis software. This algorithm relies on matching observed isotope patterns to
that of the theoretical amino acid "averagine", which has the molecular formula
C4.9384H7.7583N1.3577O1.4773S0.0417, calculated to be the average composition of an amino acid in
the human genome. To retrieve every generated ion SNAP identified, we set the quality factor
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threshold at 0.3, the signal-to-noise ratio (S/N) threshold at 4, the relative intensity threshold
(base peak) at 0.01 %, the absolute intensity threshold at 0 and the maximum charge state to
20.

Lists of proteolytic peptide monoisotopic masses were used to match potential peptides
employing the MS-Bridge software, part of the “Protein Prospector” program. The link sear ch
type was chosen disulfide, and maximum link molecules was set to 4 and 0 for oxidised and
reduced protein, respectively. For both reduced and oxidised, the error tolerance was set to 2
ppm error. All CID/ECD spectra were calibrated internally by quadratic correction to multiple
confirmed fragments manually. The quadratic correction was selected since the generated
disulfide bridged peptides had a broad molecular weight range and many Cys that affect their
isotope pattern.
Fragmentation spectra were analysed using Prosight Light 205 (Northwestern University).
Matches to a fragment ±5 Da were accepted, and all signals matched to a fragment from each
peptide spectra were manually checked for each spectrum. Similarly, if an expected fragment
was not detected, the spectrum was manually checked to ensure all fragments were detected.

All isotope distributions were modelled using the IsotopePattern program (Bruker).
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2.4

Results and discussion

2.4.1 Sequence mapping of BSA by combining trypsin and pepsin digestion

2.4.1.1

Setting the Optimum Conditions

In the initial stage, the protein was successfully identified using a bottom-up approach with
two different proteases: trypsin and pepsin. The generated peptide fragments were chemically
reduced and analysed by direct infusion FT-ICR MS. The signals provided by both mass
spectra were analysed, and a database search was performed using the online proteomics
tool Protein Prospector (v6.2.1), developed by the Mass Spectrometry Faculty in the University
of California, San Francisco. The data yielded by the trypsin and pepsin digestion showed the
generation of 403 and 739 peptides, respectively (Table Appendix 1 and 2). To determine the
optimum settings, the monoisotopic masses generated by trypsin digestion were searched
against the database using an error tolerance of 2, 5, 10, 20, and 50 ppm error (Figure 2.11).
Bioinformatically, trypsin has more constraints, so it should be easier to assign confidently
since trypsin cleaves only on lysine and arginine residues. The maximum number of missed
cleavages was set to 4.
By looking at Figure 2.11, there appears to be a clear upward pattern in the total number of
hits as the set error rises. However, given that our findings are based on a mass match, the
results from such analyses should, therefore, be treated with the utmost caution because they
might be due to false positives.

To examine this theory, the same peptide list was searched against a shuffled BSA sequence
generated from the https://onlinetoolz.net/shuffle-letters website. As illustrated in Figure 2.12,
we found that the total number of hits dropped to significantly lower values than the previous.
Hence, these results provide confirmatory evidence that the sequence coverage can be
achieved confidently only simply based on the software's prediction.
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Figure 2.11: Total number of hits of reduced BSA species (right sequence) using an
error tolerance of 2, 5, 10, 20 and 50 ppm error. From the graph, we can conclude that
there is a strong correlation between the set error and the total number of hits.
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Figure 2.12: Total number of hits of reduced BSA species (shuffled sequence) using an
error tolerance of 2, 5, 10, 20, and 50 ppm error. We can see a strong correlation between
the set error and the total number of hits from the graph.
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Afterwards, the process was repeated. However, the generated fragments were introduced to
the FT ICR MS without prior reduction during this time. The produ ced fragments were then
searched against a database using an error tolerance of 2, 5, and 100 ppm error ( Figure 2.13).
As before, all the variable modifications were removed since there are no known other redox
modifications. The software predicted disulfide bridged peptides whose mass matched with
matches the theoretical disulfide pattern. Since the disulfide connectivity is well known, the
suggested peptides were tested manually. As anticipated, our experiments demonstrated that
the number of false hits rose with the increase of error.
Furthermore, as shown in Figure 2.13, the increased error led to a higher number of false
positives. The exact process was repeated with the shuffled sequence. From these results,
the best ratio of correct predictions against the total number of hits was given by setting an
error tolerance of 2 ppm error.

Figure 2.13: Total number of hits of oxidised BSA species (correct sequence) using an
error tolerance of 2, 5, and 10 ppm error. The correct and false positives were illustrated
with blue and orange, respectively. The graph above shows that as the error of tolerance is
set higher, false hits rise significantly. We thus chose 2 ppm error as the optimum since the
ratio of correct positives to total hits was the highest.
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Then, the same process was repeated, employing the pepsin data. As before, to determine
the optimum settings, the monoisotopic masses generated by pepsin digestion were searched
against the database using an error tolerance of 2, 5, 10, 20, and 50 ppm error ( Figure 2.14).
However, the analysis is more bioinformatically challenging since our findings are based on a
mass match; the results from such analyses should, therefore, be treated with the utmost
caution because they might be due to false positives. To determine this, the same peptide list
was searched against a shuffled BSA sequence. As illustrated in Figure 2.15, we found that
the total number of hits leapt to much higher values than the previous. Hence, these results
provide confirmatory evidence that the sequence coverage cannot be achieved confidently
only based on the software's prediction. Further experiments need to be run to verify the
predictive outcome.
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Figure 2.14: Total number of hits of reduced BSA species (correct sequence) using an
error tolerance of 2, 5, 10, 20, and 50 ppm error. From the graph, we can note a strong
correlation between the set error and the total number of hits. Specifically, setting the error of
tolerance to higher values leads to a higher number of total hits.
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Figure 2.15: Total number of hits of reduced BSA species (shuffled sequence) using an
error tolerance of 2, 5, 10, 20, and 50 ppm error. From the graph, we can see a strong
correlation between the set error and the total number of hits. Specifically, setting the error of
tolerance to higher values leads to a higher number of total hits.

Afterwards, the process was repeated. However, the generated fragments were introduced to
the FT ICR MS without prior reduction during this time. The produced fragments were then
searched against a database using an error tolerance of 2, 5, and 100 ppm error (Figure 2.16).
As before, all the variable modifications were removed since there are no known other redox
modifications. As before, all the variable modifications were not taken into account since there
are no other redox modifications. The software predicted disulfide bridged peptides that their
mass matched with the ones from the given list. Since the disulfide connectivity is well known,
the suggested peptides were tested manually. As anticipated, our experiments demonstrated
that the number of false hits rose with the increase of error.

Moreover, as shown in Figure 2.16, the increased error led to more false positives. The exact
process was repeated with the shuffled sequence. From these results, the best ratio of correct
predictions against the total number of hits was given by setting an error tolerance of 2 ppm
error.
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Figure 2.16: Total number of hits of reduced BSA species (shuffled sequence) using an
error tolerance of 2 and 5 ppm error. The correct and false positives were illustrated with
blue and orange, respectively. The graph above shows that as the error of tolerance is set
higher, false hits rise significantly. We thus chose 2 ppm error as the optimum since the ratio
of correct positives to total hits was the highest.

2.4.2 De novo sequencing of disulfide bridged peptides

In this section, the question under discussion is whether a high -resolution FT ICR approach
combined with trypsin and pepsin digestion can study complex disulfide bridged peptides
without employing an LC system. BSA was chosen as a model protein in this study, because
its disulfide connectivity has been extensively described, making this polypeptide a suitable
choice for validating the developed method. Our approach to enhancing the production of the
disulfide-bound peptides is to digest the protein without reduction/alkylation. Trypsin and
pepsin digestion of BSA prior to reduction and alkylation cleaves BSA into many peptide
products containing the 17 disulfide bonds of BSA and other conventional tryptic and peptic
peptides that do not contain any disulfide bonds. Various single, double and triple peptides
have been isolated and fragmented by CID/ECD. Here, selected peptides from each category
have been selected and presented (Figure 2.17).
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Figure 2.17: Illustration of the various potential disulfide bridged peptides that could be
generated.

2.4.2.1

A single peptide chain containing one intrachain disulfide bond

A peptide generated after pepsin digestion displayed a mass of 1745.771 3 Da. This mass was
selected because when the sample was reduced, the peak shifted, indicating that it had a
disulfide bond. This peak corresponds to the peptide AKTC53VADESHAGC62EKSL
(C70H115N21O27S2) with a single disulfide bond (Figure 2.18, Table Appendix 1). A specific
charge state of the oxidised peptide ([M+3H] 3+) was isolated and studied alongside a
simulation assuming one disulfide bond. As displayed in Figure 2.18, the obtained isotope
distribution matched well with the simulation, and a monoisotopic mass error of 0.5 ppm was
achieved in addition to the assignment based on monoisotopic mass error and isotopic
distribution, isotope fine structure analysis achieved further confidence in the assignment.

To add an even higher level of confidence, the third peak of the isotopic distribution was
zoomed in and compared to the theoretical isotopic composition. The zooming demonstrates
that apart from a slight discordance, the result matches the prediction. Thus, the present
findings confirm that FT ICR MS resolution (Rs = 49391) is so high that the isotopic
composition is visible, and it can be used as an extra level of confidence. T hese primary
findings confirm that this peptide is indeed AKTC53VADESHAGC62EKSL with one disulfide
bond.
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Figure 2.18: Comparison of the ion [M+3H] 3+ with mass of 1745.7713 with the simulated
isotope distribution of AKTC 53VADESHAGC62EKSL with one disulfide bond. The
simulated isotope distribution is plotted over the obtained spectrum as a scatterplot. To add
an even higher level of confidence, the third peak of the isotopic distribution was zoomed in
and compared to the mathematical simulation. The zooming shows that FT ICR MS resolution
is so high that the isotopic composition is similar to the theoretical one. This comparison
confirms that the oxidised peptide is AKTC 53VADESHAGC62EKSL with one disulfide bond.

The following step was to sequence the peptide by CID and ECD. Initially, it was presumed
that the CID would not be as efficient at reducing the disulfide bonds as ECD. To demonstrate
this, CID and ECD experiments were run on the oxidised peptide, and their spectra (CID;
(Figure 2.19; Table Appendix 3), ECD; (Figure 2.21; Table Appendix 4)) fragmentation maps
(CID; Figure 2.39, ECD; Figure 2.45) are displayed.
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Figure 2.19: CID spectra for the [M+ 3H] 3+ charge state of AKTC53VADESHAGC62EKSL
with collisional voltage set to 12 V.

From Figure 2.19, we can see that the most abundant peaks in the CID spectra are products
of electron capture with no dissociation of the precursor ion and several b and y fragments
close to the edges. As anticipated, our experiments show that the CID fragments from the
edges of the peptide are significantly more intense than those from the central region. The
single most conspicuous observation to emerge from the data was that by applying 12 V, low intensity fragments with reduced disulfide bond emerged. This confirms pre vious findings in
the literature saying that CID might lead to detectable sequence fragment ions of the protein
backbone inside a disulfide bridge.206 The application of 12 V resulted in a sequence coverage
of 100 %, and all the identified ions were assigned within a 1.5 ppm error ( Figure 2.39). These
results offer compelling evidence for confirming our assignment.
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Figure 2.39: The fragment map displays fragment b and y ions resulting from CID
fragmentation of AKTC53VADESHAGC62EKSL. Several peaks have been generated,
allowing 100 % sequence coverage.

From the Figure 2.21, we can see that the most abundant peaks in the ECD spectra are
products of electron capture with no dissociation of the precursor ion and several c and z
fragments.

Figure 2.21: ECD spectra for the [M+ 3H] 3+ charge state of AKTC53VADESHAGC62EKSL
with pulse length set to 100 ms. The fragments with black colour are the ones with the
disulfide bond intact, while the red ones result from the reduction of disulfide bonds by ECD.

A closer look at the data indicates that ECD is more efficient in cleaving disulfide bonds and
generating high-intensity fragments from across the sequence. Specifically, a series of c-ions
(c4-c11) and z-ions (z7-z13) are observed. These fragments are internal to the disulfide bond
between Cys53 and Cys63. Studying the observed c- type ions in the ECD spectra of oxidised
AKTC53VADESHAGC62EKSL, it is clear that several c-ions derived from oxidised
AKTC53VADESHAGC62EKSL are products of the cleavage of a backbone bond in conjunction
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with either C−S or S−S bond cleavage (Figure 2.41, Figure 2.42, Figure 2.43, Figure 2.44).
To add an even higher level of confidence, the third peak of each isotopic distribution was
zoomed in and compared to the theoretical isotopic composition. The zooming demonstrated
that FT ICR MS resolution is that high that it can distinguish between the different isotopes.
This suggests that ECD-induced disulfide bond reduction results in a Cys-S• sidechain on
Cys53 (i.e. the neutral radical species).

Figure 2.41: Analysis of c 6 fragment ion of oxidised AKTC53VADESHAGC62EKSL. The c6
fragment ion was compared with a mathematical simulation assuming a c 6 fragment from the
given sequence with a loss of a proton. To add an even higher level of confidence, the third
peak of the isotopic distribution was zoomed in and compared to the mathematical simulation.
The zooming of the third peak shows that the data matches the theoretical isotopic distribution
even at this high level of resolution. All these findings confirm that t he c6 ion in the oxidised
AKTC53VADESHAGC62EKSL ECD spectra has lost a hydrogen suggesting a cleavage of the
SS – bond between Cys53 and Cys62.
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Figure 2.42: Analysis of c 7 fragment ion of oxidised AKTC 53VADESHAGC62EKSL. The
c7 fragment ion was compared with a mathematical simulation assuming a c 6 fragment from
the given sequence with a proton loss. This comparison hints that it matches. The zooming of
the third peak shows that the data matches the theoretical isotopic distribut ion even at this
high level of resolution. All these findings confirm that the c7 ion in the oxidised
AKTC53VADESHAGC62EKSL ECD spectra has lost a hydrogen suggesting a cleavage of the
SS – bond between Cys53 and Cys62.

87

Figure 2.43: Analysis of c 14 fragment ion of oxidised AKTC 53VADESHAGC62EKSL. The
c14 fragment ion was compared with a mathematical simulation assuming a c 14 fragment from
the given sequence with the disulfide bond intact, and this comparison implies that it matches.
The zooming of the third peak shows that the data matches the theoretical isotopic distribution
even at this high level of resolution.
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Figure 2.44: Analysis of c 14 fragment ion of oxidised AKTC 53VADESHAGC62EKSL. The
c12 fragment ion was compared with a mathematical simulation, and this comparison suggests
that it matches. The c12 ion in the oxidised AKTC53VADESHAGC62EKSL ECD spectra has
gained a sulphur suggesting a cleavage of the SS – bond between Cys53 and Cys62.

The 100 ms pulse length application in combination with 3 V collisional voltage led to 87 %
sequence coverage. Furthermore, all the identified ions were assigned within a 3 ppm error
(Figure 2.45). To sum up, the data yielded by this study provide convincing evidence that the
isolated peptide is AKTC53VADESHAGC62EKSL, and there is an intramolecular disulfide bond
between Cys53 and Cys63.
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Figure 2.45: The fragment map displays fragment ions resulting from ECD
fragmentation of AKTC53VADESHAGC62EKSL. Several peaks have been generated,
allowing 82 % sequence coverage.

2.4.2.2

Single Chain connected with two disulfide bonds

A peptide fragment peak generated after pepsin digestion with molecular weight of 3584.7837
Da. This peak corresponds to NRLC 460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F
(C152H253N47O45S4) peptide with two disulfide bonds (Figure 2.46, Table Appendix 1). In detail,
a specific charge state of the oxidised peptide ([M+5H] 5+) was isolated and studied alongside
a simulation assuming two disulfide bonds. As displayed in Figure 2.46, the obtained mass
spectra fit pretty well with the mathematical simulation assuming two disulfide bonds. These
primary

findings

confirm

that

the

peptide

is

NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F indeed, with two disulfide bonds
intact.
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Figure 2.46: Comparison of the ion [M+5H] 5+ with a mass of 3584.7837 with the
mathematical

simulation

assuming

NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F with two disulfide bonds. This
comparison

suggests

that

the

oxidised

peptide

is

NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F with two disulfide bonds.

The following step was to sequence the disulfide bridged peptide by ECD. ECD experiment
was run on the oxidised peptide, where the spectrum (Figure 2.47,Table Appendix 5) and the
fragmentation map (Figure 2.48) are displayed.
In Figure 2.47, we can see that the most abundant peaks in the ECD spectra are several c
and z fragments from across the region of the disulfide bridged peptide. These fragments are
internal to the region between Cys460 and Cys484. Studying the observed c- type ions in the
ECD spectra of oxidised NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F, several cand z-ions derived from oxidised NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F are
products of the cleavage of a backbone bond in conjunction with either C−S or S−S bond
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cleavage. These fragments resulted in 77 % sequence coverage. Furthermore, it is worth
mentioning that all the identified ions were assigned within a 5.5 ppm error (Figure 2.48).

Figure

2.47:

ECD

spectra

for

the

[M+

6H] 6+

charge

state

of

NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F with pulse length set to 100 ms.

These findings have further strengthened our confidence in the hypothesis that disulfide
bridged peptide is NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F indeed and that
there are two intramolecular disulfide bonds. Furthermore, it was confirmed that Cys460 binds
either to Cys474 or Cys475 since several c- fragments (c20-c26) have a disulfide bond intact.
In addition, there are several z- fragments (z13-z26) with a disulfide bond intact. Hence, it can
be conceivably hypothesized that there is an intramolecular disulfide bond between Cys486
with either Cys474 or Cys475. However, one negative factor regarding our methodology was
that it could not further assign the disulfide pattern. Despite these limitations of this method,
our findings suggest the region where the fourteenth and fifteenth disulfide bond is placed.

Figure 2.48: The fragment map displays fragment ions resulting fro m ECD
fragmentation of NRLC460VLHEKTPVSEKVTKC474C475TESLVNRRPC486F. Several peaks
have been generated, allowing 77 % sequence coverage.
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2.4.2.3

Two Chains connected with two disulfide bonds

A peptide fragment peak generated after trypsin digestion with molecular weight of 2586.1087.
This peak corresponds to VHKEC 244C245HGDLLEC251ADDR – C199ASIQK disulfide bridged
peptide with two disulfide bonds (Figure 2.49, Table Appendix 2). In detail, a specific charge
state of the oxidised peptide ([M+4H] 4+) was isolated and studied alongside a simulation
assuming two disulfide bonds. As displayed in Figure 2.49, the obtained mass spectra fit fairly
well with the mathematical simulation assuming two disulfide bonds. This primary finding
confirms that this peptide is VHKEC 244C245HGDLLEC251ADDR – C199ASIQK indeed with two
disulfide bonds.

Figure 2.49: Comparison of the ion with a ion [M+4H] 4+ with of 2588.1240 with the
mathematical simulation assuming VHKEC 244C245HGDLLEC251ADDR – C199ASIQK with
two disulfide bonds. This comparison suggests that the oxidised peptide is
VHKEC244C245HGDLLEC251ADDR – C199ASIQK with two disulfide bonds.
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The following step was to sequence the disulfide bridged peptide by CID and ECD. CID and
ECD experiments were run on the oxidised peptide, and their spectra (CID; Figure 2.50, Table
Appendix 6, ECD; Figure 2.52, Table Appendix 7) fragmentation maps spectra (CID; Figure
2.51, ECD; Figure 2.55) are displayed.

In Figure 2.50, we can see that the most abundant peaks in the CID spectra are several b and
y fragments from the peptide edges. As foreseen, our exper iments show that the CID led to
generating fragments from the edges of the bridged peptide while there are no internal
fragments within Cys244 and Cys251.
CID of the oxidised bridged peptide produced a series of b-ions (b14-b18, A chain and b 3-b15, B
chain). These fragments are external to the disulfide bonds, which suggests that the central
region is not susceptible to combined reduction and backbone cleavage under these applied
CID conditions due to a potential disulfide bond. The most striking result to emerge from the
data is the y7 fragment from the A chain. This fragment is a result of an amide cleavage in
conjugation with an S-S cleavage. The application of 12 V resulted in a sequence coverage
of 56 %, and all the identified ions were assigned within a 3 ppm error (Figure 2.51). These
results offer compelling evidence for confirming our assignment.

Figure

2.50:

CID

spectra

for

the

[M+

4H] 4+

charge

state

of

VHKEC244C245HGDLLEC251ADDR – C199ASIQK with the collisional voltage set to 12V.
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Figure 2.51: The fragment map displays fragment b and y ions resulting from CID
fragmentation of VHKEC244C245HGDLLEC251ADDR – C199ASIQK. Several peaks have been
produced, allowing 56 % sequence coverage.

It is apparent from Figure 2.52 that the application of 120 ms pulse length in combination with
3 V collisional voltage followed the generation of several c and z fragments from across the
region of the disulfide bridged peptide. The data gathered in the pilot study implied that the
ECD led to the production of two types of fragments; the ones that come with the
intermolecular disulfide bond intact (Figure 2.53) and the ones with the intramolecular disulfide
bond cleaved (Figure 2.54). Combing the two types of fragments lead to 87 % sequence
coverage. Furthermore, it is worth to be mentioned that all the identified ions were assigned
within a 3 ppm error (Figure 2.55).
These findings have further strengthened our confidence in the hypothesis that disulfide
bridged peptide is QEC167C168QAEDKGAC176L – C123DEF indeed and that there are two
disulfide bonds; one intramolecular and one intermolecular. The study of Figure 2.53
confirmed that Cys123 does not bound to Cys176 since there is an A chain b5, B chain c3
fragment with the intramolecular disulfide bond intact. Hence, it can be conceivably
hypothesized that there is an intramolecular disulfide bond between Cys199 with either
Cys244 or Cys245. However, one negative factor regarding our methodology was that it could
not further assign the disulfide pattern. Despite these limitations of this method, our findings
imply the region where the fourth and fifth disulfide bonds are placed.
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Figure

2.52:

ECD

spectra

for

the

[M+

4H] 4+

charge

state

of

VHKEC244C245HGDLLEC251ADDR – C199ASIQK with pulse length set to 120 ms.

Figure 2.53: The fragment map displays fragment ions resulting from ECD
fragmentation of

VHKEC244C245HGDLLEC251ADDR –

C199ASIQK

assuming the

intramolecular disulfide bond intact.
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Figure 2.54: The fragment map displays fragment ions resu lting from ECD
fragmentation of

VHKEC244C245HGDLLEC251ADDR –

C199ASIQK

assuming the

intramolecular disulfide bond reduced.

Figure 2.55: The fragment map displays fragment ions resulting from ECD
fragmentation of VHKEC244C245HGDLLEC251ADDR – C199ASIQK. Several peaks have been
produced, enabling 87 % sequence coverage.

2.4.2.4

Three Chains connected with two disulfide bonds

A peptide fragment peak generated after trypsin digestion rose with a molecular weight of
3815.8090.

This

peak

corresponds

to

LKEC 277C278DKPLLEK-SHC288IAEVEK-

YIC264DNQDTISSK tripeptide with two disulfide bonds (Figure 2.56, Table Appendix 2). A
specific charge state of the oxidised peptide ([M+6H] 6+) was isolated and studied alongside a
simulation assuming two disulfide bonds. As displayed in Figure 2.56, the obtained mass
spectra fit reasonably well with the mathematical simulation assuming two disulfide bonds.
These primary findings confirm that the peptide is LKEC277C278DKPLLEK-SHC288IAEVEKYIC264DNQDTISSK indeed, with two disulfide bonds intact.

97

Figure 2.56: Comparison of the ion [M+6H]6+ with with a molecular weight of 3815.8090
with the mathematical simulation assuming LKEC277C278DKPLLEK-SHC288IAEVEKYIC264DNQDTISSK. with two disulfide bonds. This comparison suggests that the oxidised
peptide is LKEC277C278DKPLLEK-SHC288IAEVEK-YIC264DNQDTISSK with two intermolecular
disulfide bonds.

A spectrum of oxidised LKEC 277C278DKPLLEK-SHC288IAEVEK-YIC264DNQDTISSK was
obtained, and the same charge state ([M+6H] 6+) was isolated applying 65 pulse length in
combination with 3 V collisional voltage (Figure 2.57, Table Appendix 8). The most abundant
peaks in the spectrum are individual chains, several b and c fragments. In Figure 2.57, we can
see that the most abundant peaks in the ECD spectra are several b/c fragments from the
peptide edges and intact chains.
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Figure 2.57: ECD spectra for the [M+ 6H] 6+ charge state of LKEC277C278DKPLLEKSHC288IAEVEK-YIC264DNQDTISSK with pulse length set to 65 ms.

Our trials show that the ECD cleaves the disulfide bonds, leading to individual chains to be
observed. The identification of individual chains gave an extra level of confi dence to our
assignment.
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Further analysis showed that ECD led to the production of three types of fragments; the ones
that come with both intermolecular disulfide bonds intact (Figure 2.58), the ones with a single
8intramolecular disulfide bond cleaved (Figure 2.59), and lastly, the ones with both disulfide
bonds cleaved (Figure 2.60). Combing the three types of fragments together, the final
achieved sequence coverage is 86 %. Furthermore, all the identified ions were assigned within
a 5 ppm error (Figure 2.61).

Figure 2.58: ECD spectra for the [M+ 6H] 6+ charge state of LKEC277C278DKPLLEKSHC288IAEVEK-YIC264DNQDTISSK with pulse length set to 65 ms.

Figure 2.59: ECD spectra for the [M+ 6H] 6+ charge state of LKEC277C278DKPLLEKSHC288IAEVEK-YIC264DNQDTISSK with pulse length set to 65 ms.
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This result has further strengthened our confidence in the hypothesis that disulfide bridged
peptide is LKEC277C278DKPLLEK-SHC288IAEVEK-YIC264DNQDTISSK indeed and that there
are two intramolecular disulfide bonds. Based on the available evidence from Figure 2.58, it
is fair to suggest a disulfide bond between Cys264 and either Cys277 or Cys278; which thus
indicates that the there is another disulfide bond between Cys288 and with the other Cys.
However, one downside regarding our methodology is that it cannot distingui sh further the
disulfide pattern. Although the performance was not optimal, we still believe it has managed
to successfully identify the second and the third disulfide bonds and limit the range of potential
cysteine combinations.

Figure 2.60: The fragment map displays fragment ions resulting from ECD
fragmentation of LKEC277C278DKPLLEK-SHC288IAEVEK-YIC264DNQDTISSK, assuming
both intermolecular disulfide bonds reduced.

Figure 2.61: The fragment map displays fragment ions resulting from ECD
fragmentation of LKEC277C278DKPLLEK-SHC288IAEVEK-YIC264DNQDTISSK. Several
peaks have been generated, allowing 86 % sequence coverage.
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2.5

Conclusions

In summary, we report a new approach utilizing high-resolution FT ICR MS combined with
pepsin and trypsin digestion for sequence disulfide-rich proteins and assigning their disulfide
connectivity pattern. BSA was enzymatically digested, by trypsin or pepsin, under nonreducing
conditions to generate fragments. These fragments were then chemically reduced by TCEP
and injected into the FT ICR MS to be separated based on their synchrotron frequency.
Afterwards, the fragments were assigned by running them against a database. Afterwards,
the same process was repeated without chemically reducing the disulfide bonds prior to
injection to the mass spectrometer analyser. Separated ions are online subjected to CID and
ECD to generate extensive sequence information and locate the disulfide bonds spectra of
each species. Combining the sequence coverage after trypsin and pepsin digestion, the total
sequence coverage achieved was 97 %.

Regarding the ability to study complex disulfide bridged peptides without employing an LC
system, peptides with single, double, and triple chains were successfully studied. The
approach in this chapter could be applied to study crosslinked or disulfide linkages in
recombinant proteins.
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3 Selective N-terminal mass defect labelling of proteins for improved de
novo top-down sequencing

3.1

Introduction

3.1.1 De novo sequencing applications: Biopharmaceuticals

De novo peptide sequencing is a strategy for determining the amino acid sequence of a protein
or peptide without prior knowledge of the amino acid series. This strategy relies on using
tandem MS to generate a nested set of cleavages differing by one amino acid residue. Thus,
each residue's identity is determined by calculating the mass difference of fragments differing
from one residue. Therefore, this process can achieve the peptide series without a protein
database, overcoming the shortcomings of database-dependent policies. 207

With the ever‐rising number of complete genomes sequenced, one might assume that there
is less need for de novo protein sequence assignment from MS. 208 However, the genome
sequences of most species are still unexplored. Even for known, modifications such as PTM
events may hinder the assignment of all or part of the protein sequence, or at least the identity
of the modifications. Thus, a comprehensive characterisation of the protein primary sequence
often entails determination of the protein structure with the minimum assistance from genomic
analysis—de novo protein sequencing. 209
Biopharmaceutical proteins such as monoclonal antibodies (mAb) are one such example.
Their variable regions carrying the complementarity determining domains (CDRs) responsible
for antigen-binding specificity are different for each mAb with no similar sequences in the
protein databases. Therefore, de novo sequencing is needed to fully characterise this import
class of proteins (Figure 3.62).210,211 Applications of the method range from drug discovery to
quality control with thorough protein determination needed at each stage to ensure the
reagents' efficiency, safety, stability, and batch-to-batch consistency.211,212 The high molecular
weight of mAb (ca. 150 kDa for IgG), in addition to the presence of intrachain disulfide bridges,
makes them a challenging target to study using a top-down approach with a record quoting
sequence coverages only up to 30 %. 211,213 Utilising a 'middle-'down' strategy, the Fab and Fc
fragments can be cleaved by a GingisKHAN and IdeS specific proteases and then reduced,
separating the heavy and light chains to generate smaller polypeptides (ca. 25 kDa). 214–
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216,216,21621798.

The size of the polypeptides chains generated using this strategy better meets

the performance of prevailing MS systems. However, even then, sequencing is not trivial. 211
Structural hindrances in most MS/MS spectra hinder accurate and full-length de novo
sequence assignment. 218 In the past years, the challenges of de novo peptide and protein
sequencing from MS/MS spectra have garnered a lot of attention, which has triggered the
development of many fragmentation techniques such as collision-induced dissociation (CID),
higher-energy collisional dissociation (HCD) 219, electron capture dissociation (ECD) 108,109,
electron transfer dissociation (ETD) 212,217, infrared multiphoton dissociation (IRMPD) 116,220 and
Ultraviolet photodissociation (UVPD) 212.

Figure 3.62: Diagram outlining structural aspects of a human antibody and how it can
be broken down for middle down MS. The first step in the workflow involves separating by
proteolytic cleavage of the IgG CDR-containing Fab from the constant Fc utilizing the
IdeS/GingisKHAN enzyme, which cleaves just underneath the disulfides bonds (yellow)
among the heavy chains. Afterwards, the generated peptides are chemically reduced .

3.1.2 The Need of De Novo Sequencing

De novo protein sequencing is one of the significant challenges associated with MS-based
proteomics, particularly for novel proteoforms such as monoclonal antibodies where genome
information is either restricted or not available most of the time. 221 Furthermore, limitations in
peptides cleavages and coverage combined with spectra interpretation uncertainties make
104

complete de novo assembly, even of small proteins, laborious. 222 To demonstrate this, topdown de novo sequencing of bovine Ubiquitin (Ubiq, P0CG53) was attempted using ECD
fragmentation.

a)

b)

Figure 3.63: A) Mass spectra of bovine Ubiquitin (Ubiq). The charge state distribution
of Ubiq. B) The MS spectra of the [M+8H]8+ charge state of Ubiq. The Ubiq was compared
with the mathematical simulation assuming a molecular formula of C 378H629N105O118S1
(8559.616712 Da).
ESI analysis of Ubiq produced a mass spectrum containing [M+11H] 11+ to [M+6H]6+ charge
states (Figure 3.63, A, Table Appendix 9). A specific charge state of Ubiq ([M+8H] 8+) was then
isolated, and the isotopic distribution was shown to be in good agreement with the predicted
distribution of the 76 amino acid protein (Figure 3.63, B).
After verifying the molecular formula of Ubiq, ECD fragmentation was conducted on the
isolated [M+11H]11+ charge state. After SNAP deconvolution of the data set and comparison
of the resulting ion mass list against the known sequence of Ubiq, almost full sequence
coverage of the protein was obtained (Figure 3.64). As illustrated in Figure 3.64, the most
abundant peaks in the ECD spectrum are several c- and (53 ions) and z-ions (44 ions)
fragments (Table Appendix 10). The ECD data resulted in a sequence coverage of 91 %, in
which the identified ions were assigned within a 3-ppm error (
Figure 3.65).
Interestingly, no fragmentation is observed in the N-terminal region between aa36-38– a highly
conserved proline region, suggesting that this closely nested proline region is not susceptible
105

to backbone cleavage under these applied ECD conditions. Thus, the generated data is
consistent with previous findings and further support the idea that the only cleavage site that
is not typically observed in ECD is the N-terminal side of proline due to its cyclic structure. 223

Figure 3.64: ECD fragmentation spectrum of standard Ubiq. The bottom spectrum shows
a magnified region of the fragmentation spectrum with all assigned signals labelled.

Figure 3.65: The fragment map displays fragment ions resulting from ECD
fragmentation of Ubiquitin. Red hooks indicate identified fragments. Specifically, ECD
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fragmentation led to 91% sequence coverage, of which 34 % of the identified ions were
assigned within a 3 ppm error.

Figure 3.66: The potential protein sequences of Ubiq determined de novo employing
conventional ECD fragmentation. Ambiguous sequences are highlighted in Red and
unknown amino acid acids with green.

Next, this data set was used in an attempt to determine the primary sequence using
conventional top-down de novo sequencing methodology, i.e. assuming no prior knowledge
of the sequence. By employing a 3-ppm error threshold on the previously collected ECD data,
it was feasible to define 89 % of the candidate primary sequence (
Figure 3.66) since most amino acids were successfully identified. Due to the dataset's high
resolution and mass accuracy, it is essential to note that it was viable to sequence up to two
amino acids confidently. As is well known, the amino acid masses are based on the sum of
the elemental masses, thus leading to a unique mass for each of them. Therefore, adding two
amino acids creates a unique number that corresponds precisely to this combination of
residues giving us the ability to determine them confidently. For instance, residues 5 6 and 57
(top sequence) or 20-21 (bottom sequence) were correctly assigned as LS/SL, yet the correct
order could not be defined as there was no internal fragment between the two residues. As
anticipated, one downside regarding proteomics methodology is the incapability to distinguish
between I and L residues as in most tandem MS case studies. To determine L/I accurately,
additional runs would be required, collected from MS experiments leading to internal
cleavages, such as hot ECD. 224
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However, it is worth mentioning that it is impossible to differentiate between the c and the z
ion series from this single dataset without any prior knowledge. Thus, since the method could
not distinguish between the N-termini and the C-termini ions, two potential sequences emerge,
illustrated in
Figure 3.66. These two sequences are the correct (forward) protein primary sequence, which
has reversed the incorrect alternative.

To generate as many fragments as possible and thus to improve the identification coverage,
researchers have employed a combination of fragmentation methods such as CID, HCD, and
ECD.123,225 Although this approach is interesting, it is quite laborious and time -consuming.
Characteristics that are not appealing, especially if we consider the rising need for sequencing
antibodies fast and efficiently. Therefore, the findings supported the urgent need for novel
methods for de novo sequencing. This research seeks to address this and a way to solve this
issue by incorporating an MD tag on the N-terminus of proteins. Such a label would enable
easy distinction between N- and C- terminal fragments from top-down MS data, thereby aiding
fragment assignment.

3.1.3 Mass Defect

In this study, we explore the possibility of using MD to aid protein sequencing by allowing the
identification of N- and C- terminal fragment ion series and thus simplifying the protein
sequencing.Proteoforms are formed by a small subset of elements, the most abundant of
which

12C

(MD = 0.000), 1H (MD = +0.007825), 14N (MD = +0.003074) and

0.005085) have low MD compared to

12C

16O

(MD= -

(Table 3.3) meaning that we anticipate proteins to

have an overall slightly negative MD.
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Table 3.3: Nominal- and monoisotopic mass and mass defect of elements found in
proteins and iodine and bromine. 43

Atom

Nominal mass/Da

Monoisotopic mass/Da

Mass defect/Da

12C

12

12

1H

1

1.007 825 0322

0,007825032

14N

14

14.003 074 004

0,003074004

16O

16

15.994 914 619

-0,005085381

32S

32

31.972 071 174

-0,027928826

127I

127

126.904 47(3)

-0,095527

79Br

79

78.918 338

-0,081662

If we study a polymer of repeating monomer units, the MD plotted against increasing monomer
mass will show a linear relationship. This is illustrated in Figure 3.67, which demonstrates the
MD of three polymers, poly(ethene), poly(phenylethene) and poly(chloroethene) (PE, PS and
PVC), as their polymer chain length increases. PE is a simple long saturated hydrocarbon
chain. Adding a phenyl group into the repeat unit (as in PS) increases the oxidation state,
raising the MD, as introducing an element with a high MD (chlorine, as in PVC). Similarly, if
we consider proteins as polymers, we should also see a trend in MD of increasing protein
length size. This is described by considering the theoretical repeating monomer unit of
polypeptides, polymer poly(averagine), (Figure 3.67, green line) and displays the expected
MD along with a primary protein structure. According to the literature, averagine refers to the
theoretical amino acid, with the molecular formula (C4.9384 H7.7583 N1.3577 O1.4773 S0.0417), is defined
to be the average composition of an amino acid in the human genome. 226,227
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Figure 3.67: MD against nominal mass along the length of three polymers along with
the hypothetical poly(averagine).

The diversity of twenty amino acid sidechains unavoidably leads to variations in the
monomeric units' elemental composition within proteoforms. Hence, MD with a rising nominal
mass of polypeptides differs from the theoretical straight line illustrated by p oly(averagine).
This drift also differs among proteins and even within singular domains of the same protein.
However, this variation is relatively small because the natural amino acids' elemental diversity
is limited to CHNOS. This is described in Figure 3.68, which demonstrates the MD of the
polypeptide sequence of both the C- and N-terminal domains of the tumour suppressor protein
p53, along with the full length of AS. In these diagrams, the MD is represented as the
molecular mass function as the polypeptide array raises by adding each sequential amino
acid. Residues 1-96 of AS incorporated several repeating units and predominantly
hydrocarbon and nitrogen sidechains, indicated in the uniform and a relatively steep reduction
in the MD. However, the C-termini domain is profoundly acidic and induces a relative rise in
MD due to a high number of oxygen atoms, which have a positive MD. Thus, the C-terminal
region follows the poly(averagine) model throughout its length. Finally, the profoundly
acidic N-terminus of p53 is determined to have a higher MD than averagine. Within this domain
is a 19-residue "proline-rich" region containing only proline, alanine and valine residues, which
can be identified by a steady drop in MD seen in the plot.
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Figure 3.68: MD against nominal mass along the length of three polymers along with
the hypothetical poly(averagine).

However, as illustrated in Figure 1.7, more prominent (non-organic) atoms have significantly
higher negative MD, and this fundamental measurable difference is what is employed in the
MD labelling approach.

3.1.4 Mass Defect Labelling in MS

Incorporating one or more chemical elements with atomic numbers within the 17 (Cl) and 77
(Ir) range into the bio-molecules of interest forms an evident difference among the masses of
modified and unmodified species of the same nominal mass. 47,228–230 The stable nuclei of these
elements have extensively higher absolute MD values than those standard to biomolecules
(carbon, hydrogen, oxygen, nitrogen, sulfur, and phosphorus). The difference in MD displays
itself as a resolvable mass shift in most high-resolution mass spectrometers. As defined by
Bajrami et al., the goal of the process is to shift a given protein, peptide, or peptide fragment
ion into the ‘forbidden zone’ of the spectrum by altering its mass. 231 Thus, the peptides are
moved into a less noisy spectral space, making their detectability more likely and allowing
effective identification of desired modified species (Figure 3.69).46
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Figure 3.69: Mass spectra of protein treated without (top) and with (bottom) mass defect
tag. The c and z ions are closely nested on the top, leading to potentially overlapping species
that would be hard to distinguish. The signals have been spread out across the m/z range on
the bottom, allowing more straightforward and more confident detection.

This method is desirable for complex bottom-up proteomics studies that result from a
polypeptide's proteolysis by a particular enzyme and therefore matched to potential
sequences employing a spectral protein database. In the literature, there are numerous
examples of MD labelling combined with MALDI-MS to simplify spectral complexity since
usually with MALDI as all ions are 1+. 44,226,229,232–236 Notably, this approach has many practical
applications in the field of chemical crosslinking.
Chemical cross-linking combined with MS has risen as a promising tool for determining protein
conformation and protein-protein and protein-ligand interactions. This has led to a diverse
range of commercially available cross-linking reagents, and well-developed protocols and MD
labelling has been successfully incorporated into crosslinker design. MD tagging of the
synthesised crosslinker allows prompt, straightforward assignment of cross-linked peptides
from unreacted ones. Hernandez et al.228 recently reported a novel cysteine MD tag, 2,4dibromo-(2’-iodo) acetanilide (Figure 3.70), to improve the specificity of peptide identification.
This is because adding an MD tag to the cysteine-containing peptides was found to improve
both their detectability and identification specificity. It also improves their applications with
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HPLC MALDI-FTICR MS. The MD linker tag integrates a unique mass shift and isotope
signature and thus allows a more promising combination for automated, high -speed, and
confident assignment of cross-linked products, thus enhancing proteoform detection
specificity.

Figure 3.70: Chemical Structure of dibromo-(2’-iodo) acetanilide.

In this study we will develop an innovative MD labelling approach for top -down de novo
sequencing. Selectively modifying a single terminus of a protein with a chemical tag
containing a high MD (such as iodine, bromine, chlorine) will generate a characteristic shift in
MD to all fragments from this terminus. This will aid confident and rapid N- and C- terminal ion
series assignments in top-down fragmentation analysis without prior knowledge, thereby
aiding fragment assignment. We hypothesise that this strategy will allow increased
fragmentation coverage in top-down proteomic workflows.

3.1.5 Mass Defect plots using averagine scaling analysis

To convert the relative mass shift induced by the MD label into a form that enables
straightforward distinction between labelled and unlabelled fragments in an MS/MS spectrum,
the data needs to be displayed in a so-called MD plot.46 For hybrid mixtures dominated by
hydrocarbons, the CH2 repeating unit is given as a fixed mass of 14.183. This allows the
Kendrick mass (KM) to be calculated from the exact mass of the compound by multiplying it
by (14/14.0157), or the NM of the repeating CH2 unit divided by the accurate mass of CH 2 46.
The Kendrick mass defect (KMD) is defined by deducting the KM from the NM. Ultimately,
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compounds can be constructed by drafting a KMD plot, in which NM is plotted against the
KMD. Ions with the equivalent levels of saturation or functional group content will be on a
horizontal line across the plot, and thus if one ion along this series can be identified, the
chemical formation for others may be assumed to be comparable. For instance, saturated
hydrocarbons will all have a nearly zero KMD; conjugating a carbonyl group will increase the
KMD due to the oxygen atom's MD and increased oxidation state of the molecule. However,
while CH2 is a significant component of proteins, it is often better to refer to the repeating
monomer unit of polypeptides as the averagine amino acid. Hence, it provides a more sui table
mass reference for the MD study of proteoforms. 226,227
The conversion of masses to an averagine-based mass scale (Daavg) is achieved by
multiplying the monoisotopic masses delivered from the Dalton mass scale by a scaling factor
of 0.999493894; determined as the ratio of the nominal to the monoisotopic mass o f averagine
given on the Dalton mass scale by the following equation:

𝑁𝑀𝐷𝑎𝑙𝑡𝑜𝑛 (𝑎𝑣𝑒𝑟𝑎𝑔𝑖𝑛𝑒)
110 Da
=
= 0.999493894
𝑀𝐼𝑀𝐷𝑎𝑙𝑡𝑜𝑛 (𝑎𝑣𝑒𝑟𝑎𝑔𝑖𝑛𝑒) 111.0543052 Da

This scaling sets the MD of averagine on the averagine mass scale to zero , and any peptide
fragments with elemental compositions close to that will have approximately zero MD. As
demonstrated by the example in Figure 3.71, constructing an averagine-scaled MD figure for
a standard provides protein does not provide much information. As it can be seen, it is
impossible to distinguish between c and z ions without prior knowledge as there is no
consistent difference in mass defect between the two ion series. However, it would be helpful
if there was a way to differentiate between the two series to build up the primary sequence. In
theory, adding a mass defect offset to one of the ion series would separate the two in the mass
defect plot, allowing them to be easily distinguished. This study explores the possibility of
adding this mass defect offset by selectively adding a mass defect tag to the protein Nterminus.

The theoretical advantage of this strategy is shown in Figure 3.72. Figure 3.72 demonstrates
that the construction of an averagine-scaled MD figure for a protein labelled selectively with
an MD tag on the N-termini provides confirmatory evidence for this graphical approach's
usefulness. It is apparent from Figure 3.72 that the addition of this tag leads to the generation
of two series of fragment ions that are clearly distinguished in the MD plot. One series with
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close to zero MD consisted of the untagged fragments (C-terminal z-ion fragments) and a row
of points with distinct negative MD set by the fragments carrying the MD label ( N-terminal ctype fragments).

A closer look at the data indicates that the lines are near -horizontal due to the averagine
scaling, but they are not straight. The twenty amino acid sidechains' diversity unavoidably
ends with variations in the elemental composition of the monomeric units within proteins.
However, despite the variations in the elemental composition of the monomeric units, two
trends are clearly illustrated. Thus, the trend of MD with rising NM of proteins deviates from
the theoretical straight line illustrated by polyaveragine. The separation between the rows is
roughly equivalent to the effective (averagine-scaled) MD of the label and should be high
enough to distinguish the two trends confidently. Therefore, the MD plot allows for easy
resolution of tagged from untagged fragments and, in the case of a terminus -selective label,
among N- and C-terminal fragments. 226,227

In principle, either the N- or C-terminus could be used as a potential location for incorporating
an MD tag. However, due to its potential reactivity, in this study, N-terminal labelling was
investigated.
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Figure 3.71: Mass defect analysis illustrated using the peptide GYSKEASAL. The MS
software provides the list of the monoisotopic masses (MIM). Afterwards, this mass is
corrected by the averagine factor to standardize it for every protein (MIM avg). The nominal
mass (NM avg) is calculated by rounding the previously estimated number, and finally, the MD
is calculated by subtracting from the MIM avg the NM avg. The MD plot was constructed by
plotting MIM against MD. As illustrated, c and z ions overlap with each other, thus making it
impossible to distinguish between the two classes without any prior knowledge.
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Figure 3.72: Mass defect analysis illustrated using the peptide GYSKEASAL labelled on
the N-termini with an MD tag (C7H5I, monoisotopic mass: 215.9436). As before, the MS
software provides the list of the monoisotopic masses (MIM). Afterwards, this mass is
corrected by the averagine factor to standardize it for every protein (MIM avg). The nominal
mass (NM avg) is calculated by rounding the previously estimated number, and finally, the MD
is calculated by subtracting from the MIM avg the NM avg. The MD plot was constructed by
plotting MIM against MD. A closer look indicates two trends corresponding to c (red) and z
ions (blue ions). Therefore, labelling selectively either the N- or C-terminus allows for easy
resolution of tagged from untagged fragments and, in the case of a terminus-selective label,
among N- and C-terminal fragments. 226,227
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3.1.6 Chemical Biology Strategies for Selective Chemical Modification of the
Protein N-terminus

For this strategy to succeed, N-terminal labelling must be highly site-specific to the N-terminus,
and sidechains labelling should be avoided; otherwise, the assignment cannot be done
confidently.
Current efforts in the protein conjugation field have predominantly focused on site -specific
techniques to append a single synthetic molecule to a specific site on a prote in. Such labelling
reactions are valuable because they provide well-defined conjugates with uniform features.
However, those reactions demand a high degree of selectivity towards certain functional
groups while proceeding in aqueous solutions under moderate pH and temperature conditions
to preserve the protein's structural integrity and biological activity. This restriction provides an
exceptionally demanding setting for organic reactions, as the high abundance of most amino
acid residues on proteins narrows the point to which site-specificity can be reached.237 Hence
only a finite set of biochemical reactions have been demonstrated for si te-specific
modification. Conventional methods for bioconjugated complex proteoforms in single sites
include the alkylation of introduced Cys residues, 238 the introduction of unnatural amino acid
residues with distinct reactivity into protein sequneces, 239–241 native chemical ligations, 242,243
and proteolytic labelling methods.244,245 Although all these processes are highly beneficial,
they require significant degrees of protein engineering, leading to diminished protein
expression levels and disrupted protein function. Moreover, these approaches cannot be
easily implemented to a broad range of proteins.
As a complement to these techniques, there has been growing interest in targeting the protein
N-termini as this site is uniquely reactive and solvent-accessible on most expressed
proteoforms.246 Conventional approaches to address this issue exploit the slight difference in
pKa between the N-terminal α-amines (pKa = 6–8) and lysine amines (pKa ~10.5) to selective
modify the N-terminus. This minor difference favours the N-terminus' selective acylation and
alkylation when conducting chemical reactions at a low-to-neutral pH range. Although these
systems are appealingly straightforward to perform, they are unfortunately limited to cases in
which few lysine side chains compete; thus, total site-specificity is hardly ever achieved. 247–249
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Figure 3.73: Standard strategies for modifying N-terminal amino acid residues. (a)
Thioesters react with N-terminal Cys by native chemical ligation. (b) Thiazolidines are formed
by the reaction between aldehydes with N-terminal Cys. (c) Sodium periodate is employed to
form aldehydes from N-terminal serine and threonine residues. (d) Pictet-Spengler reactions
are undergone between N-terminal tryptophans and aldehydes. (e) The N-terminal amino
group was converted to a carbonyl group by transamination reagents. (f) N-terminal prolines
react with aminophenols by an oxidation reaction (g) 2-pyridinecarboxaldehyde (2PCA) was
employed to label the N-termini selectively, the nitrogen of the adjacent amino acid cyclises
on the imine to form an imidazolidinone product at the N termini.
Several methods rely on participation from the N-terminal residues amino acid side chains for
efficient chemical modification. For instance, N‐termini Cys residues have been successfully
modified with thioesters, and reactive aldehydes250 have been employed to form N-termini
thiazolidines (Figure 3.73 a, b). In addition, reactive aldehydes can be formed through
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periodate oxidation of N‐terminal serine and threonine amino acid residues for consequent
oxime ligation or strain aided to alkyne-nitrone cycloaddition, 250,251 and N‐terminal tryptophans
can be conjugated via Pictet–Spengler reactions (Figure 3.73 c, d).252 A recent study by the
Francis group has demonstrated a site-specific transamination chemical reaction that
introduces reactive ketones or aldehydes at the N-termini

253–256

along with an oxidative

coupling reaction among aminophenols and N-terminal proline residues (Figure 3.73 e,f).257
After imine condensation, the amide nitrogen of the adjacent amino acid cyclises on the imine
to form an imidazolidinone product at the N termini (Figure 3.73, g). Notably, the lysine
sidechain lacks the nearby amide group and thus does not produce stable products. This study
underlines that the N-terminus has the sole ability to react in combination with its side chain
group, often enabling selective incorporation through the form of cyclic intermediates and
products-conjugates. This reaction was demonstrated for 12 different proteins, including the
soluble domain of the human estrogen receptor. These results offer indisputable evidence that
the reaction is independent of the N-terminal residue's sidechain.
.
Furthermore, they applied their approach to label antibodies, which preserved their ability to
bind targets even after labelling. Although this approach is more selective, it fails to modify
proteins with proline as the first amino acid and doubly conjugate polypeptides with glycine
residues at the N‐termini, hence lacking ubiquitous sequence compatibility. 246,253,258,259
Effective as they are, all of these systems restrain the particular N-terminal amino acid
residues that can be present and need multi-steps. Consequently, a simple, one-step method
competent for modifying a single site on a broad range of proteins would be of high value to
the field of chemical biology.

3.2

Research Outline

Given the drive for innovative strategies that increase fragment ion assignment efficiency in
top-down mass spectra and therefore maximise the protein sequence coverage obtained, we
have developed a strategy (
Figure 3.74) for utilising the reductive alkylation reaction described by several researchers to
the attachment of N-terminal selective MD tags (Table 3.4) into proteins.258,259 Such a tag aids
classification between N- and C-terminal fragments from top-down MS data, thus simplifying
fragment assignment.
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Table 3.4: Halogen-based MD tags employed in this research to increase fragment ion
assignment efficiency in top-down mass spectra and therefore maximise the protein
sequence coverage obtained. Such a tag aids classification between N- and C-terminal
fragments from top-down MS data, thus simplifying fragment assignment.

Name

4-Iodobenzaldehyde

5-Bromo- 2pyridinecarboxaldehyde

Structure

Formula

Molecular
Weight

Δmass

C 7 H5 IO

231,9385

215,9436

C 6 H4 BrNO

186,0059

142,9371

Figure 3.74: The Top-down workflow in combination with a mass defect labelling.
Protein is selectively labelled on the N-terminus with a covalent MD label before topdown fragmentation. The large MD allows the classification of fragment ions into N-terminal
(c-ions) and C-terminal (z-ions) fragment series without prior sequence information.

In this context, the aim was to develop a method for the N-terminal selective attachment of
halogen-based MD tags into proteins. For the MD label to be a valuable tool for the proposed
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application of de novo sequencing, the labelled conjugate yield needs to be high enough to
efficiently isolate and fragment in the mass spectrometer. Finally, the label must display high
selectivity toward the N-terminus to minimise false positives.

Several proteins were used for the development of this strategy. Initial experiments were
performed using Insulin (Ins, P01317) was selected as a study protein due to the successful
incorporation of benzaldehyde previously demonstrated by Chen et al. 258, and MacDonald et
al.259. Additionally, its small size (5.7 kDa) should make it easier to study, and the fact that it
only contains a single lysine residue placed towards the C-terminal end of its B-chain would
greatly simplify top-down analysis (
Figure 3.75, a41). With the ultimate goal of applying the tagging method to various proteins,
the technique will also need to verify that the method applies to other proteins. Bovine Ubiquitin
(Ubiq, P0CG53) was also chosen in part due to its small size (8.5 kDa) and its wellcharacterised top-down fragmentation profile (
Figure 3.75, b)260.
On the other hand, bovine Myoglobin (Myo) was chosen as a more challenging protein with a
mass of 16.9 kDa (
Figure 3.75, c)261. Furthermore, for the system to be valuable in the characterisation of PTMs
by top-down MS, one would also need to study the effect of the N-terminal alkylation reaction
on PTMs. Therefore, Bovine Ribonuclease A (RNase A, P4557) was chosen as a study protein
with a mass of 13.7 kDa since it has 4 disulfide bonds (
Figure 3.75, d)262.
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Figure 3.75: Structural features of a) insulin 263, b) ubiquitin,

myoglobin 261 and

Ribonuclease A262. a) Primary structure of the structure of porcine insulin (5.7 kDa). The
protein contains 6 cysteine residues, which form 3 disulfide bonds. The disulfide connective
is highlighted. b) Primary structure of the structure of Ubiquitin (8.5 kDa). c) Primary structure
of the structure of Myoglobin (16.9 kDa). d) Primary structure of the struct ure of bovine
Ribonuclease A (13.7 kDa). The protein contains 8 cysteine residues, which form 4 disulfide
bonds. The disulfide connective is highlighted.
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3.3

Materials and Methods

3.3.1 Reagents

Ultrapure water, acetonitrile and DMSO was purchased from Thermo F isher. All solvents were
LCMS grade. Tris(2-carboxyethyl) phosphine (TCEP) was purchased from Thermo Fisher.
The

remaining

chemicals

(5-Bromo-substituted

2-pyridinecarboxaldehyde

4-

iodobenzaldehyde, trisodium citrate, citric acid, sodium cyanoborohydride, disodium
phosphate, monosodium phosphate, guanidine-HCl (2 M), formic acid (≥ 96 %), ammonium
acetate) and proteins (insulin from bovine pancreas, Myoglobin from equine (horse) heart,
Ribonuclease A from bovine pancreas and Ubiquitin from bovine erythrocyt es) were
purchased from Sigma Aldrich. Zip-tips (OMIX C4, 100 μL) and size-exclusion spin columns
(Micro Bio-Spin) were obtained from Agilent Technologies and Bio -Rad, respectively.
Ultrapure water was used for all reactions and MS experiments unless other wise stated.

3.3.2 Incorporation of a 4-iodobenzyl IMDT via Reductive Alkylation

Selective N-terminal labelling was performed by adapting a published reductive alkylation
reaction presented by Chen et al.. 258 Ins and Myo samples (1 mM) were dissolved in ultrapure
water and N-terminally labelled by addition of sodium cyanoborohydride (5 mM) and 4iodobenzaldehyde (1 mM). The reaction was performed in citric acid buffer (0.1 M, pH 6.1)
and allowed to proceed in the dark with gentle mixing at 47 oC and 37 oC for Ins and Myo,
respectively (Figure 3.76). Afterwards, TCEP.HCl (50 μL, 20 mM) was added to the Insulin
samples and left incubating at 37 °C for 60 min to ensure that all the disulfide bonds were
reduced.
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Figure 3.76: Reaction scheme for the N-terminal selective incorporation of 4iodobenzaldehyde into Ins and Myo proteins.

125

3.3.3 Incorporation of a Bromo-substituted 2-pyridinecarboxaldehyde Mass
Defect Tag via imine condensation

Selective N-terminal labelling was performed by adapting a published transamination
strategy.259 Ubiq, Myo and RNase samples (50 μM) were dissolved in ultrapure water, and Nterminally labelled by adding 5-Bromo- 2-pyridinecarboxaldehyde (4 mM). The reaction was
performed in phosphate buffer (0.1 M, pH 7.9) and allowed to proceed in the dark with gentle
mixing at 37 oC overnight (Figure 3.77). Afterwards, TCEP.HCl (15 μL, 100 mM) was added
to modified RNase A and was incubated at 90 °C for 5 min. N-Ethylmaleimide (NEM) (30
μL,100 mM) was added to the sample and left incubating at 37 °C for 20 min.

Figure 3.77: Reaction scheme for the N-terminal selective incorporation of 5-Bromosubstituted 2-pyridinecarboxaldehyde into proteins.

3.3.4 Time-course experiments at varying temperatures

Time course reactions to monitor reaction rate were performed at 17 °C (measured room
temperature), 37 °C, 47 °C and 67 °C. Aliquots were taken every hour for insulin and every
second hour for Myoglobin up to 6 hours (day 1) and then after 23 hours (day 2) .
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3.3.5 LCMS to Confirm Conjugation and Assess Yield

The yield of the reactions was assessed by LCMS analysis of the crude reaction mixture
(diluted to 10 μM) on a Synapt G2 UPLC-Q-ToF (Waters) instrument with a reverse-phase C4
column. Relative yields of the unmodified protein and singly and multiply modified conjugates
were evaluated from relative abundances by considering each peak's contribution to the sum
of peaks in the charge state.

3.3.6 Sample Preparation for Top-Down Mass Spectrometry

Samples were desalted by Bond Elut OMIX C4 Ziptip (Agilent Technolog ies) or using sizeexclusion spin columns eluting in acetonitrile 50 % v/v, 0.1 % v/v formic acid or 100 mM
ammonium acetate (buffer exchange).

3.3.7 Top-Down Mass Spectrometry

Mass spectrometry was carried out using a 12 T SolariX FT -ICR instrument mass
spectrometer (Bruker Daltonics, Billerica, MA, USA) with ESI ionisation. Proteins samples (10
μM) were prepared in denaturing solution conditions with ACN: H 2O: FA ratio of
49.95:49.95:0.1. Nitrogen was employed as the collision gas. MS experiments were
performed in the broadband mode from m/z 300–2000. A quadrupole Q1 isolated precursor
ions of single charge states with a selection window size of 1 –5 m/z. Fragmentation was
performed, and a spectrum was recorded, accumulating 150-200 scans to improve the signalto-noise ratio. ECD fragmentation was performed with a 25 ms ECD pulse length, and CID
was performed using a suitable voltage depending on the degree of activation desired. The
raw data was processed in Compass Data Analysis (Bruker) using the built-in SNAP tool for
peak picking and deconvolution of isotopic distributions. Fragment assignment was performed
by comparing fragment monoisotopic masses to the known protein sequence in ProSight
Lite264 (Dr Neil Kelleher, University of Illinois) with mass errors within ± 5 ppm.

127

3.3.8 Mass Defect Analysis and De Novo Sequencing

In the case of iodine-based mass defect tag (IMDT; delta mass: C 7H5I), a peak list was
provided by the Sophisticated Numerical Annotation Procedure (SNAP) used as part of the
Bruker DataAnalysis software. This algorithm relies on matching observed isotope patterns to
that of the theoretical amino acid "averagine", which has the molecular formula
C4.9384H7.7583N1.3577O1.4773S0.0417, calculated to be the average composition of an amino acid in
the human genome. To retrieve every generated ion SNAP identified, we set the quality factor
threshold at 0.3, the signal-to-noise ratio (S/N) threshold at 4, the relative intensity threshold
(base peak) at 0.01%, the absolute intensity threshold at 0 and the maximum charge state to
20. The repetitive building block was set to C4.9384H7.7583N1.3577O1.4773S0.0417I. SNAP returned a
matrix

with

columns for m/z, charge, intensity, resolving power, and

molecular

mass. However, this was not possible with the bromine-based mass defect tag (BrMDT; delta
mass: C4H2NBr) since bromine has a distinct isotope pattern. Thus, two generated peak lists
were

incorporated

together;

one

relied

on

the

molecular

formula

C4.9384H7.7583N1.3577O1.4773S0.0417 as before, and one on the molecular formula C5.3384H 7.9583N
1.4577O1.4773S 1.4773Br 0.1.

Afterwards, monoisotopic fragment masses were scaled using the averagine scaling factor of
0.999493894 and rounded to the nearest integer. The scaled MD was calculated as the
difference between the scaled monoisotopic mass and the integer value. MD plots were
constructed by plotting the scaled mass defects against the monoisotopic masses of the
fragments. As identified from the MD plot, the N- and C-terminal ions were split into separate
ion series, and the two-ion series were sequenced individually. Starting at the termini, ion
series were extended by considering the mass difference between the n and n+1 ions, where
n was the last identified ion in the series and n+1 was the following ion in the data set and
matching against a table of amino acid masses. If no amino acid match was found, the process
was repeated for the n and n+j, j = 2,3, 4, …, ions until a match was found. The amino acid
identified was accepted if the ion's experimental mass error compared to the theoretical mass
of the candidate sequence was less than ± 5 ppm.
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3.4

Results and Discussion

3.4.1 Chemical Labelling of Insulin using reductive alkylation incorporating an
N-terminal selective iodine-based mass defect tag

a)

b)

Figure 3.78: Reaction scheme for the N-terminal selective incorporation of a)
benzaldehyde and b) 4-iodobenzaldehyde into proteins.
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This study aimed to extend the utility of the reductive alkylation described by the Hung -Chieh
Chou group to incorporate an N-terminal selective iodine-based mass defect tag (IMDT; delta
mass: C7H5I, monoisotopic mass: 215.9436) into the N-terminus of proteins (Figure 3.78).
Initially introduced as a strategy for site-selective N-terminal conjugation of native proteins by
Chen et al. in 2017, the reductive alkylation reaction utilises the variation in pKa among the
N-terminal amine (pKa ≈ 8) and lysine primary amines (pKa ≈ 10) to accomplish selectivity for
the N-termini. The authors studied various buffers and pH conditions to achieve the highest
selectivity employing benzaldehyde for conjugation. They achieved >99:1 selectivity for the
peptide XYSKEASAL where X varies over the 20 amino acid residues, leading to an incredible
conversion (≥78 %) except the peptide bearing N-terminal cysteine (42 %). Furthermore, the
group illustrated that the label could be conjugated into various proteins, including insulin, with
reasonable conversion rates. 258
Initial optimisations of the conditions revealed that increasing the amount of reducing agent
from 5 to 15 equivalents led to an increase in the reaction yield by 16 %. Thus, IMDT tags
were successfully incorporated into Ins, as demonstrated by LCMS analysis (Figure 3.79, A).
As illustrated in Figure 3.79, Ins is a 51-residue protein (5733 Da) with two polypeptide chains
connected by one intrachain and two interchain disulfide bonds.

On these grounds, we can hypothesise that Ins will be double modified since there are two
available N-terminus to be chemically modified. The data yielded by this study provide
convincing evidence that Ins has been successfully doubled modified as anticipated (Figure
3.79, A). A specific charge state of oxidised Ins ([M+5H] 5+) was then isolated and studied
alongside mathematical simulations of the unmodified and modified protein.

130

A)

B)
a)

b)

c)

Figure 3.79: A) Mass spectra of insulin (lns). Top: Controls showing the charge state
distributions of the unmodified protein. Bottom: Spectra of the crude reaction mixture with a
combination of unmodified protein and species with higher mass. B) Observed isotopic
distributions of Ins overlaid with simulated isotopic distributions for the a) unmodified
(C254H377N65O75S6, red), b) singly modified (C 261H382N65O75S6I, blue) and di-modified
(C268H387N65O75S6I2, yellow) protein as represented by coloured rings.
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3.4.2 Time-course experiments of reductive alkylation incorporating N-terminal
selective iodine-based mass defect tag at varying temperatures of Insulin

Next, the impact of temperature on reaction progression and yield was determined by
performing a set of time-course experiments at various temperatures (17, 37 and 47 °C)
(Figure 3.80).
As highlighted in Figure 3.80, the unmodified proteoform disappeared throughout the time as
it was used up in the chemical reactions to generate the modified species. Furthermore, the
relative yield of the di-modified conjugate of Ins had a steady increase over the whole time
range without reaching a plateau, and the same can be observed for the tri- and tetra-modified
conjugates. The most striking observation from the data comparison was that rise was already
visible at the 1 hr time point. The highest yield of the di-modified species was 31 %, and it was
achieved after 23 hours of reaction time at 47 °C.
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Figure 3.80: Relative yields from Ins within a time course experiment at varying
temperatures. As illustrated, the unmodified proteoform disappeared throughout the time as
it was used up in the chemical reactions to generate the modified species. Furthermore, the
relative yield of the di-modified conjugate of Ins had a steady increase over the whole time
range without reaching a plateau, and the same can be observed for the tri- and tetra-modified
conjugates. The most striking observation from the data comparison was that rise was already
visible at the 1 hr time point. The highest yield of the di-modified species was 31 %, and it was
achieved after 23 hours of reaction time at 47 °C.
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3.4.3 Evaluating Selectivity of the Chemical Labelling of Insulin using a
reductive alkylation incorporating N-terminal selective iodine-based mass
defect tag

Figure 3.81: ECD fragmentation spectrum of Ins modified with iodobenzaldehyde. The
charge state distribution of Ins, 5+ charge state isolated (middle) and with ECD (bottom). The
bottom spectrum shows a magnified region of the fragmentation spectrum with all assigned
signals labelled.

The selectivity level for N-termini amines over lysine residues was the most crucial variable
for evaluating the chemical reaction's suitability for the intended top -down sequencing
applications.
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In previous studies, to determine the N-terminal selectivity of the reaction, trypsin digestion
and MS analysis was performed. 258 However, this approach may be unreliable since adopting
a bottom-up approach may lead to missing information on nonspecific modifications. Thus,
top-down fragmentation was performed on the modified species to determine the location of
the resulting chemical modification. As mentioned above, Ins comprises two chains bound by
intermolecular disulfide. To simplify the data analysis, Ins was chemically reduced after the
incorporation of the conjugation. Surprisingly, upon MS analysis of the reduced Ins, only the
B-chain was detected. Although it would have been ideal for analysing the A-chain as well,
this discrepancy is negligible since the A-chain does not contain any lysine residues, and thus,
only N-termini labelling would be expected. ECD fragmentation was conducted on the isolated
[M+5H]5+ peak of the singly modified B-chain conjugate, accomplishing almost full sequence
coverage of the chain (Figure 3.81).

Figure 3.82: Sequence of the Ins B-chain with an MD tag on the N-terminus (top) or Lys29 (bottom) matched against the ECD fragmentation data for Ins modified under initial
conditions. Red hooks indicate identified fragments.

Figure 3.82: Sequence of the Ins B-chain with an MD tag on the N-terminus (top) or Lys29 (bottom) matched against the ECD fragmentation data for Ins modified under initial
conditions. Red hooks indicate identified fragments.
Figure 3.82 displays that the most abundant peaks in the ECD spectrum are several
tagged c- and (here termed c*- ions, 37 ions) and untagged z-ions (22 ions) fragments. Both
of which imply the conjugation was incorporated on the N-terminus. Only two potential
untagged c-ions were observed, c24 and c26, suggesting that either the label had dissociated
during fragmentation or the modification has occurred on the Lys-29 residue. As illustrated in
Figure 3.82, two tagged z-ions were also seen, z6 and z9, implying the tag on Lys-29.
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Figure 3.83: Plot showing the intensities of all fragments assigned from ECD
fragmentation data for Ins modified under initial conditions. The displayed ratios highlight
the relatively low intensity of the fragments suggesting tagging of Lys-29 compared to their
counterparts, suggesting an N-terminal tag.

Table 3.5: Identified fragments sorted according to ion type and whether they are
consistent with a tag on the N-terminus or Lys-29. The ratios indicate selectivity based on
the summed intensity of fragments suggesting N-terminal labelling versus fragments
suggesting labelling of Lys-29.

Fragmentation
method
ECD
CID

Tag on N-term

Tag on Lys-29

b/c

y/z

b/c

y/z

37
27

22
19

2
1

2
0
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Table 3.6: Comparison of specific Identified indicating a tag on the N-terminus or Lys29. The ratios indicate selectivity based on the summed intensity of fragments suggesting Nterminal labelling versus fragments suggesting labelling of Lys-29.

Tag on N-term

Tag on Lys-29

Ratio (Tag on Nterm/Tag on Lys-29)

Fragment Error Intensity (%) Fragment Error Intensity (%)
c*24 -0.35
c*26 -1.11
z6 -0.45
z9 -0.24

0.01365
0.27046
0.63368
0.51513

c24
c26
z*6
z*9

-0.65
-0.16
0.41
0.07

0.3615
0.00481
0.00406
0.0051

0.037759336
56.22869023
156.0788177
101.0058824

It is well known that ion intensity needs to be interpreted with caution since it is not a
quantitative measure of exact abundances, and whether an ion is observed in MS relies on
various elements such as solubility and number of ionisable groups. However, fragment
intensities were compared for structurally similar ions to evaluate selectivity since they have
comparable ionisation characteristics (Figure 3.83). The single most striking observation to
emerge from the comparison of the modified and unmodified fragment ion intensities was that
the ions implying tagging of Lys- 29 were of significantly lower intensity than those proposing
the incorporation of the N-termini (Table 3.5). Similarly, the study at all generated fragments
and their relative intensity, the fragmentation data proposes that the MD tag shows high
selectivity for the N-termini (Table 3.6).

3.4.4 De Novo Sequencing of Insulin based on a reductive alkylation
incorporating N-terminal selective iodine-based mass defect tag

As stated in the Introduction, we initiated this study to demonstrate MD analysis in a de novo
sequencing context; Ins was sequenced using a simple de novo top-down (CID and ECD)
sequencing methodology after being selectively modified on the N-termini, assuming no prior
knowledge.
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3.4.4.1

De Novo Sequencing of Insulin based on CID fragmentation and a
reductive alkylation incorporating N-terminal selective iodine-based
mass defect tag

CID fragmentation was conducted on the isolated [M+5H] 5+ after applying 10 V collisional
voltage (Figure 3.84, A). After a mass list was constructed using SNAP, an MD plot was
produced employing an averagine scaling factor for the detected fragment ions from the Ins
CID fragmentation dataset (Table Appendix 12), as previously explained. Inspection of this
mass defect plot clearly illustrates that the fragments formed two well-defined series with the
series centred on mass defect ca 0.2 corresponding to the N-terminal modified b-ions ions
and the series centred around MD ca 0 representing the unmodified C-terminal y-ions (Figure
3.84, B).

After successfully separating N- and C-termini fragment ions, the two separate data sets were
de novo sequenced individually. The difference between two consecutive fragments
corresponds to the mass of specific amino acid, and this process is illustrated in Figure 3.85.
The mass difference between the bn+1 and bn, corresponds to the mass of histidine (H). If we
now turn to the mass difference between the bn+2 and bn+1, the result suggests that the following
amino acid residue is either a leucine (L) or isoleucine (I). Thus, this data suggests that either
L or I follow an H. By repeating this process for all the obtained data, this protocol seeks to
define the peptide's primary sequence.
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A)

B)

Figure 3.84: A) CID fragmentation spectrum of Ins B chain modified with
iodobenzaldehyde. B) Mass defect plot derived employing averagine scaling correcting
factor for the assigned fragment ions from Ins CID fragmentation dataset.
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By employing a 3-ppm error threshold, it was not only feasible to confidently assign the right
candidate primary sequence by considering adjacent amino acids, but it was also viable to
sequence sections of up to two amino acids accurately. Therefore, residues 3 and 4 were
rightly assigned as NQ/QN, yet the correct order could not be defined as there was no internal
fragment between the two residues. Using this mass defect aided de novo sequence process,
90% of the primary sequence was confidently assigned (Figure 3.86). All but residues 28-30
were not assigned due to the lack of fragmentation within this region.

Figure 3.85: On the top, a mass defect plot derived employing averagine scaling
correcting factor for the assigned fragment ions from Ins CID fragmentation dataset
and on the bottom a zoomed region (600-1400 Da) of this plot.
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One downside regarding our methodology is that there have been 104 fragments that have
not been determined. A reasonable explanation for this outcome may be that these are internal
cleavages and/or sidechain losses, a phenomenon common to CID. 265 Nevertheless, 90 % of
the primary sequence was assigned using this analysis. However, in higher molecular weight
systems, internal cleavages and/or sidechain losses will likely limit the viability of this
technique. One possible way to avoid this issue is to use ECD instead of CID. ECD is known
to be more specific for backbone fragmentation, generating c and z ions, with little neutral loss
and sidechain cleavage. 266

Figure 3.86: The protein sequence of Ins B chain determined de novo combing an Ntermini MD tag and CID cleavage. Although the performance was not ideal, we nevertheless
managed to determine 90% of the primary sequence was assigned. Ambiguous sequences
are highlighted in Red and unknown amino acid acids with green.

3.4.4.2

De Novo Sequencing of Insulin based on ECD fragmentation, and a
reductive alkylation incorporating N-terminal selective iodine-based
mass defect tag

ECD fragmentation was conducted on the isolated [M+5H] 5+ peak of the singly modified Bchain conjugate with a pulse length of 25 ms (Figure 3.87, A, B, Table Appendix 13). As before,
the SNAP algorithm was employed, and an MD plot was derived employing averagine scaling
correcting factor then for the fragment ions from Ins ECD fragmentation dataset (Figure 3.87,
B). Again, the fragment ions formed two well-defined trends with the modified c-ions,
corresponding to the N-terminal ions, displaying a mass defect offset of ca. 0.15 and the
unmodified z-ions displaying MD around 0.
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A)

B)

Figure 3.87: A) ECD fragmentation spectrum of Ins B chain modified with
iodobenzaldehyde. B) Mass defect plot derived employing averagine scaling correcting
factor for the assigned fragment ions from Ins ECD fragmentation dataset.
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Figure 3.88: On the bottom, a mass defect plot derived employing averagine scaling
correcting factor for the assigned fragment ions from Ins ECD fragmentation dataset
and on the right, a zoomed region (300-800 Da) of this plot.

After successfully separating N- and C-termini fragment ions, the two separate data sets were
sequenced individually. As it is already established, each fragment is illustrated by a specific
bullet point. The difference between two consecutive fragments corresponds to the mass of
specific amino acids, and this process is illustrated in Figure 3.88. The difference between the
cn+1 and cn, cn+2 and cn+1 and cn+3 and cn+2 and corresponds to valine (V), asparagine (N) and
glutamine (Q), respectively. Thus, this data implies that a V is followed by N and Q.
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By employing a 3-ppm error threshold, it was feasible to define the right candidate primary
sequence. Again, it was viable to sequence sections of up to two amino acids accurately.
Therefore, residues 22 and 23 were rightly assigned as RG/GR, yet the correct order could
not be defined as there was no internal fragment between the two residues. However, amino
acid residues 27-28 were rightly sequenced as threonine and proline, considering ECD does
not fragment on the N-terminal side of prolines. The simplified de novo sequence process
described here led to the determination of 100% of the primary sequence (
Figure 3.89).

Figure 3.89: The protein sequence of Ins B chain determined de novo combing an Ntermini MD tag and ECD fragmentation. Ambiguous sequences are highlighted in Red.

3.4.4.3

De Novo Sequencing of Insulin based on CID, ECD fragmentation,
and a reductive alkylation incorporating N-terminal selective iodinebased mass defect tag

By merging the obtained sequences from CID (Figure 3.86) and ECD (
Figure 3.89) fragmentation, the correct amino acid residues series have been successfully
defined with a high level of confidence (Figure 3.90). However, it is vital to consider the small
peptide size and the high quality of the fragmentation data; sequencing should have been
relatively easy even if performed on the unsorted data set. However, this cons titutes
soundproof of principle for the MD tagging strategy, and the advantages should be more
noticeable for higher molecular weight systems.

144

Figure 3.90: The protein sequence of Ins B chain determined de novo combining an Ntermini MD tag and CID & ECD fragmentation. Ambiguous sequences are highlighted in
Red.

3.4.5 Chemical Labelling of Myoglobin using reductive alkylation incorporating
N-terminal selective iodine-based mass defect tag

As before, the initial studies were executed using the conditions described by Chen et al. MD
tags were successfully incorporated into Myo as demonstrated by LCMS analysis ( Figure
3.91, A). [M+28H]28+ to [M+11H]11+ ions were observed. A specific charge state of oxidised
Myo ([M+19H]19+) was then isolated and studied alongside mathematical simulations of the
unmodified and modified protein (Figure 3.91, B, Table Appendix 14). For Myo, the desired
conjugate is singly modified. The relative yield was 26 % for singly modified Myo.
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A)

B)

Figure 3.91: A) Mass spectra of Myo. Top: Controls showing the charge state distributions
of the unmodified protein. Bottom: Spectra of the crude reaction mixture with a combination of
unmodified protein and species with higher mass. B) Observed isotopic distributions of
Myo overlaid with simulated isotopic distributions for the unmodified (red) and singlymodified (IMDT) (blue) protein as represented by coloured rings.
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3.4.6 Time-course experiments of reductive alkylation incorporating N-terminal
selective iodine-based mass defect tag at varying temperatures of
Myoglobin.

Figure 3.92: Relative yields from Myo within a time course experiment at varying
temperatures.
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As previously, the effect of temperature on reaction progression and yield was investigated by
performing a series of time-course experiments at several temperatures (17, 37 and 47 °C)
(Figure 3.92).

Figure 3.92 reveals that there has been a gradual decline in the unmodified protein as the
singly modified species were formed. Specifically, the yield rose from 17 °C to 37 °C but
dropped going from 37 °C to 47 °C, probably due to lower thermal stability. The highest yield
of singly conjugated species (33 %) was reached within 6 hours at 37 °C, slightly higher than
the 31 % yield after 2 hours at the equivalent temperature.

3.4.7 Evaluating Selectivity of the Chemical Labelling of Myoglobin using a
reductive alkylation incorporating N-terminal selective iodine-based mass
defect tag

As before, to utilise the IMDT for de novo sequence purposes, we had to verify that the
chemical reaction is selective to the N-terminal amines. Again, top-down fragmentation was
employed and ECD fragmentation was conducted on the isolated [M+20H] 20+ peak of the
singly modified Myo conjugate, accomplishing almost full sequence coverage of the chain
(Figure 3.93). Figure 3.93 shows the sequence coverage observed for top-down ECD of IMDT
modified myoglobin. In detail, in total, 365 ions were detected where 243 of them were
successfully assigned. The most abundant peaks in the ECD spectrum are an extended
sequence of tagged c-ion fragments (115 ions) and untagged z-ions (142 ions) fragments
(Table Appendix 15). Both of which imply the conjugation was successfully incorporated on
the N-terminus. However, a series of untagged c-ions (94) was also observed, suggesting that
either the label had dissociated during fragmentation or a significant amount of non -selective
modification had taken place.
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Figure 3.93: ECD fragmentation spectrum of Myo modified with iodobenzaldehyde. The
charge state distribution of Myo, 20+ charge state isolated (middle) and with ECD (bottom).
The bottom spectrum shows a magnified region of the fragmentation spectrum with all
assigned signals labelled.
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Table 3.7: Identified fragments sorted according to ion type and whether they are
consistent with a tag on the N-terminus or unselective. The ratios indicate selectivity
based on the summed intensity of fragments suggesting N-terminal labelling versus fragments
suggesting unselective labelling.

Fragmentation
method
ECD

Unselective
Labelling

Tag on N-term
b/c

y/z

b/c

y/z

115

142

94

13

As illustrated in Figure 3.94, thirteen tagged z-ions were also assigned, suggesting that most
probably some nonspecific modification has taken place probably on a Lysine residue since it
has primary amine.

Comparing the ion intensities for these series of ions (Figure 3.95), it is clear that the z* ion
series is of significantly lower intensity. Furthermore, contrary to expectations, we noticed that
c and c* ions have almost the same intensity. Based on the available evidence, it seems fair
to suggest that the reaction appears to be more selective towards the N-termini over the
lysines. However, there is a strong presence of undesired products with modified lysines that
complicate de novo sequencing. Therefore, this reaction is not ideal since it generates a lot of
undesired byproducts. Thus, there is the need to investigate other chemical reactions that
would be more selective towards the N-terminal amines.
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Figure 3.94: Sequence of the Myo with an MD tag on the N-terminus (top) or the Cterminus (bottom) matched against the ECD fragmentation data for Myo modified under
initial conditions. Red hooks indicate identified fragments.
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Figure 3.95: Plot showing the intensities of all fragments assigned from ECD
fragmentation data for Myo modified under initial conditions. The displayed ratios
highlight the relatively low intensity of the fragments suggesting tagging of an internal Lysine
compared to their counterparts which suggest an N-terminal tag.

3.4.8 Incorporation of a Bromo-substituted 2-pyridinecarboxaldehyde Mass
Defect Tag via Imidazolidinone Formation on Ubiquitin

Since the selective labelling approach proposed by Chen 62, was not proven to be sufficiently
selective, we decided to adapt a reductive alkylation strategy recently outlined by
MacDonald259. We used this to incorporate a bromine-based mass defect tag (BrMDT; delta
mass: C4H2NBr, monoisotopic mass: 142.9371) to the N-terminus of proteins.259 Initially, this
strategy was developed to modify the N-terminus of native proteins in 2015 through
imidazolidinone formation (Figure 3.96, a). The authors studied various buffers and pH
conditions to achieve the highest selectivity employing benzaldehyde for conjugat ion. They
achieved >99:1 selectivity for the protein RNase A, leading to an incredible conversion (≥90
%). Furthermore, the group illustrated that the label could be conjugated into various proteins,
including aldolase, lysozyme, bovine serum albumin, with reasonable conversion rates. 259
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a)

b)

b)

Figure 3.96: Reaction scheme for the N-terminal selective incorporation of a) of 2PCAbiotin reagent and b) 5-bromo-substituted 2-pyridinecarboxaldehyde into proteins.

This recent report achieved selective labelling of a range of proteins by using
pyridinecarboxaldehyde derivatives in good yield. However, In our initial experiments, using
5-bromo-2-pyridinecarboxaldehyde and the published reaction conditions (Figure 3.96, b),
only low covalent labelling of Ubiquitin was observed. LCMS analysis revealed that the yield
of the reaction was less than 10 %. For the BrMD to be valid for the intended application of de
novo sequencing, the yield of the tagged conjugate must be high enough to be amenable to
fragmentation. Therefore, the reaction conditions were then optimised in an attempt to
increase the reaction yield.
We postulated that polypeptides' three-dimensional structure might shield the N-terminal
amine

and

inhibit

efficient

interaction

with

the

bulky

Bromo-substituted

pyridinecarboxaldehyde moiety. Therefore, we investigated if denaturing the protein prior to
derivatisation would increase the reaction yield. A series of experiments, including the
denaturing agent guanidine-HCl added to the reaction mixture, was performed (Figure 3.97).
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Using this approach, the reaction yield rose dramatically to greater than 50 % ( Figure 3.97).
A specific charge state of modified Ubiq ([M+8H] 8+) was then isolated and studied alongside
mathematical simulation of the modified protein (Figure 3.97). These primary findings
confirmed that Ubiq has successfully been modified. Furthermore, it was encouraging to notice
no double or triple modified species signs, indicating that the reaction is likely selective to the
N-termini.

a)

b)

c)

Figure 3.97: a) The mass spectra of Ubiquitin (Ubiq) treated with 5-Bromo-substituted
2-pyridinecarboxaldehyde and denaturing agent. Observed isotopic distributions of Ubiq
overlaid with simulated isotopic distribution for the the b) unmodified (red) and c) singlymodified (BrMDT) (blue) protein as represented by coloured rings.
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3.4.9 Comparison of top-down ECD fragmentation of Unmodified and BrMDTmodified Ubiquitin.

Having demonstrated that modification of Ubiquitin could be achieved in yields suitable for
top-down fragmentation, it was then necessary to determine if N-terminal modification had any
influence on top-down ECD fragmentation efficiency.
A series of ECD experiments were performed on the same charge states of both unmodified
and modified Ubiq using similar conditions. The analysis carried out in this report uses a 12 T
FT-ICR SolariX (Bruker) equipped with ECD. The electrons are produced using a heated
filament source 267,268 situated behind the ICR cell. Electrons are introduced to the trapped
protein ions within the ICR cell, so all resultant fragments ions, in theory, should be
detectable.269 The fragmentation spectra achieved by applying ECD fragmentation to the
[M+11H]11+ charge state of unmodified (Table Appendix 17) and BrMDT-modified (Table
Appendix 18) Ubiq are shown in Figure 3.98.

As highlighted in Figure 3.98, the fragmentation pattern of unmodified (Figure 3.98, top) and
modified (Figure 3.98, bottom) have surprisingly different fragmentation spectra. It is clear
that, for unmodified Ubiq, the most abundant ions in the ECD spectrum are several c- and (29
ions) and z-ions (37 ions) fragments throughout the protein sequence, thus providing a high
coverage of the protein amino acid sequence (
Figure 3.99).

In contrast, the highest abundance peaks observed upon ECD of BrMDT -modified Ubiq are
precursor [M+11H] 11+ ions and a series of ions consistent with electron capture with no
dissociation (ECnoD) (e.g. [M+11H] 10+●). Although several z-ions are also evident, it was
surprising that no c fragment ions were observed under these conditions. This somewhat
unexpected result may be due to the presence of the tag. These findings, therefore, provide
confirmatory evidence that the modification presence affects the generations of c ions and
thus drops the sequence coverage of the polypeptide remarkably.
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Figure 3.98: ECD fragmentation spectra for Ubiq. Top-down ECD fragmentation of
standard (top) and BrMDT-modified (bottom) protein. From the graph, it can be observed that
higher fragmentation coverage is achieved for standard Ubiq.
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Figure 3.99: The fragment map displays fragment ions resulting from ECD
fragmentation of standard (top) and modified (bottom) Ubiquitin. Top-down FT ICR MS
suggested that the N-termini modification leads to lower sequence amino acid coverage of the
protein. Specifically, ECD fragmentation of the standard and modified led to 35 and 87%
sequence coverage respectively within a 5 ppm error.

Figure 3.100: The number of c and z ions produced by standard and Modified Ubiq
under the same conditions.
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Table 3.8: Different tested ECD conditions. The impact of ECD bias (V), collisional voltage
(V), and the gas flow control (%). The available evidence seems to suggest that the optimum
conditions are the ones described by experiment 6.

Experiment
Number
1
2
3
4
5
6

Collisional
Sequence Coverage
ECD Bias (V) Gas Control Flow (%)
Voltage (V)
(%)
3
5
10
5
5
5

1.5
1.5
1.5
1.8
2.5
1.5

30
30
30
30
30
10

21
49
24
48
44
93

The data generated by top-down fragmentation of standard and modified Ubiq are reported in
Figure 3.99. The evidence that emerges from comparing the number of hits of standard and
modified Ubiq (Figure 3.100) suggests that the presence of modification leads to a significant
drop in the observed fragment ions. Specifically, the ECD of the standard protein leads to
extensive fragmentation throughout the protein sequence, while the ECD of the modified
protein results in fragments predominantly in the C-terminal region. However, these results
were not very encouraging since for the BrMDT to be valid for the intended application of de
novo sequencing, the fragmentation of the tagged conjugate must be extended throu ghout the
protein sequence. Therefore, optimisation of the ECD conditions was further explored in order
to increase sequence coverage.

ECD bias and collisional voltage were chosen as the parameters that need to be set by the
user to optimise the ECD experiments. The ECD bias sets the potential difference between
the cathode and the effective potential in the centre of the ICR cell, while the collisional voltage
sets the potential to activate the ions. Several ECD bias and collisional voltage levels were
studied with the gas control flow effect, and those parameters combined with the obtained c
and z ions are summarised in the following table (Table 3.8).
Initial studies were carried out at the same charge state ([M+12H] 12+), applying 3 V (Table
Appendix 19), 5 V (Table Appendix 20), and 10 V (Table Appendix 21) collisional voltage,
ECD bias of 1.5 (Table Appendix 20), 2.5 (Table Appendix 22) and 1.8 V (Table Appendix
23) and gas control flow of 30 % (Table Appendix 20) and 10 % (Table Appendix 24). The
data generated by the top-down fragmentation of various conditions are reported in Error!
Reference source not found. As mentioned above, the initial conditions (3 V) have led to 21
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% sequence coverage (122 ions; Figure 3.101, experiment 1). As the collisional rose to 5 V,
a significant climb to the number of c* (50) and z (47) ions was observed, corresponding to
49% sequence coverage: thus, providing greater coverage of the primary sequence than
before (Figure 3.101, experiment 2). Thus, it can be reasonably assumed that the application
of 5 V has activated the precursor ion to cause further fragmentation. However, setting the
collisional voltage at 10 V led to a significant drop compared to the initial conditions. As
illustrated in Figure 3.101 (experiment 3), setting the collisional voltage at 10 V has led to the
disappearance of c ions and the generation of primarily b* (10) and y (15) ions, presumably
through vibrational fragmentation dominating the fragmentation process.

Therefore,

considering these findings, a collisional voltage of 5 V was employed along with ECD in future
experiments.

220

b* ions
y ions
c* ions
z ions

200

Total Number of Ions

180
160
140
120
100
80

40

93 %

49 %

60

21 %

51 %

51 %

4

5

24 %

20
0

1

2

3

6

Experimental Number

Figure 3.101: The sequence coverage obtained by employing 3 V, 5 V, and 10 V ECD
bias of 1.5, 2.5, and 1.8 and gas control flow of 30 % and 10 %. This study indicates that
the optimum collisional voltage, ECD bias, and gas control flow are 5 V, 1,5 V, and 10 %,
respectively. Thus, the highest number of c*(58) and z ions (191) are generated at the
optimum conditions.

After determining the need to apply a 5 V collisional voltage, the next step was determining
the ECD bias's optimum conditions. The data generated by the top-down fragmentation of
various conditions are reported in Figure 3.101. As described in Figure 3.101 (Experiment 2,
4, 5), applying 2.5 V and 1,8 V has led to the generation of a lower number of c ions (33 and
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19 ions, respectively) compared to the initial conditions where 50 c ions were produced.
Furthermore, it is worth mentioning that neither the number of z ions nor the sequence
coverage was significantly altered. Thus, the data gathered in the pilot study implied that the
ECD bias has no meaningful impact on the fragmentation. Therefore, further investigation was
not required.
Finally, as described in Figure 3.101 (experiment 6), setting up the gas flow at 10 % has led
to a dramatic rise in forming a high number of c (55) and z ions (120). Furthermore, it is worth
mentioning that almost full sequence coverage was significantly obtained (93 %). Thus, the
data yielded by this study provide convincing evidence that the flow of gas has a meaningful
impact on fragmentation. Therefore, the gas flow was set to 10 %.

3.4.10

Evaluating Selectivity of the Chemical Labelling of Ubiquitin
incorporating a Bromo-substituted

2-pyridinecarboxaldehyde Mass

Defect Tag

Since our main aim was to employ the BrMDT for de novo sequence purposes, the following
step was to the chemical reaction's selectivity towards the N-terminal amines. To do that, we
employed a top-down workflow as before. Thus, ECD fragmentation was conducted on the
isolated [M+11H]11+ peak of the singly modified Ubiq conjugate with a pulse length of 25 ms
and 5 V collisional voltage (Table Appendix 24), accomplishing almost full sequence coverage
of the protein (Figure 3.102). In total, 887 ions were detected, and 216 of them were
successfully assigned.
Figure 3.102 shows that the most abundant peaks in the ECD spectrum are several tagged cand (28 ions) and untagged z-ions (120 ions) fragments. Both of which imply the conjugation
was incorporated on the N-terminus. However, as illustrated in Figure 3.103, several untagged
c-ions (8) were observed, suggesting that either the label had dissociated during
fragmentation or placed on an internal Lysine residue. Furthermore, the absence of tagged zions implied that an internal Lysine was not modified (Table 3.9). Combing those findings
provides enough support for the conceptual premise that the reaction is selective to the Ntermini.
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Figure 3.102: ECD fragmentation spectrum of Ubiq modified with 5-Bromo-substituted
2-pyridinecarboxaldehyde. The charge state distribution of Ubiq, 11+ charge state isolated
(middle) and with ECD (bottom). The bottom spectrum shows a magnified region of the
fragmentation spectrum with all assigned signals labelled.
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Figure 3.103: Sequence of the Ubiq with an MD tag on the N-terminus (top) or Cterminus (bottom) matched against the ECD fragmentation data for Ubiq modified. Red
hooks indicate identified fragments.

Table 3.9: Identified fragments sorted according to ion type and consistent with a tag
on the N-terminus (selective) or an internal lysine (unselective) . The ratios show
selectivity based on the summed intensity of fragments suggesting N-terminal labelling versus
fragments suggesting unselective labelling.

Fragmentation

Tag on N-term

Tag on Lysine

method
b/c

y/z

b/c

y/z

ECD

29

65

8

0

CID

8

63

2

0
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3.4.11

De

Novo Sequencing of

Ubiquitin based

Imidazolidinone

Formation incorporating N-terminal selective bromine-based mass defect
tag

As stated in the Introduction, we initiated this study to demonstrate MD analysis in a de novo
sequencing context; Ubiq was sequenced using a simple de novo top-down (ECD) sequencing
methodology after selectively modified on the N-termini, assuming no prior knowledge.
ECD fragmentation was conducted on the isolated [M+11H] 11+ and [M+8H]8+ peaks of the
singly modified Ubiquitin conjugate with a pulse length of 25 ms and applying 5 V collisional
voltage (Figure 3.104, A, Table Appendix 24). The, an MD plot was derived employing
averagine scaling correcting factor for the fragment ions from Ubiq ECD fragmentation dataset
Figure 3.104, B) as previously explained in 3.1.5. Utilising the approach to the fragment ions
can be used to evaluate the method's performance in differentiating between N- and Cterminal fragment ions. The figure below clearly demonstrates that, in contrast to the CID
analysis, the fragments formed two well-defined series with the modified c-ions in the top row
corresponding to the N-terminal ions and the unmodified z-ions corresponding to the bottom
row C-terminal ions (Table Appendix 26, Table Appendix 27).
After successfully separating N- and C-termini fragment ions, the two separate data sets were
sequenced individually. By employing a 5 ppm error threshold, it was feasible to define most
of the candidate primary sequence since most of the amino acids were successfully identified.
The high sequence coverage was achieved due to the dataset's hig h resolution and mass
accuracy; it was viable to sequence sections of up to two amino acids accurately. Therefore,
residues 15 and 16 were rightly assigned as LE/EL, yet the correct order could not be defined
as there was no internal fragment between the two residues. The simplified de novo sequence
process described here led to 91 % of the primary sequence being determined ( Figure 3.105).
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A)

B)

Figure 3.104: A) ECD fragmentation spectrum of Ubiq modified 5-Bromo-substituted 2pyridinecarboxaldehyde. B) Mass defect plot derived employing averagine scaling
correcting factor for the assigned fragment ions from Ubiq ECD fragmentation dataset.
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Figure 3.105: The protein sequence of Ubiq determined de novo combing an N-termini
MD tag and ECD fragmentation. Ambiguous sequences are highlighted in Red and unknown
amino acid acids with green. The simplified de novo sequence process described here led to
91 % of the primary sequence being determined.

3.4.12

Incorporation of a Bromo-substituted 2-pyridinecarboxaldehyde
Mass Defect Tag via Imidazolidinone Formation on Myoglobin

As established before, the initial studies were executed using the conditions described by the
conditions recommended by Francis et al. 259, MD tags were successfully incorporated into
Myo as demonstrated by LCMS analysis (Figure 3.106, A, Table Appendix 28). [M+19H]19+ to
[M+12H]12+ ions were observed. A specific charge state of Myo ([M+19H] 19+) was then isolated
and studied alongside mathematical simulations of the unmodified and modified protein
(Figure 3.106, B). For Myo, the desired conjugate is singly modified. The relative yield was 70
% for singly modified Myo. These primary findings support previous research confirming that
the tag has successfully been incorporated into Myo. Furthermore, it was encouraging to
notice no signs of double or triple modified species, indicating that the reaction is probably
selective to the N-termini.
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B)

A)

C)

Figure 3.106: A) Mass spectra of Myo. Top: Controls showing the charge state
distributions of the unmodified protein. Bottom: Spectra of the crude reaction mixture
with a combination of unmodified protein and species with higher mass. Observed
isotopic distributions of Myo overlaid with simulated isotopic distributions for the B)
unmodified (red) and C) singly-(blue) protein as represented by coloured rings.

3.4.13

Evaluating Selectivity of the Chemical Labelling of Myoglobin
incorporating a Bromo-substituted

2-pyridinecarboxaldehyde Mass

Defect Tag

As before, to implement the BrMDT for protein studies, we had to confirm that the chemical
reaction is selective to the N-termini. As earlier, we chose a top-down approach to verify that.
ECD fragmentation was conducted on the isolated [M+20H] 20+ peak of the singly modified Myo
conjugate, accomplishing high sequence coverage of the protein ( Figure 3.107, Table
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Appendix 29). In total, 445 ions were detected where the 163 of them were successfully
assigned.

Figure 3.107: ECD fragmentation spectrum of Myo modified with BrMDT. The bottom
spectrum shows a magnified region of the fragmentation spectrum with all assigned signals
labelled.

Figure 3.107 indicates that the most abundant peaks in the ECD spectrum are several
tagged c- and (37 ions) and untagged z-ions (44 ions) fragments. Both of which imply the
conjugation was incorporated on the N-terminus. In addition, there has been no sign of
modified C-termini. However, it is worth mentioning that there is one untagged c-ion,
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suggesting that the label had dissociated during fragmentation. Therefore it seems that the
reaction is selective to the N-termini. As illustrated in Figure 3.108, the obtained sequence
coverage was 54 %, in which 37 % of the identified ions were assigned within a 5 ppm error.

Figure 3.108: Sequence of the Myo with an MD tag on the N-terminus (top) or C-terminus
(bottom) matched against the ECD fragmentation data for Myo modified under initial
conditions. Identified fragments are indicated by red hooks.

3.4.14

De Novo Sequencing of Myoglobin based Imidazolidinone
Formation incorporating N-terminal selective bromine-based mass defect
tag

As stated in the Introduction, we commenced this study to implement MD analysis in a de
novo sequencing context; Myo was sequenced employing a simple de novo top-down ECD

168

sequencing system after being selectively modified N-termini, assuming no prior knowledge.
ECD fragmentation was conducted on various isolated peaks of the singly modified Myo
conjugate. One specific charge was selected to be plotted ( Figure 3.109, A, , Table Appendix
30) An MD plot was derived employing averagine scaling correcting factor for all the fragment
ions from Myo ECD fragmentation datasets (Figure 3.109, B) as previously explained in the
Mass Defect plots using averagine scaling analysis. Utilising the approach to the fragment
ions can differentiate between N- and C-terminal fragment ions (Table Appendix 31). The
figure below clearly illustrates that the fragments formed two well-defined series with the
modified c-ions in the top row corresponding to the N-terminal ions and the unmodified z-ions
corresponding to the bottom row C-terminal ions.

After successfully separating N- and C-termini fragment ions, the two separate data sets were
sequenced individually. By employing a 5 ppm error threshold, it was feasible to define 78 %
of the candidate primary sequence since most of the amino acids were successfully identified.
The high sequence coverage was achieved due to the dataset's high resolution and mass
accuracy; it was viable to accurately sequence sections of up to two amino acids. Amino acid
residues 36-37 were rightly sequenced as histidine and proline, considering ECD does not
fragment on the N-termini side of prolines. The simplified de novo sequence process
described here led to 70% of the primary sequence being assigned (Figure 3.110).
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A)

B)

Figure 3.109: A) ECD fragmentation spectrum of Myo modified with 5-Bromosubstituted 2-pyridinecarboxaldehyde. B) Mass defect plot derived employing
averagine scaling correcting factor for the assigned fragment ions from Myo ECD
fragmentation dataset.
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Figure 3.110: The protein sequence of Myo determined de novo combining an N-termini
MD tag and ECD fragmentation. Ambiguous sequences are highlighted in Red and unknown
amino acid acids with an “X”. The proposed simplified de novo sequence process described
here led to 70 % of the primary sequence.

3.4.15

Incorporation of a Bromo-substituted 2-pyridinecarboxaldehyde
Mass Defect Tag via Reductive Alkylation on Rnase A

This section demonstrates that our MD tagging strategy is compatible with chemical cysteine
reduction methods required for top-down sequencing of Cys rich proteins. As before, the initial
studies were executed using the conditions recommended by Francis et al. 259; MD tags were
successfully incorporated into RNase A as demonstrated by LCMS analysis ( Figure 3.111, A,
Table Appendix 31). [M+14H]14+ to [M+7H]7+ ions were observed. A specific charge state of
oxidised RNase A ([M+8H] 8+) was then isolated and studied alongside mathematical
simulations of the unmodified and modified protein (Figure 3.111, B). For oxidised RNase A,
the desired conjugate is singly modified, and the relative yield was 40 % for singly oxidised
RNase A. These primary findings support previous results confirming that the tag has
successfully been incorporated into oxidised RNase A. Furthermore, it was encouraging to
notice no double or triple modified species signs, indicating that the reaction is probably
selective to the N-termini.
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The question under scrutiny in this section is the best protocol to modify the N-terminus and
reduce and alkylate the cysteines. To solve this issue, we developed two parallel workflows.
The first approach includes reduction and alkylation of cysteines followed by modification of
the N-termini. In the second one, the N-termini was modified, and then the cysteines were
reduced and alkylated. Figure 3.112 illustrates the two workflows.

A)

B)

C)

Figure 3.111: A) Mass spectra of oxidised RNase A. Top: Controls showing the charge
state distributions of the unmodified protein. Bottom: Spectra of the crude reaction
mixture with a combination of unmodified protein and species with higher mass. B)
Observed isotopic distributions of oxidised Rnase A overlaid with simulated isotopic
distributions for the a) unmodified (red) and b) singly-(blue) protein as represented by
coloured rings.

Both processes were run simultaneously, and samples from each step were collected and
analysed by MS to ensure that the process proceeded successfully. As illustrated in the Figure
3.113, protocol A has lead to the multi conjugation of Rnase A while by applying protocol B,
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RNase was successfully reduced and alkylated by NEM anc conjugated by a signle
modification. However, when we have tried to modify the N-terminus, several side products
were generated. A buffer exchange step was added before the N-terminus labelling reaction
to address this issue—however, no significant improvement in the spectrum quality was
observed. This unexpected outcome could be due to a replacement reaction where BrMDT
subsidised the NEM.
A similar approach is used in protocol B. The vital difference is that the N-terminus labelling
occurs first compared to protocol A.

the oxidised RNase was successfully modified, as

established in section. However, as the tag is susceptible to rapid reaction with the nucleoph ilic
cysteine thiol produced by chemical reduction, adding a buffer exchange step after N-terminal
labelling before the disulfide bonds reduction was necessary. Using this approach, the
cysteines were successfully modified with NEM. As illustrated in Figure 3.113, there are no
signs of multiple modified species before the rise of new peaks corresponding to cysteine
alkylation. A specific charge state of NEM and Nterm - modified RNase ([M+14H] 14+) was then
isolated and studied alongside mathematical simulations of the modified protein (Figure
3.114). As it can be seen, the mathematical simulation fits quite well the isotopic distribution
confirming that the RNase was labelled successfully.
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Figure 3.112: The two protocols studied to modify the N-terminus and reduce and
alkylate the cysteines selectively. In the A protocol, on the first step, cysteines are reduced,
and then alkylated and on the final step the N-terminus is modified. On the B protocol, the Nterminus is first modified, and then cysteines are reduced and modified.
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Figure 3.113: Top: Mass spectra of Modified RNase when protocol A is followed. In the
A protocol, on the first step, cysteines are reduced, alkylated, and the N-terminus is modified
on the final step. Bottom: Mass spectra of Modified RNase when protocol B is followed.
On the B protocol, the N-terminus is first modified, and then cysteines are reduced and
modified.
A)

B)

Figure 3.114: A) Mass spectra of Modified RNase A. B) Observed isotopic distributions
of NEM and N-term- modified Rnase A overlaid with simulated isotopic distributions for
the singly-(blue) protein as represented by coloured rings.
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3.4.16

Evaluating Selectivity of the Chemical Labelling of RNase A
incorporating a Bromo-substituted

2-pyridinecarboxaldehyde Mass

Defect Tag

As previously explained, the following step was to study whether the BrMDT was selectively
attached to the N-termini; thus, ECD fragmentation was conducted on the isolated [M+15H]15+
peak of the singly modified RNase A conjugate, accomplishing high sequence coverage of the
protein (Figure 3.115, Table Appendix 32). In detail, in total, 297 ions were detected where
the 92 of them were successfully assigned.

Figure 3.115: ECD fragmentation spectrum of RNase A modified with 5-Bromosubstituted 2-pyridinecarboxaldehyde. The bottom spectrum shows a magnified region of
the fragmentation spectrum with all assigned signals labelled.
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Figure 3.115 indicates that the most abundant peaks in the ECD spectrum are several
tagged c- and (27 ions) and untagged z-ions (37 ions) fragments. Both of which imply the
conjugation was incorporated on the N-terminus. In addition, there has been no sign of
modified C-termini. However, it is worth mentioning that a couple of untagged c-ion (18)
suggests that either the label had dissociated during fragmentation (Table 3.10). This implies
that careful control of fragmentation conditions must be considered to overcome fragment
inhibition by tag. As illustrated in
Figure 3.116, the obtained sequence coverage was 49 %, in which 31 % of the identified ions
were assigned within a 5 ppm error.

Figure 3.116: Sequence of the RNase A with an MD tag on the N-terminus (top) or Cterminus (bottom) matched against the ECD fragmentation data for Myo modified under
initial conditions. Identified fragments are indicated by red hooks.
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Table 3.10: Identified fragments sorted according to ion type and consistent with a tag
on the N-terminus or an internal lysine. The ratios indicate selectivity based on the summed
intensity of fragments suggesting N-terminal labelling versus fragments suggesting
unselective labelling.

Fragmentation

Tag on N-term

Tag on Lysine

method
ECD

3.4.17

b/c

y/z

b/c

y/z

27

37

18

0

De Novo Sequencing of RNase A based on ECD fragmentation,
and

alkylation described by MacDonald incorporating N-terminal

selective bromine-based mass defect tag

As stated in the Introduction, we started this research to validate MD analysis in a de novo
sequencing framework; RNase A was sequenced utilizing a simple de novo top-down ECD
sequencing methodology after being selectively modified N-termini, assuming no prior
knowledge. ECD fragmentation was conducted on various isolated peaks of the singly
modified RNase A conjugate. To visualise this progress, one specific charge was selected to
be plotted (Figure 3.117, A).

An MD plot was derived employing averagine scaling correcting factor for all the fragment ions
from alkylated RNase A ECD fragmentation datasets (Figure 3.117, B) as previously explained
in the Mass Defect plots using averagine scaling analysis (Table Appendix 33). Utilising the
approach to the fragment ions can differentiate between N- and C-terminal fragment ions. The
figure below clearly illustrates that the fragments formed three series of ions, probably due to
tag cleavage during ECD. However, the top row ions were assigned as c-ions while the bottom
series was identified as z and miscleavages and the middle ones as unknowns.

After successfully separating N- and C-termini fragment ions, the two separate data sets were
sequenced individually. Amino acid residues 113-114 were sequenced as asparagine and
proline, considering ECD does not fragment on the N-termini side of prolines. By employing a
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A)

B)

Figure 3.117: A) ECD fragmentation spectrum of RNase A modified with 5-Bromosubstituted 2-pyridinecarboxaldehyde. B) Mass defect plot derived employing
averagine scaling correcting factor for the assigned fragment ions from RNase A ECD
fragmentation dataset.
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5 ppm error threshold, it was feasible to define 79 % of the candidate primary sequence since
most of the amino acids were successfully identified (Figure 3.118).

Figure 3.118: The protein sequence of RNase A determined de novo combining an Ntermini MD tag and ECD fragmentation. Ambiguous sequences are highlighted in Red and
unknown amino acid acids with green. The proposed simplified de novo sequence process
described here led to 79% of the primary sequence.

3.5

Conclusions

Our work has led us to conclude that MD tagging has potential uses in top -down de novo
sequencing. However, extreme caution must be taken to verify that the reaction is extremely
specific N-terminal labelling. Otherwise, as in the reductive alkylation approach, significant
by-products will be generated, complicating the analysis. Since the selective labelling
approach proposed by Chen 62, was not proven to be sufficiently selective, we decided to adapt
the

imidazolidinone

formation

defined

by

the

MacDonald 259.

A

5-Bromo

pyridinecarboxaldehyde MD label was successfully conjugated into Ubiq, Myo and RNase A.
The use of the MD tag for de novo protein sequencing was demonstrated with an averaginescaled mass defect plot for the Ins B-chain, which allowed for the precise and easy distinction
of N- and C-terminal fragments. After MD analysis Ubiq, Myo and RNase A 's primary
sequence could be sequenced to 100%, 78% and 79%, respectively. However, our study
demonstrates that it is crucial to carefully control fragmentation conditions to overcome
fragment inhibition by tag since unwanted cleavage of tag during analysis leads to
complicating series of z ions, making ion series recognition more challenging.
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These results demonstrate the potential of applying a mass defect tagging approach for de
novo sequencing. However, there is abundant room for further progress in determining the
optimum conditions to achieve high conversion and selectivity when the process is app lied to
larger molecular weight systems and, eventually, to middle-down preparations of antibodies.
Furthermore, for the system to be valuable in the characterisation of PTMs by top -down MS,
one would also need to study the effect of the reductive alkylation reaction on PTMs. Lastly,
in future investigations, it might be possible to use automated software to analyse the data.
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4. Conclusions
In recent years, top-down and middle-down MS of proteins has gained momentum as a
potential tool for studying protein structure. In this thesis, we have attempted to
comprehensively investigate how the particular top-down technique of ECD can be used in
this manner. ECD was chosen as it is convenient for FT -ICR MS and has been studied
previously due to its unique capacity to highly exclusively fragment the covalent peptide
backbone while leaving noncovalent interactions intact.
Firstly, an efficient workflow for both intra- and inter- disulfide bridge (-S-S-) assignment was
developed, utilising a combination of pepsin and trypsin proteolysis and the usage of dual
fragmentation of ECD and CID without the need of a chromatographic system. For this
research, BSA as a target was chosen due to its well-known structure. The protein was
digested, by trypsin and pepsin, under nonreducing conditions to generate several bridged
peptides. These bridged peptides were then reduced and injected into the FT ICR MS to be
separated based on their synchrotron frequency. Afterwards, the collected data were run
against a database to identify the sequence. Afterwards, the same process was repeated
without reducing the disulfide bonds before injection to the mass spectrometer analyzer.
Separated ions are online subjected to CID and ECD to generate extensive sequence
information and locate the disulfide bonds spectra of each species. We have obtained
comprehensive results demonstrating that it is possible to identify the sequence and assign
the disulfide connectivity by employing our approach.
The second project was to increase fragment ion assignment efficiency in top-down mass
spectra and, therefore, maximise the protein sequence coverage obtained by utilising Nterminal selective mass derivatisation tags into proteins. 258,259 Such a tag aids classification
between N- and C-terminal fragments from top-down MS data, thus simplifying fragment
assignment. For this to be achieved, considerable attention must be paid to confirm that the
reaction is extremely specific towards the N-terminus. Otherwise, as in the reductive alkylation
proposed by Chen 62, a lot of by-products will be generated, which will intricate the data
analysis. Since the selective labelling approach proposed by Chen62, was not proven to be
sufficiently selective, we decided to modify the imidazolidinone formation outl ined by
MacDonald259. A 5-Bromo pyridinecarboxaldehyde MD label was effectively incorporated into
Ubiq, Myo and RNase A. The use of the MD tag for de novo protein sequencing was
demonstrated with an averagine-scaled mass defect plot for the Ins B-chain, which allowed
for the precise and easy distinction of N- and C-terminal fragments. After MD analysis Ubiq,
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Myo and RNase A 's primary sequence could be sequenced to 100%, 78% and 79%,
respectively. However, it is crucial to carefully control the fragmentation conditions to
overcome fragment inhibition by tag since unwanted cleavage of tag during analysis leads to
complicating series of z ions, making ion series recognition more difficult.

183

Bibliography

1

C. S. Ho, C. W. K. Lam, M. H. M. Chan, R. C. K. Cheung, L. K. Law, L. C. W. Lit, K. F.
Ng, M. W. M. Suen and H. L. Tai, Clin. Biochem. Rev., 2003, 24, 3–12.

2

Calvo; Ernesto Julio;, Modern Mass Spectrometry., Springer-Verlag Berlin Heidelberg,
1st edn., 2003, vol. 225.

3

D. A. Skoog, F. J. Holler and T. A. Nieman, Principles of instrumental analysis,
Belmont (Calif.), Fifth edit., 1998.

4

R. A. Zubarev, N. A. Kruger, E. K. Fridriksson, M. A. Lewis, D. M. Horn, B. K.
Carpenter and F. W. McLafferty, J. Am. Chem. Soc., 1999, 121, 2857–2862.

5

P. W. Atkins and L. Jones, Chemical principles : the quest for insight, W.H. Freeman,
Sixth edit., 2013.

6

P. Atkins, L. Jones and L. Laverman, CHEMICAL PRINCIPLES The Quest for Insight,
W. H. Freeman and Company, New York, 6th Edition., 2012.

7

D. A. Skoog, F. J. Holler and S. R. Crouch, Principles of instrumental analysis,
Cengage Learning, Inc, Mason, OH, United States, 7th Edition., 2017.

8

M. Ohring, Engineering materials science, Academic Press Inc., 1995.

9

K. Tanaka, H. Waki, Y. Ido, S. Akita, Y. Yoshida, T. Yoshida and T. Matsuo, Rapid
Commun. Mass Spectrom., 1988, 2, 151–153.

10

C. M. Whitehouse, R. N. Dreyer, M. Yamashita and J. B. Fenn, Anal. Chem., 1985,
57, 675–679.

11

P. Kebarle and U. H. Verkcerk, Mass Spectrom. Rev., 2009, 28, 898–917.

12

M. Yamashita and J. B. Fenn, J. Phys. Chem., 1984, 88, 4451–4459.

13

A. P. Bruins, J. Chromatogr. A, 1998, 794, 345–357.

14

P. Pan and S. A. McLuckey, Anal. Chem., 2003, 75, 1491–1499.

15

E. Ahadi and L. Konermann, J. Am. Chem. Soc., 2011, 133, 9354–9363.

16

C. V Robinson and S. E. Radford, Structure, 1995, 3, 861–865.

17

L. Konermann, E. Ahadi, A. D. Rodriguez and S. Vahidi, Anal. Chem., 2013, 85, 2–9.

18

R. B. Cole, Electrospray and MALDI mass spectrometry: fundamentals,
instrumentation, practicalities, and biological applications, John Wiley & Sons, 2011.

19

A. T. Lavarone and E. R. Williams, J. Am. Chem. Soc., 2003, 125, 2319–2327.

20

L. Konermann, A. D. Rodriguez and J. Liu, Anal. Chem., 2012, 84, 6798–6804.

21

L. Konermann, E. Ahadi, A. D. Rodriguez and S. Vahidi, Anal. Chem., 2013, 85, 2–9.

22

M. Wilm and M. Mann, Anal. Chem., 1996, 68, 1–8.

23

R. Juraschek, T. Dülcks and M. Karas, J. Am. Soc. Mass Spectrom., 1999, 10, 300–
308.

24

M. K. U. B. T. Dülcks, 2000, 300, 669–676.
184

25

A. El-Faramawy, K. W. M. Siu and B. A. Thomson, J. Am. Soc. Mass Spectrom.,
2005, 16, 1702–1707.

26

J. A. Loo, J. MASS Spectrom. J. Mass Spectrom, 1995, 30, 180–183.

27

K. J. Light-Wahl, B. L. Schwartz and R. D. Smith, J. Am. Chem. Soc., 1994, 116,
5271–5278.

28

J. C. N. and S. S. D Isaacson, J L Mueller, Bone, 2006, 23, 1–7.

29

E. B. Erba and C. Petosa, Protein Sci., 2015, 24, 1176–1192.

30

M. Sharon, J. Am. Soc. Mass Spectrom., 2010, 21, 487–500.

31

J. Bender and C. Schmidt, Biol. Chem., 2019, 400, 813–829.

32

J. Snijder, M. Van De Waterbeemd, E. Damoc, E. Denisov, D. Grinfeld, A. Bennett, M.
Agbandje-Mckenna, A. Makarov and A. J. R. Heck, J. Am. Chem. Soc., 2014, 136,
7295–7299.

33

S. E. Ahnert, J. A. Marsh, H. Hernández, C. V Robinson and S. A. Teichmann,
Science, 2015, 350, 2245.

34

J. A. Loo, R. R. O. Loo, H. R. Udseth, C. G. Edmonds and R. D. Smith, Rapid
Commun. Mass Spectrom., 1991, 5, 101–105.

35

O. M. Hamdy and R. R. Julian, J. Am. Soc. Mass Spectrom., 2012, 23, 1–6.

36

S. K. Chowdhury, V. Katta and B. T. Chait, J. Am. Chem. Soc., 1990, 112, 9012–
9013.

37

I. A. Kaltashov and A. Mohimen, Anal. Chem., 2005, 77, 5370–5379.

38

P. Lössl, J. Snijder and A. J. R. Heck, J. Am. Soc. Mass Spectrom., 2014, 25, 906–
917.

39

C. A. Cassou and E. R. Williams, Analyst, 2014, 139, 4810–4819.

40

A. Furey, M. Moriarty, V. Bane, B. Kinsella and M. Lehane, Talanta, 2013, 115, 104–
122.

41

S. Cappadona, P. R. Baker, P. R. Cutillas, A. J. R. Heck and B. van Breukelen, Amino
Acids, 2012, 43, 1087–1108.

42

S. D. Shi, C. L. Hendrickson and a G. Marshall, Proc. Natl. Acad. Sci. U. S. A., 1998,
95, 11532–11537.

43

P. D. B. and M. G. Juris Meija, Tyler B. Coplen, Michael Berglund, Willi A. Brand,
Pure Appl. Chem., 2016, 88, 293–306.

44

M. P. Hall and L. V. Schneider, Expert Rev. Proteomics, 2004, 1, 421–431.

45

E. M. Thurman and I. Ferrer, in Analytical and Bioanalytical Chemistry, 2010, vol. 397,
pp. 2807–2816.

46

L. Sleno, J. Mass Spectrom., 2012, 47, 226–236.

47

M. P. Hall, S. Ashrafi, I. Obegi, R. Petesch, J. N. Peterson and L. V. and Schneider, J.
Mass Spectrom., 2003, 38, 809–816.

48

S. Pourshahian, J. Am. Soc. Mass Spectrom., 2017, 28, 1836–1843.

49

I. Union, O. F. Pure and A. Chemistry, 1998, 70, 217–235.
185

50

Q. Liu, M. L. Easterling and J. N. Agar, Anal. Chem., 2014, 86, 820–825.

51

A. G Marshall, G. T Blakney, T. Chen, N. K Kaiser, A. M McKenna, R. P Rodgers, B.
M Ruddy and F. Xian, Mass Spectrom. (Tokyo, Japan), 2013, 2, S0009–S0009.

52

J. Snijder and A. J. R. Heck, Annu. Rev. Anal. Chem., 2014, 7, 43–64.

53

D. J. Clarke and D. J. Campopiano, Analyst, , DOI:10.1039/C4AN02334J.

54

J. R. J. Paré and V. Yaylayan, in Techniques and instrumentation in analytical
chemistry, Elsevier, 1997, vol. 18, pp. 239–266.

55

D. J. Douglas, A. J. Frank and D. Mao, Mass Spectrom. Rev., 2005, 24, 1–29.

56

D. J. Douglas, Mass Spectrom. Rev., 2009, 28, 937–960.

57

A. El-Aneed, A. Cohen and J. Banoub, Appl. Spectrosc. Rev., 2009, 44, 210–230.

58

H. Awad, M. M. Khamis and A. El-Aneed, Appl. Spectrosc. Rev., 2015, 50, 158–175.

59

M. Guilhaus, J. mass Spectrom., 1995, 30, 1519–1532.

60

J. H. Jungmann and R. M. A. Heeren, J. Proteomics, 2012, 75, 5077–5092.

61

M. B. Comisarow and A. G. Marshall, Chem. Phys. Lett., 1974, 25, 282–283.

62

A. G. Marshall, C. L. Hendrickson and G. S. Jackson, Mass Spectrom. Rev., 1998,
17, 1–35.

63

M. Field and H. Ionization, .

64

I. J. Amster, J. A. Loo, J. J. P. Furlong and F. W. McLafferty, Anal. Chem., 1987, 59,
313–317.

65

J. A. Loo, E. R. Williams, I. J. Amster, J. J. Furlong, B. H. Wang, F. W. McLafferty, B.
T. Chait and F. H. Field, Anal. Chem., 1987, 59, 1880–1882.

66

C. H. Watson, C. M. Barshick, J. Wronka, F. H. Laukien and J. R. Eyler, Anal. Chem.,
1996, 68, 573–575.

67

S. G. Penn, M. T. Cancilla and C. B. Lebrilla, Anal. Chem., 1996, 68, 2331–2339.

68

J. P. Speir and I. J. Amster, J. Am. Soc. Mass Spectrom., 1995, 6, 1069–1078.

69

S. W. Buckner, T. J. Macmahon, G. D. Byrd and B. S. Freiser, Inorg. Chem., 1989,
28, 3511–3518.

70

M. Rožman, Croat. Chem. Acta, 2005, 78, 185–188.

71

C. J. Cassady and S. R. Carr, J. Mass Spectrom., 1996, 31, 247–254.

72

Q. Wu, X. Cheng, S. A. Hofstadler and R. D. Smith, J. Mass Spectrom., 1996, 31,
669–675.

73

E. N. Nikolaev, Y. I. Kostyukevich and G. N. Vladimirov, Mass Spectrom. Rev., 2016,
35, 219–258.

74

S. Guan and A. G. Marshall, Int. J. Mass Spectrom. Ion Process., 1995, 146, 261–
296.

75

A. G. Marshall, C. L. Hendrickson and G. S. Jackson, Mass Spectrom. Rev., 1998,
17, 1–35.

76

A. G. Marshall and F. R. Verdun, Fourier transforms in NMR, optical, and mass
186

spectrometry: a user’s handbook, Elsevier, 2016.
77

L. K. Zhang, D. Rempel, B. N. Pramanik and M. L. Gross, Mass Spectrom. Rev.,
2005, 24, 286–309.

78

R. H. Perry, R. G. Cooks and R. J. Noll, Mass Spectrom. Rev., 2008, 27, 661–699.

79

R. Aebersold and M. Mann, Nature, 2016, 537, 347–355.

80

A. Makarov, Anal. Chem., 2000, 72, 1156–1162.

81

J. Seidler, N. Zinn, M. E. Boehm and W. D. Lehmann, Proteomics, 2010, 10, 634–
649.

82

D. E. Clemmer and M. F. Jarrold, J. mass Spectrom., 1997, 32, 577–592.

83

J. T. S. Hopper and N. J. Oldham, J. Am. Soc. Mass Spectrom., 2009, 20, 1851–
1858.

84

K. B. Shelimov, D. E. Clemmer, R. R. Hudgins and M. F. Jarrold, J. Am. Chem. Soc.,
1997, 119, 2240–2248.

85

R. M. A. Heeren, A. J. Kleinnijenhuis, L. A. McDonnell and T. H. Mize, Anal. Bioanal.
Chem., 2004, 378, 1048–1058.

86

B. Bogdanov and R. D. Smith, Mass Spectrom. Rev., 2005, 24, 168–200.

87

B. Domon and R. Aebersold, Science, 2006, 312, 212–7.

88

A. D. Catherman, O. S. Skinner and N. L. Kelleher, Biochem. Biophys. Res.
Commun., 2014, 445, 683–693.

89

R. Aebersold and M. Mann, Nature, 2016, 537, 347–355.

90

M. Wilhelm, J. Schlegl, H. Hahne, A. M. Gholami, M. Lieberenz, M. M. Savitski, E.
Ziegler, L. Butzmann, S. Gessulat and H. Marx, Nature, 2014, 509, 582–587.

91

M.-S. Kim, S. M. Pinto, D. Getnet, R. S. Nirujogi, S. S. Manda, R. Chaerkady, A. K.
Madugundu, D. S. Kelkar, R. Isserlin and S. Jain, Nature, 2014, 509, 575–581.

92

K. Biemann, Methods Enzymol., 1990, 193, 455–479.

93

P. Kebarle and U. H. Verkerk, Mass Spectrom. Rev., 2009, 28, 898–917.

94

H. W. R. and M. L. G. Weidong Cui, Analyst, 2011, 136, 3854–3864.

95

F. Lottspeich and J. W. Engels, Bioanalytics: Analytical Methods and Concepts in
Biochemistry and Molecular Biology, John Wiley & Sons, 2018.

96

A. M. N. Silva, R. Vitorino, M. Rosário, M. Domingues, C. M. Spickett and P.
Domingues, Free Radic. Biol. Med., 2013, 65, 925–941.

97

J. Cannon, K. Lohnes, C. Wynne, Y. Wang, N. Edwards and C. Fenselau, J.
Proteome Res., 2010, 9, 3886–3890.

98

M. T. B. Ii, B. A. Garcia, M. Li, L. Zamdborg, C. D. Wenger, S. Babai and N. L.
Kelleher, J. Proteome Res., 2009, 8, 374–379.

99

N. Siuti and N. L. Kelleher, Nat. Methods, 2007, 4, 817–821.

100

J. Winter, M. Ilbert, P. C. F. Graf, D. Özcelik and U. Jakob, Cell, 2008, 6, 691–701.

101

R. A. Zubarev and P. A. Demirev, J. Am. Soc. Mass Spectrom., 1998, 9, 149–156.

187

102

L. A. Macias, I. C. Santos and J. S. Brodbelt, Anal. Chem., 2019, 92, 227–251.

103

I. K. Chu, C. K. Siu, J. K. C. Lau, W. K. Tang, X. Mu, C. K. Lai, X. Guo, X. Wang, N.
Li, Y. Xia, X. Kong, H. Bin Oh, V. Ryzhov, F. Tureček, A. C. Hopkinson and K. W. M.
Siu, Int. J. Mass Spectrom., 2015, 390, 24–27.

104

R. Aebersold and M. Mann, Nature, 2003, 422, 198–207.

105

D. F. Hunt, J. R. Yates, J. Shabanowitz, S. Winston and C. R. Hauer, Proc. Natl.
Acad. Sci. U. S. A., 1986, 83, 6233–6237.

106

X. Han, A. Aslanian and J. R. Yates, Curr. Opin. Chem. Biol., 2008, 12, 483–490.

107

J. R. Yates, C. I. Ruse and A. Nakorchevsky, Annu. Rev. Biomed. Eng., 2009, 11, 49–
79.

108

Y. Qi and D. A. Volmer, , DOI:10.1002/mas.21482.

109

J. B. Shaw, N. Malhan, Y. V Vasil’ev, N. I. Lopez, A. Makarov, J. S. Beckman and V.
G. Voinov, Anal. Chem., 2018, 90, 10819–10827.

110

B. R. N. Hayes and M. L. Gross, .

111

A. K. Shukla and J. H. Futrell, .

112

L. Sleno and D. A. Volmer, , DOI:10.1002/jms.703.

113

M. Spectrom, M. Spectrom, I. Physics and T. Ftms, , DOI:10.1016/S00766879(05)02005-7.

114

W. D. Price, P. D. Schnier and E. R. Williams, 1996, 68, 859–866.

115

J. W. Gauthier, T. R. Trautman and D. B. Jacobson, Anal. Chim. Acta, 1991, 246,
211–225.

116

D. P. Little, J. P. Speir, M. W. Senko, P. B. O’Connor and F. W. McLafferty, Anal.
Chem., 1994, 66, 2809–2815.

117

S. A. Mcluckey and D. E. Goeringer, 1997, 32, 461–474.

118

G. Khalsa-Moyers and W. H. McDonald, Briefings Funct. Genomics Proteomics,
2006, 5, 98–111.

119

H. J. Cooper, K. Håkansson and A. G. Marshall, Mass Spectrom. Rev., 2005, 24,
201–222.

120

H. Molina, D. M. Horn, N. Tang, S. Mathivanan and A. Pandey, 2007, 104, 2199–
2204.

121

R. N. Hayes and M. L. B. T.-M. in E. Gross, in Mass Spectrometry, Academic Press,
1990, vol. 193, pp. 237–263.

122

Sargaeva Nadezda P., O’Connor Peter B. and Lin Cheng, J. Am. Soc. Mass
Spectrom. Vol., 2011, 22, 480–491.

123

J. Seidler, N. Zinn, M. E. Boehm and W. D. Lehmann, Proteomics, 2010, 10, 634–
649.

124

K. O. Zhurov, L. Fornelli, M. D. Wodrich, Ü. A. Laskay and Y. O. Tsybin, Chem. Soc.
Rev., 2013, 42, 5014–5030.

125

H. J. Cooper, K. Håkansson and A. G. Marshall, Mass Spectrom. Rev., 2005, 24,
201–222.
188

126

R. A. Zubarev, K. F. Haselmann, B. Budnik, F. Kjeldsen and F. Jensen, Eur. J. Mass
Spectrom., 2002, 8, 337–349.

127

F. Lermyte, Y. O. Tsybin, P. B. O’Connor and J. A. Loo, J. Am. Soc. Mass Spectrom.,
2019, 30, 1149–1157.

128

C. I. Murray, H. Uhrigshardt, R. N. O’Meally, R. N. Cole and J. E. Van Eyk, Mol. Cell.
Proteomics, 2012, 11, M111.013441.

129

P. Palumaa, Antioxid. Redox Signal., 2009, 11, 981–983.

130

N. Giles, A. B. Watts, G. I. Giles, F. H. Fry and C. Littlechild, Jennifer A. Jacob, Chem.
Biol., 2003, 10, 677–93.

131

N. M. Giles, G. I. Giles and C. Jacob, Biochem. Biophys. Res. Commun., 2003, 300,
1–4.

132

B. D’Autréaux and M. B. Toledano, Nat. Rev. Mol. Cell Biol., 2007, 8, 813–824.

133

H. J. Forman, AJP Cell Physiol., 2004, 287, C246–C256.

134

C. Nathan, J. Clin. Invest., 2003, 111, 769–778.

135

S. B. Wall, J. Y. Oh, A. R. Diers and A. Landar, Front. Physiol., ,
DOI:10.3389/fphys.2012.00369.

136

Y.-M. Go, J. Proteomics Bioinform., 2013, 6, 148–152.

137

L. B. Poole, Free Radic. Biol. Med., 2015.

138

R. Wani, A. Nagata and B. W. Murray, Front. Pharmacol., ,
DOI:10.3389/fphar.2014.00224.

139

C. E. Paulsen and K. S. Carroll, Chem. Rev., 2013, 113, 4633–4679.

140

J. W. Nelson and T. E. Creighton, Reactivity and Ionization of the Active Site Cysteine
Residues of DsbA, a Protein Required for Disulfide Bond Formation in Vivo , 1994, vol.
33.

141

C. B. Anfinsen and E. Haber, J. Biol. Chem., 1961, 236, 1361–1363.

142

H. S. Chung, S. B. Wang, V. Venkatraman, C. I. Murray and J. E. Van Eyk, Circ. Res.,
2013, 112, 382–392.

143

M. Karimi, M. T. Ignasiak, B. Chan, A. K. Croft, L. Radom, C. H. Schiesser, D. I.
Pattison and M. J. Davies, Sci. Rep., 2016, 6, 1–12.

144

D. T. Jones, W. R. Taylort and J. M. Thornton, Nature, 1992, 358, 86–89.

145

C. B. Anfinsen, Principles that Govern the Folding of Protein Chains, 1973, vol. 181.

146

T. . Creighton, Methods Enzymol., 1984, 305–329.

147

H. J. Choi, S. J. Kim, P. Mukhopadhyay, S. Cho, J. R. Woo, G. Storz and S. E. Ryu,
Cell, 2001, 105, 103–113.

148

K. S. Siddiqui, A. Poljak, M. Guilhaus, G. Feller, S. D’Amico, C. Gerday and R.
Cavicchioli, J. Bacteriol., 2005, 187, 6206–6212.

149

J. Lack, J. M. O’Leary, V. Knott, X. Yuan, D. B. Rifkin, P. A. Handford and A. K.
Downing, J. Mol. Biol., 2003, 334, 281–291.

150

M. V. Trivedi, J. S. Laurence and T. J. Siahaan, Curr. Protein Pept. Sci., 2009, 10,
614–625.
189

151

L. J. Huang, C. W. Chiang, S. L. Chen, S. Y. Wei and S. H. Chen, J. Food Drug Anal.,
2019, 27, 531–541.

152

J. C. Lakbub, J. T. Shipman and H. Desaire, Anal. Bioanal. Chem., 2018, 410, 2467–
2484.

153

M. Mobli and G. F. King, Toxicon, 2010, 56, 849–854.

154

L. Poppe, J. O. Hui, J. Ligutti, J. K. Murray and P. D. Schnier, Anal. Chem., 2011, 84,
262–266.

155

C. K. Wang and D. J. Craik, J. Phys. Chem. B, 2019, 123, 1903–1912.

156

M. Toride King and C. L. Brooks, in Methods in Molecular Biology, Humana Press
Inc., 2018, vol. 1785, pp. 13–27.

157

P. Carpentier, A. Royant, M. Weik and D. Bourgeois, Structure, 2010, 18, 1410–1419.

158

T. M. Dillon, M. S. Ricci, C. Vezina, G. C. Flynn, Y. D. Liu, D. S. Rehder, M. Plant, B.
Henkle, Y. Li, S. Deechongkit, B. Varnum, J. Wypych, A. Balland and P. V.
Bondarenko, J. Biol. Chem., 2008, 283, 16206–16215.

159

B. Zhang and S. L. Cockrill, Anal. Chem., 2009, 81, 7314–7320.

160

M. M. Quick, C. M. Crittenden, J. A. Rosenberg and J. S. Brodbelt, Anal. Chem.,
2018, 90, 8523–8530.

161

T. M. Schaub, C. L. Hendrickson, S. Horning, J. P. Quinn, M. W. Senko and A. G.
Marshall, Anal. Chem., 2008, 80, 3985–3990.

162

S. Y. Huang, S. F. Chen, C. H. Chen, H. W. Huang, W. G. Wu and W. C. Sung, Anal.
Chem., 2014, 86, 8742–8750.

163

M. Götze, J. Pettelkau, S. Schaks, K. Bosse, C. H. Ihling, F. Krauth, R. Fritzsche, U.
Kühn and A. Sinz, J. Am. Soc. Mass Spectrom., 2012, 23, 76–87.

164

S. Choi, J. Jeong, S. Na, H. S. Lee, H. Y. Kim, K. J. Lee and E. Paek, J. Proteome
Res., 2010, 9, 626–635.

165

I. D. G. Campuzano and P. D. Schnier, 2012.

166

J. C. Lakbub, J. T. Shipman and H. Desaire, Anal. Bioanal. Chem., 2018, 410, 2467–
2484.

167

C. N. Cramer, C. D. Kelstrup, J. V. Olsen, K. F. Haselmann and P. K. Nielsen, Anal.
Chem., 2018, 90, 8202–8210.

168

C. Cui, T. Liu, T. Chen, J. Lu, I. Casaren, D. B. Lima, P. C. Carvalho, A. Beuve and H.
Li, J. Proteomics, 2019, 198, 78–86.

169

F. Liu, B. van Breukelen and A. J. R. Heck, Mol. Cell. Proteomics, ,
DOI:10.1074/mcp.O114.039057.

170

J. J. Gorman, T. P. Wallis and J. J. Pitt, Mass Spectrom. Rev., 2002, 21, 183–216.

171

W. Ni, M. Lin, P. Salinas, P. Savickas, S. L. Wu and B. L. Karger, J. Am. Soc. Mass
Spectrom., , DOI:10.1007/s13361-012-0510-z.

172

C. N. Cramer, C. D. Kelstrup, J. V. Olsen, K. F. Haselmann and P. K. Nielsen, Anal.
Chem., 2017, 89, 5949–5957.

173

J. L. Smith, G. E. Billings and R. Y. Yada, Agric. Biol. Chem., 1991, 55, 2009–2016.
190

174

Q. Zheng, H. Zhang and H. Chen, Int. J. Mass Spectrom., ,
DOI:10.1016/j.ijms.2013.04.009.

175

J. Ahn, M. J. Cao, Y. Q. Yu and J. R. Engen, Biochim. Biophys. Acta - Proteins
Proteomics, , DOI:10.1016/j.bbapap.2012.10.003.

176

C. N. Cramer, K. F. Haselmann, J. V. Olsen and P. K. Nielsen, Anal. Chem., 2016,
88, 1585–1592.

177

P. L. Tsai, S. F. Chen and S. Y. Huang, Rev. Anal. Chem., , DOI:10.1515/revac-20130011.

178

D. F. Clark, E. P. Go and H. Desaire, Anal. Chem., 2013, 85, 1192–1199.

179

D. F. Clark, E. P. Go, M. L. Toumi and H. Desaire, J. Am. Soc. Mass Spectrom.,
2011, 22, 492–498.

180

X. Guan, L. Zhang and J. Wypych, MAbs, 2018, 10, 572–582.

181

S. Nicolardi, M. Giera, P. Kooijman, A. Kraj, J. P. Chervet, A. M. Deelder and Y. E. M.
Van Der Burgt, J. Am. Soc. Mass Spectrom., 2013, 24, 1980–1987.

182

M. Bhattacharyya, K. Gupta, K. H. Gowd and P. Balaram, Mol. Biosyst., ,
DOI:10.1039/c3mb25534d.

183

J. Simons, Chem. Phys. Lett., , DOI:10.1016/j.cplett.2009.10.062.

184

Y. Zhang, W. Cui, H. Zhang, H. D. Dewald and H. Chen, Anal. Chem., 2012, 84,
3838–3842.

185

J. Zhang, R. R. O. Loo and J. A. Loo, Int. J. Mass Spectrom., 2015, 377, 546–556.

186

B. Ganisl and K. Breuker, ChemistryOpen, 2012, 1, 260–268.

187

L. Fornelli, K. Srzentić, R. Huguet, C. Mullen, S. Sharma, V. Zabrouskov, R. T.
Fellers, K. R. Durbin, P. D. Compton and N. L. Kelleher, Anal. Chem., 2018, 90,
8421–8429.

188

J. Wiesner, T. Premsler and A. Sickmann, Proteomics, 2008, 8, 4466–4483.

189

H. Jiang, S.-L. Wu, B. L. Karger and W. S. Hancock, , DOI:10.1021/bp.72.

190

W. Ni, M. Lin, P. Salinas, P. Savickas, S. L. Wu and B. L. Karger, J. Am. Soc. Mass
Spectrom., 2013, 24, 125–133.

191

S. R. Cole, X. Ma, X. Zhang and Y. Xia, J. Am. Soc. Mass Spectrom., 2012, 23, 310–
320.

192

P. Massonnet, G. Upert, N. Smargiasso, N. Gilles, L. Quinton and E. De Pauw, Anal.
Chem., , DOI:10.1021/acs.analchem.5b00245.

193

J. C. Lakbub, D. F. Clark, I. S. Shah, Z. Zhu, X. Su, E. P. Go, T. J. Tolbert and H.
Desaire, Anal. Methods, 2016, 8, 6046–6055.

194

T. Xiang, C. Chumsae and H. Liu, Anal. Chem., 2009, 81, 8101–8108.

195

C. Chumsae, G. Gaza-Bulseco and H. Liu, Anal. Chem., 2009, 81, 6449–6457.

196

J. V. Olsen, B. Macek, O. Lange, A. Makarov, S. Horning and M. Mann, Nat. Methods,
2007, 4, 709–712.

197

C. K. Frese, A. F. M. Altelaar, H. Van Den Toorn, D. Nolting, J. Griep-Raming, A. J. R.
Heck and S. Mohammed, Anal. Chem., 2012, 84, 9668–9673.
191

198

A. M. Brunner, P. Lössl, F. Liu, R. Huguet, C. Mullen, M. Yamashita, V. Zabrouskov,
A. Makarov, A. F. M. Altelaar and A. J. R. Heck, Anal. Chem., 2015, 87, 4152–4158.

199

S. Lu, S.-B. Fan, B. Yang, Y.-X. Li, J.-M. Meng, L. Wu, P. Li, K. Zhang, M.-J. Zhang,
Y. Fu, J. Luo, R.-X. Sun, S.-M. He and M.-Q. Dong, Nat. Methods, ,
DOI:10.1038/nmeth.3283.

200

Y. M. E. Fung, F. Kjeldsen, O. A. Silivra, T. W. D. Chan and R. A. Zubarev, Angew.
Chemie - Int. Ed., 2005, 44, 6399–6403.

201

Y. M. E. Fung, F. Kjeldsen, O. A. Silivra, T. W. D. Chan and R. A. Zubarev, Angew.
Chemie - Int. Ed., 2005, 44, 6399–6403.

202

L. E. Talbert and R. R. Julian, J. Am. Soc. Mass Spectrom., 2018, 29, 1760–1767.

203

J. Bonner, L. E. Talbert, N. Akkawi and R. R. Julian, Analyst, 2018, 143, 5176–5184.

204

A. Agarwal, J. K. Diedrich and R. R. Julian, Anal. Chem., 2011, 83, 6455–6458.

205

R. T. Fellers, J. B. Greer, B. P. Early, X. Yu, R. D. LeDuc, N. L. Kelleher and Thomas
Paul M., Proteomics, 2015, 15, 1–8.

206

S. Adhikari, Y. Xia and S. A. McLuckey, Int. J. Mass Spectrom., ,
DOI:10.1016/j.ijms.2019.06.009.

207

B. Ma and R. Johnson, Mol. Cell. Proteomics, 2012, 11, O111.014902-O111.014902.

208

K. F. Medzihradszky and R. J. Chalkley, Mass Spectrom. Rev., 2015, 34, 43–63.

209

K. G. Standing, Curr. Opin. Struct. Biol., 2003, 13, 595–601.

210

N. H. Tran, M. Z. Rahman, L. He, L. Xin, B. Shan and M. Li, Sci. Rep., 2016, 6, 1–10.

211

L. Fornelli, D. Ayoub, K. Aizikov, A. Beck and Y. O. Tsybin, Anal. Chem., 2014, 86,
3005–3012.

212

L. Fornelli, K. Srzentić, R. Huguet, C. Mullen, S. Sharma, V. Zabrouskov, R. T.
Fellers, K. R. Durbin, P. D. Compton and N. L. Kelleher, Anal. Chem., 2018, 90,
8421–8429.

213

M. A. Den Boer, J. F. Greisch, S. Tamara, A. Bondt and A. J. R. Heck, Chem. Sci.,
2020, 11, 11886–11896.

214

J. Moelleken, M. Endesfelder, C. Gassner, S. Lingke, S. Tomaschek, O. Tyshchuk, S.
Lorenz, U. Reiff and M. Mølhøj, MAbs, 2017, 9, 1076–1087.

215

Y. E. M. van der Burgt, D. P. A. Kilgour, Y. O. Tsybin, K. Srzentić, L. Fornelli, A. Beck,
M. Wuhrer and S. Nicolardi, Anal. Chem., 2019, 91, 2079–2085.

216

L. Fornelli, K. Srzentić, R. Huguet, C. Mullen, S. Sharma, V. Zabrouskov, R. T.
Fellers, K. R. Durbin, P. D. Compton and N. L. Kelleher, Anal. Chem., 2018, 90,
8421–8429.

217

K. Srzentić, K. O. Nagornov, L. Fornelli, A. A. Lobas, D. Ayoub, A. N. Kozhinov, N.
Gasilova, L. Menin, A. Beck, M. V. Gorshkov, K. Aizikov and Y. O. Tsybin, Anal.
Chem., 2018, 90, 12527–12535.

218

A. P. Horton, S. A. Robotham, J. R. Cannon, D. D. Holden, E. M. Marcotte and J. S.
Brodbelt, , DOI:10.1021/acs.analchem.7b00130.

219

J. Cheng, L. Wang, C. M. Rive, R. A. Holt, G. B. Morin and D. D. Y. Chen, 2020, 0 –7.

220

J.-F. Greisch, S. A. M. van der Laarse and A. J. R. Heck, Anal. Chem., 2020, 92,
192

15506–15516.
221

N. H. Tran, M. Z. Rahman, L. He, L. Xin, B. Shan and M. Li, Sci. Rep., 2016, 6, 1–10.

222

M. Wilm, G. Neubauer, L. Taylor, A. Shevchenko and A. Bachi, in Proteome and
protein analysis, Springer, 2000, pp. 65–79.

223

J. T. Adamson and K. Hakansson, Lectins Anal. Technol., 2007, 343–371.

224

P. P. Hurtado and P. B. O’Connor, Mass Spectrom. Rev., 2012, 31, 609–625.

225

J. Cheng, L. Wang, C. M. Rive, R. A. Holt, G. B. Morin and D. D. Y. Chen, J.
Proteome Res., 2020, 19, 2700–2707.

226

X. Yao, P. Diego, A. A. Ramos and Y. Shi, Anal. Chem., , DOI:10.1021/ac801096e.

227

M. W. Senko, S. C. Beu and F. W. Mclafferty, Determination of Monoisotopic Masses
and Ion Populations for Large Biomolecules from Resolved Isotopic Distributions,
1995, vol. 6.

228

H. Hernandez, S. Niehauser, S. A. Boltz, V. Gawandi, R. S. Phillips and I. J. Amster,
Anal. Chem., 2006, 78, 3417–3423.

229

A. LeBlanc, T. C. Shiao, R. Roy and L. Sleno, Rapid Commun. Mass Spectrom.,
2010, 24, 1241–1250.

230

Y. Shi, B. Bajrami and X. Yao, Anal. Chem., 2009, 81, 6438–6448.

231

B. Bajrami, Y. Shi, P. Lapierre and X. Yao, J. Am. Soc. Mass Spectrom., 2009, 20,
2124–2134.

232

M. Lu, X. F. Li, X. Chris Le, M. Weinfeld and H. Wang, Rapid Commun. Mass
Spectrom., 2010, 24, 1523–1532.

233

P. A. Whetstone, N. G. Butlin, T. M. Corneillie and C. F. Meares, Bioconjug. Chem.,
2004, 15, 3–6.

234

S. Lee, N. L. Young, P. A. Whetstone, S. M. Cheal, W. H. Benner, C. B. Lebrilla and
C. F. Meares, J. Proteome Res., 2006, 5, 539–547.

235

E. V. Petrotchenko and C. H. Borchers, Mass Spectrom. Rev., 2010, 29, 862–876.

236

S. Kim, N. Bandeira and P. A. Pevzner, Mol. Cell. Proteomics, 2009, 8, 1391–1400.

237

T. P. Begley, Wiley encyclopedia of chemical biology, Wiley, 2009, vol. 4.

238

S. Szobota, P. Gorostiza, F. Del Bene, C. Wyart, D. L. Fortin, K. D. Kolstad, O.
Tulyathan, M. Volgraf, R. Numano, H. L. Aaron, E. K. Scott, R. H. Kramer, J.
Flannery, H. Baier, D. Trauner and E. Y. Isacoff, Neuron, 2007, 54, 535–545.

239

J. C. M. Van Hest, K. L. Kiick and D. A. Tirrell, J. Am. Chem. Soc., 2000, 122, 1282–
1288.

240

V. W. Cornish, K. M. Hahn and P. G. Schultz, J. Am. Chem. Soc., 1996, 118, 8150–
8151.

241

A. Deiters, T. A. Cropp, M. Mukherji, J. W. Chin, J. C. Anderson and P. G. Schultz, J.
Am. Chem. Soc., 2003, 125, 11782–11783.

242

P. E. Dawson, T. W. Muir, I. Clark-Lewis and S. B. Kent, Science, 1994, 266, 776–
779.

243

T. W. Muir, Annu. Rev. Biochem., 2003, 72, 249–289.
193

244

P. Wu, W. Shui, B. L. Carlson, N. Hu, D. Rabuka, J. Lee and C. R. Bertozzi, Proc.
Natl. Acad. Sci. U. S. A., 2009, 106, 3000–3005.

245

C. Uttamapinant, K. A. White, H. Baruah, S. Thompson, M. Fernández-Suárez, S.
Puthenveetil and A. Y. Ting, Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 10914–10919.

246

C. B. Rosen and M. B. Francis, Nat. Chem. Biol., 2017, 13, 697–705.

247

A. O. Y. Chan, C. M. Ho, H. C. Chong, Y. C. Leung, J. S. Huang, M. K. Wong and C.
M. Che, J. Am. Chem. Soc., 2012, 134, 2589–2598.

248

S. N. Karad, W. K. Chung and R. S. Liu, Chem. Commun., 2015, 51, 13004–13007.

249

D. P. Baker, E. Y. Lin, K. C. Lin, M. Pellegrini, R. C. Petter, L. L. Chen, R. M. Arduini,
M. Brickelmaier, D. Wen, D. M. Hess, L. Chen, D. Grant, A. Whitty, A. Gill, D. J.
Lindner and R. B. Pepinsky, Bioconjug. Chem., 2006, 17, 179–188.

250

K. F. Geoghegan and J. G. Stroh, Bioconjug. Chem., 1992, 3, 138–146.

251

X. Ning, R. P. Temming, J. Dommerholt, J. Guo, D. B. Ania, M. F. Debets, M. A.
Wolfert, G.-J. Boons and F. L. van Delft, Angew. Chemie, 2010, 122, 3129–3132.

252

X. Li, L. Zhang, S. E. Hall and J. P. Tam, Tetrahedron Lett., 2000, 41, 4069–4073.

253

J. M. Gilmore, R. A. Scheck, A. P. Esser-Kahn, N. S. Joshi and M. B. Francis, Angew.
Chemie - Int. Ed., 2006, 45, 5307–5311.

254

L. S. Witus, C. Netirojjanakul, K. S. Palla, E. M. Muehl, C. H. Weng, A. T. Iavarone
and M. B. Francis, J. Am. Chem. Soc., 2013, 135, 17223–17229.

255

H. B. F. Dixon and R. B. T.-M. in E. Fields, in Enzyme Structure, Part B, Academic
Press, 1972, vol. 25, pp. 409–419.

256

H. B. F. Dixon, J. Protein Chem., 1984, 3, 99–108.

257

A. C. Obermeyer, J. B. Jarman and M. B. Francis, J. Am. Chem. Soc., 2014, 136,
9572–9579.

258

D. Chen, M. M. Disotuar, X. Xiong, Y. Wang and D. H. C. Chou, Chem. Sci., 2017, 8,
2717–2722.

259

J. I. Macdonald, H. K. Munch, T. Moore and M. B. Francis, Nat. Chem. Biol., 2015, 11,
326–331.

260

F. Floris, L. Chiron, A. M. Lynch, M. P. Barrow, M. A. Delsuc and P. B. O’Connor,
Anal. Chem., 2018, 90, 7302–7309.

261

L. Cravello, D. Lascoux and E. Forest, Rapid Commun. Mass Spectrom., ,
DOI:10.1002/rcm.1207.

262

P. Wongkongkathep, H. Li, X. Zhang, R. R. Ogorzalek Loo, R. R. Julian and J. A. Loo,
Int. J. Mass Spectrom., 2015, 390, 137–145.

263

Y. Li, H. Gong, Y. Sun, J. Yan, B. Cheng, X. Zhang, J. Huang, M. Yu, Y. Guo, L.
Zheng and K. Huang, Biochem. Biophys. Res. Commun., 2012, 423, 373–378.

264

R. T. Fellers, J. B. Greer, B. P. Early, X. Yu, R. D. LeDuc, N. L. Kelleher and P. M.
Thomas, Proteomics, 2015, 15, 1235–1238.

265

M. B. Daniel, October, 2008, 28, 4439–4448.

266

H. Han, Y. Xia and S. A. McLuckey, J. Proteome Res., 2007, 6, 3062–3069.
194

267

Y. O. Tsybin, J. P. Quinn, O. Y. Tsybin, C. L. Hendrickson and A. G. Marshall, J. Am.
Soc. Mass Spectrom., 2008, 19, 762–771.

268

Y. O. Tsybin, M. Witt, G. Baykut, F. Kjeldsen and P. Håkansson, Rapid Commun.
Mass Spectrom., 2003, 17, 1759–1768.

269

R. A. Zubarev, N. L. Kelleher and F. W. McLafferty, J. Am. Chem. Soc., 1998, 120,
3265–3266.

195

Appendix

The available data can be found in the following URL: https://hdl.handle.net/10283/4084

196

